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Abstract 
 

The publications submitted for consideration for the degree of 

Doctor of Science (DSc) span some twenty-five years of 

research since the submission of award of my MD thesis 

(University of Manchester) in 1991. I have made international 

contributions to the field of uterine endometrial biology in the 

context of my specialty of Obstetrics and Gynaecology. 

 

My thesis for consideration for the award of DSc (title: The 

regulation of endometrial function and factors involved in 

abnormal uterine bleeding) includes 75 publications (selected 

from my career history of over 200 publications). 

 

These publications cover the following nine main areas of 

research/ scholarly contributions on the regulation of 

endometrial function and factors involved in abnormal uterine 

bleeding: (1) the endocrine environment governing menstrual 

cycle stage with impact on endometrial form and function; 

(2) sex steroid regulation of the endometrium; (3) role for local 

glucocorticoids as a contributory factor to local endometrial 

mechanisms regulating menstrual bleeding; (4) modelling 

menstruation, and specifically, modelling menstruation in the 

mouse and in the non-human primate; (5) progesterone 

withdrawal as the trigger for menstruation; (6) menstruation as 

inflammation and endometrial leukocyte traffic; (7) local 

mechanisms that limit normal menstrual bleeding and the role 

for hypoxia and epithelial repair; (8) the impact and 

classification of abnormal uterine bleeding (AUB) with a focus 

on iatrogenic causes of AUB (AUB-I); (9) targeting the 

progesterone receptor (PR) for therapy: class effects; clinical 
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applications; mechanisms of action of PR ligands (selective 

progesterone receptor modulators; SPRMs). 

 

The majority of the submitted peer-reviewed research 

publications report the findings of laboratory and clinical 

research studies conceived by myself and supported through 

peer-reviewed funding where I have been the Chief/ Principal 

Investigator (CI/PI) or Co-PI. I have obtained the funding and 

overseen running of the studies (undertaken by postdoctoral 

staff, undergraduate and graduate students) and played a 

leading/ major role in manuscript / report preparation. 

 

The majority of published contributions herein have been 

written in collaboration with others’. The scholarly reviews I 

have included have been led with a significant contribution by 

myself as either first or senior author. Where I have been senior 

author it had been appropriate for the review to be divided into 

sections with primary responsibility for each section for the most 

appropriate author, with all authors reviewing the final versions. 

 

My contributions are summarised in an introduction referencing 

each publication. The publications are presented 

chronologically in the bibliography (publications referred to in 

thesis). 

 

The final two manuscripts are an invited comprehensive review 

of the physiology of the endometrium and regulation of 

menstruation and, the other, a multi-authored review that I have 

led on broader contributions to the theme of the thesis: 

menstruation, science and society …. A fitting place to 

conclude. 
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Lay Summary 
 

The publications submitted for consideration for the degree of 

Doctor of Science (DSc) span some twenty-five years of 

research and identify where I have made international 

contributions to the field of uterine endometrial (womb-lining) 

biology. I have recognised the crucial importance of the need to 

understand how the womb lining (endometrium) functions in 

order to contribute to the scientific base for understanding 

problems of menstruation. Abnormal uterine bleeding (AUB) 

and the symptom of heavy menstrual bleeding (HMB) is a major 

area of unmet need in women’s health. HMB is experienced by 

as many as one in four women of reproductive age. Only by 

understanding why women bleed monthly and why for some 

that monthly blood loss is heavy and debilitating will the options 

for management, including alternatives to surgery, become 

available and choice of treatments widen.  

 

Hence my thesis for consideration for the award of DSc carries 

the title: The regulation of endometrial function and factors 

involved in abnormal uterine bleeding. It includes 75 

publications (selected from my career history of over 200 

publications). 

 

These publications cover nine main areas of research/ scholarly 

contributions on the regulation of endometrial function and 

factors involved in abnormal uterine bleeding. The aspects of 

womb/ womb lining function (uterus/ endometrial function) 

where my team’s studies have made major contributions 

include:  
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• understanding how the hormones in our blood across the 

menstrual cycle influence the changes in endometrial 

structure and actions;  

 

• how it is possible to simulate (mimic) menstruation 

(periods) in other animal species who do not normally 

menstruate (mice) in order to help our research;  

 

• establishing the critical importance of the withdrawal of 

the sex hormone progesterone as the trigger for onset of 

menstrual bleeding;  

 

• exploring the features that inform us how the 

endometrium behaves like a wound that has to repair 

each month without any scarring and identifying the cells 

and processes involved;  

 

• recognising the need to understand the impact of AUB; 

 

• importance of being able to classify the causes 

underlying AUB which for some may be a consequence 

of the actions of sex hormone treatments on the 

character of the womb-lining (iatrogenic causes; AUB-I); 

and  

 

• understanding how newer therapies for managing 

problems such as HMB, ( a symptom often associated 

with uterine fibroids), and which may target the binding 

site for progesterone in the uterus, influence the function 

of the endometrium.  
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The last two manuscripts I have included are an invited 

overview of the biology of the endometrium and its regulation of 

menstruation and, the other, a multi-authored review that I have 

led on broader contributions to the theme of the thesis: 

menstruation, science and society …. A fitting place to end. 
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1. Introduction 
 

Over the past 25 years I have endeavoured to harness cross-

disciplinary laboratory and clinical expertise to dissect the 

complex basic science of the uterine endometrium and translate 

this into clinical practice. My science has been focussed on 

improving the understanding of the regulation of endometrial 

function, particularly pertaining to menstruation and the clinical 

management of gynaecological complaints and need with major 

impacts on women’s quality of life, notably heavy menstrual 

bleeding (HMB), fibroids and fertility control. Human 

menstruation still remains a taboo topic, and there are many 

fundamental questions concerning endometrial physiology and 

menstrual bleeding, and its aberrations, that remain to be 

answered. 

 

From when I first embraced the desire to understand more 

about reproductive biology, the uterus and the monthly event of 

menstruation – to quote from Professor David Baird, nearly 40 

years ago when I was a junior doctor and who introduced me to 

this fascinating field of enquiry: --  

 

“despite renewed interest over the last few years, the 
mechanism of menstrual bleeding still remains something 
of an enigma” (Abel MH, Zhu C, Baird DT. An animal 
model to study menstrual bleeding. Res Clin Forums 4: 
25–35, 1982)  

 

there are still many unanswered questions (74: Critchley et al 

2020).  
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Hence the fundamental studies, garnered herein, on 

endometrial physiology (including tissue injury and repair, 

endocrine- immune interactions and the role and regulation of 

local inflammatory mediators in menstruation and abnormal 

uterine bleeding) have made major contributions to 

understanding of mechanisms regulating onset of menstruation, 

abnormal uterine bleeding as well as contributing to novel 

methods of contraceptive approaches and treatments for 

problematic menstrual bleeding.  

 

Thus captured below are my major contributions to the field of 

endometrial biology and development of therapeutic strategies 

for management of menstrual complaints.  

 

Where I am neither, first or senior author, I confirm that I led/ 

made major contribution to the endometrial component of the 

study cited/ described. 
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2. The endocrine environment governs menstrual 
cycle stage with impact on endometrial form 
and function. 

 

The human endometrium (uterine lining) is exposed each 

month to sequential patterns of circulating ovarian sex steroids. 

Chief players are ovarian 17β-oestradiol (E2) and pregn-4-ene-

3,20-dione (progesterone; P4). Concentrations of E2 and P4 

fluctuate in a well-characterised manner across the menstrual 

cycle and the sequential exposure of the endometrium to E2 in 

the ovarian follicular phase and E2 and P4 during the ovarian 

luteal phase drives the regulation of growth, differentiation and 

decidualisation of the endometrium (reviewed in 74: Critchley et 

al 2020; 62: Maybin and Critchley 2015). The pivotal 

physiological functions of the endometrium are the preparation 

for implantation, the maintenance of pregnancy if implantation 

occurs, and in the absence of pregnancy (with demise of the 

corpus luteum) menstruation. The endometrium hence plays a 

crucial role in human reproduction and continuation of our 

species. 

 

The time spanning from regression of the corpus luteum in the 

late secretory phase (time of P4-withdrawal), through menses 

and culminating in post-menstrual repair of the endometrium 

during the proliferative phase, is the ‘peri-menstrual’ window, 

and reflects the endocrine ‘luteo-follicular’ transition period 

(reviewed in 74: Critchley et al 2020). It is endometrial form and 

function during this particular endocrine milieu that has been a 

major focus of my research.  

 

Menstruation is a steroid-regulated event. The alternatives for a 

progesterone-primed endometrium are pregnancy or 
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menstruation and progesterone withdrawal is the trigger for 

menstruation (14: Nayak et al 2000; 17: Slayden et al 2001; and 

reviewed in: 20: Critchley et al 2001; 38: Jabbour et al 2006; 

74: Critchley et al 2020).  

 

Endometrial stromal cells (ESCs) are a target cell for P4 and 

the process in the endometrium termed decidualisation 

indicates transformation of ESCs into specialised secretory 

“decidual cells”. These differentiated ESCs provide a receptive 

cell microenvironment essential for successful embryo 

implantation and onward adequate placental development 

(42: Kane et al 2008; 48: Kane et al 2010). Decidualisation 

occurs spontaneously in women and old world primates (for 

example, rhesus macaque – see later concerning modelling 

menstruation). Decidualisation may be a pre-requisite for 

menstruation as other animal species only decidualise at 

implantation and do not menstruate (reviewed in 74: Critchley et 

al 2020).  

 

During the progesterone dominant luteal phase, P4 promotes 

conversion of E2 to the less biologically -active form oestrone 

(E1) via induction of the steroid-metabolising 17β-

hydroxysteroid dehydrogenase enzymes (HSDs) (30: Burton et 

al 2003) thereby regulating availability of sex hormone ligands 

(P4, E2, androgens). 

 

The withdrawal of P4 (both physiological and pharmacological) 

results in morphological changes in the endometrium, including 

features associated with inflammation, changes in vessel 

permeability and fragility (14: Nayak et al 2000; 17: Slayden et 

al 2001; 25: Hapangama et al 2002) and an accompanying 

traffic of leukocytes (22: Dunn et al 2002; 23: Gubbay et al 
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2002; 27: Henderson et al 2003; 32: Milne et al 2005; 46: Kane 

et al 2009; 58: Wilkens et al 2013; and reviewed in:20: Critchley 

et al 2001; 38; Jabbour et al 2006; 74: Critchley et al 2020). 

Menstruation thus exhibits features of an “inflammatory event” 

with phenomena analogous to features of classical 

inflammation observed at other body sites (see later, 

menstruation as inflammation). 

 

The molecular and cellular events accompanying morphological 

changes in the endometrium at the time of P4 withdrawal 

include activation of matrix metalloproteinases (MMPs) in 

regions of menstrual lysis (14: Nayak et al 2000; 17: Slayden et 

al 2001; 19: Milne et al 2001) and an increased local 

endometrial expression of inflammatory mediators, notably, 

cyclooxygenase-2 (COX-2; (11: Critchley et al 1999; 6: Jones et 

al 1997; 25: Hapangama et al 2002), cytokines/ chemokines 

(for example, IL-8, CCL-2 (1: Critchley et al 1994; 11: Critchley 

et al 1999; 13: Milne et al 1999) and an increase in local 

endometrial prostaglandin synthesis (25: Hapangama et al 

2002; 33: Milling-Smith et al 2006; 39: Smith et al 2007).  The 

nuclear factor (NF)κB pathway and E series of prostaglandin 

receptors and associated signalling pathways are modulated by 

P4 withdrawal and thus involved in the regulation of 

menstruation (15: King et al 2001).  

 

Amongst women who report disturbances of menstrual pattern 

and flow, including the symptom of  heavy menstrual bleeding 

(HMB) there is evidence of alteration of some of these 

pathways (39: Smith et al 2007 ).  
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3. Sex steroid regulation of the endometrium. 
 

Oestrogen receptors, both isoforms ERα and ERβ are located 

in the nuclei of endometrial epithelial and stromal cells 

throughout the oestrogen dominant proliferative phase. 

Concentrations of ERα decline in epithelial and stromal cells of 

the endometrium through the progesterone-dominant secretory 

phase, while progesterone receptor (PR) concentrations are 

maintained in the endometrial stroma, but decrease in the 

glandular epithelium (16: Critchley et al 2001; 24: Critchley et al 

2002). 

 

The PR is located in nuclei of epithelial and stromal cells during 

the proliferative phase. The PR exists in at least two isoforms, 

PRA and PRB, acting as transcriptional regulators of 

progesterone responsive genes and PR expression exhibits 

temporal and spatial location expression patterns (10: Wang et 

al 1998). PR expression patterns are consistent with functional 

roles for P4, i.e. differentiation/ decidualisation of the 

endometrial stroma in preparation for pregnancy. Immuno-

histochemical study of human endometrium identified that PRA 

was the predominant isoform in the secretory phase. The PRB 

isoform in contrast declined in stromal and glandular cells 

during the luteal phase (10: Wang et al 1998). 

 

The administration of exogenous androgens has an inhibitory 

effect on the endometrium and induces endometrial atrophy. 

Androgen receptor is expressed in human (and non-human 

primate endometrium: 17: Slayden et al 2001; 30: Burton et al 

2003; 32: Milne et al 2005; 54: Marshall et al 2011). During the 

normal menstrual cycle endometrial stromal cells are the 

predominant cell type that express the androgen receptor (AR). 
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Androgen effects in the endometrium are thus likely mediated 

by the stroma and endometrial AR levels are augmented by 

oestradiol and suppressed by progesterone. A really interesting 

observation has been that anti-progestin (selective 

progesterone receptor modulator; SPRM) administration to 

either women or non-human primate (rhesus macaque) 

augments AR expression in the endometrial stroma and 

induces AR expression in the glands of the endometrium 

(17: Slayden et al 2001; 31: Narvekar et al 2004). The 

physiological roles of the AR in the endometrium are still to be 

determined. Androgens are known to suppress oestrogen-

dependent endometrial proliferation, and it has been proposed 

that the endometrial AR mediates the anti-proliferative effects 

induced by SPRMs (17: Slayden et al 2001; 31: Narvekar et al 

2004; and reviewed in: 26: Brenner et al 2002). 

 

Later with my collaborator Philippa Saunders, in silico analyses 

were performed, in well-characterised endometrium and this 

study identified androgen-regulated genes expressed in human 

endometrium (54: Marshall et al 2011). Interrogation with 

pathway analyses and functional assays implicated androgen-

dependent changes in gene expression with potential impact on 

endometrial stromal cell proliferation, migration, and survival. 

These data provided a platform for further studies on the role of 

local androgens in regulating endometrial apoptosis.  

 

In more recent studies I have contributed my expertise in 

localisation of sex steroid receptor expression to a collaboration 

with Carlos Simon to identify the fact that although human 

endometrial side population (SP) cells exhibit features of human 

endometrial somatic stem cells (SSC) the endometrial SP cells 

do not express ERα and PR and thus are unresponsive to sex 
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steroid action mediated via ERα and PR (53: Cervello et al 

2011). 
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4. Role for local glucocorticoids as a contributory 
factor to local endometrial mechanisms 
regulating menstrual bleeding. 

 

In addition to the well-recognised roles for oestrogen (E2), 

progesterone (P4), androgens and prostaglandins (PGs), 

glucocorticoids (Gc) also play an important role in modulating 

endometrial function/ menstruation (27: Henderson et al 2003; 

36: Narvekar et al 2006; 45: Rae et al 2009). Endometrial 

stromal, vascular, and immune cells express progesterone 

receptors (PR) and/or glucocorticoid receptors (GR) 

(27: Henderson et al 2003; 63: Thiruchelvam et al 2016). It 

should be noted that innate immune cells in the endometrium 

express GRs but not PRs (27: Henderson et al 2003; 

63: Thiruchelvam et al 2016). 

 

Concentrations of cortisol in tissues, including the human 

endometrium, are influenced not only by circulating cortisol 

levels, but also by local interconversion of cortisol with its inert 

metabolite cortisone, catalysed by 11βhydroxysteroid 

dehydrogenases (11βHSDs). Local generation of cortisol within 

many tissues is important both for limiting the inflammatory 

response and for potentiating vasoconstriction. 11βHSD1 

regenerates local cortisol by converting cortisone to cortisol (11-

oxoreductase activity). In contrast, 11βHSD2 inactivates local 

cortisol by converting cortisol to cortisone. As the ligand 

cortisol, but not cortisone, binds GR and activates downstream 

anti-inflammatory signalling, relative levels of 11βHSD1 and 

11βHSD2 may govern local inflammatory tone (35: McDonald et 

al 2006). My team reported cell-specific endometrial expression 

of 11βHSDs in endometrium from across the normal menstrual 

cycle (35: McDonald et al 2006). In particular, endometrial 
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expression of 11βHSD1 and expression of the GR is increased 

at the time of normal menses, consistent with increased local 

endometrial cortisol concentrations (35: McDonald et al 2006). 

 

In clinical studies we have shown that women with HMB have 

greater endometrial biosynthesis of prostaglandins (PGs) 

(39: Smith et al 2007), and excess local inactivation of anti-

inflammatory glucocorticoid (cortisol) by 11βHSD2 

(35: McDonald et al 2006; 45: Rae et al 2009).  As 

glucocorticoids modulate PG production, local tissue 

modifications in glucocorticoids provide a reasonable 

explanation for increased PGE2: PGF2α ratios (and relative 

vasoconstrictor deficiency) in endometrium from women with 

HMB (45: Rae et al 2009; 61: Warner et al 2015). 

 

We hypothesised that local endometrial glucocorticoid 

deficiency and consequent changes in PG production contribute 

to the altered structure and deficient vasoconstriction of the 

endometrial vasculature associated with increased menstrual 

bleeding. We further hypothesised that rescuing local 

glucocorticoid deficiency in the endometrium with 

dexamethasone (Dex) administration in the luteal phase may 

provide a novel therapeutic strategy for women with HMB 

(45: Rae et al 2009; 61: Warner et al 2015). Inactivation of 

cortisol by 11βHSD2 may result in local endometrial 

glucocorticoid deficiency and hence increased angiogenesis 

and impaired vasoconstriction.  Subsequently this observation 

has been translated in a double-blind response-adaptive 

parallel-group placebo-controlled trial co-lead with my cross-

discipline colleagues, Pamela Warner and Chris Weir 

(61: Warner et al 2015). Therein, 'rescue' of luteal phase 

endometrial glucocorticoid deficiency in order to reduce 
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menstrual bleeding has been explored with short-term 

administration of the oral synthetic glucocorticoid 

dexamethasone, which is relatively resistant to 11βHSD2 

inactivation (ClinicalTrials.gov NCT01769820; EudractCT 2012-

00340598). The data from this response-adaptive randomised 

placebo-controlled dose-finding parallel group trial (DexFEM) 

for which I am the Chief Investigator have now been submitted 

for consideration for publication.  

 

My research team reported that women with HMB have 

significantly reduced endometrial thrombospondin-1 (a cortisol 

stimulated antiangiogenic factor; TSP-1) mRNA levels when 

compared with women with normal bleeding (45: Rae et al 

2009). We had found that cortisol increases TSP-1 mRNA 

expression in primary human endometrial stromal cells. As in 

our study the 11βHSD2 mRNA was increased 2.5-fold in 

women with HMB versus normal menstrual bleeding (predicting 

lower local endometrial cortisol concentrations) we examined 

whether cortisol was a local regulator of transforming growth 

factor (TGF)-β1 activity via TSP-1. The TGF-β superfamily is 

implicated in cell motility, proliferation, apoptosis, immune 

response, and differentiation and candidates for the 

coordination of endometrial repair at menses. With Jacqueline 

Maybin we described in endometrium from women with HMB 

decreased TGF-β1 protein levels, unaltered TGF-β receptor 

presence along with mechanistic data supporting TGF-β1 

protein activation by cortisol in endometrial cells, via TSP-1 

(65: Maybin et al 2017) 
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5. Modelling Menstruation 
 

Menstruation occurs naturally in women, old world primates, 

and only a few other mammalian species; fruit bats, the spiny 

mouse and the elephant shrew. Although the interrogation of 

human endometrial samples reveals very important 

observational data concerning the menstrual process and its 

regulation, patient variability and the inevitable disruption of 

normal endometrial features that occurs during endometrial 

sampling imposes limits on interpretation of studies. In order to 

define causation, animal models are required (reviewed in: 

74: Critchley et al 2020). 

 

My collaborative studies with colleagues at Oregon National 

Primate Research Center (Robert Brenner and Ov Slayden, 

ONPRC; Beaverton; USA,) further supported the rhesus 

macaque as an excellent animal model for studies on 

menstruation. More recently my collaborative studies with 

colleagues closer to home in Edinburgh (including Jacqueline 

Maybin and Philippa Saunders, co-supervised PhD student 

Fiona Cousins, and with invaluable support also from Alison 

Murray) have progressed the utility of the mouse model of 

simulated menstruation as a valuable animal model for studies 

on menstruation and endometrial repair. 

 

For many years old world primate models have provided 

invaluable contributions to our knowledge of endometrial 

function (14: Nayak et al 2000; 16: Critchley et al 2001; 

17: Slayden et al 2001; 26: Brenner et al 2002; 29: Brenner et 

al 2003). 

 



16 
 

More recently is has become necessary to look to the use of 

alternative models of menstruation (60: Cousins et al 2014; 

70: Armstrong et al 2017; 71: Maybin et al 2018). Mouse 

models of simulated menstruation are an attractive option due 

to genetic homogeneity and the availability of research reagents 

and importantly lower research costs. 

 

5.1 Modelling menstruation in the mouse  

The mouse model of simulated menses has reinforced the 

crucial role for a decidualisation step prior to P4-withdrawal in 

the physiology of menstruation. Refinements of the mouse 

model of simulated menses has provided an invaluable animal 

model to study the expression of inflammatory mediators, 

factors influencing endometrial/ menstrual bleeding and 

endometrial repair (60: Cousins et al 2014; 70: Armstrong et al 

2017; 71: Maybin et al 2018). Studies, complementary to 

human studies, in this mouse model have offered further 

mechanistic insights into the regulation of menstruation and 

endometrial repair by employing pharmacological and genetic 

alteration of key factors involved at menses; i.e. hypoxia and 

HIF pathway (34: Critchley et al 2006; 71: Maybin et al 2018). 

With parallel observations in ‘peri-menstrual’ human 

endometrium, and in the P4-withdrawn mouse endometrium in 

the ‘simulated menses model’ additional validation has been 

provided for the mouse model and its ability to recapitulate 

events of human menstruation (70: Armstrong et al 2017). 

 

5.2 Modelling menstruation in the non-human primate 

Non-human primates menstruate and undergo spontaneous 

endometrial decidualisation. My collaborative studies with 

colleagues, Robert Brenner and Ov Slayden, at the Oregon 

National Primate Research Center (ONPRC; Beaverton USA) 
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demonstrated that the rhesus macaque was a good model for 

studying human menstruation. It really is a naturally 

menstruating "animal model". We reported that the rhesus 

macaque and women share many molecular and histological 

similarities in the endometrium during the peri-menstrual 

window (luteo-follicular transition) and during menstruation. 

Both species display similar sex steroid receptor expressions in 

the endometrium (16: Critchley et al 2001; 17: Slayden et al 

2001; 26: Brenner et al 2002), tightly coordinated both spatial 

and temporal increased levels of MMPs and VEGF expression 

during the menstrual phase (14; Nayak et al 2000). Crucially 

these observations are preceded by progesterone withdrawal 

(14: Nayak et al 2000, 16: Critchley et al 2001; 17: Slayden et al 

2001; 26: Brenner et al 2002; 29: Brenner et al 2003). 
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6. Progesterone withdrawal: the trigger for 
menstruation. 

 

The human endometrium is a remarkable physiological site of 

repeated episodes of tissue “injury and repair” of a “wounded” 

mucosal surface (manifesting each month as menstruation). 

The fall in circulating progesterone levels due to corpus luteum 

demise and consequent withdrawal of progesterone is the 

trigger for menstruation in women (11: Critchley et al 1999; 

13: Milne et al 1999; and reviewed in: 20: Critchley et al 2001; 

38: Jabbour et al 2006; 74: Critchley et al 2020). 

 

Studies from my research team have provided support for the 

pivotal role of progesterone withdrawal in uterine/ menstrual 

physiology. The timing of endometrial biopsy collection is critical 

and in our early seminal studies the onset of the luteinising 

hormone (LH) surge was determined by subjects themselves 

using a urine LH kit. Women tested urine samples twice daily 

from cycle day 10 (10 days from start of menses). Detection of 

the urine LH surge (day doubling of basal LH levels) was 

confirmed by radioimmunoassay. Women participated as here 

described: endometrial biopsy collected in (i) normal mid-luteal 

phase (LH peak+ 8 to 10), (ii) menstrual and to time the onset 

of simulated menstruation accurately, P4 (vaginally twice daily) 

administered from day LH peak + 8 in the luteal phase for 4 

days, and (iii) endometrial biopsies collected 24 and (iv) 48 

hours after ceasing P4 administration. Other studies were 

performed with women where the progesterone receptor 

antagonist; RU486 (mifepristone) was administered during the 

luteal phase on day LH +7 to simulate events of menstruation. 

These approaches of studying P-withdrawal (physiological and 

pharmacological) demonstrated increases in  endometrial 
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inflammatory mediators and leukocyte traffic, these being, 

cyclo-oxygenase (COX-2), nuclear factor (NF)κB and interleukin 

(IL)-8 (CXCL8): (5: Critchley et al 1996; 6: Jones et al 1997 

11: Critchley et al 1999; 13: Milne et al 1999; 15: King et al 

2001; 25: Hapangama et al 2002; and reviewed in 20: Critchley 

et al 2001; 74: Critchley et al 2020). 

 

As identified above in complementary studies in the non-human 

primate (rhesus macaque; 14: Nayak et al 2000) support was 

further provided for the role of progesterone withdrawal in the 

induction of menstruation. Menstruation was induced in non-

human primate studies by surgical oophorectomy followed by 

14 days of oestrogen priming prior to insertion of a 

progesterone implant. The latter step simulated the endometrial 

secretory phase. Progesterone implant removal, with 

maintenance of oestradiol following progesterone withdrawal 

was important evidence for the dominant effect of progesterone 

withdrawal over that of oestradiol withdrawal as the trigger for 

menses induction (14: Nayak et al 2000; and reviewed in: 

20: Critchley et al 2001; 38: Jabbour et al 2006; 74: Critchley et 

al 2020). 

 

In women the local endometrial events following progesterone 

withdrawal occur in two phases.  A first phase following 

progesterone withdrawal is accompanied by increased local 

exposure of the endometrium to inflammatory mediators 

(11: Critchley et al 1999; 13: Milne et al 1999; and reviewed in: 

20: Critchley et al 2001; 74: Critchley et al 2020), i.e. 

chemokines responsible for leukocyte traffic into the 

endometrium, cytokines and prostaglandins (PG). Upon 

progesterone withdrawal the induction of inflammatory 
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mediators is orchestrated by the NF-κB transcription factor 

(15: King et al 2001).  
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7. Menstruation as inflammation and endometrial 
leukocyte traffic. 

 

Menstruation is a physiological model of self-limiting 

inflammation. It is essential inflammation is efficiently resolved 

in order to ensure restoration of tissue integrity and function 

(reviewed in 74: Critchley et al 2020). Studies from my research 

team over the past three decades have contributed important 

discoveries relevant to the endometrial molecular and cellular 

changes that accompany this physiological “inflammatory 

event” (i.e. menstruation). Research contributions include 

descriptions of increased cyclooxygenase-2 (COX-2) 

expression in the late secretory and menstrual phases of the 

menstrual cycle (6: Jones et al 1997; 11: Critchley et al 1999; 

13: Milne et al 1999), increases in CCL2 (MCP-1), CXCL8 (IL-

8), IL-6, TNF (1: Critchley et al 1994; 6: Jones et al 1997; 

11: Critchley et al 1999;13: Milne et al 1999; 70: Armstrong et al 

2017), increased prostaglandin concentrations (39: Smith et al 

2007) and local tissue hypoxia (34: Critchley et al 2006) . 

Several of my latter studies have been conducted with 

Jacqueline Maybin, former PhD student and now continuing 

collaborator: (50: Maybin et al 2011; 51: Maybin et al 2011; 

52: Maybin et al 2011; 57: Maybin et al 2012; 71: Maybin et al 

2018). In human endometrium, CXCL8 mRNA concentration 

and protein (50: Maybin et al 2011) are present across the 

menstrual cycle in endometrial stromal cells, and in perivascular 

cells and expression is maximal following progesterone 

withdrawal (11: Critchley et al 1999; 13: Milne et al 1999). 

 

Menstruation displays features of acute inflammation with rapid 

leukocyte recruitment (i.e. neutrophil granulocytes, 

inflammatory monocytes/ macrophages). Endometrial 
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inflammatory mediators produced during the luteo-follicular 

transition (time of P-withdrawal-induced endometrial shedding) 

coordinate the inflammatory response including recruitment of 

leukocytes (1: Critchley et al 1994; 6: Jones et al 1997; 

11: Critchley et al 1999; 13: Milne et al 1999, 70: Armstrong et 

al 2017). 

 

Inflammation also requires resolution. We demonstrated the 

utility and validity of the aforementioned mouse model of 

simulated menstruation in the study of events of apoptosis and 

inflammation in the human endometrium across the peri-

menstrual window (70: Armstrong et al 2017). Both the spatial 

and temporal regulation of apoptosis in the human 

endometrium was recapitulated in the endometrium of the 

mouse model. Endometrial apoptosis (cleaved caspase-3 

expression) was evident before onset of endometrial 

breakdown and shedding/ bleeding in both mice and human 

(70: Armstrong et al 2017; and reviewed in: 74: Critchley et al 

2020).  Several years earlier, we described the presence of 

players in the apoptotic process, and likely regulation by sex 

steroids, in the human endometrium (2: Koh et al 1995; 

12: Critchley et al 1999). Additional support was provided more 

recently by the demonstration in both human endometrium and 

endometrium of the mouse menstruation model, upon 

withdrawal of progesterone: (i) increases in menstrual-phase 

inflammatory chemokine transcription (CXCL8, CCL2, Cxcl1), 

(ii) in inflammatory cytokine transcription (TNF, IL6, Tnf); and, 

(iii) increases in neutrophil numbers with onset of menstruation/ 

simulated mouse menses (70: Armstrong et al 2017; 

60: Cousins et al 2014). Our 2017 studies (70: Armstrong et al 

2017) reported increased CCL2, CXCL8, IL6 and TNF 

transcription in menstrual phase human endometrium from 
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women with objectively measured normal menstrual blood loss 

(MBL). Importantly these observations in human endometrium 

were recapitulated in the simulated model of mouse menses, 

i.e., increased transcriptional changes in Tnf (TNF) and in the 

neutrophil chemokine gene Cxcl1; note CXCL1 is the mouse 

homologue of the human CXCL8.  

 
7.1 Endometrial Leukocyte Traffic. 

Endometrial leukocytes play critical roles in endometrial 

function and are effector cells of an inflammatory response and 

play important roles in both tissue breakdown and remodelling. 

The breakdown of tissue and endometrial repair and innate 

immune cell recruitment during the peri-menstrual window are 

crucial features in the endometrial repair process. Both resident 

and recruited innate immune cell populations are required for 

coordinated endometrial breakdown and its subsequent repair 

and their traffic is modulated by sex steroids (5: Critchley et al 

1996; 32: Milne et al 2005). The inflammatory response in 

human endometrium, or indeed early pregnancy decidua, may 

be induced by anti-progestin (RU486; mifepristone) 

administration in combination with PGE analog and is 

accompanied by increases in macrophages and neutrophils 

numbers and decreases in PR and ERα expression in human 

first-trimester decidua (32: Milne et al 2005). In non-pregnant 

endometrium the numbers of leukocytes, among which 

neutrophils and macrophages are the most abundant, are 

highest before and during menstruation. Neutrophil recruitment 

is coincident with progesterone withdrawal (70: Armstrong et al 

2017).  

 

Macrophages are identified in human endometrium throughout 

the menstrual cycle and modestly increase in number with 

onset of menses (70: Armstrong et al 2017; 59: Thiruchelvam et 
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al 2013; 63: Thiruchelvam et al 2016). Chemo-attractants by 

which monocytes are recruited into the endometrium include 

CCL2 (MCP-1) and this chemokine is highly expressed in late-

secretory-phase endometrium (6: Jones et al 1997; 

11: Critchley et al 1999).  

 
Localisation patterns of innate immune cells (macrophages) 

have been described in studies utilising carefully characterised 

human and mouse endometrium during the peri-menstrual 

window (luteo-follicular transition). Innate immune cells traffic 

towards apoptotic glands and display subsequent movement 

outward into the endometrial stroma (70: Armstrong et al 2017). 

 

Progesterone withdrawal is pivotal to leukocyte influx. It is also 

possible that local availability of bioactive glucocorticoids plays 

crucial roles in endometrial immune and vascular cell 

interactions during tissue repair at menstruation. This may 

involve either direct or indirect actions. Endometrial 

macrophages express the glucocorticoid receptor (GR) but not 

the progesterone receptor (63: Thiruchelvam et al 2016; and 

reviewed in: 59: Thiruchelvam et al 2013; 74: Critchley et al 

2020). Local endometrial glucocorticoids (cortisol) may regulate 

paracrine actions of macrophages in endometrium. Our in vitro 

studies demonstrated culture with supernatants from cortisol-

treated peripheral blood monocyte-derived macrophages 

modulated endometrial endothelial cell transcription of 

angiogenic genes: CXCL2, CXCL8, CTGF, and VEGFC. 

CXCL2 and CXCL8 protein was detected in endometrial 

macrophages in situ (63: Thiruchelvam et al 2016). We 

observed that the endometrial expression of these factors was 

maximal at menses, consistent with macrophages and 

accompanying chemo-attractants performing physiological roles 

in endometrial repair (63: Thiruchelvam et al 2016). 
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CXCL4 (PF4) is a member of the CXC family with role in the 

chemotaxis of neutrophils and monocytes. As CXCL4 was 

considered to play a role in regulation of angiogenesis, 

recruitment of monocytes, as well as wound healing, we 

explored if CXCL4 may be involved in endometrial repair at the 

time of menstruation (67: Maybin et al 2017). Our analyses of 

human endometrium along with in vitro cell models examined 

regulation of CXCL4 by steroid hormones, including cortisol and 

effects of CXCL4 on endometrial cells and macrophages. 

CXCL4 mRNA concentrations were increased in menstrual 

endometrium and CXCL4 localised to endometrial epithelial, 

stromal, endothelial cells and macrophages. Our data thus 

supported roles for CXCL4 in menstruation and endometrial 

repair (67: Maybin et al 2017). Stromal-derived factor-1 (SDF-1) 

is a CXC chemokine that is constitutively expressed by stromal 

cells of numerous tissues. SDF-1 is a leukocyte (monocyte) 

chemoattractant. I contributed my expertise with human tissue 

immunolocalisation of inflammatory mediators to a study 

describing SDF-1 expression by stromal cells and vessels in 

skin (18: Fedyk et al 2001).  

 
Uterine natural killer cells (uNKs) are a further major leukocyte 

population in non-pregnant secretory endometrium and are 

abundant in the decidua during the first trimester of pregnancy. 

UNKs develop and mature in the non-pregnant endometrium 

and acquire phenotypic and functional properties which 

distinguishes uNKs from peripheral blood NK cells.  

 

In contrast to early pregnancy where uNKs are associated with 

uterine spiral artery remodelling and adequate placentation, far 

less is known about function of uNKs in normal cycling 
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endometrium. UNK cell numbers are sparse in the oestrogen-

dominated follicular phase, and proliferate in the luteal phase as 

circulating progesterone concentrations rise, culminating with 

greatest numbers of uNKs in the endometrial stroma in the late 

secretory phase (reviewed in 38:Jabbour et  2006; 74: Critchley 

et al 2020). Menstrual breakdown occurs unless the corpus 

luteum is maintained by a pregnancy, in which case, 

progesterone levels continue to rise and the endometrium 

decidualises. We have contributed to the field describing factors 

involved in recruitment and proliferation of uNK cells.  

Specifically we have demonstrated that (i) PGE2 is able to 

stimulate interleukin- 15 (IL-15) expression and release by 

endometrial stromal cells (22: Dunn et al 2002); 

(ii) progesterone-responsive stromal cells in the endometrium 

communicate with uNKs via IL-15 (58: Wilkens et al 2013). We 

have examined uNK distribution in endometrium of selective 

progesterone receptor modulator (SPRM) (asoprisnil)-treated 

patients and reported that uNK cells were substantially reduced 

or absent along with a marked reduction/ absence of menstrual 

bleeding (58: Wilkens et al 2013). These data are consistent 

with a pivotal role for an IL-15-uNK axis in regulation of 

endometrial bleeding. A further factor, albeit less well-studied 

with evidence for involvement in uNK cell proliferation is 

endometrial prolactin. Functional prolactin receptors are 

expressed in the human endometrium (epithelial and uNKs) 

during the secretory phase of the menstrual cycle (7: Jones et 

al 1998; 23: Gubbay et al 2002) and therein identified uterine 

NK cells as novel prolactin target cells (23: Gubbay et al 2002). 

Numbers of uNK cells are abundant when the conceptus 

implants and further increase during the early stages of 

placentation. We identified human chorionic gonadotrophin 

(hCG), a glycoprotein synthesised by the preimplantation 
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conceptus, as a novel regulator of uNK cell proliferation and 

showed that the impact of hCG on uNK cells was mediated via 

the mannose receptor (CD206) rather than by the classical 

hCG/LH receptor that was not expressed:  identifying 

importance of uNK cell-trophoblast interactions and pregnancy 

outcome. (46: Kane et al 2009). These observations contributed 

further novel insights into the endocrine-immune dialogue 

existing between the conceptus and innate immune cells within 

the receptive endometrium (46: Kane et al 2009). 

 

An understudied endometrial tissue-resident immune cell 

characterised by granules containing the proteases chymase 

and/or tryptase is the mast cell. The majority of mast cells in the 

uterus are located in the myometrium and co-express mast cell 

tryptase and MMP-1 in the same intracellular granules 

(19: Milne et al 2001). The role of mast cells in the human 

uterus is not defined and little is known concerning regulation or 

the impact of steroids on mast cell differentiation status 

(19: Milne et al 2001; 69: De Leo et al 2017). Studies co-lead 

with my collaborator, Philippa Saunders and co-supervised PhD 

student Bianca De Leo, described three protease-specific 

phenotypes of mast cells and reported that the expression of 

ERβ and GR in endometrial mast cells mirrors that of other 

immune cells in the endometrium (69: De Leo et al 2017). Mast 

cell function may thus be modified by the local steroid 

microenvironment. 
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8. Local mechanisms that limit normal menstrual 
bleeding: role for hypoxia and epithelial repair. 

 

The containment of endometrial bleeding (evidenced as 

cessation of menstruation) requires resolution of inflammation, 

efficient vasoconstriction of endometrial arterioles to limit 

menstrual blood loss, an efficient haemostasis and repair of the 

denuded “injured” basal endometrium (which is in fact a 

“wounded” mucosal surface) (reviewed in: 62: Maybin and 

Critchley 2015; 74: Critchley et al 2020).  

 

Studies on the physiological roles of hypoxia and sex steroid 

withdrawal have fascinated research in menstrual health for 

over 80 years and contributions from my group have 

contributed to the field during the past 20 years. 

 

The role for hypoxia in the endometrium has continued as a 

subject of debate.  We noted from Poiseuille’s equation 

(published by Poiseuille in 1840–41 and 1846) that as the 

radius of a blood vessel is the major determinant of resistance 

to flow, a small increase in vessel radius will have significant 

impact on flow, this being, a two-fold increase in vessel radius 

with a sixteen-fold decrease in resistance to flow (reviewed in 

62: Maybin and Critchley 2015; 74: Critchley et al 2020).  

 

Decreased vasoconstriction of endometrial vessels at 

menstruation may reflect defective production of vasoactive 

factors following withdrawal of progesterone.  Prostaglandin 

(PG) F2α is an endometrial factor with known vasoconstrictive 

properties. Interestingly we observed that women with heavy 

menstrual bleeding (HMB) exhibited a decreased prostaglandin 

F (FP) receptor expression (39: Smith et al 2007).  Imbalance of 
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the normal local endometrial PGE2: PGF2α ratio with an excess 

PGE2 production over PGF2α may lead to reduced constriction 

of endometrial spiral arterioles prior to menses. Suboptimal 

vasoconstriction at menses may result in increased menstrual 

bleeding (reviewed in: 62: Maybin and Critchley 2015; 

74: Critchley et al 2020). 

 

Prostacyclin (PGI) is a member of the prostanoid family of lipid 

mediators that mediates effects via its G protein-coupled 

receptor (IP receptor). There is a role for prostanoid-receptor 

signalling in tissue angiogenesis. We examined the temporal-

spatial expression of the IP receptor within normal human 

endometrium and explored the signalling pathways mediating 

the role of IP receptor in activation of target angiogenic genes. 

PGI-IP interactions within endometrial epithelial cells promoted 

expression of proangiogenic genes in human endometrium via 

cross talk with the epidermal growth factor receptor (EGFR; 

33: Milling-Smith et al 2006).   

 

We viewed that decreased vasoconstriction of endometrial 

spiral arterioles may not only impact menstrual blood flow but 

also increase length of menstrual bleeding experience due to 

delayed endometrial repair. We reported that women with 

symptom of HMB described menstrual bleeding for 2 days 

longer (71: Maybin et al 2018). 

 

Vasoconstriction at the time of menstruation may contribute to 

induction of hypoxia in the menstruating endometrium and thus 

hypothesis that hypoxia is required for initiation of menstruation. 

Hypoxia Inducible Factor (HIF) is the master regulator of the 

cellular response to hypoxia. We reported HIF-1α localisation in 

human endometrium but limited to the upper zones of the 
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endometrium (functional layer) and only in the peri-menstrual 

phase (34: Critchley et al 2006).   

 

With Jacqueline Maybin, we also reported that women with 

objectively measured HMB exhibited decreased endometrial 

HIF-1α protein and its downstream targets at menstruation 

versus women with normal menstrual blood loss. These 

observations were consistent with our hypothesis of a defective 

hypoxic response in women with symptom of HMB 

(34: Critchley et al 2006; 71: Maybin et al 2018).  When 

modelled in the mouse with simulated menstruation (71: Maybin 

et al 2018) and employing both pharmacological and genetic 

decrease of HIF-1 at menstruation, delayed endometrial repair 

(as a surrogate marker for menstruation in mouse model of 

menses) was observed (71: Maybin et al 2018). In the same 

study we showed that delayed endometrial repair following 

endometrial shedding, was further support that hypoxia is 

required for normal endometrial repair at menses (71: Maybin et 

al 2018).  

 

Tissue formation and remodelling are crucial processes in 

wound repair. Endometrial repair following menstruation is 

usually scar-free and occurs rapidly over three to five days 

(71: Maybin et al 2018). With my past PhD student and now 

collaborator, Jacqueline Maybin we reported that several 

endometrial repair factors are HIF-regulated, these being, 

vascular endothelial growth factor (VEGF; 52: Maybin et al 

2011), IL-8 (50: Maybin et al 2011), adrenomedullin (51: Maybin 

et al 2011), and connective tissue growth factor (CTGF; 

57: Maybin et al 2012). 
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Our research has thus provided evidence that hypoxia 

regulates HIF-1α in vivo to coordinate timely repair of the 

injured endometrial mucosal surface at the time of menses. 

There is a role for HIF in the physiology of endometrial repair at 

menstruation as both messenger RNA (mRNA) and protein of 

angiogenic factor VEGF are increased in human endometrium 

at menses (52: Maybin et al 2011) and HIF-1α is necessary for 

hypoxia-induced increases in VEGF in human endometrial 

epithelial cells (52: Maybin et al 2011). 
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9. The impact and classification of abnormal 
uterine bleeding (AUB). 

 

Abnormal uterine bleeding (AUB), which embraces the 

symptom of heavy menstrual bleeding (HMB), imposes a 

massive burden on the individual, her family and society, and 

affects one in four women of reproductive age (reviewed in: 

73: Chodankar and Critchley 2019; 74: Critchley et al 2020; 

75: Critchley et al 2020). Understanding structural and non-

structural causes underpinning AUB is essential to optimise and 

provide personalised patient management. This personalised 

approach is facilitated by undertaking a careful classification of 

causes of abnormal uterine bleeding (49: Munro et al 2011; 

72: Munro et al 2018).  

 

It is the consequence of the major advances in access to 

contraception that women across the globe but particularly in 

high income countries may now expect at least 400 

menstruation events in their lifetime. In past times women may 

have experienced only 40 menstrual bleeds in a lifetime and 

this was due to repeated pregnancy and prolonged lactational 

amenorrhea (reviewed in 75: Critchley et al 2020). With more 

menstrual events there is greater opportunity for the 

development of menstrual complaints. 

 

Management of this common, debilitating complaint (AUB) 

necessitates appropriate diagnosis of the underlying disorder. 

The  many potential underlying causes of AUB and the lack of 

an universal applied nomenclature surrounding AUB previously 

delayed progress in this clinically important field (reviewed in 

74: Critchley et al 2020; 75: Critchley et al 2020).  
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From 2005 I have been privileged to Co-Chair with Mac Munro 

(Los Angeles, USA) and Ian Fraser (Sydney, Australia) a 

process to achieve a nomenclature and classification system 

with global utility for the care of women with AUB. In 2011 a 

FIGO (The International Federation of Gynecology and 

Obstetrics) classification system for AUB was published as the 

product of a multistage development process involving 

international clinician-investigators from 6 continents and over 

17 countries (49: Munro et al 2011). This group, of which I was 

a Co-Chair advised the removal of inconsistent and confusing 

terms such as dysfunctional uterine bleeding (DUB) and 

menorrhagia. The PALM-COEIN classification system was 

introduced (49: Munro et al 2011; and recently revised, 

72: Munro et al 2018). PALM describes the structural features 

of uterine polyps (AUB-P), adenomyosis (AUB-A), leiomyoma 

(uterine fibroids, AUB-L) and endometrial malignant/ pre-

malignant conditions (AUB-M). The acronym COEIN describes 

the non-structural causes of AUB, these being, coagulopathy 

(AUB-C); ovulatory dysfunction (AUB-O); endometrial 

dysfunction (AUB-E) with cellular and molecular causes 

reviewed in: 56: Critchley and Maybin 2011; iatrogenic causes, 

which includes endometrial bleeding associated with progestin-

only and other hormonal treatment approaches (AUB-I); and the 

final category is, not otherwise classified (AUB-N ). Reviewed in 

73: Chodankar and Critchley 2019; 74: Critchley et al 2020; 

75: Critchley et al 2020.  

 

9.1 AUB-I (Iatrogenic causes of AUB) 

Unscheduled endometrial bleeding that occurs during the use of 

gonadal steroid therapy, such as, progestin-only and other 

hormonal treatment approaches is termed “breakthrough 

bleeding (BTB)” and is a major component of the AUB‐I PALM 
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COEIN classification. Many women experience unscheduled 

endometrial bleeding with use of the levonorgestrel‐releasing 

intrauterine system (LNG-IUS). My research team over the past 

20 years has contributed much data to better understand the 

mechanisms underpinning this unscheduled bleeding which is  

a major reason why women discontinue use of progestin only 

therapies (whether for contraception or for management of 

HMB). Our fundamental studies at the bench of endometrium 

derived from users of progestin only therapies, in particular 

those which are levonorgestrel (LNG)-based reported that the 

LNG-IUS preferentially suppresses PR subtype B and that PR 

A is the subtype mediating long-term LNG action in the 

endometrium (8: Critchley et al 1998). We documented 

longitudinally both morphological and functional observations in 

endometrium exposed to local intrauterine LNG delivery and 

described histological features consistent with “decidualisation”, 

including an increase in granulocyte-macrophage colony 

stimulating factor (GM-CSF) immunoreactivity in decidualised 

stromal cells; glandular and stromal prolactin receptor 

expression along with an infiltrate of CD56 positive (+) uterine 

natural killer cells (uNKs) and CD68 + macrophages 

(9: Critchley et al 1998); (21: Glasier et al 2002). Androgen 

receptor (AR) and steroid metabolising enzyme, 17βHSD2 

expression were modulated by LNG-IUS treatment. The 

consequent disturbance of endometrial intracellular oestradiol 

levels may contribute to the unscheduled bleeding so often 

evident in the early months of LNG-IUS use. Suppression of AR 

by the LNG-IUS may also play a role in unscheduled bleeding, 

as elevated AR has been associated with amenorrhoea 

(30: Burton et al 2003) 

 



38 
 

There is still to date no preventative intervention to overcome 

the often unacceptable side-effect of unscheduled bleeding 

associated with progestin-only therapies (AUB-I). I lead the 

laboratory endometrial studies in two clinical studies exploring 

whether a progesterone receptor antagonist (RU486, 

mifepristone) or selective progesterone receptor modulator 

(SPRM; CDB 2914) held potential as intervention(s) for 

unscheduled bleeding with LNG administration: by implant 

(Norplant™) and intrauterine use (LNG-IUS) respectively 

(21:Glasier et al 2002; 47: Warner et al 2010). In the former 

study, in collaboration with Anna Glasier, mifepristone (RU486) 

administration (single dose of mifepristone; 200 mg) was 

associated with down-regulation of endometrial PR receptor 

subtype B and up-regulation of endometrial ER. Furthermore 

the participants treated with mifepristone exhibited a tendency 

to increased ovulation rates and reduced vaginal bleeding. The 

impact of mifepristone administration on endometrial sex steroid 

receptors was consistent with functional inhibition of 

progesterone (21: Glasier et al 2002). The second study, in 

collaboration with Pamela Warner and also Robert Brenner (as 

a component of shared NIH, USA funding) explored whether 

the intermittent administration of CDB-2914 (150 mg or placebo 

tablets administered over three consecutive days starting on 

Days 21, 49, and 77 after LNG-IUS insertion: a double-blind 

randomised controlled trial; ISRCTN Trial no. 

ISRCTN58283041; EudraCT no. 2006-006511-72) would 

suppress unscheduled bleeding during the first 4 months after 

new-user insertion of the LNG-IUS (47: Warner et al 2010). An 

effect of CDB-2914 on bleeding/ spotting experience was 

initially beneficial but then by third treatment was 

disadvantageous. 
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10. Targeting the progesterone receptor (PR) for 
therapy: class effects; clinical applications; 
mechanisms of action of PR ligands (SPRMs) 

 
Selective progesterone receptor modulators (SPRMs), are a 

family of compounds with actions at the PR which may have 

therapeutic potential in a range of debilitating problems during 

the reproductive years, these being, uterine fibroids and 

symptom of HMB (reviewed in: 64: Wagenfeld et al 2016). The 

endometrium is an important target tissue for SPRMs. My 

research team, and in collaboration with Alistair Williams 

(gynaecological pathologist), has contributed to the literature 

base on the effects of SPRM administration on the uterine 

endometrium over the past 20 years with studies on the 

endometrial impacts of administration of: asoprisnil, 

mifepristone (RU486) and ulipristal acetate (UPA): (3: Cameron 

et al 1996; 4: Cameron et al 1996; 12: Critchley et al 1999; 

17: Slayden et al 2001; 21: Glasier et al 2002; 28: Baird et al 

2003; 31: Narvekar et al 2004; 32: Milne et al 2005; 

36: Narvekar et al 2006; 40: Williams et al 2007; 

41: Heikinheimo et al 2007; 43:; Wilkens et al 2008; 44: Wilkens 

et al 2009; 58: Wilkens et al 2013; 66: Whitaker et al 2017; and 

reviewed in: 64: Wagenfeld et al 2016; 74: Critchley et al 2020). 

 
RU486 (mifepristone) was the first SPRM to undergo clinical 

development, initially for medical termination of pregnancy but 

was recognised to have a range of potential further 

applications, including as a non-oestrogen containing daily oral 

contraceptive pill (studies with Professors Baird and Glasier, 

and, where my research team lead the laboratory studies on the 

endometrial impacts of RU486 administration) and with 

collaborators in Finland a study exploring proof of concept in 
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prolonged antiprogestin release contraceptive devices 

(41: Heikinheimo et al 2007). The clinical development of 

SPRMs has depended heavily upon the long-term effects on 

endometrial morphology and function: the area where my own 

research has contributed: (3: Cameron et al 1996; 4: Cameron 

et al 1996; 12: Critchley et al 1999; 17: Slayden et al 2001; 

21: Glasier et al 2002; 28: Baird et al 2003; 31: Narvekar et al 

2004; 32: Milne et al 2005; 36: Narvekar et al 2006; 

40: Williams et al 2007; 41: Heikinheimo et al 2007; 43: Wilkens 

et al 2008; 44: Wilkens et al 2009; 58: Wilkens et al 2013; 

66: Whitaker et al 2017; and reviewed in: 64: Wagenfeld et al 

2016; 74: Critchley et al 2020). 

 
Low dose daily SPRM administration inhibits or delays ovulation 

without inhibiting ovarian follicular development, and 

consequently circulating levels of oestrogens are maintained in 

the mid-follicular range. So with SPRM administration at a daily 

low dose the endometrium has unopposed oestrogen exposure, 

and the endometrium assumes an unique morphological 

appearance, which is a “class effect” of progesterone receptor 

antagonists/ SPRMs. There is a spectrum of morphological 

changes termed “progesterone receptor modulator associated 

endometrial changes” or PAEC (40: Williams et al 2007; 

66: Whitaker et al 2017; and reviewed in 64: Wagenfeld et al 

2016; 74: Critchley et al 2020). 

 

The endometrium responds to different SPRM administration in 

a similar way, with the slight differences between SPRM 

compounds considered to be dependent upon the degree of 

agonist/ antagonist effects at the PR (reviewed in 

64: Wagenfeld et al 2016; 74: Critchley et al 2020)  
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With my collaborators we have reported with SPRM 

administration a paradoxical endometrial anti-proliferative 

effect. Studies have demonstrated that SPRM-treated 

endometrium exhibited glandular epithelium with quiescent or 

inactive appearances and an interesting reduced mitotic activity 

(4: Cameron et al 1996; 44: Wilkens et al. 2009; 66: Whitaker et 

al. 2017). 

 

Studies with this most interesting family of compounds which 

are ligands for the PR have also been undertaken with my 

collaborators since 1995 (Robert Brenner and Ov Slayden) at 

the ONPRC (Beaverton, USA) in the non-human primate 

(17: Slayden et al 2001). In Edinburgh my collaborators, since 

1993, have been David Baird, Anna Glasier and Alistair 

Williams, and with whom I share a passionate interest in an 

extraordinary family of compounds with so much potential for 

gynaecological care and a wonderful “tool” for exploring 

progesterone action in the uterus/ endometrium.  

 

There is still much to be learned about the mechanisms of 

action of SPRMs on the endometrium, and mechanisms 

underpinning the aforementioned anti-proliferative effect and of 

how amenorrhoea (absence of bleeding) is achieved. The 

endometrial androgen receptor (AR) may play an important role 

in these paradoxical effects described above (anti-proliferative 

effect). The human and non-human primate endometrium 

responds to SPRM by upregulation of AR (17: Slayden et al 

2001; 31: Narvekar et al 2004; 66: Whitaker et al 2017). 

 

We have reported with ulipristal acetate (UPA) administration 

that there is an altered endometrial expression of sex-steroid 

receptors and progesterone-regulated genes and these 



42 
 

observations are highly likely to be important in mediating 

effects of SPRMs upon the endometrium (58: Wilkens et al 

2013; 66: Whitaker et al 2017). We have described evidence for 

altered overall levels of expression of sex steroid receptors in 

the endometrium along with alterations in the localisation of sex 

steroid receptor expression between endometrial glands and 

stroma (66: Whitaker et al 2017; and reviewed in 74: Critchley 

et al 2020). Specifically we have shown increased overall 

mRNA concentrations of AR, PR, PRB and ESRI (ERα) in UPA-

treated endometrium compared to pre-treatment secretory 

phase endometrium (66: Whitaker et al 2017). There is an 

extraordinary and fascinating “relocation” of progesterone 

receptors where immunohistochemical localisation of PR and 

PRB exhibited intense nuclear expression in glandular 

epithelium, with minimal expression in endometrial stromal 

cells. This contrasts with the pre-treatment proliferative phase 

endometrium where there is intense nuclear staining in both 

endometrial glandular epithelium and stromal cells 

(66: Whitaker et al 2017; and reviewed in 74: Critchley et al 

2020).  

 

Intriguing and unexpected observations have also been made 

in human endometrium exposed to SPRM administration 

(asoprisnil) which provided support for a role for the IL-15 

pathway in the complex interplay between endometrial stromal 

cells, innate immune cells (uterine NK cells), and endometrial 

spiral arteries with profound effects on both spiral arteriole 

morphology and menstrual bleeding (58: Wilkens et al 2013).  

We have yet to determine if similar modulation of normal 

endometrial morphology and function as observed with 

asoprisnil are recapitulated with all SPRM class members. 

SPRMs provide a truly invaluable tool for the modulation of 
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progesterone-PR interactions and offer great potential to 

enhance our understanding of endometrial physiology. 
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Concluding comments  
 

The pivotal physiological functions of the uterine endometrium 

are the preparation for implantation, the maintenance of 

pregnancy if implantation occurs, and in the absence of 

pregnancy, menstruation. The latter function, menstruation, has 

occupied my research career for over 25 years (reviewed in: 

20: Critchley et al 2001; 38: Jabbour et al 2006; 62: Maybin and 

Critchley 2015; 74: Critchley et al 2020; 75: Critchley et al 

2020). It is really quite extraordinary that the pioneering studies 

on endometrial physiology undertaken nearly eighty years ago 

continue to underpin much of the knowledge we have 

concerning the menstruation process. Still with access to 

modern molecular and cellular discovery tools (68: Turco et al 

2017), imaging (micro-to-macro), including Magnetic 

Resonance Imaging (MRI), in silico techniques/ interrogations; 

along with animal models of simulated menses described 

herein, we see progress is gathering pace in our understanding 

of endometrial, and uterine, (patho-) physiology. The 

endometrium, a complex heterogeneous tissue, is amenable to 

high-throughput molecular analyses and application of current 

and emerging methods of molecular profiling will aid clinical 

diagnosis and the desire for personalised care (37: Critchley et 

al 2006). I was privileged to collaborate with my colleagues in 

Cambridge (Ashley Moffett and Margherita Turco (68: Turco et 

al 2017)) and contribute my experience with hormonal 

regulation of endometrial function to these pivotal studies 

developing endometrial epithelial organoid cultures: an 

invaluable new laboratory tool for furthering interrogation of cell-

cell dialogue and influence of the microenvironment upon 

endometrial form and function.  
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In the context of imaging studies we demonstrated, with true 

“team science”, that novel DT (Diffusion Tensor) MRI held 

potential to derive useful quantitative information relating to 

fibroid uterine tissue structure ex vivo, acknowledging that 

further work would need to be undertaken to develop an 

effective in vivo DT-MRI protocol for use in the pelvis and to 

investigate relationships between water diffusion parameter 

values measured ex and in vivo in this organ. Such approaches 

may hold potential for development as new quantitative imaging 

biomarkers of treatment response for women with abnormal 

uterine bleeding (55: Thrippleton et al 2011). 

 

The human endometrium is a truly remarkable physiological 

example of repeated “injury and repair”, a true natural “wound” 

and its function is fundamental to the continuation of our 

species. Our understanding of endometrial, and indeed also 

uterine biology will only continue to progress as innovative tools 

for biological/ physiological enquiry also continue to emerge.  
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The cytokine interleukin-8 (IL-8) is capable of inducing
selective neutrophil chemotaxis and activation and has been
postulated as the signal for neutrophil recruitment and
activation in reproductive tissues. The aim of this study was
to examine the localization of IL-8 in non-pregnant human
endometrium in view of its potential as a local modulator of
endometrial function. Endometrial biopsies (proliferative,
n = 8; secretory, n = 7) from 15 subjects were available for
immunolocalization of IL-8. Primary antibody (rabbit
polyclonal against IL-8) application was followed by either
a horseradish peroxidase streptavidin detection system
(proliferative, n = 5; secretory, n = 4) or an avidin-biotin
alkaline phosphatase detection method (proliferative, n = 3;
secretory, n = 3). All endometrial biopsies showed hetero-
geneous positive staining for IL-8 in association with blood
vessels in both proliferative and secretory phase biopsies. The
immunostaining was apparently not associated with endo-
thelial cells but rather appeared to be associated with the
smooth muscle layer of arterioles. Secretory phase biopsies
exhibited immunoreactivity in association with small blood
vessels and spiral arterioles. The perivascular location of IL-8
throughout the stages of the human menstrual cycle is
consistent with its proposed biological role as a modulator
of endometrial function, especially synergism with prosta-
glandin E and the transmigration of leukocytes.
Key words: chemokine/human endometrium/interleukin-8/peri-
vascular

Introduction

The chemokine interleukin-8 (IL-8), a small peptide inflammatory
mediator, recruits and activates polymorphonuclear leukocytes
(Mukaida et al., 1989) and T lymphocytes (Larsen et al., 1989).
It is produced by a variety of cell types; monocytes, fibroblasts,
epithelial and endothelial cells and lymphocytes (Clark, 1993).
IL-8 has recently been postulated as the signal for neutrophil
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recruitment and activation in reproductive tissues in infection-
related premature labour (Romero et al., 1991). There is also
evidence that normal chorion and decidua produce IL-8, which
can be modulated by progesterone (Kelly et al., 1992). Endo-
metrial explants also produce large quantities of IL-8 and
production is again inhibited by progesterone (Kelly et al., 1994).
Messenger RNA for IL-8 has been found in endometrial stromal
cells (Arici et al., 1992, 1993).

Prostaglandin E (PGE) and IL-8 have synergistic effects; PGE
reduces the effective threshold of IL-8, as judged by neutrophil
influx into injection sites in rabbit skin (Colditz, 1990). Access
of prostaglandins to the choriodecidual vasculature and
perivascular synthesis of prostaglandins may be important since
it is this site where synergism with IL-8 might be expected (Kelly
et al., 1992). Progesterone modulation of production and localiza-
tion of PGE and its main metabolite 13,14-dihydro-15-keto PGE
(PGEM) has recently been demonstrated. Administration of the
anti-progestogen RU486 results in a marked increase in PGE and
absence of PGEM in decidual blood vessels (Cheng et al., 1993).
Thus if synergism of PGE and IL-8 is to be effective, the distribu-
tion of IL-8 within endometrial tissue is critical.

The aim of this study was therefore to examine the immuno-
localization of IL-8 in non-pregnant human endometrium in view
of its potential as a local modulator of endometrial function.

Materials and methods

Endometrial biopsies (proliferative phase, n = 8; secretory phase,
n = 7) were collected from 15 women (median age 33 years,
range 24-46). No woman had received any form of exogenous
hormones or used an intra-uterine device in the previous 3
months. All subjects reported regular menstrual cycles (25-35
days). Biopsies were collected either with a Pipelle suction curette
(Prodimed, Neuilly-en-Thelle, France) or during a diagnostic
curettage.

Histology and immunohistochemistry

Endometrial biopsies were immediately snap-frozen in OCT
compound embedding medium (Tissue-Tek, Miles Inc., Elkhart,
IN, USA) by immersion in an isopentane/dry ice slurry and then
stored at -80°C.

Cryostat sections (5 .̂m) were placed on glass slides, fixed for
10 min in 10% buffered formalin and transferred to 0.1 M
phosphate-buffered saline (PBS), pH 7.4. Non-specific staining
was inhibited with immersion in 0.3% hydrogen peroxide in
methanol for 10 min at 37°C to block endogenous peroxidase;
followed, after washing in PBS, by incubation with 10% normal
goat serum for 20 min at room temperature. The primary
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Fig. 1. Photomicrograph of late proliferative phase endometrium
demonstrating heterogeneous, perivascular positive immunostaining
for interleukin-8. Scale bar = 50 ^m.

Fig. 2. High power view of a spiral arteriole (endometrial biopsy)
with positive immunoreactivity for interleukin-8 in a perivascular
location (arrow). Scale bar = 25 /*m.

antibody, a rabbit polyclonal against IL-8 (Kelly et al., 1994)
was applied at a dilution of 1 in 500 for 60 min at 37 °C. Antisera
were raised in rabbits against the 72 amino acid IL-8 synthesized
using fluorenylmethoxycarbonyl (FMOC) chemistry. The
cysteine bonds were formed by air oxidation (Clark-Lewis et al.,
1991) and the antigen (2 mg/ml) was administered s.c. in
Freund's complete adjuvant with three boosts over 12 weeks using
Freund's incomplete adjuvant. The use of this antiserum in radio-
immunoassay gave cross-reactivities <0.25% against IL-1, IL-2,
IL-6 and IL-10; and <0.3% against monocyte chemotactic
peptide-1 (MCP-1, a chemokine of the 0 family).

Primary antibody binding was visualized using a commercial
biotinylated goat anti-rabbit bridging antibody and either a
horseradish peroxidase streptavidin detection system (Zymed
Laboratories Inc., South San Francisco, CA, USA) and amino-
ethyl carbazole (AEC) chromogen (proliferative, n = 5;
secretory, n = 4) or an avidin-biotinylated-alkaline phosphatase
complex (ABC-AP) (Vector Laboratories, Peterborough, UK)
method with Vector Red chromogen (proliferative, n = 3;
secretory, n = 3). Negative and positive controls were included
in each immunostaining run. For the negative control, the primary
antibody was substituted with normal rabbit serum at an
equivalent protein concentration. Human tonsil served as a
positive control tissue. Further, the primary antibody was pre-
absorbed with synthetic IL-8 peptide (concentration 100 ng/ml)
in order to confirm the specificity of the primary antibody. This
preparation at an equivalent protein concentration was substituted
for the primary antibody.

A haematoxylin and eosin stained section from each endo-
metrial biopsy was dated according to the criteria of Noyes et al.
(1950).

Results

Immunolocalization of IL-8

All endometrial biopsies showed heterogeneous positive staining
for IL-8 in association with blood vessels both in the proliferative
phase and in the secretory phase regardless of whether a
peroxidase or alkaline phosphatase detection system was

•.«....'» . K* ' '• \ ..> \ i s

Fig. 3. Human tonsil tissue. Strong immunoreactivity in a
perivascular location. Scale bar = 100 ^m.

employed (Figure 1). Not all blood vessels demonstrated positive
staining. The immunostaining was perivascular but apparently
not endothelial and appeared to be associated with smooth muscle
cells. Secretory phase biopsies exhibited positive staining in
association with small blood vessels and spiral arterioles (Figure
2). There was an absence of immunostaining from stromal cells
and glandular epithelium during both phases of the cycle. No
histological differences were observed between positive and
negative staining vessels and no obvious differences in location
of positive or negative vessels in relation to endometrial glands.

Positive controls

Strong positive immunostaining for IL-8 was observed in a
perivascular location in human tonsil (Figure 3). Staining was
heterogeneous as not all blood vessels were stained.

Negative controls

No staining was observed in tonsil or endometrium when the
primary rabbit polyclonal antibody raised against IL-8 was
substituted with normal rabbit serum at an equivalent protein
concentration, or when primary antibody pre-absorbed with
synthetic IL-8 peptide was substituted (Figures 4 and 5).
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Fig. 4. No immunostaining is observed in endometrial tissue (serial
section, Fig. 2) when the primary antibody raised against
interleukin-8 (IL-8) is substituted with primary antibody
pre-absorbed with synthetic IL-8 peptide. Note absent perivascular
immunoreactivity (arrow). Scale bar = 25 pm.
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Fig. 5. Human tonsil tissue. No immunostaining present; the
primary antibody has been substituted by primary antibody
pre-absorbed with synthetic interleukin-8 peptide. Scale bar = 50 /an.

Discussion

This study has demonstrated immunohistochemically the
heterogeneous perivascular expression of IL-8 in blood vessels
within both proliferative and secretory phase non-pregnant human
endometrium. Immunoreactivity was apparently not endothelial.
If IL-8 immunostaining was located in the endothelial cells then
more vessels of varying size would have demonstrated positive
IL-8 immunoreactivity. Immunohistochemical double staining of
IL-8 and CD34 [an endothelial cell marker (Fina et al., 1990)]
confirms this observation (unpublished observations).

This perivascular localization of IL-8 immunoreactivity is in
keeping with involvement of IL-8 in human endometrial leukocyte
vascular-endothelial interactions. In support of this statement,
it is reported that the local concentration of IL-8 is important
in determining whether neutrophils or lymphocytes are
predominantly recruited to a specific tissue site (Casey and
MacDonald, 1993). These authors suggest that IL-8 together with
tumour necrosis factor (TNF) and IL-1 may be involved in

recruitment of the bone marrow derived progenitors of the large
granular lymphocytes and other leukocytes to the endometrium
(or decidua). A perivascular immunolocalization of IL-8 (as
reported in this manuscript) is entirely consistent with this latter
proposal.

The demonstration of IL-8 mRNA in the stromal cell prepara-
tion of human endometrium (Arici et al., 1993) might reflect
the fragmentation of small blood vessels in the cell dissociation
techniques, to produce 'stromal' and 'glandular' fractions.

It is recognized that the chemokine, IL-8, may be involved
in the binding and transmigration of leukocytes (Mackay and
Imhof, 1993). The movement of leukocytes from the circulation
into tissues during an inflammatory response is dependent upon
leukocyte—endothelial interaction and is a multistep process. The
initial rolling of neutrophils along an endothelial surface with
relatively weak E selectin—sialyl Lewis-X interactions is followed
by an IL-8 mediated up-regulation of /32 integrins on the
neutrophil surface which then interact with ICAM (intercellular
cell adhesion molecule) on the endothelial surface. This up-
regulation of /32 integrins is accompanied by a down-regulation
of L-selectin which contains the sialyl-Lewis-X region (Huber
et al., 1991). The emerging f52 integrin binds to ICAM on the
endothelial surface and this relatively strong ICAM-/32 integrin
binding of neutrophils is accompanied by trans-endothelial migra-
tion directed by a haptotactic mechanism involving the
presentation of IL-8 attached to proteoglycan (Tanaka et al.,
1993). Thus IL-8 production perivascularly is an important
element in the control of neutrophil migration into tissues. Our
inability to detect IL-8 on the endothelial cells may either
represent a removal of surface-presented IL-8 during processing
or reflect the distribution in a vessel with the potential, but not
the acute stimulation, to recruit neutrophils.

ICAM-1 may also play an important role in neutrophil infiltra-
tion. Tawia et al. (1993) have demonstrated the expression of
ICAM-1 on endothelial cells of veins, arterioles and capillaries,
and stromal cells within human endometrium and stromal endo-
thelial cell immunoreactivity for ICAM-1 peaked at menstrua-
tion. It is of interest that ICAM-1 immunostaining did not occur
consistently across all vessel types. Similarly, in the present study,
not all vessels demonstrated positive immunostaining for IL-8.

IL-8 has also recently been reported to have angiogenic
properties (Koch et al., 1992) both in vitro and in vivo.
Alternative biological roles to chemotaxis may be proliferation
and angiogenesis. The latter events are integral components of
endometrial repair following menstruation.

Cheng et al. (1993) have discussed a biological role of IL-8
acting synergistically with PGE in inducing neutrophil invasion
of tissue. They have proposed that the increase in PGE and
decline in prostaglandin metabolism induced by antiprogestin,
raises the possibility of a role for progesterone in modulating
blood vessel tone and transmigration of leukocytes. It is of note
that decidualized stromal cells adjacent to spiral arterioles in
secretory phase endometrium stain positively for the progesterone
receptor (unpublished observations). Although IL-8 production
can be inhibited in vitro by progesterone (Kelly et al., 1992,
1994), both proliferative and secretory endometrial biopsies
demonstrated positive immunostaining for IL-8 in this study. Thus
the extent of steroid control of IL-8 has yet to be determined.
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The perivascular location of IL-8 throughout the stages of the
human menstrual cycle described in the present study is consistent
with its proposed biological role as a modulator of endometrial
function, especially synergism with PGE and the transmigration
of leukocytes.

Further research is needed to ascertain the mechanisms which
might trigger the influx of neutrophils into endometrium, the
release of lytic enzymes and the initiation of menstruation.
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Cell death by apoptosis is now regarded as an important feature of normal endometrial physiology. Recent
reports have suggested that bcl-2, a proto-oncogene responsible for the suppression of apoptosis, is expressed
in endometrium and may be involved in the regulation of menstruation. Using standard immunohistochemical
procedures, the immunoreactivity of bcl-2 and progesterone receptors has been investigated in normal human
endometrium throughout the menstrual cycle (n = 25) as well as endometrium exposed to continued
oestradiol and progesterone stimulation by 'rescue' of corpus luteum [n = 4) with exogenous human chorionic
gonadotrophin (HCG) administration (pseudopregnancy). Marked immunoreactivity, consistent with previous
reports, was noted in the glandular epithelium during the proliferative phase of the cycle. Immunostaining
persisted in the glandular epithelium during the secretory phase, although the percentage and intensity of
staining was markedly reduced. Staining in the stromal compartment was only noted during the late secretory
phase of the cycle. Co-localization with an antibody against CD56 demonstrated that this immunoactivity
largely reflected the presence of lymphocytes in the stroma. Endometrium from subjects who underwent
'luteal rescue' displayed limited immunostaining in either glands or stroma. The absence of significant bcl-2
expression in endocrinologically maintained endometrium makes it highly unlikely that bcl-2 is important in
prolonging endometrial cell survival in the luteal phase of the menstrual cycle.
Key words: apoptosis/bcl^/endometrium/immunohistochemistry/pseudopregnancy

Introduction
Apoptosis is a distinct mode of cell death that is responsible
for deletion of cells in normal tissues (Kerr et ai, 1972). This
process is quite distinct from cell death in response to toxic
effects (necrosis) and is characterized by specific morphological
features such as cell shrinkage, nuclear chromatin condensation
and fragmentation leading to the formation of membrane-
enclosed apoptotic bodies containing well-preserved organelles
(Kerr et ai, 1994). Apoptosis has been noted to be involved
in the involution of some endocrine-dependent target organs
such as the adrenal gland (Wyllie et al., 1973), the ovary
(Hurwitz and Adashi, 1992) and the prostate (Kyprianou and
Isaacs, 1988). Apoptosis has also been reported in rabbit
endometrium after withdrawal of progesterone (Nawaz et al,
1987) as well as human endometrium at the end of the luteal
phase (Hopwood and Levison, 1976). In addition to the detailed
morphological features of apoptosis, specific nuclear DNA
fragmentation has been demonstrated in human endometrium
by 3' end-labelling techniques (Tabibzadeh et ai, 1994)

Apoptosis is known to be controlled by the expression of a
number of regulatory genes, including c-myc, p53, apo-1/fas
and particularly members of the expanding bcl-2 family. Bcl-2,
the product of a proto-oncogene, is localized in the inner

© Oxford University Press

mitochondrial membrane (Hockenbery et ai, 1990) and has
been shown to prolong cell survival by suppressing apoptosis
in various cells (Vaux et al, 1992; Baer, 1994). Two recent
reports have described the expression of bcl-2 in normal human
endometrium (Gompel et al, 1994; Otsuki et al, 1994). Both
reports observe that the level of expression in the glandular
cells is maximal during the proliferative phase of the menstrual
cycle but while one report (Otsuki et al, 1994) suggests that
bcl-2 is present during the early part of the luteal phase, the
other (Gompel et al, 1994) found that bcl-2 disappeared from
the endometrium 2-3 days after the onset of secretory change,
with only weak immunoreactivity being evident later in the
luteal phase.

Only Gompel et al. (1994) made detailed reference to the
pattern of stromal immunoreactivity. In the proliferative phase,
stromal staining was scarce with only the occasional lympho-
cyte (positive internal control) displaying positive immuno-
reactivity. Stromal staining increased with predecidualization
of the stromal compartment and in association with the increase
in the presence of lymphocytes. However, the cell types
expressing bcl-2 were not characterized. This is important, as
bcl-2 plays a central role in lymphocyte selection in response
to an antigenic stimulus (Cohen and Duke, 1992). As it
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is likely that processes such as vasoconstriction in response
to endothelins or prostaglandins are more important than
glandular apoptosis per se in the turnover of the endometrium,
it is possible that stromal expression of bcl-2 may represent
an altogether different process.

From these data, it is unclear what role bcl-2 plays (if any)
in the processes leading up to menstruation in the non-pregnant
cycle or establishment of pregnancy in the pregnant cycle. To
investigate this further, we have studied the expression of
bcl-2 in carefully timed endometrial biopsies as well as biopsies
from women in whom the endocrinology of early pregnancy
has been simulated by injections of exogenous human chorionic
gonadotrophin (HCG). We have particularly investigated the
nature of the previously reported bcl-2 positive cells in the
stroma of the endometrium.

Materials and methods

Samples of endometrial tissue were collected from 29 women
aged between 25 and 45 years. Samples were either collected
from the uterine specimens of women undergoing elective
hysterectomy or by endometrial biopsy from women under-
going laparoscopic sterilization. All subjects described regular
menstrual cycles of between 25 and 35 days and were of
proven fertility. No subject had received any drug or hormonal
therapy during the 3 months previous to the onset of their last
menstrual period.

The subjects were grouped according to the stage of the
menstrual cycle as follows: early proliferative phase (days
4-9 after onset of menses, n = 5); late proliferative phase
(days 10-14 after onset of menses, n = 3); early secretory
phase (days 1 ^ after ovulation, n = 5); mid-secretory phase
(days 5-8 after ovulation, n = 3); late secretory phase (days
11-14 after ovulation, n = 8). Eighteen of the subjects whose
operation took place during the luteal phase of the menstrual
cycle had collected daily urine samples throughout the cycle
of operation. The luteinizing hormone (LH) concentration was
subsequently assayed in these samples and the day of ovulation
taken as the day of the urinary LH peak (Djahanbakhch et al.,
1981a). Progesterone concentration was measured in these
subjects by standard radioimmunoassay (Djahanbakhch et al.,
1981b) in a single plasma sample collected on the morning of
the operation and expressed as mean ± SE. The endocrine
dating was supported by histological dating on haematoxylin
and eosin sections according to the criteria of Noyes et al.
(1950).

Four subjects, where the operation was due to fall between
12 and 16 days after ovulation, agreed to receive HCG (Profasi,
Serono) to maintain the lifespan of the corpus luteum. The
HCG was administered by i.m. injection for between 6 and 8
days in incremental doses beginning with 125 IU per day then
doubling daily to a maximum of 16 000 IU per day. Plasma
samples were collected on alternate days during HCG adminis-
tration. The concentrations of HCG as well as the ovarian
hormones, oestradiol, progesterone and inhibin produced by
this regime are similar to those seen in normal pregnancy
(Illingworth et al., 1990).

All tissue specimens were fixed in either 10% neutral
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buffered formalin or 4% paraformaldehyde (the method of
fixation did not affect bcl-2 immunoreactivity) and thereafter
routinely embedded in paraffin wax. Tissue sections (5 (Am)
were cut, dried overnight at 55°C and processed for (i)
haematoxylin and eosin staining for routine histological dating,
(ii) immunohistochemistry for expression of bcl-2 protein,
progesterone receptor and CD56 antigen.

Immunohistochemistry

bcl-2
The bcl-2 protein was immunolocalized with a monoclonal
mouse antibody (bcl-2-124, Dako Ltd, High Wycombe, Bucks,
UK) raised against a synthetic peptide sequence comprising
amino acids 41-54 of bcl-2 protein (Tsujimoto and Croce,
1986). The immunohistochemical detection of bcl-2 was con-
ducted on de-paraffinized sections using an avidin biotin
peroxidase detection system (Vector Laboratories, Peterbor-
ough, UK). Briefly, sections were de-paraffinized and rehy-
drated through graded alcohols, followed by microwaving at
high power in 0.01 M sodium citrate buffer (pH 6) for 15
min. Endogenous peroxidase immunostaining was blocked by
treatment with 0.3% hydrogen peroxide in methanol for 30
min at room temperature. Thereafter, non-specific binding was
blocked by incubation with normal rabbit serum. Tissue
sections were then successively incubated with anti-human
bcl-2 mouse monoclonal antibody for 60 min at 37°C, then with
a horse biotinylated anti-mouse antibody (Vector Laboratories,
Peterborough, UK), and finally with an avidin-biotin peroxid-
ase complex (ABC, Vector Laboratories, Peterborough, UK).
Sections were incubated with diaminobenzidine (DAB) and
lightly counterstained with haematoxylin prior to permanent
mounting. Tonsil tissue was included as a positive control.
As negative controls, mouse immunoglobulin of the same
immunoglobulin class and concentration as the primary anti-
body was used.

Progesterone receptor (PR)
A monoclonal mouse antibody, raised against a synthetic
peptide towards the amino end of the human PR molecule,
was used to immunolocalize the PR (PGR Paraffin, Novocastra
Laboratories, Newcastle, UK). This antibody recognizes both
A and B forms of receptor as well as bound and unbound
receptor. PR was immunolocalized using the avidin-biotin
peroxidase detection system described above using a 1:20
dilution of the primary antibody (0.6 fig/ml). Normal goat
serum (SAPU, Carluke, Lanarkshire, UK) was used to block
non-specific binding and a 1:100 dilution of biotinylated goat
anti-mouse (Dako Ltd, High Wycombe, Bucks, UK) was used
as the secondary antibody. As PR is a nuclear protein, these
sections were not counterstained with haematoxylin.

CD56
CD56 positive cells were immunolocalized with a mouse
monoclonal antibody (Zymed Laboratories, San Francisco,
CA, USA). Primary antibody was used at a dilution of 1:250.
As a negative control, the primary antibody was replaced with
mouse immunoglobulin of the same concentration. An avidin
biotin peroxidase detection system was employed (Vector
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Laboratories, Peterborough, UK) and V.I.P. chromogen (Vector
Laboratories, Peterborough, UK)

Image analysis

Bcl-2
Immunoreactivity was assessed using light microscopy and
the intensity of immunostaining for bcl-2 in all tissue sections
was semi-quantitatively scored on a five point scale where
0 = no staining, 1 = mild staining, 2 = moderate staining,
3 = intense staining and 4 = very intense staining. The
percentage of positively stained cells in each tissue section
was estimated in the gland, stromal and surface epithelial
compartments.

Progesterone receptor
Computer-aided nuclear densitometry was performed on sec-
tions from the same carefully controlled experimental run.
Grey-scale densitometry was performed after image capture
using an image analysis program (Image 1.52, NIH, Maryland,
USA) on a Macintosh IICX computer. The average grey-scale
reading of 50 random nuclei in three fields of view was
calculated for the nuclei of the glands and stroma on each
section. Background readings (taken from the cytoplasm of
the same cells) were subtracted from the average grey-scale
reading to give a more objective measurement of staining
intensity in both stromal and glandular tissue.

Informed consent was obtained from all volunteers. Ethical
approval for this study was granted by the Lothian Ethics of
Medical Research Committee, Paediatric and Reproductive
Medicine Subcommittee.

Results

Endocrinology

In all women who received HCG, menses was postponed. The
mean progesterone concentrations in the luteal phase subjects
were: early 16.77 ± 4.28 nmol/1; mid 34.04 ±6.73 nmol/1;
late 28.01 ±7.37 nmol/1; HCG treated, 54.76±2.45 nmol/1.

Positive control (tonsil)

Intense brown staining for bcl-2 protein was observed in the
follicular mantle and the majority of cells within the germinal
centre of the tonsil displayed negative immunostaining (Figure
la). The negative control (primary antibody replaced with
normal mouse immunoglobulin) showed an absence of specific
staining in the follicular mantle. In tonsil tissue and all
endometrial biopsies, bcl-2 positive immunostaining was con-
sistently cytoplasmic.

Proliferative phase endometrium

Positive immunostaining for bcl-2 protein was observed in the
glandular cells of proliferative phase endometrium. The stroma
and surface epithelium occasionally also displayed positive
immunoreactivity (Figure lb). Immunoreactivity was most
marked in mid- and late proliferative phase glandular epithe-
lium (Figure 2a). Stromal immunoreactivity was minimal with
occasional isolated cells (presumed lymphocytes) displaying
positive immunoreactivity (Figure 2b). A serial section, where

Figure 1. (a) Immunoperoxidase staining (brown reaction product)
for bcl-2 in human tonsil, scale bar = 100 (im;
(b) immunolocalization of bcl-2 protein in mid-proliferative
endometrium, scale bar = 200 (im; (c) negative control, note the
absence of specific bcl-2 immunoreactivity, scale bar = 200 u.m;
(d) late secretory phase endometrium displaying marked
immunoreactivity in glandular epithelium and also isolated stromal
cells, scale bar = 200 u.m; (e) late secretory phase endometrium
showing co-localization of bcl-2 protein (brown) in stromal cells
and CD56 antigen (purple, arrows), scale bar = 25 u.m; (f) HCG
rescued endometrium (pseudopregnant) displaying nuclear (arrow)
immunoreactivity for progesterone receptor (brown) in the stromal
compartment (note the absence of glandular staining), scale bar =
25 urn.

the primary antibody had been replaced with normal mouse
immunoglobulin, displayed a complete absence of immuno-
staining in all cells (Figure lc).

Secretory endometrium

The early secretory phase endometrium displayed weak
immunoreactivity in both glandular and surface epithelium
with infrequent stromal positive immunoreactivity. Both the
intensity of staining in the glandular epithelium and the
percentage of cells stained were reduced in the luteal phase
endometrium (Figure ld,e). The intensity of staining was very
variable (Figure 2a) but in late secretory phase endometrium,
bcl-2 immunostaining was noted to be higher in both glandular
and surface epithelium (data not shown). The mean percentage
of cells exhibiting positive staining for bcl-2 was 9% in the
early luteal phase, 13% in the mid-luteal phase and 36% of
cells in the late luteal phase. The late secretory biopsies were
the only sections to show high levels of immunoreactivity in
the stromal compartments (Figure 2b).

Co-localization with CD56 showed that many, although not
all, of the cells in the stromal compartment that were bcl-2
positive were also positive for CD56. In particular, lymphoid
aggregates close to the gland were positive for both CD56 and
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Figure 2. Density of staining for bcl-2 in proliferative and
secretory phase endometrium (density estimated by arbitrary
scoring system), plotted against the number of days since the
urinary luteinizing hormone (LH) surge in (a) glandular tissue and
(b) stroma.

bcl-2 (Figure le). The immunoreactivity for the PR in the
glandular epithelium present in the early secretory phase is
not present in the mid- or late secretory phase as shown in
Figure 3a. There are no differences in the stromal immunoreac-
tivity for the PR in the early, mid- and late secretory phases
(Figure 3b).

HCG rescued endometrium (pseudo-pregnancy)

The morphology of these glands was found to be very similar
to that observed in the mid-luteal phase sections with tortuous
glands exhibiting intraluminal secretion with loss of blebbing.
There was little morphological evidence of apoptosis in these
sections and no pre-decidual changes were evident. In one of
the subjects who had received HCG for 8 days, the Arias-
Stella phenomenon of pregnancy was evident.

Weak immunostaining for bcl-2 was found in a small
proportion of glandular cells. The level of immunostaining in
the stromal cells was similarly very limited in comparison
with the late luteal phase. These cells were also positive for
CD56. The pattern of localization of PR in pseudo-pregnant
endometrium shows a very similar pattern to that of the mid
and late secretory endometrium (Figures If, 3a,b).

Discussion

The present study supports the findings of previous studies
(Gompel et al., 1994; Otsuki et al, 1994) that bcl-2 is
expressed in the glandular component of human endometrium.

1560

Figure 3. Immunolocalization of progesterone receptors (arbitrary
densitometric units) in secretory phase endometrium, plotted against
the number of days since the urinary LH surge in (a) glandular
tissue and (b) stroma.

The finding in this study of maximal staining intensity during
the proliferative phase is entirely consistent with these earlier
reports. There was, however, a marked discrepancy between
the luteal phase observations of our study and those of the
two previous studies: Otsuki et al. (1994) finding very little
immunostaining for bcl-2 at any stage of the luteal phase while
Gompel et al. (1994) noted staining only in the early luteal
phase. In contrast, we observed staining in the glandular
component of endometrial samples from all stages of the luteal
phase, including the late luteal phase, although the pattern
and intensity of staining was very variable. Whether these
discrepancies in luteal phase are a reflection of endometrial
dysfunction (18 of the luteal phase subjects were undergoing
hysterectomy for abnormally heavy periods) is not clear.
However, the study of endometrial samples obtained from
women where the time of ovulation has been clearly defined
by serial urine estimation enables us more clearly to identify
the chronology of events towards the end of the luteal phase.

The pattern of staining seen in the stromal compartment of
the endometrium is entirely different from that seen in the
glandular compartment. Significant immunoreactivity was
absent in the proliferative phase and early secretory phase and
became evident only in the late luteal phase. Indeed, as the
time since ovulation increased so did the percentage of cells
in the endometrium exhibiting bcl-2 staining. Our observation
that most of these cells are CD56 positive lymphocytes suggests
that the bcl-2 immunoreactivity seen in this part of the gland
may represent the presence of immune cells which have been
selected for survival. The survival of these immune cells may
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be necessary for the secretion of cytokines such as IL-8 and
tumour necrosis factor-a (TNFa) to initiate the processes
leading to menstruation (Kelly, 1994).

Indeed we found that where the women had been treated
with increasing doses of HCG, the detectable immunoactivity
for bcl-2 was low. Treatment with HCG simulates pregnancy
in that progesterone concentrations are maintained (as in all
subjects studied here), although clearly may differ due to the
absence of cytokines and growth factors of embryonic origin.
In all cases, the process of menstruation has been inhibited,
and although the histological appearances of this tissue show
no clear evidence of decidualization this may simply reflect
the short duration of exposure to HCG/progesterone. The
model therefore enables us to compare the expression of bcl-
2 in sections where the progesterone concentration is falling
prior to menstruation with those where the progesterone
concentration has been maintained. We found that in both the
stroma and the glandular compartments, the proportion of cells
expressing bcl-2 was reduced in these sections. This argues
strongly against the hypothesis advanced by Otsuki et al.
(1994) that bcl-2 has an important role in regulating death
of glandular cells in the functional layer during the late
luteal phase.

These observations are entirely consistent with the view that
the expression of bcl-2 protein in the epithelium is under
steroid control, in that oestrogen up-regulated expression
while in the sections where progesterone concentrations were
maintained, progesterone exposure down-regulated expression.
However, the pattern of persistent immunostaining in some
sections where progesterone concentrations are elevated
implies that the regulation of endometrial bcl-2 expression
may be the result of a combination of endocrine and paracrine
signals. Tabibzadeh (1994) has suggested that T-cells and the
cytokine TNFa may be implicated in the regulation of apoptosis
of epithelial cells. In addition to T-cells, other cells in the
stroma and endometrial epithelium also exhibit both message
and protein of TNFa (Hunt et al, 1992). Thus alternative
sources of TNFa may be implicated in the processes of
apoptosis. Interestingly, there is a significant increase in TNFa
mRNA in the late secretory phase (Tabibzadeh et al., 1994),
and it has been suggested that excess production of TNFa in
association with oestrogen withdrawal may be associated with
the development of apoptosis in human endometrium. We are
not aware of any published data concerning TNFa message
or protein in 'pseudo-pregnant' endometrium, i.e. after
'luteal rescue'.

The nature and extent of apoptosis in the human endo-
metrium at different stages of the female menstrual cycle has
recently been described in detail (Tabibzadeh et al, 1994).
Apoptosis was found to occur at a low frequency in proliferative
endometrium, then increased during the secretory phase in the
glandular cells (Tabibzadeh et al, 1994). No apoptosis was
found in the stroma, including the lymphoid aggregates. These
observations suggest that the localization of bcl-2 in the
glandular component of the late secretory endometrium does
not inhibit apoptosis at that stage of the cycle, although it is
possible that the high intensity of bcl-2 in the glandular
epithelium during the proliferative phase may reflect this

function. Our observations that CD56 positive lymphocytes
express bcl-2 is in keeping with the absence of histological
evidence of apoptosis in that region.

Any discussion of the significance of the immunolocalization
of bcl-2 now has to be tempered by the observation that bcl-2
is only the prototype of an extended family of similar proteins
which inhibit apoptosis. In particular, it is now clear that the
action of bcl-2 depends acutely on the concentration of and
interaction with a potential antagonist protein, bax (Oltvai
et al., 1993). At present, nothing is known about the localization
or level of expression of bax within human endometrium, nor
are there any data about the level of expression of potential
bcl-2 effectors/antagonists such as bcl-xL or bcl-xS (Boise
etal, 1993). Until the nature and extent of interactions between
these genes in the endometrium is clarified, the physiological
significance of bcl-2 in the endometrium will remain un-
resolved.

In summary, we conclude from these data that bcl-2 is
expressed in the human endometrium at all stages of the
menstrual cycle. We found no evidence to support a simple
relationship between bcl-2 expression and endometrial main-
tenance. Further research into the level of expression of bcl-2
antagonists such as bax, bcl-x-1 and bcl-x-s will be required
before the role of this complex gene family in the endometrium
can be fully understood.
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The purpose of this study was to assess the ability of the
anti-progestin onapristone administered in the immediate
post-ovulatory period to disrupt endometrial differentiation
as a potential method of fertility control. In all, 10 healthy
female volunteers were given 400 mg onapristone 2 days
after the mid-cycle luteinizing hormone (LH) surge in urine
(LH+2). An endometrial biopsy was taken 4 or 6 days
after the LH surge (Le. LH+4 or LH+6) in a control cycle
and on the corresponding day of the treatment cycle.
Biopsies were assessed for histological dating and immuno-
locaUzation of oestrogen receptors, progesterone receptors
and 15-hydroxyprostaglandin dehydrogenase (PGDH). On
day LH+12, blood was taken for the measurement of
insulin-like growth factor binding protein-1 (IGFBP-1) and
placenta! protein 14 (PP14). Hormonal measurements in
blood and urine were used to monitor the effects on the
menstrual cycle. In addition, the concentration of cortisol
in plasma was measured to determine if this dose of
onapristone exerted significant anti-glucocorticoid activity.
Treatment with onapristone retarded the development of
secretory changes within the endometrium without
affecting the length of the luteal phase. Intense nuclear
immunostaining of oestrogen and progesterone receptors
was evident in glands and stroma after treatment, sug-
gesting that the progesterone-dependent down-regulation
of steroid receptors was inhibited by the anti-progestin.
Onapristone also affected the production of luteal phase
endometrial proteins, as judged by the pronounced reduc-
tion in immunostaining of PGDH within the glands and
the significant reduction in plasma concentrations of PP14.
However, plasma concentrations of IGFBP-1 did not differ
between cycles. Onapristone did not appear to exert signi-
ficant anti-glucocorticoid activity because concentrations
of cortisol were unaffected. These findings suggest that
onapristone could potentially be used as a method of post-
ovulatory fertility control.

Key words: endometrium/endometrial differentiation/fertility
control/onapristone
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Introduction

Successful implantation and the establishment of pregnancy
require the synchronized development of the endometrium and
blastocysL Progesterone is essential for secretory differentia-
tion and the formation of a receptive endometrium. Therefore
the availability of anti-progestins which block the action of
progesterone at its receptor provide the opportunity of develop-
ing new methods of contraception (Baird, 1993). Mifepristone
(RU486; Roussel Uclaf, Paris, France) is an anti-progestin
which in recent trials has proved to be highly effective at
preventing pregnancy when taken in the peri-ovulatory period
as either an emergency (Glasier et aL, 1992) or a 'once-a-
month' contraceptive (Gemzell-Danielsson et al., 1993). The
effects of mifepristone in the luteal phase depend on the dose
and stage of the cycle. Administration in the early luteal phase
retards the development of a secretory endometrium without
affecting the function of the corpus luteum and the length of
the cycle (Swahn et al., 1990; Gemzell-Danielsson et al.,
1994). However, when mifepristone is administered in the
mid- and late luteal phases, bleeding occurs with or without
luteolysis and the normal menstrual rhythm is disturbed
(Schaison et al, 1985; Shoupe et al., 1987; Garzo et al., 1988;
Li et al., 1988). Onapristone (ZK98 299; Schering AG, Berlin,
Germany) is an anti-progestin with less anti-glucocorticoid
activity than mifepristone (Henderson, 1987). Because it also
has a shorter half-life, it might therefore be expected to cause
less disruption to the cycle length than mifepristone when
administered in the luteal phase.

The technique of assessing the histological changes which
occur in the endometrium throughout the menstrual cycle is
widely used for evaluating endometrial status. However, as
many endometrial proteins and aspects of endometrial function
are dependent on progesterone, the detection of these immuno-
histochemically or by other means may serve as useful markers
of uterine receptivity. Oestrogen and progesterone receptors
are induced by oestradiol and down-regulated by progesterone.
Thus their presence/absence in secretory endometrium can be
assumed to reflect the cumulative activity of progesterone
during the luteal phase (Garcia et al., 1988). In addition, the
prostaglandin metabolizing enzyme 15-hydroxyprostaglandin
dehydrogenase (PGDH), which is thought to be progesterone
dependent, is abundant in secretory endometrium (Casey et al.,
1980). Therefore its presence may help to define a state
of endometrial maturation. The measurement of endometrial
proteins in the plasma could also be useful as a non-invasive
index of endometrial function. Two major products of secretory
phase endometrium which can be measured in serum are
insulin-like growth factor binding protein-1 (IGFBP-1; also
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known as placental protein 12) and placenta] protein 14 (PPM).
They are produced in the stromal (Bell et al, 1991; Rutanen
et al, 1991) and glandular compartments of the endometrium
(Wakes et al, 1988) respectively.

The biological functions of these proteins in reproduction
are still uncertain but it has been suggested that IGFBP-1 may
be involved in limiting invasion of the trophoblast (Chard,
1994; Seppala et al., 1994), and there is also some evidence
that PP14 may have an immunosuppressive role in protecting
the embryo from rejection by the maternal immune system
(Bolton et al., 1987; Okamoto et al, 1991).

The aim of the study was to assess the effects of the
immediate post-ovulatory administration of onapristone on
secretory differentiation and the ovarian cycle. Histological
dating, the immunolocalization of sex steroid receptors and
PGDH, together with serum concentrations of IGFBP-1 and
PP14, were used as markers of secretory maturation.

Materials and methods
A total of 10 healthy women aged between 25 and 38 years (mean
age 39) with regular menstrual cycles (cycle length 25-35 days) and
a mean body mass index of 25.5 kg/m2 (range 21.3-35.5) volunteered
for the study. None of the women had used hormonal contraception
in the preceding 3 months; those who were not surgically sterilized
agreed to use barrier methods of contraception throughout the study
period. All women underwent a thorough clinical assessment prior
to commencing the study, which consisted of a gynaecological and
general physical examination together with the measurement of height,
weight and blood pressure. Blood was also collected for the estimation
of haemoglobin, blood cell count, serum urea and electrolytes,
creatinine and tests of liver function (albumin, bilirubin, alkaline
phosphatase, y-glutamyl transferase, alanine transaminase and aspart-
ate transaminase). These blood tests were repeated on completion of
the treatment cycle. Subjects were issued with a menstrual calendar
on which they recorded details of all bleeding episodes throughout
the study. The protocol was approved by the local ethical subcommit-
tee. Each volunteer gave written informed consent

Study design

Subjects were studied over a control, treatment and follow-up cycle.
During the treatment cycle, 400 mg onapristone were administered
on day 2 after the onset of the urinary luteinizing hormone (LH)
surge (LH+2). The timing of the LH surge in the urine was detected
by the subjects themselves using a commercially available home
urine LH detection kit (Conceive; Quidel, San Diego, CA, USA).
Each woman tested her urine twice daily at 08:00 and 18:00 h from
cycle day 10(10 days after the start of menses) in both control and
treatment cycles. Detection of the urine LH surge was confirmed by
a radioimmunoassay. An endometrial biopsy was taken from each
subject either 4 or 6 days after the LH surge, i.e. LH+4 or LH+6,
on the same day of both control and treatment cycles. In the treatment
cycle, the biopsy was therefore taken 2 or 4 days after drug intake.
Subjects also attended the clinic at the end of both cycles on day
LH+12. At each attendance a blood sample was collected and the
plasma separated immediately at 4°C and then frozen at -20°C until
assayed for follicle stimulating hormone (FSH), LH, oestradiol,
progesterone and cortisol by radioimmunoassay (Yong et al, 1992).
Intra-assay coefficients of variation were 8.4, 6.9, 8.0, 8.0 and 4.0%
respectively; interassay coefficients of variation were 9.7, 8.8, 11.0,
10.0 and 6.0% respectively. Serum concentrations of PP14 and

IGFBP-1 were also measured in a blood sample taken on day LH+12
of the control and treatment cycles by radioimmunoassay (Howell
et al, 1989; Wang et al, 1991). Intra- and interassay coefficients of
variation were 5.0 and 8.0% respectively. In addition, the concentration
of onapristone in plasma samples taken throughout the treatment
cycle was measured at the Pharmacokinetic Department, Schering
AG, using a high-performance liquid chromatography method, as
described by Zurth and Kagels (1990). Transvaginal ultrasonography
(Siemens Sonoline SI-250 machine with a 7.5/5 MHz vaginal probe)
was performed in both control and treatment cycles on the day of
endometrial biopsy (LH+4 or LH+6) to measure endometrial thick-
ness. This was measured as the maximum antero-posterior diameter
of the endometrium in a plane through the central longitudinal axis
of the uterine body (Shoham et al., 1991).

Throughout the study, subjects also collected a daily morning urine
sample, aliquots of which were frozen at -20°C and stored until
assayed for LH, oestrone glucuronide and pregnanediol glucuronide.
Concentrations of oestrone glucuronide and pregnanediol glucuronide
were measured by an enzyme-linked immunosorbent assay; concentra-
tions of urine LH were measured by a radioimmunoassay (Yong
et al, 1992). The intra-assay coefficients of variation were 6.0, 10.0
and 7.0% respectively, and the interassay coefficients of variation
were 9.0, 13.0 and 9.0% respectively. Concentrations of urinary
steroids were expressed as a ratio of the creatinine concentration
measured colorimetrically (Jaffe reaction).

Endometrial biopsies

Endometrial biopsies were obtained using a Pipelle endometrial
sampling device (Prodimed, Neuilly-en-Thelle, France) and fixed
immediately in (i) Bouin's solution for histological dating or (ii)
neutral buffered formalin for immunohistochemical analysis, for a
fixation period of 4-6 h.

Specimens were then processed on a standard tissue processor,
embedded in paraffin wax and sections 5 (im thick were cut. Sections
for histological dating were stained with haematoxylin-eosin and
assessed by an experienced gynaecological pathologist (C.H.B.) who
was unaware of the precise cycle day or if the biopsy was taken from
a control or treatment cycle. Dating was performed according to the
criteria of Noyes et al (1950).

Immunohistochemistry

Immunohistochemistry was performed for the immunolocalization of
PGDH (Cascade Biochem, Berkshire, UK), oestrogen receptor (ID5;
Dako, Glostrup, Denmark) and progesterone receptor (ICA; Abbott,
North Chicago, IL, USA). All immunostaining procedures were
performed in a single run.

PGDH immunostaining
A rabbit polyclonal antibody (Cascade Biochem) was used with an
avidin-biotin peroxidase detection system (Cheng et al, 1993).
Endogenous peroxidase activity was quenched by placing slides in
0.3% hydrogen peroxide in methanol for 30 min at room temperature.
A non-immune block was conducted using 10% normal swine serum
for 20 min at room temperature. Sections were incubated overnight
with the primary antibody (dilution 1:500) at 4°C [rabbit immuno-
globulin (Ig) dilution 1:500, i.e. the equivalent concentration as
primary antibody, was substituted for negative control sections]. The
biotinylated secondary antibody (biotinylated swine anti-rabbit) and
ABC complex (vectastain ABC kit, PK 4002; Vector Laboratories,
Peterborough, UK) were then applied for 30 min each at room
temperature. The peroxidase substrate diaminobenzidine tetrahydro-
chloride (DAB) was used to visualize the reaction (SK 4100;
Vector Laboratories). Slides were lightly counterstained with Harris's
haematoxylin.
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Oestrogen receptor immunostaining
As the oestrogen receptor is a notoriously difficult epitope to expose
in formalin-fixed, paraffin-embedded tissues, a microwave method of
antigen retrieval was used to unmask the antigenic site. This technique
was employed because recent studies have demonstrated the
superiority of the immunostaining results obtained using this method,
which allows the omission of the protease digestion step normally
required and shorter incubation times with the primary antibody (Shi
et al., 1991; Taylor et al., 1994). Slides were placed in 0.01 M
sodium citrate buffer (pH 6.0) and microwaved for 10 min at full
power in a 650 W microwave oven. Endogenous peroxidase activity
was quenched as before, followed by a non-immune block of normal
horse serum for 20 min at room temperature. A mouse monoclonal
antibody (ID5; Dako) was used to detect oestrogen receptor. Sections
were incubated with the primary antibody (dilution 1:50) for 1 h at
37°C (mouse IgG at a dilution of 1:300, i.e. the equivalent Ig
concentration, was substituted for the negative control sections). An
avidin-biotin peroxidase system was used as the detection system.
The blocking serum (horse), secondary antibody (biotinylated horse
anti-mouse) and label reagent formed a vectastain ABC kit (peroxidase
mouse IgG PK 4002; Vector Laboratories). The biotinylated secondary
antibody and ABC complex were applied for 30 min each at room
temperature.

The chromogen was DAB, and slides were lightly counterstained
with Harris's haematoxylin.

Progesterone receptor immunostaining
A microwave step of antigen retrieval was not required to detect the
progesterone receptor. A rat monoclonal antibody (ICA; Abbott) was
used with an alkaline phosphatase anti-alkaline phosphatase (APAAP)
detection system (Critchley et al., 1993). All steps were carried out
at room temperature. Following the application of the non-immune
block of 10* normal rabbit serum, an overnight incubation with the
primary antibody (dilution 1:10) was performed (rat Ig at the same
concentration as the primary antibody was substituted for negative
control tissue sections). The primary antibody and negative control
antibodies were then reapplied for a further 2 h. Thereafter, the
bridging antibody and APAAP complex were reapplied twice for
10 min (total of three applications each; Cordell et al., 1984; Critchley
et al, 1993). The chromogen was vector red (SK 5100, Vector
Laboratories) and no counterstain was applied.

Data analysis

For the purposes of data analysis, the luteal phase was defined as the
number of days after the LH surge over which concentrations of
pregnanediol glucuronide were elevated above basal values. Statistical
analysis was performed using a paired r-test or an analysis of variance,
as appropriate.

Results

Effect of onapristone on ovarian cycle and luteal phase length

All control, treatment and follow-up cycles were judged to be
ovulatory, as determined by the rise in serum progesterone
and pregnanediol glucuronide concentrations. There was no
statistically significant difference in die length of the luteal
phase between control and treatment cycles (mean ± SEM
14.0 ± 0.5 and 15.5 ± 1.1 days respectively). In addition,
there was no significant difference in the concentrations of
urinary pregnanediol glucuronide in both cycles (Figure 1).
Treatment with onapristone did not affect the length of the
follicular phase or the total length of the follow-up cycle.

42

Effect of onapristone on endometrial thickness

There was no significant difference in the thickness of endo-
metrium measured using ultrasound on the day of biopsy in
control and treatment cycles. In control and treatment cycles,
the mean ± SEM thicknesses on day LH+4 were 9.0 ± 1.0
and 8.4 ± 0.7 mm and on day LH+6 were 10.4 ± 0.9 and
9.4 ± 0.9 respectively.

Effect of onapristone on bleeding pattern

Most subjects experienced scanty bleeding for a few days
following the endometrial biopsy but reported normal episodes
of bleeding at the expected time of menses in both cycles.
However, two subjects (subject nos. 3 and 9) experienced an
episode of bleeding within 72 h of the administration of
onapristone. In the former case, onapristone was inadvertently
administered 24 h late (i.e. LH+3) due to failure of the home
urine LH detection kit to detect the LH surge. Bleeding similar
to normal menses commenced 36 h after ingestion of the
onapristone and lasted for 4 days. In the latter case (subject
no. 9), scanty bleeding commenced 3 days after the administra-
tion of onapristone (i.e. LH+5) and continued for a further
6 days following a biopsy on day LH+6. Neither of these
episodes of bleeding was associated with luteal regression.
However, in both cases a further episode of bleeding occurred
at the expected time of menstruation and lasted for 4 days.
These second episodes of bleeding were associated with
the demise of the corpus luteum, as judged by declining
concentrations of urinary pregnanediol and oestrone
glucuronide.

Effect of onapristone on hormone profiles

There was no significant difference in the concentration of
LH, FSH, oestradiol or progesterone in plasma following
treatment with onapristone (Figure 2). All cortisol concentra-
tions were within die normal range and there was no significant
change in concentration measured either 2 or 4 days after the
administration of onapristone (mean ± SEM on the day of
administration = 250.0 ± 27.2 nmol/1, on day LH+4 =
281.0 ± 57.0 nmol/1 and on day LH+6 = 278.0 ± 21.3 nmol/
1). Quantifiable concentrations of onapristone were measurable
2 days after the administration of the anti-progestin on day
LH+4 (70.0 ± 9.0 nmol/1) but were undetectable on day
LH+6.

Effect of onapristone on endometrial histology

All biopsies in the control cycle showed histological features
characteristic of secretory endometrium. Those taken on day
LH+4 showed early secretory changes, with convoluted glands
displaying obvious subnuclear vacuoles set in a loose oedema-
tous stroma (Figure 3a). Biopsies taken on day LH+6 showed
features characteristic of a slightly more mature endometrium
with larger more tortuous glands and abundant secretion in
die lumen (Figure 3b). Following treatment widi onapristone,
secretory differentiation was retarded, i.e. biopsies taken on
LH+4 were devoid of secretory changes and had a morpho-
logical appearance consistent with diat of late proliferative
endometrium. The glands were narrow and tubular in shape
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5 i
Control Follow-up
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Figure 1. The mean ± SEM concentrations of urinary luteinizing hormone (LH), oestrone glucuronide and pregnanediol glucuronide
(expressed as a ratio of urine creatinine concentration) throughout the control, treatment and follow-up cycles of all 10 subjects. The values
have been plotted around day 0 = day of LH surge in urine. Endometria] biopsy taken on day LH+4 or LH+6 (arrow). Onapristone
(400 mg) was administered on day LH+2 of the treatment cycle (Ona arrow).

with occasional mitoses (Figure 3c). Endometrium on day
LH+6 showed early secretory changes only (subnuclear
vacuolation; Figure 3d). In subject no. 3 who received onapris-
tone late and was bleeding at the time of biopsy, the fragments
of tissue obtained proved to be retarded histologically. Areas
of spontaneous breakdown were also observed within these
tissue fragments, consistent with hormone-induced withdrawal
bleeding.

Effect of onapristone on PGDH and steroid receptor immuno-
staining PGDH

Positive immunoreactivity was identified as dark brown cyto-
plasmic staining. In the control cycle, moderate to strong
staining for PGDH was observed on both days LH+4 and
LH+6 in the cytoplasm of the glandular epithelium (Figure
3e and f)- Following treatment with onapristone, the intensity
of immunostaining was reduced markedly (Figure 3g and h).
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Oestrogen receptor and progesterone receptor

Positive immunoreactivity for oestrogen receptor was visualized
as dark brown nuclear staining and that of progesterone receptor
as vivid red nuclear staining. Both receptors were always
observed in a nuclear location. The distribution and intensity
of irrununostaining for both receptors within the control cycle
biopsies were characteristic of secretory endometrium. On day

LH+4 of the control cycle there was strong immunostaining for
oestrogen receptor in the glandular epithelium and faint or absent
staining in die stroma (Figure 4a), with minimal staining for
progesterone receptor in the glands and moderate staining in the
stroma (Figure 4e). On day LH+6 of the control cycle there was
absent oestrogen receptor immunoreactivity in both glands and
stroma (Figure 4b), with absent staining of progesterone receptor
in glands and a modest persistence in the stroma (Figure 4f).
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Figure 2. The mean ± SEM concentrations of luteinizing hormone (LH), follicle stimulating hormone (FSH), oestradiol and progesterone
throughout the luteal phase of both control and treatment cycles, n = number of subjects.

Figure 3. Histology and immunohistochemistry of prostaglandin dehydrogenase (PGDH) in endometrium from the control cycle (a, b, e and
f) and after treatment with onapristone (400 mg) on day luteinizing hormone (LH) +2 (c, d, g and h). (a) Normal secretory phase
endometrium on day LH+4 showing glands (G) with subnuclear vacuoles set in an oedematous stroma (S). (b) Control secretory
endometrium on day LH+6 showing tortuous glands with plentiful luminal secretions, (c) Endometrium on day LH+4, 2 days after
onapristone administration, showing narrow tubular glands with occasional mitoses (arrow), (d) Endometrium sampled on day LH+6
(4 days following onapristone administration) displaying subnuclear vacuolation in some glands, (e and f) Secretory endometrium of the
control cycle (LH+4; e) and (LH+6; f) in which positive PGDH immunoreactivity (brown staining) can be observed in the cytoplasm of
glands, (g and h) Endometrium (after 2 days, g; 4 days, h) after onapristone administration, in which reduced or absent PGDH
immunoreactivity is now evident. Scale bar = 50 uxn.
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After treatment with onapristone there was more staining for with that seen in late proliferative endometrium when oestrogen
both recepton particularly in the glandular compartment (Figure and progesterone receptors are maximally expressed in both
4c, d, g and h). The pattern of immunostaining corresponded glandular and stromal compartments.
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Figure 3.

45

D
ow

nloaded from
 https://academ

ic.oup.com
/hum

rep/article-abstract/11/1/40/595896 by Edinburgh U
niversity user on 28 January 2020



S.T.Cameron et aL

was no significant difference in the serum concentrations ofEffect of onapristone on serum IGFBP-l and PP14
ICFRP-1

Following treatment with onapristone, there was a significant
reduction in the concentration of PP14 measured in the serum Effect of onapristone on haematology and biochemistry
on day LH+12 (P = 0.004; Figure 5). However, there The haematological and biochemical tests were repeated in
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the follow-up cycle. In all subjects, haematological parameters
were within the normal range. Serum biochemistry was normal
in all but one woman (subject no. 2), who had a concomitant
urinary tract infection at the time of testing, for which she
was receiving antibiotic therapy, and symptoms of an upper
respiratory tract infection. In this subject, serum transaminase
concentrations (tests of liver function) were found to be mildly
elevated, but were within the normal range on repeat testing
1 month later.

Discussion

This study demonstrates that the administration of 400 mg
onapristone in the immediate post-ovulatory period retards the
development of secretory endometrium without disrupting the
ovarian cycle. The function of the corpus luteum appeared
unaffected, as the length of the luteal phase and concentrations
of ovarian steroid hormones and their urinary metabolites did
not significantly differ between control and treatment cycles.
Although two subjects experienced bleeding within 72 h of
taking onapristone, all women had a normal episode of bleeding
at the expected time of menses. The first episode of bleeding
in the two subjects was a direct effect of the anti-progestin on
the endometrium and has been reported after the similar
administration of mifepristone. In this latter study, when
200 mg mifepristone were given on day LH+2, there was no

40
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Figure 5. The mean ± SEM serum concentrations of insulin-like
growth factor binding protein-1 (IGFBP-1) and placenta! protein 14
(PP14) on day luteinizing hormone (LH) +12 of the control and
treatment cycles in all 10 subjects. Serum PP14 concentration is
highly significantly different between cycles. (*) P = 0.004.

change in the ovarian cycle although the concentrations of
oestradiol and progesterone were slightly elevated (Swahn
et al., 1990; Gemzell-Danielsson et al., 1994). It is possible
that the difference from our results may be because onapristone
is cleared from the blood much more rapidly than mifepristone,
which persists in therapeutic concentrations in the blood for
several days after a single administration (Shi et al., 1993;
Croxatto et al, 1994). Thus, unlike onapristone, mifepristone
might be expected to exert a prolonged effect on the hypothal-
amic-pituitary unit as well as the endometrium, even after a
single dose.

Although onapristone has a half-life of only 2 h and was
undetectable in the bloodstream by day LH+6, it had a
profound effect on the development of the endometrium. Not
only did the endometrium appear morphologically retarded
following treatment, but the results of immunohistochemistry
suggested that it was also functionally disturbed. The intense
immunostaining of oestrogen and progesterone receptors
following onapristone treatment corresponded to the pattern
found in the late proliferative stage of the cycle. It would
suggest that onapristone inhibits the progesterone-dependent
down-regulation of steroid receptors, as observed after mifepri-
stone administration (Berthois et al., 1991; Maentausta et al.,
1993; Gemzell-Danielsson et al., 1994). The reduction in
immunostaining for PGDH following onapristone treatment is
also consistent with progesterone antagonism, as PGDH is
believed to be a progesterone-dependent enzyme (Casey et al.,
1980). This decrease in PGDH has also been demonstrated
in early pregnant decidua following the administration of
mifepristone (Cheng et al., 1993). As the expression of both
steroid receptors and PGDH are hormonally influenced, it is
likely that such changes induced by onapristone reflect a
disruption in other hormonally dependent autocrine and para-
crine processes involved in implantation. PP14 is the major
product of the secretory glands and appears at around the time
of implantation (Walstrom and Seppala, 1984). Although its
precise function is uncertain, it may play an important role in
the implantation process (Chard and Olajide, 1994). Thus, the
highly significant fall in serum concentrations measured at the
end of the treatment cycle is further evidence that treatment
with onapristone impairs endometrial function and might
prevent implantation.

It is interesting that serum concentrations of IGFBP-1, which
is also dependent on progesterone (Rutanen et al., 1986), were

Figure 4. Immunohistochemistry of oestrogen and progesterone receptors in endometrium from the control cycle (a, b, e and f) and after
treatment with 400 mg onapristone on day luteinizing hormone (LH) +2 (c, d, g and h). (a) Endometrium on day LH+4 of the control
cycle illustrating positive nuclear oestrogen receptor immunoreactivity (brown) in all glands with faint or absent stromal immunostaining.
(b) Control endometrium on day LH+6 displaying absent oestrogen receptor immunoreactivity in both glands and stroma. (c) Endometrium
on day LH+4, 2 days following the administration of onapristone, displaying positive oestrogen receptor immunoreactivity (brown) in the
glandular and stromal compartments, (d) Endometrium on day LH+6, 4 days after onapristone administration, in which positive oestrogen
receptor immunostaining (brown) can be observed in the nuclei of both glands and s'troma. (e) Endometrium on day LH+4 of the control
cycle, demonstrating positive nuclear progesterone receptor immunoreactivity (red) in the stromal compartment and only minimal
immunostaining in the glands, (f) Control endometrium on day LH+6 showing faint or absent progesterone receptor immunoreactivity in
the glands and a modest persistence of immunostaining in the stroma. (g) Endometrium on day LH+4, 2 days after onapristone
administration, in which marked positive progesterone receptor immunostaining (red) is evident in all glands (G). (h) Endometrium on day
LH+6, 4 days after onapristone administration, displaying intense positive progesterone receptor immunostaining (red) in both the glandular
and stromal compartments. Note the positive progesterone receptor immunoreactivity in a perivascular location (arrow).
Scale bar = 50 urn.
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not significantly affected by treatment with the anti-progestin.
One possible explanation is that onapristone has less effect in
the stromal compartment where IGFBP-1 is synthesized than
in glands where major effects were seen on PP14, PGDH and
steroid receptors. However, it is more likely that as IGFBP-1
is produced in a wide variety of tissues, its measurement is a
less useful test of endometnal function than PP14, which is
specific to reproductive tissue (Chard and Olajide, 1994).

Plasma cortisol concentrations have been reported previously
to be unaffected when doses of onapristone between 5 and
50 mg are taken daily (Croxatto et al., 1994). In our study,
serum cortisol concentrations measured 2 and 4 days after the
administration of 400 mg onapristone did not differ signific-
antly from pretreatment levels. This suggests that this dose of
onapristone (400 mg) exerts no significant anti-glucocorticoid
activity, or that such activity is short-lived. Although one
subject with elevated serum transaminase concentrations was
unwell at the time of testing, such transient derangements of
liver function tests have been reported previously following
the administration of anti-progestins (Croxatto et al., 1994;
Cameron et al., 1995). These observations will require further
investigation.

The administration of onapristone in the immediate post-
ovulatory period significantly affects endometrial maturation
so that successful implantation would be unlikely to occur.
Onapristone has the potential to be developed for new methods
of fertility control and, in particular, it could be highly effective
used in this way as a 'once-a-month pill' or a post-coital
contraceptive.
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Following an ovulatory control cycle, six women took
2 mg of mifepristone daily for 30 days. Endometrial
biopsies were collected in the control cycle between 7
and 11 days after the plasma luteinizing hormone (LH)
surge and on the corresponding day of the treatment
cycle (days 19-28). In order to investigate the effects of
unopposed oestrogen on the endometrium, persistent
proliferative endometrium was obtained from six women
with anovulatory infertility due to polycystic ovarian
syndrome (PCOS) on a similar cycle day (days 21-
23) following a progestogen-induced withdrawal bleed.
Endometrium was evaluated for histology and immuno-
localization of oestrogen receptors (ER), progesterone
receptors (PR) and the cell proliferation markers [prolifer-
ating cell nuclear antigen (PCNA) and Ki67]. Treatment
with mifepristone inhibited ovulation in four of the six
subjects. In the two subjects in whom ovulation did
occur, secretory transformation was delayed, suggesting
that successful implantation of a blastocyst would be
unlikely. In subjects who remained anovulatory during
treatment, the histology and pattern of steroid receptor
expression was similar to proliferative phase endomet-
rium. In women with PCOS, mitoses and intense
immunostaining for ER, PR and cell proliferation markers
were observed in both glands and stroma. Although
PCNA and Ki67 immunostaining were also present in
mifepristone-treated endometrium from subjects who did
not ovulate, there were no mitoses and significantly less
ER immunostaining in spite of exposure to unopposed
oestrogen for a similar duration. Since PCNA and Ki67
detect cells throughout all stages of the cell cycle this
would suggest that mifepristone might affect the entry
of cells into the mitotic phase of the cell cycle and,
therefore, might prevent endometrial hyperplasia. These
findings add further evidence to support the contraceptive
potential and antiproUferative activity of daily low dose
mifepristone.
Key words: endometriuin/implantation/iriifepristone/proliferation

Introduction

Progesterone is essential for the formation of a secretory
endometrium which is necessary for successful implantation
and establishment of pregnancy. The development of anti-
progestins such as mifepristone which antagonize the effects
of progesterone at receptor level afford the opportunity to
develop new methods of fertility control. Mifepristone is
already used clinically in several countries (France, Sweden,
China and UK), in combination with a prostaglandin analogue
as a highly effective medical means of inducing an abortion
(UK Multicentre Trial, 1990; Baird, 1993). However, when
doses 100-fold less than that required to terminate a pregnancy
are taken daily, mifepristone has contraceptive potential by
inhibiting ovulation (Ledger et al, 1992; Croxatto et al, 1993;
Cameron et al., 1995).

In view of the continued oestrogen secretion in those subjects
in whom ovulation is inhibited, there is concern that prolonged
oestrogenic stimulation of the endometrium as a result of
chronic anovulation during treatment with antiprogestins could
ultimately result in endometrial hyperplasia or carcinoma. The
identification of mitoses on morphological examination has
been the conventional method of assessing cellular proliferation
within the endometrium but only provides information con-
cerning cells in the mitotic phase (M phase) of the cell cycle.
The immunohistochemical demonstration of cell cycle-related
antigens such as proliferating cell nuclear antigen (PCNA) and
Ki67, however, can provide information on cells at all stages
of the cell cycle (Rodgers et al, 1993; Dowsett et al, 1995).
PCNA recognizes the accessory protein that is associated with
the enzyme DNA polymerase-y (Bravo et al., 1987) and detects
cells at all stages of the cell cycle, including those in the
resting phase (Go) (Wijisman et al, 1992). Ki67 recognizes a
nuclear antigen associated with proliferation which is believed
to be a component of the nuclear matrix and which is expressed
in all phases of the cell cycle except Go (Verheijen et al,
1989; Gerdes et al, 1991).

It is possible that low doses of mifepristone could act as a
contraceptive by disrupting the development of a secretory
endometrium so that even if ovulation does occur, successful
implantation would be unlikely (Batista et al, 1992; Croxatto
et al, 1993). However, whether the changes induced in the
endometrium by the antiprogestin would indeed be incom-
patible with pregnancy is not yet known. Endometrial status
has traditionally been assessed by evaluating the histological
changes which occur throughout the menstrual cycle (Noyes
et al, 1950) but the immunohistochemical detection of oestro-
gen receptors (ER) and progesterone receptors (PR) may also
serve as a useful marker of endometrial maturation since these
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receptors are subject to fine hormonal control by ovarian
steroid hormones (Garcia et ai, 1988; Snijders et ai, 1992).

We have previously demonstrated that daily administration
of 2 mg of mifepnstone inhibits or delays ovulation (Cameron
et ai, 1995). The purpose of the present study was to assess
whether daily administration of this dose of mifepnstone
could sufficiently disturb endometrial differentiation so that
implantation would be unlikely even if ovulation occurred. In
addition we wished to assess whether a period of unopposed
oestrogen secretion which occurs in women who do not ovulate
resulted in endometrial hyperplasia. The effects of mifepristone
on the histology and the immunolocalization of oestrogen and
progesterone receptors and cell proliferation markers PCNA
and Ki67 were examined as markers of endometrial receptivity
and of oestrogenic stimulation.

Materials and methods
Six healthy women with regular menstrual cycles (25-30 days
duration) aged 29-36 years (mean age 32 years) with a mean body
mass index (BMI) of 24.0 kg/m2 (range 17.5-30.4) agreed to take
part in the study with mifepnstone (RU486; Roussel UCLAF, Pans,
France). None of the subjects had used hormonal contracepUves in
the preceding 3 months. All women had a thorough clinical assessment
before commencing the study. This consisted of a general physical
and gynaecological examination, together with measurement of height,
weight and blood pressure. In addiuon, blood was taken for measure-
ment of various haematological parameters and biochemistry These
blood tests were repeated on completion of the treatment cycle and
the results have been reported in a recent publication (Cameron et al,
1995). All women were issued with a menstrual diary on which they
recorded details of any bleeding episodes throughout the study

In order to assess the effects of unopposed oestrogen on the
endometnum, an endometnal biopsy was obtained from six women
with anovulatory infertility due to polycystic ovarian syndrome
(PCOS). These women were aged 23-28 years (mean age 25 years)
with a mean BMI of 24 5 kg/m2 (range 18.7-27.6) and all had
biochemical and ultrasound evidence of polycystic ovaries (Adams
et al, 1986). Since anovulatory PCOS gives rise to a 'persistent
proliferative' endometnum displaying features of unopposed oestro-
gen activity (Buckley and Fox, 1991), the endometnum from these
subjects could be compared with that of subjects who remained
anovulatory whilst taking mifepnstone. The protocols for each study
were approved by the Local Ethical Subcommittee and each volunteer
gave written informed consent

Study design

Subjects in the mifepnstone study were monitored over three consecut-
ive cycles; a control, treatment and follow-up cycle. Two placebo
capsules were taken daily from the onset of menses of the first
cycle (control). These were then replaced with identical capsules of
mifepnstone (two 1 mg capsules) on the first day of the menses of
the second cycle (treatment). Mifepnstone (2 mg) was taken for 30
days and then replaced with placebo capsules (follow-up) until the
onset of the next menses. Volunteers were unaware of the order of
placebo and treatment cycles.

The activity of the pituitary-ovanan axis was monitored throughout
the study by hormonal measurements in blood and unne. Subjects
made regular attendances at which a blood sample was taken to
measure plasma concentrauons of follicle stimulating hormone (FSH),
luteinizing hormone (LH), prolactin, oestradiol and progesterone

These results have previously been reported (Cameron et al, 1995).
Subjects also collected a daily morning unne sample, aliquots of
which were stored frozen at -20°C until assayed for LH, oestrone
glucuronide and pregnanediol glucurorude. Concentrauons of oestrone
glucuronide and pregnanediol glucuronide were measured by enzyme-
linked immunoabsorbent assay and concentrations of LH were meas-
ured by radioimmunoassay (Yong et al, 1992). The intra-assay
coefficients of vanation were 6, 10 and 7% respectively; inter-
assay coefficients of variation were 9, 13 and 9% respectively
Concentrauons of urinary steroids were expressed as a ratio of the
creatinine concentration measured colorimetrically (Jaffe reaction)

An endometnal biopsy was taken from each subject in the control
cycle, 7-11 days after the plasma LH surge and on the corresponding
day of treatment with mifepnstone (days 19-28). Women with
anovulatory PCOS had an endometrial biopsy taken on a similar
cycle day, i e. 21-23 days after a progestogen-induced withdrawal
bleed (Gestone, Paines and Byrne, Surrey, UK, 100 mg). Blood
was also collected on this occasion for measurement of oestradiol,
progesterone and testosterone by radioimmunoassay as previously
described (Cameron et al, 1995). The intra-assay coefficients of
variaUon were 8, 8 and 11.8% respectively and the interassay
coefficients of vanation were 11, 10 and 10% respectively

Endometrium

Endometrial biopsies were obtained using a Pipelle endometnal
sampling device (Prodimed, Neuilly-en-Thelle, France) Specimens
were fixed immediately in 10% buffered formalin at room temperature
for 4-6 h, rouUnely processed, embedded in paraffin wax and sections
5 ujn thick were cut

Sections for histological dating were stained with haematoxyhn—
eosin (H&E) and assessed by an expenenced gynaecological patholo-
gist (C.H.B ) Dating was performed according to the cntena of

« a / (1950)

Immunohistochemistry

Immunohistochemistry was performed for the immunolocalization of
0) ER (Dako ER ID5, Glostrup, Denmark); (n) PR (Abbott-PR
ICA, North Chicago, USA), (lii) PCNA (NCL-PCNA; Novo Castra,
Newcastle, UK); (iv) Ki67 (NCL-Ki67-MM1; Novo Castra)

Six sections of late proliferative endometrium (day 10-14) were
included in each of the staining procedures as positive controls, since
strong lmmunostaimng for each of the above markers would be
expected at this phase of the cycle This tissue was collected from
six consenting volunteers with regular menstrual cycles. A blood
sample was also collected at the time of biopsy and serum concentra-
uons of oestradiol, progesterone and testosterone were determined
as before.

Oestrogen receptor (ER) immunostaining

The method used to detect the ER has previously been descnbed in
detail (Cameron et al., 1996) Briefly, this protocol used a mouse
monoclonal antibody (Dako-ER ID5) in conjunction with an avidin-
biotin-horseradish peroxidase (ABC) detection system. A microwave
method of antigen retneval was employed to unmask the antigenic
site Endogenous peroxidase activity was quenched by placing slides
in 0.3% hydrogen peroxide in methanol at 37°C for 10 nun. A non-
immune block was then carried out by incubating the tissue sections
with normal horse serum for 20 min at room temperature. Sections
were then incubated with the pnmary antibody (dilution 1 25) for
1 h at 37°C [mouse immunoglobulin (Ig)G at a dilution of 1 150, i.e.
equivalent Ig concentration, was substituted for the negative control
sections] The biotinylated secondary antibody (horse anti-mouse)
and ABC complex were applied for 30 min each at room temperature.
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Figure 1. Concentrations of unnary luteinizing hormone (LH), oestrone glucuronide and pregnanediol glucuronide (expressed as a ratio of
urine creatinine concentration) throughout the control, treatment and follow-up cycle of subject no. 1 who remained anovulatory during
treatment with mifepristone. LH surge (arrow) = day of plasma LH surge in control cycle. End. biopsy (arrow) = day of endometnal
biopsy (day 23) in both control and treatment cycles. Filled bars = menses.

The blocking serum, secondary antibody and label reagent comprised
a vectastain ABC kit (Peroxidase mouse IgG PK 4002; Vector
Laboratories, Peterborough, UK). The peroxidase substrate diamino-
benzidine tetrahydrochlonde (DAB) was used to visualize the reaction
(Vector SK 41000). Slides were lightly counterstained with Harris's
haematoxyhn.

Progesterone receptor (PR) immunostaining

PR were detected using the method as previously described (Cameron
et aL, 1996). This staining protocol used a rat monoclonal antibody
(Abbott-PR ICA) as the primary antibody together with an alkaline
phosphatase anti-alkaline phosphatase (APAAP) detection system.
The method employed a triple application of the bridging antibody
and APAAP complex (Cordell et aL, 1984; Critchley et aL, 1993).
The chromogen was vector red (Vector SK 5100) and no counterstain
was applied.

PCNA immunostaining

A mouse monoclonal primary antibody (NCL-PCNA, Novo Castra)
was used with an ABC detection system. Quenching of endogenous
peroxidase activity and a non-immune block were conducted as before
(as for ER immunostaining). Slides were then incubated with the
primary antibody (dilution 1-50) for 1 h at 37°C (mouse IgG at an
equivalent immunoglobulin concentration was substituted for the
negative control sections). The biotinylated antibody and ABC com-
plex were each applied for 30 min at room temperature. The
chromogen was DAB, and slides were lightly counterstained with
Harris's haematoxylin.

Ki67 immunostaining

Ki67 immunoreactivity was detected using a mouse monoclonal
primary antibody (NCL-Ki 67-MM1; Novo Castra) in conjunction
with an ABC detection system. Following a microwave method of
antigen retrieval, endogenous peroxidase block and a non-immune
block were conducted as before (as for ER immunostaining). Slides
were then incubated with the primary antibody (dilution 1:100) for
1 h at 37°C (mouse IgG at an equivalent immunoglobulin concentra-
tion was substituted for the negative control sections). The biotinylated
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antibody and ABC complex were each applied for 30 min at room
temperature. The chromogen was DAB, and slides were lightly
counterstained with Harris's haematoxyhn

Quantification

The intensity and distribution of ER and PR immunostaining was
evaluated using a semi-quantitative subjective scoring system. Sec-
tions were visually assessed by a single independent observer (A.R.W.)
using light microscopy. The immunostaining intensity was scored
from 0 to 4, where 0 = no staining; 1 = mild staining; 2 = moderate
staining; 3 = intense staining; and 4 = very intense staining. The
percentage of stained cells at that intensity (P) was also assessed on
a scale from A to D, where A = 25%; B = 50%; C = 75%; and
D = 100% of cells stained. For each tissue section, a receptor score
was assigned for glands and stroma. This receptor score was derived
from the product of immunostaining intensity and percentage of
stained cells, i.e. receptor score = PX intensity = (0 - 400). A similar
scoring system has been used by Snijders et al. (1992).

Assessment of PCNA and Ki67 immunoreactivity was performed
using an image analysis computer programme (Colour Vision, Impro-
Vision UK) which provided a quantitative analysis of the immuno-
staining. Images of the unmunostained sections were captured from
an Olympus BH2 microscope linked via a colour CCD video camera
(Sony CCD/RGB) and Sony camera adaptor CMA-DICE) to a
personal computer (Apple Macintosh). Ten fields of view (using a
X20 objective) were chosen randomly from each section. The captured
images were analysed and the ratio of the total area of positively
stained nuclei to the total area of all nuclei within the glandular and
stromal compartments was generated for each proliferation marker.
The mean percentage staining within the glands and stroma in each
tissue section was subsequently derived for both PCNA and Ki67
and used to provide an index of cell proliferation.

Statistical analysis

Comparisons were performed using Student's f-test or the Mann-
Whitney test as appropriate.
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Results

Ovarian cycle

All six women had ovulatory control cycles whilst taking
capsules of placebo. During treatment with mifepristone,
ovulation was inhibited in four of six subjects (Figure 1) In
the two women in whom ovulation did occur (Subject nos. 2
and 6), as judged by a rise in urine pregnanediol concentrations,
endometrial biopsies were obtained in the treatment cycle 1
and 4 days after the onset of the plasma LH surge (Figure 2).
Regardless of ovulatory status, all six women remained
amenorrhoeic during the 30 days of treatment with mifepris-
tone, without breakthrough bleeding.

There were no significant differences in the serum concentra-
tions of testosterone between groups on the day of biopsy
(Table I) However, the mean concentration of oestradiol was

1 4 8 12 18 20 24 1 4 8 12 16 20 24 28 1 4

Endbfap* EnlUopqr

Figure 2. Concentrations of urinary luteinizing hormone (LH),
oestrone glucuronide and pregnanediol glucuronide (expressed as a
ratio of unne creaunine concentration) throughout the control,
treatment and follow-up cycle of subject 6 who ovulated during
treatment with mifepnstone. LH surge (arrow) = day of plasma LH
surge in control and treatment cycles. End. biopsy (arrow) = day
of endometrial biopsy (day 24) in both control and treatment
cycles. Filled bars = menses

significantly greater in women who remained anovulatory
during treatment with mifepristone than in women with PCOS
(P <0.03).

Endometrial histology

In all six cases, biopsies taken in the luteal phase of the control
cycles showed features characteristic of a well developed
secretory endometrium, i.e. closely-packed tortuous glands
with evidence of secretion, set in a loose stroma (Figure 3a).
Regardless of ovulatory status, biopsies taken during treatment
with mifepristone had a morphological appearance similar to
that of persistent proliferative endometrium, i.e. small inactive
glands set in a compact immature stroma (Figure 3b,c).
However in persistent proliferative endometrium obvious strati-
fication of the glandular epithelium was observed and mitoses
were present in both glands and stroma. In contrast, there were
no mitotic figures in either glands or stroma of mifepristone-
treated endometrium and there was no evidence of hyperplasia.

Steroid receptor Unmunostaining

Positive ER immunoreactivity was observed as dark brown
nuclear staining and that of PR as vivid red staining. Control
cycle biopsies from the luteal phase showed faint or absent
ER immunostaining in both glands and stroma and faint or
absent PR immunostaining in glands and moderate PR stromal
staining (Figure 4a,d). In contrast, all of the biopsies taken
during treatment with mifepristone displayed intense ER and
PR staining in glands with moderate ER and PR immuno-
staining in the stroma (Figure 4b,e). Quantitative assessment
of immunostaining demonstrated that ER and PR receptor
scores were significantly greater in the glands of treatment
anovulatory cycle biopsies compared with control cycle biops-
ies during the secretory phase (P <0.03) (Figure 5). The
pattern of steroid receptor expression in mifepristone-treated
endometrium appeared similar to that observed in both late
proliferative and persistent proliferative endometrium (Figure
4b,c,e,f). However, significantly greater scores for ER immuno-
reactivity were measured in both glands and stroma in endo-
metrium from women with PCOS, than in endometnum from
subjects who remained anovulatory during treatment with
mifepristone (P <0.03) (Figure 5). In contrast, the amount of
PR staining in glands and stroma was similar in persistent

Table L Serum concentrations of oestradiol, progesterone and testosterone in each group of cycles and subjects on the day of endometnal biopsy (means ±
SEM)

Control cycles Treatment cycles (RU486) Women with PCOS

Oestradiol
(pmol/1)

Progesterone
(nmol/1)

Testosterone
(nmol/1)

Late proliferarjve*
(n = 6)

508 i 88

<5

1 1 + 0 2

Secretory
(n = 6)

454 ± 85

37 ± 7

11 + 02

Ovulatory
(n = 2)

371
(range 303-439)
17 8
(range 7.8-27 7)
1.3
(range 0.8-1 8)

Anovulatory
(n = 4)

1307 + 525b

<5

14 ± 0 3

Anovulatory
(n = 6)

202 + 18b

<5

16 + 0 3

•Positive control group
bValues were significantly different (P <0 03)
PCOS = polycystic ovarian syndrome
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proliferative endometrium (PCOS) and endometrium from
women who failed to ovulate during mifepristone (Figure 5).

PCNA and Ki67 immunostaining

Positive immunoreactivity for both PCNA and KJ67 was
identified as dark brown nuclear staining. Although there was
considerable inter-subject variability in the degree of staining

Figure 3. Histology of endometrium from subject 3 on day 23 of
control cycle (a) and after 23 days of treatment with 2 mg
mifepristone/ day (b). Histology of persistent proliferative
endometrium (c) taken on similar cycle day, 21 days after a
progestogen-induced withdrawal bleed. Bar = 25 urn. (a) Normal
secretory phase endometrium on day 23 showing dilated glands (G)
set in an oedematous stroma (S). (b) Endometrium on day 23 of
treatment with mifepristone 2 mg/day, displaying small tubular
glands set in a compact stroma. (c) Endometrium on day 21 (after
progestogen-induced withdrawal bleed) in subject with anovulatory
polycystic ovarian syndrome (PCOS) showing narrow tubular
glands with stratified glandular epithelium and occasional mitoses
(arrow) set in cellular stroma.

for each proliferation marker, the pattern of immunostaining
for Ki67 and PCNA within the same tissue section was similar.
Secretory endometrium of control cycle biopsies had absent
or near absent glandular PCNA and Ki67 immunostaining and
occasional stromal immunostaining only (Figure 4g j) . In two
out of the four subjects who remained anovulatory during
treatment with mifepristone, staining for both Ki67 and PCNA
was observed in glands and stroma (Figure 4h,k). This staining
was similar to that observed in both persistent proliferative
endometnum and late proliferative endometrium (Figure 6).

Discussion

Although ovulation was not always inhibited during treatment
with mifepristone, endometrial histology was similar m all six
cases regardless of ovulatory status. The treatment cycle
biopsies taken from the two subjects in whom ovulation
occurred (subject nos. 2 and 6), were collected 1 and 4 days
after a plasma LH surge respectively. Although the timing of
these biopsies is equivalent to the periovulatory and early
luteal phases respectively of a normal cycle, the endometrium
was devoid of even the earliest signs of secretory transformation
such as the presence of sub-nuclear vacuoles within the
glandular epithelium. This would suggest that even at a low
dose, mifepristone is able to antagonize the progesterone-
induced secretory changes which are necessary for implanta-
tion. Similar effects have also been observed within the
endometrium of monkeys following treatment with low doses
of another antiprogestm, onapristone (Katkam et aL, 1995).

The pattern of steroid receptor expression was also similar
in all six subjects during treatment with mifepristone. In a
normal menstrual cycle, receptor expression is maximal at
mid-cycle as a result of increased oestradiol secretion but
declines after ovulation as progesterone-dependent down-regu-
lation occurs. In the luteal phase, ER is down-regulated rapidly
in the stroma and more gradually in glandular epithelium,
whereas PR is down-regulated rapidly in glandular epithelium
but tends to persist in the stroma (Snijders et aL, 1992).
This is consistent with the faint/absent nuclear ER and PR
immunostaining in glands and the modest stromal PR staining
observed in the luteal phase control cycle biopsies. Following
treatment with mifepristone, significantly increased immuno-

Figure 4. Immunohistochemistry of oestrogen receptors (ER), progesterone receptors (PR) and cell proliferation markers PCNA and Ki67 in
secretory endometrium from control cycle (a,d,gj), mifepristone-treated endometrium (b,e,h,k) and persistent prohferanve endometnum
(c,f,i,l). Bar = 50 urn. (a) Control cycle endometrium on day 25 showing faint/absent ER immunostaining in glands and stroma, (b)
endometrium taken after 25 days treatment with mifepristone showmg strong ER immunostaining (brown) in nuclei of glands and moderate
staining in stroma; (c) persistent proliferative endometrium taken 22 days after progestogen-induced withdrawal bleed, showing intense ER
immunostaining (brown) in nuclei of glands and stroma; (d) control cycle endometrium on day 25 showing faint/absent PR immunostaining
(red) in glandular nuclei and moderate PR immunostaining in stroma; (e) endometrium taken after 25 days treatment with mifepristone
showing intense PR immunostaining (red) in nuclei of glands and stroma and some cytoplasmic staining in glands; (f) persistent
proliferative endometrium taken 23 days after progestogen induced withdrawal bleed, showmg intense PR unmunostaining (red) in nuclei of
glands and stroma and weaker cytoplasmic staining; (g) secretory endometrium taken on day 22 of control cycle showing absent PCNA
immunostaining in glands and faint/absent staining in stroma; (h) endometrium taken after 25 days treatment with mifepristone showing
moderate PCNA immunostaining (brown) in nuclei of glands and modest staining in stroma; (i) persistent proliferative endometrium taken
after 21 days exposure to unopposed oestrogen, showing moderate PCNA immunostaining (brown) in nuclei of glands and stroma; (j)
secretory endometrium taken on day 19 of control cycle showing absent Ki67 immunostaining in glands and faint/absent staining in stroma;
(k) endometrium taken after 22 days treatment with mifepristone showing moderate Ki67 immunostaining (brown) in nuclei of glands and
modest staining in stroma; (1) persistent proliferative endometrium taken after 21 days exposure to unopposed oestrogen, showing moderate
Ki67 immunostaining (brown) in nuclei of glands and stroma.
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Figure 5. Histogram of endometrial oestrogen receptor and
progesterone receptor immunostaining scores (mean ± SEM) in
endometrium from different groups of subjects. Columns with
similar letters a,b,c,d denote significant difference between groups
(P <0.03). n = number of subjects L Prolif. = late proliferative
endometrium; Sec = control cycle secretory endometnum; RU
Ov. = endometrium from subjects who ovulated during treatment;
RU Anov. = endometrium from subjects who remained
anovulatory during treatment; PCOS = persistent prohferative
endometrium from subjects with polycystic ovarian syndrome
(PCOS).

staining of both ER and PR was observed within the glandular
compartment. Since this was observed even when ovulation
occurred, one might presume that low dose mifepristone
inhibits the progesterone-dependent down-regulation of steroid
receptors. However, such a pattern of steroid receptor expres-
sion would be expected in these cases, in view of the close
timing of the biopsies relative to the LH surge.

In the four subjects in whom ovulation was suppressed by
treatment, oestrogen secretion continued. Oestrogen exerts
mitogenic effects within the endometrium and is responsible
for endometrial proliferation. In-vitro studies of radiothymidine
uptake by endometrium have demonstrated that maximal
proliferation in glands and stroma occurs in the mid-foLlicular
phase (day 8—10) in association with high oestradiol concentra-
tions (Ferenczy et al, 1979). This is in agreement with
our findings of mitoses and considerable PCNA and KJ67
imrnunoreactivity within the glands and stroma of late prohfer-
ative and persistent proliferative endometrium. Radiothymidine
uptake studies also demonstrated that proliferation decreases
after ovulation with glandular proliferative activity approaching
zero by the mid-secretory phase (Ferenczy et al., 1979). It is
believed that this is an effect of post-ovulatory progesterone
which antagonizes the mitogenic action of oestrogen by down-
regulating ER. This agrees with our findings of faint/absent
ER immunostaining in the glands together with occasional
stromal mitoses and minimal stromal PCNA/Ki67 immuno-
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Figure 6. Histogram of percentage immunostaining for cell
proliferation markers PCNA and Ki67 (mean ± SEM) in
endometnum from different groups of subjects. Columns with
similar letters a, b, or c denote significant difference between
groups. P <0.03. Denotes that positive immunostaining
was undetectable. n = number of subjects. L Prolif. = late
prokferative endometnum; Sec. = control cycle secretory
endometrium; RU Ov. = endometrium from subjects who ovulated
during treatment; RU Anov. = endometrium from subjects who
remained anovulatory during treatment; PCOS = persistent
proliferaUve endometnum from subjects with polycystic ovarian
syndrome (PCOS).

staining within the secretory endometnum of control cycles.
It is intriguing that mitoses were absent in mifepristone-treated
endometnum, particularly since the endometrium of subjects
who remained anovulatory during treatment was exposed to
the effects of unopposed oestrogen for a similar length of time
as the endometrium from women with PCOS. This was
observed in spite of significantly higher concentrations of
oestradiol on the day of biopsy in mifepristone treated subjects,
which is suggestive of greater oestrogenic stimulation
(P <0.03).

One theory for the absence of mitoses in mifepnstone-
treated endometrium, based on studies in mice, is that prolonged
oestrogenic stimulation might have a growth inhibiting effect
on endometrium, possibly due to the accumulation of chalone-
like inhibitors of DNA synthesis (Gorski etaL, 1977). Alternat-
ively, other animal studies have suggested that mifepristone
might itself exert 'anti-proliferative' activity on endometrium
(van Uem et al., 1989; Wolf et al, 1989; Neulen et al,
1990). The presence of PCNA and Ki67 immunostaining in
mifepristone-treated endometrium in the absence of mitoses
would suggest that an antiproliferative effect might be mediated
through an effect on the progression of cells through the cell
cycle. Since PCNA and Ki67 detect cells throughout all stages
of the cell cycle, our results would suggest that treatment with
low dose mifepristone might affect the entry of endometrial
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cells into the mitotic phase of the cell cycle and therefore
prevent endometrial hyperplasia. Although the endometrium
and breast respond differently to progesterone, studies invol-
ving human breast cancer cell lines which demonstrated that
during treatment with antiprogestins cells accumulated in the
Go/Gj phase (Michna et al., 1990) suggest that at least in
breast tissue, this effect on the cell cycle is mediated through
the expression of cell cycle regulatory complexes such as
cyclins (Sutherland et al, 1995). Our findings of significantly
lower ER lmmunostaining within endometnum from the sub-
jects who remained anovulatory during treatment with mife-
pristone compared with persistent proliferative endometrium
would suggest that any antiproliferative activity might be
associated with a down-regulation of ER. Since there was no
difference in PR immunoreactivity, which is a product of
oestrogen stimulation, it would appear that mifepristone might
be exerting selective anti-oestrogenic effects.

Evidence against an antiproliferative effect of mifepristone,
however, comes from a recent study in which women with
endometriosis were treated with a much greater dose of
mifepristone (50 mg) daily for 6 months. In this study,
the endometrium displayed features consistent with chrome
exposure to unopposed oestrogen, i.e. numerous mitotic figures
and evidence of endometrial hyperplasia, but without cyto-
logical atypia (Murphy et al, 1995). If antiprogestins do affect
proliferation then this may be related to dose and/or duration
of use, since doses of mifepristone 25-fold higher than that
used in our study were taken in the latter study and for a
longer time. However, there is also growing evidence that
endometrium from women with endometriosis has greater
proliferative activity than normal endometrium (Wingfield
et al, 1995). If this is true, then the effects of antiprogestins
on proliferation in such tissue should not be extrapolated to
the effects on proliferation in normal endometrium.

This study demonstrated that although daily administration
of 2 mg of mifepristone did not always inhibit ovulation, the
development of a secretory endometrium was delayed. This
suggests that even if ovulation were to occur, successful
implantation of a blastocyst would be unlikely. Although the
number of subjects in our study was small, the results would
also suggest that low dose mifepnstone might affect endo-
metrial proliferative activity and therefore possibly prevent
hyperplasia. However, much research is still required if women
are to use mifepristone on a long-term basis. In particular, it
will be important to carry out much larger studies of longer
duration to clarify the effects and mechanisms of action of
antiprogestins on endometrial proliferation. If low doses of an
antiprogestin do not confer sufficient endometrial protection,
then administration of a progestogen would be required at
regular intervals to negate the mitogenic effects of oestradiol.
Unfortunately this could potentially diminish the contraceptive
effectiveness of such a regime by inducing an LH surge
(Kekkonen et al, 1993).

To date, mifepristone is used in fertility regulation for the
safe and effective termination of early pregnancy. The results
of this study show that mifepristone is not merely an 'abortion
pill' but when given in doses 100-fold less than the abortifacient
dose, it has potential application as a daily 'contraceptive pill'

and may also have important implications for the prevention
and treatment of endometrial hyperplasia.
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Endometrial leukocyte subpopulations vary over the repro-
ductive cycle, but no data exist on the mechanism regulating
their recruitment into uterine tissue. This study has evalu-
ated the role of progesterone in the recruitment of selected
leukocyte populations in early pregnancy decidua. Decidua
was collected from women in early pregnancy at the time
of vacuum aspiration of the uterus 6,12, 24 and 36 h after
taking 200 mg mifepristone (RU486). Standard immuno-
histochemical techniques were employed to demonstrate
the selected leukocyte populations in decidual tissue and
these were analysed using image analysis. Fresh decidua
was incubated in medium for 24 h and supernatants assayed
for interleukin (IL)-8 (neutrophil chemotactic factor) and
MCP-1 (monocyte chemoattractant protein-1) content
Analysis of variance demonstrated a significant increase
in tissue monocyte number in decidua 12-36 h after
mifepristone administration. No significant changes in other
leukocyte subpopulations were observed. Decidual BL-8
concentrations were significantly increased (P = 0.019) 6 h
after mifepristone and decidual MCP-1 concentration rose
(non-significant) and fell significantly (P = 0.029) between
6 and 12 h after mifepristone. Progesterone withdrawal may
initiate a local cascade of events involving inflammatory
mediators which in turn are responsible for the influx of
monocytes. This influx may be essential in the process of
shedding of endometrium or decidua since monocytes
and neutrophils are important sources of proteases and
collagenases. Furthermore, these cells are potential local
sources of immunomodulatory cytokines.
Key words: antigestogens/decidua/leukocytes/progesterone

Introduction

Although the precise local mechanisms controlling implanta-
tion, decidualization and menstruation are unknown, there are
several lines of evidence to suggest that interaction between
steroid hormones, leukocytes and locally produced cytokines
and growth factors are involved. The local tissue response to
withdrawal of progesterone resulting m menstruation shows
many features characteristic of an inflammatory response, that

© European Society for Human Reproduction and Embryology

is release of prostaglandins, increased permeability of blood
vessel walls and an influx of leukocytes in the endometrium
(Kelly, 1994). The number and type of leukocytes in human
endometrium and decidua varies with the stage of the menstrual
cycle, with implantation and throughout pregnancy, suggesting
a measure of endocrine and paracrine control of leukocyte
migration to and/or replication in these tissues (Lea and Clark,
1991). Leukocytes make a significant contribution to the
stromal compartment of human endometrium, both during the
menstrual cycle and in early pregnancy. In the first trimester
30% of cells in the decidual stroma are leukocytes, of which
20-30% are macrophages (Buhner, 1995; Loke and King,
1995). The major contributors to the leukocyte infiltrate are
the CD56 positive large granular lymphocytes (LGL) which
account for up to 70% of the leukocyte population in first
trimester decidua (Klentzens et al, 1992; Bulmer, 1995). It is
most interesting that the latter cell type accumulate in areas
of stromal decidual change, for example near spiral arteries.

The inconsistency in the literature concerning numbers and
distributions of macrophages, may reflect the various surface
markers utilized to identify macrophage populations and also
whether or not the leukocyte is activated. Bulmer et al. (1988)
described the localization of macrophages in the basal and
functional layers throughout the cycle, failed to observe any
fluctuations over the cycle, and concluded that macrophage
recruitment was not under hormonal control. In contrast, Kamat
and Isaacson (1987) have reported a pre-menstrual increase in
endometrial macrophage populations. Klentzens et al. (1992)
also reported an increase in macrophage numbers in the late
secretory phase [luteinizing hormone (LH) + 10 to LH + 13]

The population of phenotypically unique LGL (CD56+,
CD 16", CD3") are reported to increase in the late luteal phase
and are localized near glands and spiral arteries (Bulmer et al.,
1991). The cell population increases further in the first trimester
of pregnancy and numbers decline in the third trimester. Their
role is unknown, but a participation in the implantation process
has been proposed It remains to be established whether the
increase in this unique subpopulation of LGL is a consequence
of in-situ proliferation or due to migration from the circulation
(Klentzeris et al., 1992; Marzusch et al., 1993).

Progesterone, however, seems to be essential for the appear-
ance of CD56+ LGL. Indeed, in ovanectomized women,
treatment with both oestrogen and progesterone is necessary
for their appearance (Loke and King, 1995). In the absence of
pregnancy these unique cells apoptose prior to the influx of
neutrophils characteristic of menstruation (Loke and King,
1995). Withdrawal of ovanan progesterone in sheep produced
an influx of polymorphonuclear (PMN) leukocytes 24 h after
ovanectomy and increased by 48 and 72 h after surgery (Staples
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Table I. Age, geslational duration and body mass index of control group
and four groups of women (II-V) administered mifepristone (6-36 h) prior
to surgical termination of pregnancy (Values are median, with range in
parentheses)

Group

I (control)
(" = 8)
D (mifepristone
6 h, n = 7)
HI (mifepristone
12 h, n = 7)
IV (mifepristone
24 h; n = 7)
V (mifepristone
36 h, n = 7)

Age
(years)

23
(18-38)
20
(18-31)
21
(17-27)
22
(20-27)
20
(17-29)

Gestational
duration (days)

58.5
(51-66)
60.5
(54-67)
56
(44-67)
53
(51-68)
59
(33-65)

Body mass
index (kg/m2)

21.6
(19 8-29 7)
25 1
(19 3-27 3)
250
(19.1-28 9)
24 8
(21 5-32 6)
21 2
(18 6-27 2)

et al, 1983). Data concerning neutrophil subpopulations in
human endometnum and early decidua are scarce and there
are no data on the mechanism of recruitment.

The purpose of this study has been to evaluate the role of
progesterone (using a model of progesterone antagonism
in vivo, that is, administration of the antigestogen mifepristone,
RU486) in the recruitment of selected leukocyte subpopulations
in early pregnancy decidua.

Materials and methods
Ethical approval for the study was obtained from Lothian Research
Ethics Committee (ref no. 1702/94/6/1). Informed consent was
obtained from 36 women undergoing surgical termination of preg-
nancy by vacuum aspiration between 35 and 63 days amenorrhoea.
The women were randomly allocated to five groups (a list was
constructed of randomly allocated treatments and patients were
assigned to the list as recruited); eight women participated in the
control group (group I) and there were seven women in each of four
treatment groups: groups II, HI, IV and V were administered 200 mg
mifepristone (RU486, an antigestogen) at 6, 12, 24 and 36 h
respectively before vacuum aspiration. Under general anaesthesia the
cervix was dilated using Hegar dilators and decidua] tissue away
from the implantation area was obtained by careful curettage of the
uterine wall prior to vacuum aspiration of the products of conception
with a suction catheter. Decidual parietahs (without trophoblast) was
subsequently confirmed by examination of haematoxyhn and eosin
stained sections of each biopsy. Tissue sections were also stained
with cytokeratin to confirm the presence or otherwise of trophoblast
cells within the decidual tissue. The characteristics of patients in each
of the five groups are detailed in Table I.

Immunohistochemistry

All biopsies were fixed in 10% neutral buffered formalin at 4°C
overnight, nnsed and stored in 70% ethanol and thereafter routinely
wax embedded. Sections (5 (im) were cut for lmmunohistochemical
localization of (i) CD45 leukocyte common antigen; (ii) macrophages;
(iii) neutrophils; (iv) CD56 positive lymphocytes. Commercially
available monoclonal annbodies were used for detection of the
leukocyte common antigen CD45 (Dako Laboratories, High
Wycombe, UK) macrophages (Dako, CD68, Code M876); neutrophils
(DAKO, neutrophil elastase) and CD56 positive lymphocytes (Zymed,
San Francisco, CA, USA).

Tissue sections were dewaxed and rehydrated in descending grades

of alcohol. Non-specific endogenous peroxidase activity was blocked
by treatment with 3% hydrogen peroxide in distilled water for 5 mm
at room temperature. Pretreatment of the sections was necessary for
localization of macrophages and CD56+ lymphocytes as follows

Macrophage mwiunolocalization
Tissue sections were subjected to an enzyme digestion with 0.1%
trypsin in 0 1% calcium chloride at pH 7.8. The digestion was
conducted at 37°C for 25 min and subsequently enzyme activity
destroyed by washing in tap water.

CD56+ lymphocyte immunolocalization
In order to expose the epitope, tissue secuons were microwaved at
high power in 0 01 M sodium citrate buffer (pH 6.0) for 20 min and
then allowed to stand for a further 20 min. Sections were subsequently
washed in buffer prior to a non-immune block.

CD45 leukocyte common antigen and neutrophil elastase
No pretreatment of the hssue was necessary for demonstration of the
leukocyte common antigen (CD45) or neutrophil elastase

All tissue sections were exposed to a non-immune block with
normal horse serum performed for 20 nun at room temperature.
Tissue sections were then incubated with the appropriate primary
antibody as follows (i) leukocyte common antigen (CD45) dilution
of antibody 1 in 50 for 60 min at 37°C; (ii) macrophages (CD68)
dilution 1 in 50 for 60 min at 37°C; (iii) CD56 dilution 1 in 250 for
60 min at 37°C; (iv) neutrophil elastase dilution 1 in 50 for 60 min
at 37°C.

Negative controls were performed by replacing the primary antibody
with mouse immunoglobulin at the same concentration as the primary
antibody. Sections were labelled with an avidin-biotin—peroxidase
detection system (Vector Stain, Vector Laboratories, Peterborough,
UK). Tissue sections were incubated for 2-10 min with diaminobenzi-
dine (DAB) soluUon (DAB Kit, Vector Laboratories) for colour
development Thereafter sections were counter-stained with
haematoxyhn, dehydrated and cleared in xylene and mounted in
Pertex.

Image analysis

The lmmunoreactivity of each leukocyte subpopulauon in the stroma
of decidual tissue was assessed using image analysis. The system
employed an Olympus BH2 microscope (X20 objective) connected
to a Macintosh Quadra 700 computer, using Colour Vision software
(supplied by Improvision, Coventry, UK)

Quantification was performed on the digitized image of systematic
randomly selected field from which non-stromal elements (epithelium)
had been interactively removed by drawing around the glands. Using
colour discrimination software, the total area of positively staining
cells (brown reaction product) was measured, and expressed as a
ratio to the area of all stromal nuclei (blue haematoxylin). The
running mean of the ratio stabilized after measuring 12 fields
(Lowrcy et al., 1995). In order to represent the amount of positive
lmmunoreactivity in terms of number of cells, the average dimensions
of each leukocyte were estimated. Ratios were then converted by a
conversion factor such that the data could be expressed as percentages
of cells in the stroma.

Samples of decidua were transported to the laboratory in ice-cold
RPMI 1640 and then cultured for 24 h in RPMI containing 10%
fetal calf serum (Gibco, Paisley, UK) and antibioucs (penicillin/
streptomycin and gentamycin). After 24 h culture in 5% CO2 in air,
media were removed, divided into aliquots and stored at -20°C until
assayed. Tissue weight was determined after the incubation period.
Granulocyte-macrophage colony stimulating factor was assayed using
an enzyme-linked immunoassay (ELJSA) kit (RandD Systems,
Oxford, UK). Interleukin-8 (IL-8) and monocyte chemoattractant
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Figure 1. CD45 (leukocyte common antigen) positive lymphocytes
in control decidua and 6, 12, 24 and 36 h after progesterone
withdrawal in vivo. No significant change in cell numbers was
observed Values expressed as mean ± 1 SEM; n = 8 for control
subjects and n = 7 subjects for other time points
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Figure 2. Appearance of monocytes (CD68+) in decidua] tissue
after administration of mifepnstone; **P < 0 01, *P < 0 05
difference from control Values expressed as mean ± 1 SEM;
n = 8 for control subjects and n = 1 subjects for other time points

protein-1 (MCP-1) were assayed by ELISA following the method of
Ida et al (1992) for IL-8 and Ida et al (1994) for MCP-1 Antisera
and standards were the kind gift of Dr M Naruto. All concentrations
of cytokines were corrected for decidual weight

Analysis of data

Analysis of variance (parametric and non-parametnc) was used to
evaluate whether or not there were significant differences in leukocyte
subpopulation number Regression analysis was also performed

--.-' *
Results

There were no significant changes in the total numbers of
leukocytes positive for leukocyte common antigen (LCA,
CD45) (Figure 1) However, there was a progressive increase
in the number of macrophages (CD68+) 12, 24 and 36 h after
administration of mifepristone (P < 0.01 and < 0.05, analysis
of variance) (Figure 2) The macrophages were randomly
distributed throughout the decidua (Figure 3a and b). There
were few neutrophils in decidua and no significant change in
numbers was observed after mifepristone (Figure 4). As
expected, LGL CD56+ were abundant in control decidua
(Figure 5) There was a slight statistically insignificant decline
in numbers after the mgestion of mifepristone. Regression
analysis also showed these results to be non-significant

In-vitro studies

Decidual IL-8 concentrations were significantly increased (P =
0.019) 6 h after antigestogen administration (Figure 6). Decid-
ual MCP-1 concentrations rose (non-significant) and fell signi-
ficantly (P = 0.029) between 6 and 12 h after mifepristone
administration (Figure 7)

Discussion

The present study has demonstrated a significant increase in
the numbers of monocytes in the decidua panetalis following
administration of the antigestogen, mifepristone, in vivo In

Control

, 2 4 h post RU486 » . . / . ' ; .* *——

Figure 3. Photomicrographs of first trimester decidual tissue,
(upper) Control biopsy showing only few monocytes (brown);
(lower) 24 h after administration of mifepnstone. Note increased
numbers of tissue monocytes (brown) Scale bar = 50 UJTI

contrast, no significant changes in CD45 positive (LCA)
leukocytes, neutrophils or CD56+ LGL were observed.

CD45 (LCA) is a pan-leukocyte marker and since the major
contributors in the leukocyte infiltrate are the CD56 large
granular lymphocytes (up to 70% of leukocytes) we were not
surprised at the failure to observe acute changes in the numbers

2259

D
ow

nloaded from
 https://academ

ic.oup.com
/hum

rep/article-abstract/11/10/2257/569960 by Edinburgh U
niversity user on 28 January 2020



H.O.D.Critchley et al

4-1

3-

Q.
O

2 -

1 -

0 J r

T
T

0 . 6 12 24 36
Hours after Mifepristone

Figure 4. Neutrophil accumulation in control dccidua and 6, 12, 24
and 36 h after mifepristone administration No significant change
observed. Values expressed as mean ± 1 SEM, n = 8 for control
subjects and n = 7 subjects for other time points.
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Figure 5. CD56 positive lymphocyte accumulation in control
decidua and 6, 12, 24 and 36 h after progesterone antagonism No
significant decrease in numbers was observed. Values expressed as
mean ± 1 SEM, n = 8 for control subjects and n = 1 subjects for
other time points.
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Figure 6. Interleukin (IL)-8 release from cultured explants (ng/mg
per 24 h). A significant increase (P = 0.019) was observed 6 h
post-mifepristone administration. Values expressed as mean ± 1
SEM; n = 8 for control subjects and n = 1 subjects for other time
points.
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Figure 7. Monocyte chemoattractant protein-1 (MCP-1) release
from cultured explants (pg/mg f>er 24 h). A non-significant nse is
observed followed by a significant fall (/> = 0 029) in MCP-1
concentration between 6 and 12 h post-rmfepnstone administration
Values expressed as mean ± 1 SEM; n = 8 for control subjects
and n = 1 subjects for other time points.

of CD45 positive cells after progesterone withdrawal in vivo.
Indeed our observations are in concordance, in this respect, to
the only other published data on CD56+ leukocyte populations
in decidua exposed to antigestogen, by Wang et al. (1995).

In contrast there was a striking increase in the number of
macrophages by 12 h after mifepristone administration Our
findings differ from a previous abstract which reported no
change in the number of macrophages or large granulated
lymphocytes (CD56+) in decidua collected from women at
the time of vacuum aspiration 48 h after 200 mg mifepristone
(Wang et al., 1995). It is possible that the changes in the
number of macrophages which we observed pnor to 48 h play
an important role in the local cellular responses which lead
eventually to abortion.

The local cellular events taking place during decidualization,
and indeed menstruation, in the absence of pregnancy, parallel
morphological events during an inflammatory process (Finn,
1986; Kelly, 1994). It is likely that steroid dependent events
are regulated by a cascade of inflammatory mediators, these
being cytokines, growth factors and prostaglandms, which
may have their origin in leukocyte sub-populations, i e the
macrophage and/or non-haematopoietic cells. There are con-
flicting data on studies of macrophage distribution at the
murine maternal-fetal interface. De and Wood (1990) report
data to support the role for oestrogen and progesterone in the
quantitative and distributional changes observed in uterine
macrophage populations. Specifically, ovanectomy in this
mouse model caused a significant reduction in macrophage
number. More recently, observations by Brandon (1995) have
concluded that macrophages are not normally found at the
maternal-fetal interface m mice. In the murine model of early
embryo loss, Duclos et al. (1995) have reported that decidual
infiltration with maternal macrophages precedes spontaneous
abortion of the early embryo. It is unclear however whether
macrophage migration is a result of locally produced tissue
signals or whether the migration is a completely random
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process. Care, however, must be taken in extrapolating observa-
tions in an animal model to mechanisms in vivo in the human

Perhaps one of the earliest observations on the effect of
steroids on leukocyte subpopulations is that published in 1928
by Fluhmann. This report noted an increase in macrophage
numbers after castrated rabbits were injected with oestrogen.
Further support of a role for oestrogen in the regulation of
both leukocyte migration, and indeed the production of local
inflammatory mediators, is that published recently by Robert-
son et al. (1996). These authors report that oestrogen is
the principal regulator of granulocyte-macrophage colony
stimulating factor (GmCSF) synthesis by predominantly uterine
epithelial cells. Furthermore, administration of mifepnstone
to ovariectomized non-pregnant mice given oestrogen and
progesterone is reported to up-regulate GmCSF synthesis. This
important inflammatory mediator may well be responsible for
macrophage migration and activation (Wang et al, 1987)
There is no evidence as yet which has co-localized an oestrogen
receptor on macrophage populations and it is possible therefore
that the movement of tissue monocytes is indirectly regulated
via steroids In the context of the present study, antigestogen
administration is well known to up-regulate both steroid
receptors (Maentausta et al, 1993; Cameron et al, 1996). It
is possible therefore that the reported increase in macrophage
number in the present study reflects the up-regulation of
oestrogen receptor of these decidual tissues in vivo after
administration of mifepristone (Shi et al, 1993a). In normal
decidua oestrogen receptor expression is negligible in both the
epithelium and stroma (Shi et al, 1993b)

We have recently observed imrnunostaining for GmCSF in
both control and mifepnstone-exposed decidua localized to
glandular and surface epithelium. There is a marginal increase
in stromal immunoreactivity, especially in the vicinity of blood
vessels at 12 h after antigestogen delivery (own unpublished
observations). Our present studies (in vitro) of GmCSF and
other potential local inflammatory mediators showed only a
significant increase in decidual IL-8 concentration (P = 0.019)
at 6 h after mifepristone and a non-significant rise followed
by a significant fall in MCP-1 concentration (P = 0.029)
between 6 and 12 h after mifepristone (Figures 6 and 7).

The present study failed to demonstrate any change in other
leukocyte sub-populations. In the absence of pregnancy, CD56+

LGL apoptose prior to the influx of neutrophils, i.e. at a
time when progesterone concentrations are falling prior to
menstruation. Thus the survival of CD56+ cells in the uterus
may be progesterone dependent (Loke and King, 1995).
Apoptosis of this unique cell population has been observed on
days 26 and 27 of the menstrual cycle and in decidua from a
failing pregnancy, that is when progesterone concentrations
are falling (King et al, 1989; Loke and King, 1995). There is
no evidence to date that progesterone causes proliferation of
decidual CD56+ cells and progesterone receptors have not, as
yet, been co-localized on this unique cell type (Loke and King,
1995). In this study there was no evidence of changes in
CD56+ cells but this may not preclude apoptotic changes
having occurred.

Although it is reported that the proportions of lymphoid
populations do not differ between the decidua parietalis and

decidua basalis (Haller et al, 1995), an indirect effect of
steroids on leukocytes may occur through the release of
cytokines by trophoblast. This may occur via the progesterone
receptor recently shown to be present on both villous and
extravillous trophoblast populations (Wang et al, 1996). It is
possible therefore that effects of mifepristone on leukocyte
populations in decidua basalis may differ to that seen in the
decidua parietalis. The decidua parietalis, however, covers a
vast expanse of fetal membranes in later pregnancy. Both the
decidua basalis and parietalis contain cells with morphological
features of antigen presenting lymphocytes and lymphocytes
capable of immune reactivity with the potential for benefit or
harm to the fetal placental unit. Haller et al (1995) have
reported that leukocyte patterns in human decidual stroma of
basal and parietal decidua are similar. Specifically, macro-
phages and CD56 positive lymphocytes were the predominant
cell populations and evenly distributed.

Thus in summary, we observed a significant increase in
tissue monocyte number but not in neutrophils or CD56+ LGL
in the decidua parietalis after progesterone antagonism in vivo.
Progesterone withdrawal may therefore initiate a local cascade
of events involving inflammatory mediators which, in turn,
are responsible for the influx of monocytes. Macrophages and
neutrophils may be essential in the process of shedding of
endometrium or decidua since they are important sources of
proteases and collagenases These cells in turn are potential
local sources of immuno-modulatory cytokines.
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ABSTRACT
Extrapituitary PRL is synthesized by the decidualized endometrial

stromal cells from the mid to late secretory phase in the nonpregnant
cycle and throughout pregnancy. The function of PRL in the uterus
is unknown, but the temporal expression indicates a role in implan-
tation and placentation. PRL is a powerful immunoregulatory agent,
and thus, a role in modulating endometrial leukocytes may be en-
visaged. To investigate the site of action of PRL, immunohistochem-
istry was conducted to localize the PRL receptor (PRL-R). In addition,
ribonucleic acid was extracted and reverse transcriptase-PCR for
PRL-R was conducted. PRL-R protein was immunolocalized to the

glandular epithelium and a subset of stromal cells from the mid to late
secretory phase of the menstrual cycle and in early decidua. PRL-R
transcripts were also detected from the late secretory phase and first
trimester decidua. These findings indicate that the receptor is ex-
pressed in a temporal pattern similar to that of PRL. PRL-R expres-
sion in the glandular epithelium is consistent with a role in regulating
glandular activity. Furthermore, immunoreactivity for PRL-R in a
subset of stromal cells may be evidence for paracrine interactions
between decidualized cells or an immunoregulatory role for PRL.
(J Clin Endocrinol Metab 83: 258–262, 1998)

EXTRAPITUITARY PRL is produced and secreted by the
decidua during pregnancy (1). The decidualized stro-

mal cells have been conclusively shown to be the sole site of
synthesis (2). Furthermore, experimental studies have rec-
ognized that PRL is produced by the nonpregnant endome-
trium from the mid to late luteal phase until menses (3). This
corresponds to the initiation of decidualization during which
the stromal cells become pseudodecidualized (2), and in vitro
decidualization by stimulation of estrogen-primed prolifer-
ative endometrial cells with progesterone results in PRL pro-
duction (4). Indeed, PRL expression is now commonly used
as a marker for functional decidualization. Although pitu-
itary and endometrial PRL are identical in structure and
function, expression is differentially regulated, which has
been attributed to the presence of a distinct promoter region
located ;6 kilobases upstream of the pituitary promoter
(5, 6).

The significance of PRL expression in the endometrium is
uncertain. It is believed that PRL primarily acts as an auto-
crine or paracrine, rather than endocrine, factor. A similar
mechanism has been reported in immune cells, where PRL
has a profound immunomodulatory effect (7). The majority
of leukocytes ubiquitously express the PRL receptor (PRL-R)
(8–11). Stimulated T cells secrete PRL (10), and in vitro PRL
enhances the proliferation of leukocytes previously stimu-
lated with mitogenic factors, including interleukin-2 and T
and B cell mitogens (12). Furthermore, this proliferation is
inhibited by exposure to anti-PRL antibodies (13). In vivo

studies indicate an immunosuppressive action, such as the
reduced immune response in lactating or PRL-treated cas-
trated rats (14, 15).

The temporal expression of PRL in the endometrium sug-
gests a role in the preparation for implantation and subse-
quent placentation. Decidualization is essential for implan-
tation to occur, and the specialized immune environment
within the decidua plays a major role in achieving a suc-
cessful pregnancy. Coincidental with decidualization is the
accumulation of leukocytes in the endometrial stroma, the
majority of which are the uterine-specific large granular lym-
phocytes and macrophages (16, 17). These persist into early
pregnancy and are believed to have a role in regulating
implantation and placentation (18). PRL may be acting as an
immunomodulatory agent in the endometrium by stimula-
tion of either leukocyte proliferation or differentiation.

Although the production of PRL by the endometrium has
been thoroughly investigated, its site of action in the endo-
metrium has not been fully elucidated. PRL-R have been
detected in the amniochorion, where PRL is believed to have
an osmoregulatory effect on amniotic fluid volume (19), and
additionally in third trimester decidua (20, 21). The exact
cellular localization and temporal expression in the nonpreg-
nant and early pregnant endometrium have not been clearly
examined. The present study, by means of immunohisto-
chemistry and reverse transcriptase-PCR (RT-PCR), investi-
gates PRL-R expression in the human endometrium at dif-
ferent stages of the menstrual cycle and early pregnancy.

Materials and Methods
Tissue collection

Normal endometrial tissue (menstrual, n 5 3; proliferative, n 5 7;
ovulatory, n 5 3; early secretory, n 5 3; mid secretory, n 5 5; late
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secretory, n 5 6) was collected from fertile women with regular men-
strual cycles (25–35 days) who were undergoing minor gynecological
procedures. Decidua parietalis (n 5 8) was obtained by curettage before
surgical termination of first trimester pregnancies. Written informed
consent was received before tissue collection, and ethical approval was
received from Lothian research ethics committee. Tissue samples were
fixed by immersion in 10% neutral buffered formalin overnight at 4 C
and stored in 70% ethanol before routine paraffin embedding. In addi-
tion, a sample was snap-frozen in isopentane precooled with dry ice and
stored at 270 C. Ribonucleic acid (RNA) was subsequently extracted
using Ultraspec RNA Isolation System (Biogenesis, Poole, UK). The
RNA yield was estimated by measuring absorbance at 260 nm by spec-
trophometry, and purity was assessed by the ratio of absorbance at
260:280 nm.

Immunohistochemistry

The conditions for optimal specific immunoreactivity were deter-
mined. Paraffin sections (5 mm) were dewaxed in Histoclear (National
Diagnostics, Atlanta, GA) and rehydrated through descending grades
of ethanol to distilled water. Endogenous peroxidase activity was
quenched by immersion in 3% hydrogen peroxide (H2O2, BDH Labo-
ratory Supplies, Poole, UK) in distilled H2O for 5 min. Nonspecific
binding was reduced by a 20 minute incubation with nonimmune goat
serum (Vectastain Elite, Vector Laboratories, Peterborough, UK) in a
humidified chamber at room temperature, after which the primary an-
tibody (rabbit polyclonal raised against a rat peptide sequence common
to the short and long forms of the receptor, supplied by Dr. P. Ingleton,
University of Sheffield, Sheffield, UK) (22) was applied at a dilution of
1:50. The slides were incubated overnight (17 6 1 h) at 4 C. Antibody
binding was detected by the sequential application of biotinylated goat
antirabbit IgG and an avidin-biotin-peroxidase complex (ABC Vec-
tastain, Vector Laboratories, Peterborough, UK). The substrate 3,39-dia-
minobenzidine (Vector Laboratories) was then used to visualize positive
immunoreactivity. Finally, sections were counterstained with Harris’s
hematoxylin (Pioneer Research Chemicals, Colchester, UK), dehydrated
in ethanol, and mounted from xylene (BDH Laboratory Supplies).

Human term fetal membranes were included as a positive control for
the PRL-R immunohistochemistry (21). A matching concentration of
nonimmunized rabbit IgG was substituted for the primary antibody to
exclude the possibility of nonspecific binding.

RT-PCR

Total RNA extracted from tissue collected at all stages throughout the
menstrual cycle (proliferative, n 5 12; secretory, n 5 12) and in early
pregnancy (n 5 6) was subjected to RT-PCR for PRL-R.

Glyceraldehyde phosphate dehydrogenase (GAP-DH)

To ensure equivalent loading of viable RNA for the PRL-R RT-PCR,
the expression level of the housekeeping gene GAP-DH was monitored
by RT-PCR. Oligonucleotide primers for GAP-DH (sense, 59-TGA AGG
TCG GAG TCA ACG GAT TTG GT-39; antisense, 59-CAT GTG GGC
CAT GAG GTC CAC CAC-39) were designed to produce a 1103-bp
product. A sample of 400 ng total RNA was reverse transcribed to
complementary DNA (cDNA) using avian myeloblastosis virus RT (Pro-
mega, Southampton, UK) and subsequently amplified by PCR using
AmpliTaq DNA polymerase (Perkin-Elmer, Beaconsfield, UK) for 28
cycles at 94 C for 1 min, 60 C for 1 min, and 72 C for 2 min, followed
by a final extension for 10 min at 72 C. Analysis of products by elec-
trophoresis enabled assessment of viability of RNA, and bands of com-
parable intensity indicated comparable RNA loading into the RT-PCR.

PRL-R

Oligonucleotide primers complementary to the extracellular domain
of the PRL-R were used (sense, 59-GCA GAT GGA GGA CTT CCT ACC
AAT TA-39 antisense, 59-GCA GGT CAC CAT GCT ATA GCC CTT-39),
flanking bp 154–794, to amplify by RT-PCR a 650-bp product. The
primers chosen spanned intronic sequences to ensure against the pos-
sibility of genomic DNA contamination. Firstly, gene-specific cDNA for
PRL-R was generated by the reverse transcription of 400 ng total RNA

from stocks identical to those used for GAP-DH, using the antisense
oligonucleotide primer at 42 C for 45 min. The total volume of RT
products was then amplified by PCR for 30 cycles at 94 C for 1 min, 62
C for 1 min, and 72 C for 2 min, followed by a 10-min final extension
at 72 C. Sheep pituitary RNA was included as a positive control for the
RT-PCR (23), and the omission of template RNA served as a negative
control. The products were analyzed by comparison with a mol wt
marker (PCR Marker, Sigma, Poole, UK) on a 1% agarose gel containing
ethidium bromide.

The identity of the RT-PCR product was confirmed by subcloning into
expression vector pGEM-T Easy Vector (Promega) and sequenced using
the dideoxy chain termination method.

Southern hybridization

The identity of the amplified PRL-R products were further confirmed
by Southern hybridization (24). Representative RT-PCR products, am-
plified from RNA extracted at different stages throughout the menstrual
cycle, were selected for analysis. The products were separated by elec-
trophoresis on a 1% agarose gel and blotted overnight onto a nylon
membrane by capillary transfer. Hybridization was conducted over-
night at 42 C with a 562-bp cDNA, labeled with [a-32P]deoxy-CTP by
random priming, encoding the conserved extracellular domain (82%
homology with human PRL-R cDNA) of the red deer PRL-R (between
bp 96 and 657) (25). Posthybridization washes in SSC (standard saline
citrate) and SDS were conducted with increasing stringency, and the
membrane was thereafter exposed to autoradiographic film for 3 weeks.

Results

Specific immunoreactivity for PRL-R was detected in en-
dometrium and decidua by immunohistochemistry (Fig. 1).
In the proliferative and early secretory phases of the non-
pregnant cycle, immunostaining was weak or absent in the
stroma, with minimal immunoreactivity visible in the lumi-
nal region of the glandular epithelium. From the mid to late
secretory phase and in early pregnancy, intense immunore-
activity was apparent in both the glands and a subpopulation
of stromal cells. In addition, positive immunostaining was
identified in the blood vessels of some of the decidualized
endometrial tissues. Fetal membranes included to act as a
positive control exhibited positive immunoreactivity in the
amniotic epithelium, chorion-laeve trophoblast, and decid-
ual layer as previously reported (21). Substitution of the
primary antibody with rabbit IgG resulted in an absence of
staining in fetal membranes and endometrial and decidual
sections.

After PRL-R RT-PCR, a single band of 650 bp was detected
by gel electrophoresis, corresponding to the region of the
PRL-R gene amplified. Confirmation of its identity was ob-
tained by Southern hybridization (Fig. 2), and sequence anal-
ysis verified that the amplicon encoded human PRL-R. A
band representing PRL-R was detected in the tissue biopsied
during the menstrual phase (days 1–4). During the prolif-
erative and early secretory stages, the signal was either weak
or absent. From the mid to late secretory phase, however, a
strong signal was detected, with increasing intensity in sam-
ples obtained from early pregnancy (Fig. 3). A GAP-DH
signal of comparable intensity (1103 bp) was obtained from
all samples, indicating that equivalent amounts of RNA were
loaded into the RT-PCR (Fig. 3). Furthermore, the presence
of a GAP-DH signal in the absence of a PRL-R signal indi-
cated that this was not due to an absence of viable RNA, but
to the inability to detect PRL-R messenger RNA in the RNA
sample. Overall, although this method is not totally quan-
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titative, these data suggest that PRL-R expression is up-
regulated in the mid to late secretory phase and continues in
early pregnancy.

Discussion

This study confirms the expression of the PRL-R in endo-
metrium and decidua. Immunohistochemical localization re-
vealed that the PRL-R is strongly expressed by the glandular

epithelium and stromal cells in pseudodecidualized and de-
cidualized endometrium. Immunostaining was minimal or
absent in proliferative and early secretory phase endome-
trium. This temporal pattern of expression was confirmed by
the amplification of PRL-R messenger RNA by RT-PCR, with
the detection of a strong signal from the mid to late secretory
phase of the nonpregnant cycle and in early pregnancy. Thus,
the temporal expression of the receptor appears to mirror
that of PRL by the decidualized endometrium.

It seems likely that progesterone has a role in the regula-
tion of PRL-R expression (26). It is unlikely to be a direct
regulation, however, as is the case for PRL, whose produc-
tion is stimulated and maintained by the progesterone-me-
diated decidualization of the endometrium (27, 28). Regu-
lation via decidua-derived factors (29) or even PRL itself may
be envisaged (30–32). An indirect regulation by progesterone
is firmly supported by the absence of progesterone receptors
in the glandular epithelium when PRL-Rs are expressed.

The detection of strong immunoreactivity for the receptor
in the epithelial glands suggests a paracrine action for PRL.
During the early secretory phase, the endometrial glands
become tortuous and actively produce uterine secretions,
which are vital for preparing the endometrium for implan-
tation (33). During the decidualization of the uterine stroma
and continuing into pregnancy, the glandular epithelium

FIG. 1. PRL-R immunolocalization in
human endometrium. Minimal immu-
noreactivity is observed in the prolifer-
ative phase (A) and early secretory
phase (B) endometrium. In the mid to
late secretory phase (C), intense immu-
nostaining is present in the epithelial
glands and a subpopulation of stromal
cells. This pattern persists in first tri-
mester decidua (D), and at higher power
(E) the decidualized stromal cells
clearly exhibit strong immunoreactiv-
ity. Immunostaining is also apparent in
the decidual vasculature (v). The nega-
tive control (F), in which the primary
antibody was substituted with nonim-
mune rabbit IgG, results in an absence
of staining. G, Glandular epithelium.
Scale bars 5 50 mm.

FIG. 2. RT-PCR for PRL-R generated a 650-bp amplified product, as
identified by comparison with a mol wt marker. The identity of the
amplicon was confirmed by Southern blotting (SB) and hybridization
with a 562-bp cDNA probe raised against the conserved extracellular
domain. LS, Late secretory; DE, decidua.
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becomes atrophic, and glandular secretory activity ceases.
PRL has been reported to possess osmoregulatory activity,
and the large amounts of PRL detectable in amniotic fluid act
as a regulator of amniotic fluid volume. This was demon-
strated by a link between defective PRL-R expression in
amniotic epithelium and the incidence of polyhydramnios
(19). The presence of PRL-R in the glandular epithelium
during decidualization implicates a similar role for PRL, i.e.
in the down-regulation of glandular activity.

Additional immunoreactivity was observed in a subset of
stromal cells. The identity of these stromal cells is unknown,
although the majority display morphological characteristics
of decidualized stromal cells. This further supports the like-
lihood of the existence of an autocrine and/or paracrine
interaction between PRL and its receptor. Further colocal-
ization studies are required to determine whether the PRL-
producing cells concurrently express the receptor. Positive
immunostaining for the receptor was detected in the vascu-
lature of some decidualized endometrial samples examined.
The perivascular cells frequently exhibited immunostaining
as expected, as this is the site of initiation of decidualization
in the endometrium. Occasional staining was also observed
that appeared to be endothelial in nature. A 16-kDa N-ter-
minal fragment of human PRL has been noted to be a potent
inhibitor of angiogenesis (34), and a high affinity binding site
has been previously identified on endothelial cells (35).

PRL has important immunoregulatory functions in the
peripheral immune system, including leukocyte prolifera-
tion, differentiation, and function. An important feature of
the premenstrual endometrium and first trimester decidua is
the accumulation of leukocytes within the decidualized
stroma. These are believed to be essential for successful im-
plantation and placentation (16), but the mechanism respon-

sible for the increase in the secretory phase is not fully un-
derstood. Of particular interest are the uterus-specific large
granular lymphocytes. It has been speculated that PRL may
have a role in their proliferation and/or differentiation, es-
pecially after the discovery that these cells, although clearly
under the influence of progesterone (36), do not express sex
steroid receptors (37). The effect of PRL treatment on these
decidual lymphocytes has been examined (36, 37), but both
studies failed to observe a resultant proliferation or differ-
entiation. It is not unlikely, however, that PRL may have an
effect on decidual leukocytes, acting indirectly through au-
tocrine/paracrine factors produced by neighboring cells.

It is probable that the migration of specific leukocytes from
the peripheral circulation also contributes to the increase in
leukocyte numbers. This is supported by the elevated levels
of the chemokines interleukin-8 and monocyte chemoattrac-
tant protein-1 in the endometrium during leukocyte accu-
mulation (38). PRL may be involved in enhancing this re-
cruitment, as recent data reveal that the production of
monocyte chemoattractant protein-1 is stimulated by PRL in
ovarian tissue (39). A number of roles for PRL in the immu-
nomodulation of the uterine leukocytes can thus be visual-
ized, with a potential for augmenting lymphocyte migration,
differentiation, and proliferation. It remains to be deter-
mined whether the endometrial leukocytes express the
PRL-R.

In third trimester amniochorion, PRL has been implicated
in the enhancement of matrix metalloproteinase activity (21,
40). During menses and placentation in early pregnancy, a
dramatic reorganization of extracellular matrix must occur to
allow endometrial shedding and trophoblast invasion, re-
spectively. These processes invariably involve the action of
matrix metalloproteinases, and it is possible that PRL may
participate as one of the factors capable of altering the ac-
tivities of these enzymes in the endometrium.

In summary, this study clearly demonstrates the expres-
sion of PRL-R in decidualized nonpregnant and pregnant
endometria, with a temporal pattern similar to that of PRL.
Immunohistochemical studies have isolated the glands and
a subset of stromal cells as sites of action for PRL. PRL has
multiple functions throughout the body, including roles in
growth, differentiation, and immune response, and it is
therefore difficult to isolate a single function for PRL in the
uterus. It is, however, likely that PRL plays an important role
in immunoregulation and additionally in the decidualization
of both stromal and glandular cells of the endometrium.
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Two anti-progesterone receptor (PgR) antibodies, a new one specific to P9RB, the other to PgR subtypes A +

B, have been used to examine the cellular location of PgR subtypes A and B in normal endometrium
throughout the menstrual cycle and in early human decidua by standard immunohistochemical techniques.
PgR+ is the receptor detected by the antibody recognizing both isoforms of the receptor. PgR8 is the
receptor detected by the new antibody specific to the B isoform. Since it is not possible to raise antibody
specific to PgR subtype A, all immunohistochemical analysis of the PgR subtype is by subtractive inference.
Thus we refer to PgR as the subtype responsible for positive immunoreactivity when the PgR subtype
cannot be specifically detected. Endometrial biopsies were collected from 40 women with regular menses
(n = 5 each stage of cycle: menstrual; early, mid and late proliferative; ovulatory; early, mid, and late secretory).
Decidual tissue was obtained from 10 women undergoing first trimester surgical termination of pregnancy.
As previously reported, the PgRA+ antibody stained glandular and stromal nuclei during the proliferative
phase but only stromal nuclei during the secretory phase and early pregnancy. The new PgR antibody also
stained both cell types intensely during the proliferative phase, but failed to stain either stromal or glandular
nuclei strongly during the secretory phase and early pregnancy. We concluded that, while both PgR subtypes
were present in glands and stroma in the proliferative phase, and both subtypes were dramatically reduced
in the glands during the secretory phase, PgRA remained as the predominant type in the stroma during the
secretory phase and early pregnancy. The profound effects of progesterone on endometrium during
the secretory phase and early pregnancy appear to be mediated primarily by PgR in the stroma.
Key words: decidua/endometrium/immunohistochemistry/progesterone receptor subtype B

Introduction
The cyclical morphological and biochemical changes of the
human endometriurn reflect circulating sex steroid concentra
tions. These specific biological events are further associated
with fluctuations in steroid receptor concentrations and/or
modifications of receptor forms (Sullivan er a!., 1988). The
progesterone receptor (PgR) is a member of a subgroup of
nuclear receptors which regulate a number of physiological
and morphological processes in response to binding of their
ligands (Evans, 1988; Chalbos and Galtier, 1994). There are
two distinct subtypes of the human PgR: PgR and PgR, of

Mr 81 000 and 116 000 in size respectively (Clark et a!.,
1987). The PgR8 isoform is 933 amino acids in length, whereas

PgRA is a shortened molecule, lacking 164 amino acids from
the N-terminal region of the B form but otherwise identical to
the B subtype (Tung et a!., 1993).

Studies using ligand binding assays (homogenized endo
metrium) and immunocytochemistry, with antibodies that
recognize both A and B subtypes, have demonstrated that the
concentration of PgRA+fl in the human endometrium increases
during the follicular phase of the menstrual cycle under the
influence of oestradiol and decreases following ovulation due
to secretion of progesterone by the corpus luteum (Garcia

ci’ al., 1988; Lessey ci a!., 1988; Snijders et al., 1992).
Oestrogen increases PgR mRNA levels and PgR protein
synthesis (Clark and Sutherland, 1990). Conversely, PgR
is down-regulated by its own ligand, progesterone, at the
transcriptional and post-transcriptional levels (Chauchereau
et aI., 1992). A recent abstract suggested that PgR subtypes
vary during the menstrual cycle (Mangal et a!., 1995).

Decidual cells are a target for progesterone during pregnancy,
and studies have observed that PgR are present in the endomet
rial stromal cells of human decidua but not in glandular cells
(Wang et a!., 1992). In early pregnancy, PgR are present in
the nuclei of decidualized cells of both the capsularis and
parietalis but not in glandular cells.

In the present study we compared the staining patterns
obtained in the same set of endometrial tissues with two
antibodies: a new rabbit polyclonal against PgRB and a
commercially available mouse monoclonal that detects both A
and B subtypes. Tissues from all stages of the normal menstrual
cycle and some early human decidual samples were examined.

Here we refer to PgRA±B as receptor detected by an antibody
that recognizes both receptor subtypes, and PgR8 as receptor
detected by an antibody specific to the B isoform. Since it
was not possible to raise antibody specific to PgR subtype A,
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we refer to PgR as the subtype iesponsible for positive
staining when the PgR cannot be specifically detected.

Materials and methods

Tissue collection

This study was approved by the Lothian Research Ethics Committee,
and all subjects provided informed consent.

Normal endometrial tissue was collected from 40 women (age range
24—47 years, mean age 34.4 years) undergoing minor gynaecological
procedures. All women reported normal, regular menstrual cycles.
No woman had received any exogenous hormones or used an
intrauterine device in the previous 3 months. Endometrial biopsies
were collected by Pipelle suction curette (Laboratoire CCD, Paris,
France), Tissue was allocated into groups depending on the stage of
the normal menstrual cycle (ii = 5 each stage of cycle: menstrual;
early, mid and late proliferative; ovulatory; early, mid and late
secretory). Endometrial biopsies were dated from the date of the last
menstrual period (LMP). Tissue sections were routinely stained with
haematoxylin and eosin and examined with light microscopy to ensure
hislological appearances were consislent with the date of the LMP,
according to the criteria of Noyes et a!. (1950). Decidual tissue was
obtained from 10 women (age range 17—37, mean 25 years) undergoing
first trimester surgical termination of pregnancy, following dilatation
of the cervix and curettage of the uterine wall prior to vacuum
aspiration.

All biopsies were fixed in 10% neutral buffered fomialin at 4°C
overnight, rinsed and stored in 70% ethanol and embedded in
paraffin.

Immunohistochemistry

Standard immunohistochemical techniques (avidin—biotin—peroxid
ase) were used to visualize PgR,n and PgR immunostaining
intensity and distribution (semi-quantitative analysis). A commercially
available mouse monoclonal antibody was used for detection of
PgR+ (NCL-PgR; Novocastra Laboratories Ltd, Newcastle, UK),
and a rabbit polyclonal (rabbit polyclonal antibody raised against a
19 amino acid sequence from the N-terminal end, unique to the PgR0
DQQSLSDVEGAYSRAEATR; and coupled through a C-terminal
cysteine to keyhole limpet haemocyanin) for PgRB.

Tissue sections (5 ttm) were dewaxed and dehydrated in descending
grades of alcohol and an antigen retrieval procedure was used. In
order to expose the epitope, tissue sections were microwaved at high
power in 0.01 M sodium citrate buffer (pH 6.0) for 10 mm and then
allowed to coo] in the microwave for a ft,rther 20 mm. Sections were
subsequently washed in 0.1 M phosphate-buffered saline (PBS),
pH 7.4—7.6. For PgRn immunostaining no pretreatment was necessary
prior to a non-immune block. Optimization of the methodology
included pretreating sections with an antigen retrieval step but since
this did not enhance immunostaining the procedure was conducted
without a pre-treatment antigen retrieval step. Sections were washed
in 0.1 M Tris-buffered saline (TBS), pH 7.4—7.6. Non-specific
endogenous peroxidase activity was blocked by treatment with 3%
hydrogen peroxide (BDH Laboratory Supplies, Poole, UK) in distilled
water for 5 mm at room temperature.

Following a 10 mm wash in buffer, sections were exposed to a
20 mm non-immune block using diluted horse serum (Vectastain
PK4002; Vector Laboratories, Peterborough. UK) for PgR+
immunostaining and normal goat serum (Vectastain PK6IO1; Vector)
for PgRB, in a humidified chamber at room temperature. Tissue
sections were then incubated with primary antibody (anti-PgR+
antibody 1:40 in PBS; anti-PgR8 antibody 1:200 dilution) in TBS for

60 mm at 37°C. Negative controls were performed by replacing
the primary antibody with non-immune serum of the equivalent
concentration. In addition PgR8 antibody was pre-absorbed with
200 .tg of PgR oligopeptide/mI antibody overnight to demonstrate
antigen specificity.

Following primary antibody binding, the sections were incubated
with the appropriate second antibody as follows: (i) a biotinylated
horse anti-mouse IgG (Vectastain, PK-4002; Vector) made up in
diluted normal horse serum was used for PgR immunostaining
for 30 mm at room temperature; (ii) a biotinylated goat anti-rabbit
IgO antibody (Vectastain, PK6IO1; Vector) made up in diluted normal
goat serum for 60 mm at room temperature for P8kB immunostaining.

The tissue sections were then incubated for 30—60 mm at room
temperature with a mixture of avidin and biotin complexed to a
horseradish peroxidase enzyme (Vectastain Elite PK6IOI; Vector).
The site of bound enzyme was then identified by the application
of 3,3’-diaminobenzidine in H20, (DAB kit, SK-4100; Vector), a
chromogen which produces a brown, insoluble precipitate when
incubated with enzyme. Thereafter, sections were washed in distilled
water and counterstained with Harris’s haematoxylin (Pioneer
Research Chemicals Ltd, Colchester, UK), a non-specific purple
nuclear stain. The sections were rinsed with tap water, dehydrated
and cleared in xylene before mounting in Pertex (CeilPath plc, Hemel
Hempstead, Herts, UK).

Scoring of immunostaining

The immunostaining intensity and distribution of epitopes in all
tissue sections were assessed semi-quantitatively, on a four-point
scale: 0 = no staining, 1 mild staining, 2 — moderate staining
and 3 = intense staining. Scoring was performed blind by a single
observet In order to validate the use of this scoring system, a
subset of tissue sections was measured with a computerized image
analysis system (Critchley er a!., 1996).

The computerized image analysis system used to assess immuno
staining quantitatively used an Olympus BH2 microscope (X20
objective) connected to a Macintosh Quadra 700 computer using
Colourvision software (supplied by linprovision. Coventry. UK).
Quantification was performed on the digitized image of systematic
randomly selected fields of endometrial stroma, from which non
stromal elements (epithelium) had been interactively removed. Using
colour discrimination software, the total area of positively stained
cells (brown reaction product) was measured, and expressed as a ratio
to the area of stromal nuclei (blue haematoxylin). The running mean of
the ratio stabilized after measuring twelve fields (Lowrey era!., 1995).

Western blotting of the PgR B subtype

Samples of endometrium were homogenized in sample buffer (0.12 M
Tris pH 6.8, 20% glycerol, 4% dodecyl sulphate, 0.005% bromophenol
blue and 5% 3-mecaptoethanol) and centrifuged at 4000 g for 1 mm.
The supematant was added to a 4—20% Tris—glycine Novex gradient
gel (R&D Systems, Oxford, UK) and samples were electrophoresed
for 1.3 h at 125 V. Rainbow markers (Amersham International,
Chalfont, Bucks, UK) were added to neighbouring lanes. Blotting
was carried out using carbonate buffer pH 9.9 with 20% methanol
onto Hybond-N membrane (Amersham). Membranes were blocked
with 5% dried milk and exposed to 1:500 polyclonal antibody for 2 h
with rocking. In control lanes, blot was treated with 1:500 normal
rabbit serum. Membranes were washed in buffer with 0.05% Tween-20
and anti-rabbit serum coupled to horseradish peroxidase (Boehringer,
Mannheim, Germany) (1:500) was added. Bands were visualized with
diaminobenzidine/liydrogen peroxide.
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Figure 2. Western blot of periovulatory endometrium with
progesterone receptor B antibody (B) and non-immune rabbit serum
contro] (A) showing one major band consistent with a protein of
mo]ecu]ar weight 120 kDa. Positions of molecular weight markers
are shown on the right.

Results

Validation of methods

Correlation of the quantitative data obtained from image
analysis with the subjective scores obtained by a trained
observer demonstrated a regression coefficient of 0.963
(Figure I). This perfect correlation provides high confidence
that the subjective scoring technique, which takes about one-
twentieth the time per slide compared to the formal image
analysis method, provides a valid score suitable for graphical
presentation.

Westem blotting confirmed a strong band (Figure 2) at the
expected molecular mass for PgR of 120 kDa.

Intense glandular PgRA+B immunoreactivity was evident
during the proliferative phase, reaching a maximum in the mid
and late proliferative phases and the pen-ovulatory period
(Figures 3a and 4A). Immunoreactivity significantly declined
during the secretory phase (Figures 3a and 4D). The glands
in menstrual endometnium were much more weakly stained
than pro]iferative endometrium. In early pregnancy decidua,

PgRA +B immuTloreactivity was virtually undetectable, with
staining present in only a few glandular epithelial cell nuclei.

Stromal cells

Intense stromal PgR+ immunoreactivity was observed in
the proliferative and early secretory phase of the normal
menstrual cycle, reaching maximal levels in the ovu]atory
phase with a decline in immunoslaining scores in the mid
and late secretory hases (Figure 3a). Menstrual stromal
endometrium did not exhibit lower PgR8 immunoreactivity
than proliferative endometrium. Furthermore, decidual stromaL
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PgR B immunoreacti’ity with NCL-PgR antibody
during menstrual cycle and early pregnancy

Positive immunostaining for PgRA+fl and PgR was confined

to the nuclei of glandular epithelial and stromal endometrial
and decidua cells.
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Figure 4. lmmunohistochemistry of progesterone receptor (PgR)8 and PgRB in endornetrium from the normal menstrual cycle and first
trimester decidua. Scale bar = 50 lim; all figures same magnification. (A) Strong positive nuclear PgRA+B immunostaining (brown)
observed in glands and stroma of normal mid-proliferative phase endometrium. (B) Intense positive PgR0 immunostaining evident in glands
and stroma of normal mid-proliferative phase endometrium. (C) Negative control: mid-proliferative phase endometriutn incubated with PSRB
antibody, pre-absorbed overnight with synthetic PgR0 oligopeptide. (D) Intense PSRA+B immunostaining was observed only in stroma of
normal late secretory phase endometrium. Faint or absent glandular immunostaining. (E) PgR0 immunostaining absent from gland nuclei
and apparent only in a few stromal cells in the late secretory phase endometrium. No glandular immunostaining. (F) Negative control:
primary antibody against PgR÷0, replaced with non-immune serum of the equivalent concentration (secretory phase). (G) Positive PgRA+B
immunostaining present in stromal cells in first trimester decidua. (H) PgR immunostaining absent from glands and minimal in the stroma
of first trimester decidua. (I) Photomicrograph of PgR8 immunostaining (brown immunostaining) in early secretory phase endometrium
demonstrating perivascular immunoreactivity (v = vessel).
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cells showed moderate to strong PgRfl expression in the
nuclear compartment (Figure 4G).

The presence of PgRA+B in a perivascular location was
noted in secretory phase and decidual biopsies., but not
in the menstrual or proliferative phase. All negative controls
displayed an absence of immunoreactivity (Figure 4F).

PgR subtype B immunostaining during the menstrual
cycle and in early pregnancy

Western blotting tissue samples from late proliferative/pen
ovutatory endometrium showed a single band (Figure 2) at the
expected molecular mass of 120 kDa. Samples run with normal
rabbit serum had no comparable bands.

Glandular epithelial cells

Endometriun, exhibited maximal glandular PgR8 imrnuno
staining (Figure 3b) in the mid-proliferative phase. A gradual
decrease in PgR subtype immunoreactivity occurred from the
late proliferative phase to late secretory phase. at which time.
immunostaining was minimal or absent. Significantly lower

PgR imtnunoreacti’ity was also observed in the menstrual
phase. In contrast to PgRA+S immunostaining, PgR immurto
reactivity was very low in the early proliferative phase. Figure
4B and F illustrates PgR immunostaining in mid-proliferative
and late secretory phase endometrium respectively.

In the decidual glands of early pregnancy, PgR inmiuno
staining was minimal or absent (Figure 4H).

Stromal cells

Stromal cells showed moderate to low immunoreactivity for
PgR throughout the menstrual cycle. Immunoreactivity
for PgR8 was notably reduced in all samples of early decidual
tissue. This observation was in contrast to the immunoreactivity
observed in decidualized stroma detected with antibody recog
nizing

Positive PgR immunoreactivity was observed in a pen-
vascular location in secretory phase (Figure 41). No immuno
staining was observed in the negative controls (Figure 4C).

Discussion
We have referred to PgRA_B as receptor detected by antibodies
that recognize both receptor subtypes, and PgR as receptor
detected by antibodies specific to the B subtype. Since an

antibody specific to A cannot be raised, all immunocyto
chemical analysis of the A isoform must be by subtractive
inference. Consequently we have inferred that PgR. was
responsible for most of the positive staining when specific
staining for the B isoform was non-detectable or minimal.
Hence our data show by inference that the PgR subtype is
predominant within the stroma in the luteal phase and in early
decidua. since there is a marked reduction in immunoreactivity
of PgR at these stages.

The endometrial immunostaining patterns for PgR8
described in this study are consistent with findings reported in
the literature (Garcia eta!., 1988; Lessey eta!,. 988: Snijders
et a!., 1992; Critchley eta!., 1993).

The decrease and even the disappearance of glandular PgR

immunoreactivity in endometnium during the late secretory
phase is attributed to progesterone (Kreitmann et a!., 1979).
Progesterone induces the synthesis of oestradiol dehydrogenase
in the endornetnium, thereby promoting the local conversion
of oestradiol to the less biologically active oestrone (Tseng
and Gurpide, 1975). Progesterone also suppresses oestrogen
receptor. Both actions would lead to a decline in oestrogen
actions. The differential regulalion of PgR in the stroma
and epithelial glands suggest that an indirect modulation of
glandular secretion by progesterone tnay occur (Snijders et

a!., 1992). The persistence of PgR in glandular epithelium
during the early secretory phase is consistent with progesterone
action, which inhibits mitosis and stimulates the secretory
function of glandular epithelium (Ferenczy et a!., 1979; Bell
et a!.. 1986). The persistence of PgR in stromal cells and in a
perivascular location during the secretory phase provides
support for a role for progestin effects on spiral artery growth
at Ibis time (Ferenczy eta!., 1979; Koji et a!.. 1994). and the
induction of prolactin secretion (1-luang et a!., 1987) and
aromatase activity in stromal cells during the secretory phase
(Tseng. 1984)

Two subtypes of the progesterone receptor exist and there
are differences in the activities of these progesterone receptor
subtypes with respect to modulation of transcription regulated
by progesterone. The present study implicates the progesterone
receptor subtype A as a more important mediator of stromal—
epithelial interaction. It is plausible that in-vivo loss of the
N-terminal end of the progesterone receptor may be a result
of increased proteolysis in the secretory phase. Thus the
immunohistochemical disappearance of PgR in the secre
tory phase would be a consequence of cleavage of the N-
terminal end of the receptor although this is unlikely since
different RNAs for the two receptors are known to exist (Wei
et aT, 1988).

The distribution of PgR subtypes may have important
clinical consequences. Some studies have shown that the
ratio of PgR subtypes B/A is different in different
progesterone target cells. In human breast (Horwitz and
Alexander, 1983) and endometrial cancer cell lines (Feil et

a!.. 1988). concentrations of the two subtypes are approxi
mately equal. Similar results have been reported in chick
oviduct (Schrader and O’Malley, 1972). but the rabbit
endometrium expresses only the B-receptor subtype (Loosfelt
at a!., 1984. PgR subtype A is found to predominate in
mice (Schneider et a!., 1991). The relative expression of
PgR subtypes A and B can be altered by oestrogen by
inducing PgR mRNA and protein in most target cells (Boyd
Leinen et a!.. 1984: May et a!., 1989: Schneider at a!..
1991; Kraus and Katzenellenbogen. 1993) including rat
uterus. where the withdrawal of oestrogen results in an
increase in PgRR:PgRA (Ilenchuk and Wa]ters, 1987).

The ratio of PgR subtypes B/A strongly influences the
direction of a tissues response to progesterone antagonists
(Tung et a!., 1993) and also influences responsiveness to
agonists (Tora eta!., 1988), Recently Viville eta!. (1997) have
reported that the concentration of PgR as determined by
Western blot analysis is higher than that of PgR in human
myometrium.
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We note with interest that both PgR subtypes were observed
in a perivascular location in the secretory phase. The pen-
vascular expression of stromal progesterone receptors of both
the A and B subtypes supports a role for progestin action either
directly or indirectly influencing development and function of
the spiral arterioles.

In conclusion this study has described PgR4+8 expression
during the menstrual cycle and as far as we are aware is the
first to examine PgR subtype distribution in early pregnant
decidua. The results suggest that the actions of progesterone
on the endometrium during the late secretory phase, and early
pregnancy are mediated predominantly by PgR in the stroma.
The mechanisms responsible for the changes in PgR subtypes
during the menstrual cycle and early pregnancy and their
relationship to biological activity is unknown.
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ABSTRACT
The role of progesterone (P4) in the regulation of inflammatory

mediators interleukin-8 (IL-8), monocyte chemoattractant protein-1,
and cyclooxygenase-2 (COX-2) and in the recruitment of leukocyte
subpopulations in the endometrium has been examined, by employing
a model of P4 withdrawal and maintenance in vivo. Messenger RNA
and protein expression have been investigated in endometrial biop-
sies: 1) during the midsecretory phase (LH18 to 10); during the
maintained luteal phase (P4 administered vaginally for 4 days from
LH18) and biopsies collected 2) 24 h and 3) 48 h post withdrawal of
P4; and 4) during pseudo pregnancy (lifespan of corpus luteum ex-
tended by 7 days with CG; (decidua collected from women with 5) an

ectopic gestation and 6) from women undergoing first-trimester ter-
mination of pregnancy). CD561 large granular lymphocytes remain
the major leukocyte subtype, both 24 and 48 h after P4 withdrawal,
and in decidua (CG supported or ectopic). Higher numbers (P , 0.05)
of macrophages (CD681) were present in endometrium 48 h post P4
withdrawal and in pseudo pregnant endometrium, compared with
normal decidua. Significantly more macrophages (P , 0.01) were
present in decidua from an ectopic pregnancy. A significant elevation
of IL-8 (P , 0.01) and COX-2 (P , 0.05) messenger RNA was detected
48 h post P4 withdrawal. Evidence is provided for up-regulation of
IL-8 and COX-2 in response to P4 withdrawal. (J Clin Endocrinol
Metab 84: 240–248, 1999)

PROGESTERONE (P4) is essential for nurturing a suc-
cessful pregnancy. The local tissue response to with-

drawal of P4, resulting in menstruation, shows many features
characteristic of an inflammatory response, i.e. release of
prostaglandins (PGs), increased permeability of blood ves-
sels, and an abundance of leukocytes in the endometrium (1).
However, the precise local mechanisms regulating normal
endometrial function; i.e. implantation, decidualization, and
menstruation; are unknown. The numbers and types of leu-
kocytes in human endometrium and decidua varies during
the menstrual cycle, with implantation, and throughout
pregnancy (2). It is thus likely that there is both an endocrine
and paracrine control of leukocyte migration to, and repli-
cation within, these tissues (3). Macrophages and lympho-
cytes constitute the major leukocyte subpopulation in non-
pregnant endometrial stroma (4). Only small numbers of
polymorphonuclear (PMN) leucocytes are present through-
out the normal endometrial cycle, except immediately pre-
menstrually and during menstruation (5). It is not known,
however, whether in situ proliferation (6) or migration from
the peripheral circulation (7) is the event responsible for the
late-luteal-phase increase in leukocyte subpopulations. The
phenotypically unique population of large granular lympho-
cytes (LGLs; CD561, CD16-, CD3-) increases in the late luteal

phase (8). There are lines of evidence to suggest that P4 is
essential for the appearance and survival of CD561 cells,
because their presence is observed in ovariectomized women
only after treatment with both estrogen (E2) and P4 (9). Fur-
thermore, there is in vitro evidence demonstrating P4 depen-
dence (10). An indirect regulation is supported by the ab-
sence of steroid receptor expression by these cells (9). In the
absence of pregnancy, these unique cells undergo apoptosis
before the influx of neutrophils, a feature of menstruation (4).

Monocyte chemoattractant protein-1 (MCP-1), a 76-amino-
acid basic protein, is a specific chemoattractant and activator
of monocytes (also T cells, NK cells, eosinophils, and ba-
sophils). MCP-1 is secreted by a number of cell types: en-
dothelial cells (11), fibroblasts (12), monocytes (13), and lym-
phocytes (14). Interleukin 8 (IL-8) recruits and activates
neutrophils (15) and T lymphocytes (16). IL-8 is produced by
a variety of cell types: monocytes, fibroblasts, epithelial and
endothelial cells, lymphocytes, and CD561 large granular
lymphocytes (17, 18). The chemokine, IL-8, has been detected
in human endometrium (19, 20). Specifically, IL-8 has been
immunolocalized to the perivascular cells of blood vessels in
endometrium and early decidua (20, 21). Cyclooxygenase-2
(COX-2), the inducible isoform of the enzyme synthesizing
PGs, is a further inflammatory mediator that has been lo-
calized to perivascular cells and glandular epithelium in
endometrium. A significant increase in COX-2 expression
has been reported premenstrually and menstrually (21).

The present study has examined the role of P4 (using a
model of P4 withdrawal and maintenance in vivo) in the
expression of the inflammatory mediators MCP-1, IL-8, and
COX-2, and the recruitment of selected leukocyte subpopu-
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lations in endometrium before the onset of menstrual bleed-
ing and in early pregnancy decidua.

Subjects and Methods

Ethical approval for the study was obtained from Lothian Research
Ethics Committee (reference no. 1702/94/6/1). Informed written con-
sent was obtained from all subjects.

Twenty fertile women, using barrier contraception, or subjects who
had been sterilized were recruited. All women reported regular men-
strual cycles (25–35 days). The timing of the onset of the LH surge was
determined by subjects themselves using a commercially available home
urine LH kit (Conceive; Quidel, San Diego, CA). Women tested urine
samples twice daily (0800 and 1800 h) from cycle day 10 (10 days after
the start of menses). Detection of the urine LH surge (taken as the day
on which doubling of the basal LH levels occurred) thereafter was
confirmed by RIA. The women participated in one of four groups as
detailed: 1) an endometrial biopsy (Pipelle, Laboratoire CCD, Paris,
France) was collected in (group A) the normal midluteal phase (LH peak
1 8 to 10), n 5 5; 2) menstrual [to time the onset of simulated men-
struation accurately, P4 (200 mg Cyclogest, Hoechst UK Ltd, Hounslow,
UK; vaginally twice daily) was administered from day LH peak 1 8 in
the luteal phase for 4 days. An endometrial biopsy (pipelle suction
curette) was collected (group B) 24 h (n 5 5) and (group C) 48 h (n 5
5) after ceasing P4 administration; (3) extended luteal phase (pseudo
pregnancy): (group D) the luteal phase was extended for 7 days by
extending the lifespan of the corpus luteum by injections of CG from day
LH peak 1 8 for 14 days to simulate very early pregnancy (n 5 5).
Incremental doses of CG, ranging from 125–20,000 IU, were adminis-
tered (22). In addition, early pregnancy decidua was collected from: (E)
women with a gestation ectopic to the uterus (fallopian tube, n 5 5).
Women with an ectopic gestation who described vaginal bleeding were
excluded. Women were diagnosed at an early stage by ultrasound and
serum CG concentration. (F) Early pregnancy decidua was collected
from women undergoing surgical termination of pregnancy (35–63
days), n 5 8. Decidua was collected, away from the implantation area,
by careful curettage of the uterine wall before vacuum aspiration of the
products of conception with a suction catheter. Decidua parietalis (with-
out trophoblast) was subsequently confirmed by examination of hema-
toxylin and eosin-stained sections of each biopsy. Tissue sections were
also stained with cytokeratin (Dako Corp. Laboratories, High Wycombe,
UK; code: M0821) to confirm presence or otherwise of trophoblast cells
within the decidual tissue.

Immunohistochemistry

Leukocyte subpopulations. All endometrial biopsies were fixed in 10%
neutral buffered formalin at 4 C overnight, rinsed, and stored in 70%
ethanol and thereafter routinely wax embedded. Sections (5 mm) were
cut for immunolocalization using commercially available monoclonal
antibodies: 1) CD561 lymphocytes (Zymed, San Francisco, CA); 2) neu-
trophils (neutrophil elastase, Dako Corp. Laboratories, code N752); 3)
macrophages (CD68, Dako Corp. Laboratories, code M0876); and 4)
hematoxylin and eosin staining (H&E) for routine histology.

Tissue sections were dewaxed and rehydrated in descending grades
of alcohol. Nonspecific endogenous peroxidase activity was blocked by
treatment with 3% hydrogen peroxide in distilled water for 5 min. No
antigen retrieval step was necessary for demonstration of neutrophil
elastase. Antigen retrieval was necessary for localization of CD561 lym-
phocytes and macrophages (as follows).

CD561 lymphocyte immunostaining. Tissue sections were microwaved at
high power in 0.01 mol/L sodium citrate buffer (pH 6.0) for 20 min and
then allowed to stand for a further 20 min. Sections were subsequently
washed in buffer before a nonimmune block.

Macrophage immunostaining. Tissue sections were subjected to an enzyme
digestion with 0.1% trypsin in 0.1% calcium chloride at pH 7.8. The
digestion was conducted at 37 C for 15 min; and subsequently, enzyme
activity was destroyed by washing in tap water.

All tissue sections were exposed to a nonimmune block with normal
horse serum performed for 20 min at room temperature. Tissue sections
were then incubated with the appropriate primary antibody for 60 min

at 37 C: 1) CD56 dilution, 1 in 250; 2) neutrophil elastase dilution, 1 in
50; and 3) macrophages (CD68) dilution, 1 in 50.

Negative controls were included by replacing the primary antibody
with mouse Ig at the same concentration as the primary antibody.
Sections were labeled with an avidin-biotin peroxidase detection system
(Vector Stain, Vector Laboratories, Inc., Peterborough, UK). Tissue sec-
tions were incubated for 2–10 min with diaminobenzidine (DAB) solu-
tion (DAB Kit, Vector Laboratories, Inc.) for color development. There-
after, sections were counterstained with hematoxylin, dehydrated and
cleared in xylene, and mounted in Pertex.

Image analysis

Quantification of leukocyte subpopulation immunoreactivity in en-
dometrial stroma employed computerized image analysis (23). The sys-
tem used has been previously described in detail (23, 24). To represent
the amount of positive immunoreactivity, in terms of number of cells,
the average dimensions of each leukocyte and stromal cell were esti-
mated. Ratios were then converted by a conversion factor, such that the
data could be expressed as percentage of cells in the stroma.

In vitro studies

Samples of endometrium were transported to the laboratory in ice-
cold RPMI 1640 and were cultured for 24 h in RPMI supplemented with
10% FCS (Gibco, Paisley, UK) and antibiotics (penicillin, streptomycin,
and gentamycin). After 24 h culture in 5% CO2 in air, media were
removed, divided into aliquots, and stored at 220 C until assayed.
Tissue weight was determined after the incubation period. IL-8 and
MCP-1 were assayed by enzyme-linked immunosorbent assay (ELISA),
following the method of Ida et al. (25) for IL-8 and Ida et al. (26) for
MCP-1. Antisera and standards were the gift of Toray Industries Inc.
(Tokyo, Japan). PG F2a (PG2a) and its metabolite 13, 14 dihydro-15-keto
PGF (PGFM) were assayed by ELISA using specific antibodies and
peroxidase-conjugated PGs as the label.

All concentrations of cytokines were corrected for endometrial
weight.

Semiquantitative RT-PCR

The messenger RNA (mRNA) expression levels of the inflammatory
mediators IL-8, MCP-1, and COX-2 were monitored by RT-PCR. Total
RNA was extracted from endometrium from all study groups (n 5 16)
using the Ultraspec RNA Isolation system (Biotecx, Biogenesis, Poole,
UK). To obtain quantitative information about mediator mRNA levels,
RT-PCR was first conducted for the housekeeping gene glyceraldehyde
phosphate dehydrogenase (GAP-DH). RNA samples were reverse tran-
scribed using Avian Myeloblastosis Virus Reverse Transcriptase (Pro-
mega Corp. Ltd, Southampton, UK) and an antisense oligonucleotide
primer specific for GAP-DH, 59 labeled with biotin (Oswell, Southamp-
ton, UK) (see Table 1). The gene specific complementary DNA (cDNA)
generated was then subjected to PCR using AmpliTaq DNA Polymerase
(Perkin-Elmer Corp., Beaconsfield, UK) with sense and the same anti-
sense oligonucleotides (described in Table 1) for 26 cycles of 94 C for 1
min, 60 C for 1 min, and 72 C for 2 min, followed by a final extension
of 10 min at 72 C. This produced a 1103-bp amplicon (see Fig. 3).

To enable quantification of RNA loading, samples were amplified
alongside a range of standards of known concentrations (from 15.7–250
ng total RNA). The product yield was determined by ELISA using a
high-capacity streptavidin-coated microtitre plate (Boehringer Mann-
heim, Sussex, UK). After alkaline denaturation, the bound DNA was
hybridized at 50 C for 1 h with a digoxigenin-labeled 29-bp oligonu-
cleotide (Table 1), complementary to the internal cDNA sequence of the
GAP-DH-amplified region diluted to 10 nmol/L in Easy Hyb hybrid-
ization buffer (Boehringer Mannheim). After removal of nonspecifically
bound probe, by repeated washing, the probe-amplicon complex was
detected by addition of a sheep antidigoxigenin antibody conjugated
with peroxidase enzyme (Boehringer Mannheim). Substrate develop-
ment produced a color change, and the absorbance was measured at 450
nm by a plate reader. A standard curve was plotted of RNA standards.

Samples were then subjected to RT-PCR for IL-8, MCP-1, and COX-2,
using optimized programs. Oligonucleotide primers were designed for
each mediator (Oswell) (see Table 1). Gene specific RT of 60 ng of
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template RNA was conducted, as for GAP-DH, and the total volumes
of products were amplified using the following PCR programs: 1 min
at 94 C, 1 min at X C, and 1 min at 72 C, for a selected number of cycles
(see Table 1), followed by a final extension for 10 min at 72 C; where X
is the specific annealing temperature for each primer pair (63 C for IL-8,
60 C for MCP-1 and COX-2). An ELISA was conducted to quantitate
RT-PCR product yield. Menstrual phase endometrial sample was in-
cluded as a quality control (QC), and mediator amplicon concentrations
were expressed as a ratio of sample signal to QC signal. Omission of
template served as a negative control for all RT-PCRs. The reproduc-
ibility of RT and PCR stages was assessed, as well as determining the
intra- and interassay variations of the ELISA. All were determined to be
below 7%, based on the variability between a minimum of 6 samples.

Serum RIAs for P4 and estradiol (E2) concentrations

A venous blood sample was collected at the time of biopsy. Serum
was separated and frozen at 220 C for subsequent RIA of E2 and P4 (27).
The interassay coefficients of variation for these assays were 11.0 and
10.0%, respectively: interassay coefficients of variation were 8.0 and
8.0%, respectively.

Bleeding profiles

All subjects were requested to keep a diary of menstrual bleeding
experience after the attendance for endometrial biopsy and to continue
the bleeding record until the cessation of menstruation.

Immunolocalization of inflammatory mediators (IL-8, MCP-
1, and COX-2)

Detailed methodology for immunolocalization of the inflammatory
mediators IL-8, MCP-1, and COX-2 has already been reported (20, 21).

Briefly, immunolocalization of the chemokines IL-8 and MCP-1 re-
quired frozen sections to be lightly fixed in 10% neutral buffered for-
malin for 10 min at room temperature. Endogenous peroxidase activity
was blocked by immersion of slides in 3% hydrogen peroxide in distilled
water for 5 min at room temperature. Dilute nonimmune goat serum
(Vectastain Elite PK-6101, Vector Laboratories, Inc.) was applied for 20
min in a humidified chamber. Excess serum was removed and either IL-8
rabbit polyclonal antibody (1:500 dilution) was applied for 60 min at 37
C, or MCP-1 rabbit polyclonal antibody (1:400 dilution) was applied for
17 6 1 h (overnight) at 4 C (both antibodies raised in-house). Sections
were thereafter labeled with an avidin biotin peroxidase detection sys-
tem (Vectastain, Vector Laboratories, Inc.), as previously described. Pos-
itive antibody binding was identified by application of DAB solution
(DAB Kit, Vector Laboratories, Inc.). Sections were counterstained with
hematoxylin.

Immunolocalization of COX-2 was conducted on paraffin sections. A
microwave antigen-retrieval step (10 min, sodium citrate buffer, pH 6.0)
was required to expose the epitope. Incubation with primary antibody
(PG27, rabbit polyclonal, Oxford Biomedical, Biogenesis) at a dilution of
1 in 250 was conducted for 60 min at 37 C. Positive controls were frozen

tonsil tissue sections for IL-8 and MCP-1, and third-trimester fetal mem-
branes for COX-2 immunolocalization. Negative controls were included
and were either nonimmune rabbit Ig or primary antibody preabsorbed
with appropriate synthetic peptide (IL-8 or MCP-1) at 100 mg/mL,
substituting for the primary antibody.

Analysis of data

Evaluation of leukocyte immunostaining, as measured by image anal-
ysis, ELISA measurements, RIA of E2 and P4 concentrations, and RT-PCR
ELISA, were all subjected to an ANOVA, with a Fisher’s protected least
significant difference (PLSD) to assign significance, to evaluate whether
significant differences were present.

Results
Histological features

All biopsies conducted in the normal luteal phase (LH 1
8 to 10) were consistent with the secretory phase histological
features appropriate with LH dating. Endometrium, exam-
ined 24 h after P4 withdrawal (simulated menstruation), dis-
played overall secretory appearances and evidence of some
LGL infiltration. PMN leukocytes were not evident. There
was spiral artery development in three of the five women
biopsied.

Endometrial biopsies, collected from women 48 h after P4
withdrawal, showed spiral vessel development in the ma-
jority of subjects and, in two of these women, an infiltrate of
LGLs. No PMN leukocyte infiltration was noted with routine
histology. Features of tissue breakdown were, however, ev-
ident at 48 h after P4 withdrawal, in contrast with the his-
tological appearances of tissue collected in the secretory
phase or in early-pregnancy decidua.

Histological appearances of endometrium, where the ges-
tation was ectopic and where endometrium was maintained
with CG, showed very similar histological features. Biopsies
were described as either late secretory or hypersecretory in
appearance. All biopsies showed spiral vessel development
and infiltration with LGLs. Stromal decidualization was ob-
served particularly in those biopsies where the gestation was
ectopic.

Bleeding profiles

All women biopsied during the normal luteal phase at
LH1 8–10 commenced bleeding attributable to natural lu-

TABLE 1. RT-PCR details for GAP-DH, IL-8, MCP-1, and COX-2 (illustrating oligonucleotide primer and 59 digoxigenin labeled ELISA
probe sequences)

Oligonucleotide primer Sequence 59–39 Product size (bp) Cycle number

GAP-DH Antisense (59 biotin) CATGTGGGCCATGAGGTCCACCAC
Sense TGAAGGTCGGAGTCAACGGATTTGGT 1103 26
Internal probe (59 digoxigenin) CGTCATGGGTGTGAACCATGAGAAGTATG

IL-8 Antisense (59 biotin) TGAATTCTCAGCCCTCTTCAAAAACTTCTC
Sense ACTTCCAAGCTGGCCGTGGCTCTCTTGGCA 298 32
Internal probe (59 digoxigenin) GTGTGAAGGTGCAGTTTTGCCAAGGAGTGC

MCP-1 Antisense (59 biotin) CGGAGTTTGGGTTTGCTTGTCC
Sense AATCAATGCCCCAGTCACCTGC 210 32
Internal probe (59 digoxigenin) GCTGTGATCTTCAAGACCATTGTGGCC

COX-2 Antisense (59 biotin) AGATCATCTCTGCCTGAGTATCTT
Sense TTCAAATGAGATTGTGGGAAAATTGCT 350 32
Internal probe (59 digoxigenin) GCTTTCACCAACGGGCTGGGCCATGGG

All antisense primers were 59-labeled with biotin. The expected product size for each RT-PCR product and the optimized number of PCR
cycles is also presented.
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teolysis, within 1–7 days after biopsy. In this context, the
cycle length for the five subjects varied between 23 and 30
days. Subjects biopsied after withdrawal of P4 (simulated
menstruation) commenced bleeding 24 h or longer after bi-
opsy when the endometrium was sampled 24 h after cessa-
tion of P4. Women biopsied 48 h after cessation of P4 all bled
(4–6 days) from the day on which the biopsy was conducted.
The group of women in whom the luteal phase was main-
tained for 7 days with exogenous CG all commenced a with-
drawal bleed either 24 h (one subject) or 48 h (four subjects)
after cessation of CG. The withdrawal bleeding lasted be-
tween 2 and 11 days.

Leukocyte subpopulations

Figure 1 displays the distribution of leukocyte subpopu-
lations (macrophages, CD68; CD561 lymphocytes; neutro-
phils) in endometrium: between days LH 1 8 to 10 of the
normal cycle, n 5 5 (A); 24 h after withdrawal of P4, n 5 5
(B); 48 h after withdrawal of P4, n 5 5 (C); in endometrium
maintained with CG for 14 days, n 5 5 (D); in decidua from
women with an ectopic pregnancy, n 5 5 (E); and in normal
decidua, n 5 8 (F). CD561 cells were the major leukocyte
subtype in the luteal phase (LH 1 8 to 10) and remain the
major leukocyte subtype both 24 and 48 h after P4 withdrawal
and in decidua (either exogenously supported by CG, ectopic
or normal). No significant changes in CD561 large granular
lymphocytes (LGLs) were detected in the model situation in
this study. In endometrium collected from patients where the
gestation was ectopic to the uterus, an increase (P , 0.001)
in macrophages was observed, compared with normal de-
cidua (intrauterine pregnancy). Higher numbers (P , 0.05)
of macrophages (CD681) were present in endometrium 48 h
after P4 withdrawal (group C) and in pseudopregnant en-
dometrium (group D), compared with normal decidua.

Inflammatory mediator mRNA (RT-PCR)

A band of 1103 bp, corresponding to the region of the
GAP-DH cDNA amplified, was detected for all samples and
standards. The signal intensity for the standards increased
with an increasing amount of template, producing a linear
standard curve of RNA loading (x) plotted against absor-
bance of products (y); y 5 0.006x 1 0.138 (Fig. 2). Equal
amounts of RNA (60 ng) were subsequently amplified for

IL-8, MCP-1, and COX-2. The QC (menstrual endometrium)
exhibited a strong signal of the correct molecular weight for
IL-8 (298 bp), MCP-1 (210 bp), and COX-2 (350 bp). Distinct
variations in sample signal intensity were observed (Fig. 3).
A significant elevation in IL-8 mRNA (P , 0.01) was detected
48 h after P4 withdrawal, above control (LH 1 8 to 10), and
pharmacologically induced pseudopregnancy (Fig. 4a).
There was also a significant increase (P , 0.05) in COX-2
mRNA expression at 48 h after P4 withdrawal (Fig. 4c) above
control endometrium (LH 1 8–10). A similar trend in MCP-1
mRNA expression was observed after P4 withdrawal, but
significance was not reached (Fig. 4b). P4 maintenance
(groups D and E) resulted in generally reduced expression of
IL-8 and COX-2 (slightly higher levels of IL-8 mRNA were
detected in decidua collected from ectopic pregnancy). In
contrast, MCP-1 mRNA transcript numbers remained high in
both pregnant groups.

Inflammatory mediator protein (ELISA)

A significant increase in IL-8 protein, as measured by
ELISA, was detectable in cultured tissue at 48 h (P , 0.01)
after in vivo P4 withdrawal (group C), when compared
with control (LH 1 8 to 10) endometrium (group A), ex-
ogenously maintained endometrium (group D), and nor-
mal decidua (group F; Fig. 5). The increased MCP-1 levels
in culture medium 48 h after P4 withdrawal (group C) were
elevated but not significantly different from control
(group A; see Fig. 5).

PGF2a release from cultured endometrium rose signifi-
cantly from 46 6 12 pg/mL to 170 6 52 pg/mL (P , 0.05)
and 451 6 35 pg/mL (P , 0.001) after withdrawal of P4 for
24 (group B) and 48 h (group C), respectively (Fig. 6). The
changes in PGFM parallel the changes in PGF2a but were
comparatively small and were not able to account for the
changes seen in PGF2a.

Results were expressed as cytokine production per milli-
liter of medium, because tissues from groups B and C (24 and
48 h after P4 withdrawal) tended to disintegrate in vitro. Mean

FIG. 1. Leukocyte population immunoreactivity (macrophages,
CD681; large granular lymphocytes, CD561; neutrophil elastase,
NEL) in the stromal compartment of the six treatment groups. Group
A, Control group (LH1 8–10); B, 24 h post P4 withdrawal; C, 48 h post
P4 withdrawal; D, pseudopregnancy (CG for 14 days from LH18); E,
decidua from ectopic pregnancy; F, decidua from normal pregnancy.

FIG. 2. Standard curve for GAP-DH amplification. The amount of
RNA template (ng/mL) (x) was plotted against the absorbance of the
GAP-DH RT-PCR product (y) at 450 nm. This yielded the equation y 5
0.006x 1 0.138, allowing calculation of RNA template concentrations.
A linear relationship is achieved, indicating that the RT-PCR reaction
was not limited by reaction components, and there is comparable
efficiency for the different standards and samples.
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tissue weights of the five groups were, A, 41.7; B, 38.0; C, 25.8;
D, 50.1; and F, 37.3 (mgm).

Inflammatory mediator protein immunohistochemistry

Positive immunostaining for IL-8 protein was evident in a
perivascular location in endometrial biopsies from control
endometrium (LH18–10) and decidua. Intense immunore-
activity was detected in the perivascular area, both 24 h (Fig.
7a) and 48 h post P4 withdrawal. Immunostaining was ad-
ditionally present in glandular epithelium and stroma 48 h
after P4 withdrawal, corresponding to tissue breakdown.
Strong immunoreactivity was also evident in decidua where
the gestation was ectopic or endometrium maintained with
exogenous CG (Fig. 7b). Negative control displayed absent
immunoreactivity (Fig. 7d)

COX-2 positive immunoreactivity in glandular epithelium
was particularly noted to display heterogeneous expression,
both 24 and 48 h post P4 withdrawal (Fig. 7c). COX-2 im-
munoreactivity was lowest in normal decidua and endome-

FIG. 3. Representative RT-PCR products for IL-8, MCP-1, COX-2,
and GAP-DH. The upper panel indicates the equal loading of the RNA
template into the subsequent mediator RT-PCRs. All bands for
GAP-DH are of comparable intensity. The same RNA samples were
subjected to RT-PCR for IL-8, MCP-1, and COX-2. For each mediator,
an elevation in mRNA expression was observed after withdrawal of
exogenous P4 (lanes B and C), compared with control expression levels
(lane A). Low numbers of mRNA transcripts for IL-8 and COX-2 were
detectable in decidua collected from pseudo- (lane D) or ectopic preg-
nancy (lane E), whereas MCP-1 expression remained high. All sam-
ples were compared with a QC sample for consistency, and sizes of
RT-PCR products were confirmed by comparison with molecular
weight marker (M).

FIG. 4. a, IL-8. Low levels of expression of IL-8 were detected in the
endometrium from the control group (group A). The signal in-
creased slightly 24 h after P4 withdrawal (group B); and 48 h after
withdrawal (group C), a significant elevation in mRNA transcript
expression was detected (P , 0.01), compared with the control
group. In the pseudo pregnant women (D), levels of IL-8 transcripts
were low (P , 0.01 vs. group C), and slightly higher levels were
apparent in the endometrium collected from ectopic pregnancy (E).
RNA extracted from endometrium derived from 15 subjects; thus
n 5 3 in each group (A–E). b, MCP-1. Variations were apparent in
the levels of MCP-1 mRNA in the study groups (not significant).
The lowest number of mRNA transcripts were detected in the
control group (A), with a trend towards an increase after P4 with-
drawal (B and C). In the pseudopregnant (D) and ectopic endome-
trium (E), expression of MCP-1 was comparable and generally
elevated, compared with midsecretory levels (A). c, COX-2. A pat-
tern of COX-2 expression levels was detected, similar to that of IL-8
in the study patients. Very low levels of COX-2 mRNA were present
in the control group (A), and a significant increase (P , 0.05) was
observed 48 h (C), but not 24 h (B), after P4 had been withdrawn.
COX-2 expression in the pseudopregnant (D) and ectopic pregnan-
cies (E) were consistent with those during the midsecretory phase
(A).
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trium exogenously maintained with CG. No immunoreac-
tivity was observed in negative control (Fig. 7e).

Serum P4 and E2 concentrations

Table 2 represents the serum P4 (nmol/L) and E2 (pmol/L)
concentrations at the time of endometrial biopsy. Signifi-
cantly lower serum P4 concentrations were present, both 24 h
(P 5 0.0056) and 48 h (P 5 0.0012) after P4 withdrawal,
compared with the luteal-phase control group. Serum E2
concentrations were significantly higher in subjects with an
ectopic pregnancy (P , 0.01, Group E) and CG-maintained
endometrium (P , 0.02, Group D), compared with women
in the control group (group A) and 24 h (group C, P , 0.01)
and 48 h (group D, P , 0.01) post P4 withdrawal.

Discussion

Endocrine-immune interactions in the endometrium are
involved in mechanisms regulating normal endometrial
function. Furthermore, the role of PGs in these mechanisms
has long been recognized (28). We have previously hypoth-
esized (23) that the withdrawal of P4 [via up-regulation of sex
steroid receptors after antigestogen administration (29)] re-
sults in an increase in chemokines, IL-8 and MCP-1 (23, 30).
A leukocyte influx is thus orchestrated and further aug-
mented by increased PG synthesis via COX-2. As a conse-
quence of reduced PG dehydrogenase (PGDH) activity (31),
there are increased concentrations of active PG E (PGE)
which has the ability to synergize with IL-8 (32) to facilitate
a leukocyte influx. Such a cascade of events is crucial to
understanding the mechanisms of onset of menstruation
and, indeed, early pregnancy failure.

The major leukocyte subpopulations detected were the
CD561 large granular lymphocytes (LGLs) and macro-
phages (2). The observations are consistent with reports of
leukocyte subpopulations in the literature (4, 33, 34). In this
study, the withdrawal of P4 in vivo, in a regimen designed to
mimic the physiological fall in P4 levels, was not associated
with any detectable changes in CD561 LGL subpopulations.
There were, however, higher numbers of macrophages in
ectopic decidua, pseudopregnant endometrium, and endo-
metrium 48 h post P4 withdrawal, when compared with

normal decidua. Uterine macrophages regulate, in part, local
tissue effects of E2 and P4. Changes in macrophage number
in the murine uterus correlate with changes in macrophage
colony-stimulating factor 1 (CSF-1) levels and a surge of E2.
In the mouse, E2 and P4 have additive effects on macrophage
recruitment and activation. Factors other than CSF-1 are in-
volved, and MCP-1 is expressed at higher levels than CSF-1
during early murine pregnancy and is, hence, implicated in
macrophage recruitment (35).

In our in vivo model, serum P4 concentrations were sig-
nificantly lowered at 24 h (mean P4 concentration, 11.3
nmol/L) and at 48 h (mean P4, 3.5 nmol/L) after withdrawal
of P4. This observation concerning leukocyte populations is
consistent with our earlier study that reported a significant
increase in macrophage numbers at 12 h post antigestogen
(mifepristone) administration (23). Attention is drawn, how-
ever, to a potentially different mechanism, i.e. the physio-
logical withdrawal of P4 that occurs before the onset of men-
struation and pharmacological blockade of the P4 receptor
with the antagonist mifepristone. Blockage of the receptor is
probably a more rapid event than the physiological with-
drawal of P4.

The present study clearly supports a role for P4 in the
modulation of key inflammatory mediators, these being IL-8,
MCP-1, and COX-2. This is confirmatory evidence for the sex
steroid regulation of these mediators in the human endo-
metrium reported by Jones et al. (21). This is also in agree-
ment with previous reports in the literature. Down-regula-
tion of IL-8 by P4 has been demonstrated in vitro in
endometrial, choriodecidual, and cervical cells (30, 36). Sim-
ilar data have been obtained concerning MCP-1 expression,
with a negative regulation by P4 in choriodecidual and breast
cancer cells (37), reinforcing previously demonstrated inhi-
bition by glucocorticoids (38). Before the discovery of the
COX-2 isoform, studies of uterine PG production revealed
that release of P4 premenstrually allowed the full potential of
the secretory endometrium to synthesize PGs to be realized
(39). Further, when P4 levels are maximal, during pregnancy,
basal PG production is reduced (40). This can be mimicked
in vitro, with decreased PG release from endometrium in the
presence of P4 (41, 42). A possible mechanism was reported
by Ishihara et al. (1995) (43) who reported a reduction in
COX-2 expression in response to P4.

This study has, for the first time, described a significant

FIG. 5. Release of the chemotactic agents IL-8 (closed bars) and
MCP-1 (open bars) from endometrial explants; treatments in vivo, as
in Figs. 1, 3, and 4 (see text). Protein released from tissue is expressed
as ng/mL culture medium (see text). Groups A–E are as previously
described.

FIG. 6. Release of PGF2a and PGFM from endometrial explants;
treatments in vivo, as in Figs. 1, 3, 4, and 5 (see text). Protein released
from tissue is expressed as ng/mL culture medium (see text). Groups
A–C, D, and F are as previously described (group A, n 5 5; group B,
n 5 5; group C, n 5 4; group D, n 5 6; group F, n 5 5).
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elevation in IL-8 and COX-2 mRNA expression levels in an
in vivo situation designed to mimic the period immediately
before onset of menstruation. Specifically, an elevation in
IL-8 and COX-2 mRNA was observed 48 h post P4 with-
drawal. Furthermore, low numbers of IL-8 and COX-2
mRNA transcripts were observed in endometrium, either
with a trophoblast ectopic to the uterus or where the corpus
luteum had been maintained with exogenous CG. In this
particular context, IL-8 mRNA was marginally higher in
endometrium where the pregnancy was ectopic to the uterus
and in endometrium exposed to exogenous CG administra-
tion. This observation coincides with the slight increase in
neutrophil numbers observed in endometrium where the
pregnancy was ectopic to the uterus. These data support the
down-regulation of IL-8 and COX-2 expression by P4. Failure
to detect a significant rise in MCP-1 mRNA may reflect
inherent differences in the role for P4 in the regulation of this
chemokine. It is noted that MCP-1 mRNA transcripts were
expressed at a greater level in endometrium exposed to ex-
ogenous or endogenous CG. P4 might thus have a less in-
hibitory action on MCP-1 expression, when compared with

expression of IL-8. Interestingly, and consistent with this
statement, decidua (although with a trophoblast ectopic to
the uterus) exhibited relatively high levels of MCP-1 immu-
noreactivity. Differences in the regulation of chemokines IL-8
and MCP-1 have already been reported, including stimula-
tion of MCP-1 by platelet-derived growth factor, interferon
g, PRL, and LIF (14, 44–46). Furthermore, in this context, the
high level of MCP-1 expression in the early pregnant uterus
correlates with the continued increase in numbers of LGLs
and macrophages recruited into decidual stroma (33).

The up-regulation of COX-2 mRNA expression occurs at
a time point similar to that of increased expression of IL-8.
These two local mediators, i.e. IL-8 and PGE2 (product of
COX-2), have been reported previously (32, 47, 48) to act in
synergy to facilitate leukocyte recruitment.

Immunolocalization of IL-8 protein was evident in a
perivascular location in endometrial tissue, both before and
after withdrawal of P4 and in early pregnancy decidua. Mea-
surements of IL-8 protein from the supernatant of cultured
biopsies (by ELISA) in the timed endometrial biopsies were
consistent in also demonstrating a significant increase in IL-8

FIG. 7. A, Photomicrographs of IL-8 im-
munoreactivity in endometrium 24 h post
P4 withdrawal (note marked perivascu-
lar immunostaining); B, perivascular
IL-8 immunostaining indeciduacollected
from a patient where the gestation was
ectopic (tubal); C, COX-2 immunoreactiv-
ity, particularly notable in glandular and
surface epithelium 48 h post P4 with-
drawal; D, negative control: secretory-
phase endometrium incubated with IL-8
antibody, preabsorbed overnight with
synthetic IL8 peptide; E, negative con-
trol: primary antibody against COX-2, re-
placed with nonimmune rabbit serum of
equivalent concentration (secretory-
phase endometrium). Scale bar (A–E) 5
50 mm.

TABLE 2. Serum P4 (nmol/L) and E2, (pmol/L) concentrations (means 6 SEM)

Treatment group Progesterone mean 6 SEM (range) Oestradiol mean 6 SEM (range)

Control LH 1 8–10 (n 5 5) 50 6 11 (28.7–91.6) 454 6 166 (234–1102)
24 h post P4 withdrawal (n 5 5) 11.3 6 1.7 (8.7–17.6) 137 6 49 (36–280)
48 h post P4 withdrawal (n 5 5) 3.5 6 0.7 (2.4–6.4) 54 6 7.5 (30–75)
hCG maintained endometrium (n 5 5) 70.7 6 15.5 (28.3–112.3) 1386 6 353 (801–2731)
Ectopic decidua (n 5 4) 38.1 6 10.7 (11.9–60.7) 1496 6 570 (683–3091)
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protein 48 h post P4 withdrawal. The increase in IL-8 protein
production coincided with a significant fall in circulating P4
concentrations. There was a nonsignificant increase in
MCP-1 protein (as measured by ELISA in culture superna-
tants) also at 48 h after withdrawal of P4 administration. This
observation was consistent with the trend for increased
MCP-1 mRNA expression.

The release of PGE and PGF2a by endometrium plays a
critical role in the mechanisms regulating menstruation (28).
Secretory endometrium has a greater capacity for PG syn-
thesis (40, 49) and for PG metabolism (50). Both of these
features are probably dependent on P4, because persistent
proliferative endometrium has the ability to synthesize PGs
but needs arachidonic acid substrate (51). The effects of P4
withdrawal are not known. This study shows that P4 with-
drawal leads directly or indirectly to an increase in COX-2
message and PGF2a synthesis. Under the in vitro conditions
used here, there was no clear effect on metabolism of the PGs.
Moreover, P4 stimulates PGDH, the enzyme responsible for
metabolizing PGF2a and PGE to their inactive 15-keto me-
tabolites. P4 withdrawal reduces PGDH production perivas-
cularly, hence increasing local concentrations of PGE (31).
This mechanism may be permissive for leukocyte entry into
tissues. Thus, P4 withdrawal may provide an indirect signal
necessary for a leukocyte influx.

Thus, there are increasing lines of evidence to support the
immune endocrine interactions in the regulation of normal
endometrial functions. The features of menstruation and
early pregnancy share much in common with an inflamma-
tory reaction, specifically, traffic movement of leukocytes
and production of local inflammatory mediators. Data pro-
vided herein strongly support a role for IL-8, COX-2, and
indeed MCP-1, in the modulation of menstruation and re-
modeling in endometrial tissues.
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Regulation of bcl-2 gene family members in human endometrium by
antiprogestin administration in vivo
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It is likely that the changes which occur in the endometrium throughout the menstrual
cycle involve apoptosis, and that expression of associated genes, such as the bcl-2
family, are regulated by sex steroids. The aim of this study was to investigate the
presence of bcl-2, Bax and oestrogen receptor proteins in secretory endometrium
collected from ten patients with normal ovulatory cycles 4 or 6 days after the LH surge,
and on the same days in a subsequent cycle in which the formation of secretory changes
was inhibited by the administration of the antiprogestin mifepristone (RU486) 2 days
after the onset of the LH surge. Since some stromal cells display positive
immunoreactivity, leucocyte subpopulations of macrophages (CD68-positive) and large
granular lymphocytes (CD56-positive) were identified in serial sections. After
administration of mifepristone on day 2 after the LH surge, a significant increase in bcl\x=req-\
2 immunoreactivity was observed in glandular and surface epithelium. A positive
correlation (0.874) with nuclear oestrogen receptor immunoreactivity in endometrial
glands was demonstrated. Subsets of stromal cells, identified as CD68-positive
macrophages and CD56-positive large granular lymphocytes displayed positive
immunoreactivity for the bcl-2 epitope, which was unaffected by mifepristone
administration. Bax immunostaining was similar in control and antiprogestin-treated
endometrium. These data indicate that antiprogestin administration inhibits
progesterone downregulation of steroid receptors in endometrial glands, resulting in
persistence of a proliferative endometrium and accompanying bcl-2 secretion.

Introduction
The term apoptosis describes the mode of cell death that is
responsible for the deletion of cells in normal tissues (Wyllie
et ah, 1980). The process is distinct from necrosis and displays
characteristic features. Regulation of the apoptotic process is
complex, and a family of related proteins, the bcl-2 gene
family, have either a positive or negative role, bcl-2 protein is
the prototype of the gene family that is associated with the
inhibition of apoptosis (Wyllie, 1994). One mode of
regulation is via the interaction of bcl-2-related apoptosis
inhibitors and apoptosis promoters, for example, Bax protein
(Oltavi et ah, 1993). Bax protein, also a bcl-2 family member,
promotes cell death, possibly countering the anti-apoptotic
action of bcl-2 through heterodimer interaction (Oltavi et ah,
1993).

The role and regulation of apoptotic events in human
endometrium remains unknown. Kokawa et ah (1996)
observed apoptosis in the functional layer of early
proliferative and late secretory phase endometrium,
although there was no evidence for apoptosis in the basal
layers. These observations were consistent with much earlier

reports (Hopwood and Levison 1976) of a morphological
increase in the number of apoptotic bodies in pre-menstrual
and menstrual phase endometrium.

The predominance of bcl-2 in proliferative endometrium
was reported by this group (Koh et ah, 1995) and confirmed
by others (McLaren et ah, 1997; Tao et ah, 1997). Tao et al.
(1997) also described maximal immunoreactivity in the basai
endometrium. In contrast, the same group reported that Bax
protein immunoreactivity was low in the proliferative phase,
but increased markedly in secretory phase endometrial
tissues, particularly in the functional epithelial layers. These
results support a co-ordinated shift towards greater
concentrations of the pro-apoptosis protein Bax in the
glandular compartment of the secretory phase. In a study of
Bax immunoreactivity in normal endometrium, McLaren et
ah (1997) reported positive Bax immunostaining throughout
the menstrual cycle, but did not specify whether this was in
the functional or basalis layer. The endometrial tissues were

collected by sharp curettage and hence were likely to include
elements of the basalis.

It is highly possible that the expression of genes that
encode for apoptosis-related proteins are regulated by sex

steroid hormones. In this context, Otsuki et ah (1994) briefly
reported a correlation between oestrogen and progesteroneReceived 14 July 1998.
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receptor expression and the cyclic variations in bcl-2 in
human endometrium in glandular epithelial cells.

Mifepristone is an 11 ß phenyl substituted steroid that is
similar in structure to progesterone. The compound lacks the
C-19 methyl group and the 2C side chain at C-17 of
progesterone (Baulieu, 1997). Mifepristone binds strongly to
the progesterone receptor and glucocorticoid receptor, but
does not bind to the oestrogen receptor. Affinity for the
glucocorticoid receptor and weak binding for the androgen
receptor is not surprising in view of the structural homology
among the family of steroid receptors. It has been
demonstrated that, in women, mifepristone will induce
endometrial bleeding in the luteal phase of the menstrual
cycle and abortion in early pregnancy (Baird, 1993). A single
dose of 200 mg given to women shortly after ovulation
retards the development of a secretory endometrium and a

number of progesterone-dependent products (Swahn et ah,
1990; Cameron et ah, 1997). Since apoptosis has been reported
in secretory endometrium (Hopwood and Levison, 1976;
Kokawa et ah, 1996) and bcl-2 immunoreactivity decreases in
the secretory phase (Koh et ah, 1995; Tao et ah, 1997) steroids
have been implicated in this process.

In the present study, endometrial tissue from healthy
women exposed to antiprogestin in vivo in the early secretory
phase was examined and the possible regulation of bcl-2
gene family members in the human endometrium by
antiprogestin administration in vivo was considered. The
objective was to investigate the hormonal control of
apoptosis-related proteins by comparing the expression of
bcl-2 and Bax in endometrium collected after the
administration of mifepristone soon after ovulation to
control mid-secretory endometrium.

Materials and Methods
A total of ten healthy women aged between 25 and 38 years
(mean age 32) with regular menstrual cycles (25-35 days)
were included in the study. The characteristics of the patients
have been reported (Cameron et ah, 1997). The mean body
mass index of subjects was 25.5 kg m~2 (range 21.3-35.5). All
subjects had a normal gynaecological examination. No
subject had used hormonal contraception in the preceding
3 months and those women who were not surgically
sterilized used a barrier method of contraception throughout
the study period. The protocol was approved by the local
Ethical Subcommittee and each woman provided written
informed consent.

Subjects were studied over a control cycle and a treatment
cycle. In the treatment cycle, subjects received 200 mg
mifepristone on day 2 after the onset of the LH surge in
urine. The timing of the LH surge was detected by the
subjects themselves using a commercially available home
urine LH detection kit (Conceive; Quidel, San Diego, CA).
Each women tested her urine twice a day at 08:00 h and
18:00 h from day 10 of the mentrual cycle (10 days after the
start of menstruation) in both control and treatment cycles.
Detection of the urine LH surge was confirmed by
radioimmunoassays. An endometrial biopsy was collected
with a pipelle suction curette (Prodimed, Neuilly-en-Thelle)

from each subject 4 or 6 days after the LH surge on the same

day of both control and treatment cycles. In the treatment
cycle, the biopsy was thus taken 2 or 4 days after
mifepristone ingestion.

All endometrial biopsies were fixed in 4% (w/v) para-
formaldehyde for histological assessment and immunohisto¬
chemical analysis. The histological appearances after
haematoxylin and eosin staining have been reported
(Cameron et ah, 1997) and dated according to the criteria of
Noyes et ah (1950).

Immunohistochemistry
Sections (5 pm) of endometrial biopsies were examined

for immunohistochemical localization of (i) the bcl-2 epitope
using the technique of Koh et ah (1995), (ii) the Bax epitope,
(iii) CD68-positive macrophages, (iv) CD56-positive large
granular lymphocytes, and (v) the oestrogen receptor.
Commercially available monoclonal and polyclonal
antibodies were used for the detection of bcl-2 (DAKO Ltd,
High Wycombe; Pezzella et ah, 1990), Bax (Pharmingen,
San Diego, CA), macrophages (DAKO, CD68 code M876),
CD56-positive large granular lymphocytes (Zymed
Laboratories, San Francisco, CA) and oestrogen receptors
(DAKO, ER1D5).

Pretreatment ofsections for bcl-2, Bax, oestrogen receptor
and CD56 immunohistochemistry

Histoclear (National Diagnostics, Atlanta, GA) was used
to remove the paraffin wax from the tissue sections, which
were then rehydrated through a descending ethanol series
and washed in 0.1 mol Tris-buffered saline (TBS) l·1 for bcl-2
and CD56, and 0.1 mol PBS I"1 for Bax and oestrogen receptor
for 2x5 min. bcl-2, oestrogen receptor and CD56 epitopes
were exposed by microwaving at high power in 0.01 mol
sodium citrate buffer l"1, pH 6.0 for 2x5 min (oestrogen
receptor), 3x5 min (bcl-2) or 4  5 min (CD56). The Bax
epitope was exposed by microwaving at high power in
distilled water for 2x5 min. After treatment, all sections
were allowed to stand for 20 min in the microwave oven.
After another wash in TBS or PBS, non-specific endogenous
peroxidase activity was blocked by treatment with 3% (w/v)
hydrogen peroxide in distilled water for 10 min at room

temperature. All tissue sections were exposed to a non-

immune block with either normal horse serum (for bcl-2,
oestrogen receptor and CD56) or normal goat serum (for
Bax) for 20 min at room temperature and then incubated
with the appropriate primary antibody.

Immunolocalization ofbcl-2
Tissue sections were incubated with monoclonal mouse

anti-human bcl-2 antibody at a dilution of 1:40 for 60 min at
37°C. Thereafter, tissue sections were labelled with an
avidin-biotin peroxidase detection system (Vectastain;
Vector Laboratories, Peterborough) that included the
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secondary biotinylated horse anti-mouse antibody. Tissue
sections were then incubated with diaminobenzidine (DAB
solution, DAB Kit; Vector Laboratories) for 10 min. Finally,
the sections were counterstained with haematoxylin,
dehydrated, cleared in xylene and mounted in Pertex
mounting medium (Cellpath pic, Hemel Hempstead).
Negative controls were performed by replacing the primary
antibodies with mouse immunoglobulin at the same

concentration as the primary antibody.

Immunolocalization ofCD56
Tissue sections were incubated with monoclonal mouse

anti-human CD56 antibody at a dilution of 1:250 for 60 min
at 37°C and labelled as described earlier.

Immunolocalization ofmacrophages (CD68)
Endometrial tissue sections were incubated with

monoclonal mouse anti-human CD68 antibody at a dilution
of 1:50 for 60 min at room temperature and labelled as

described earlier. An antigen retrieval step was necessary to
localize the CD68 epitope. Therefore, the tissue sections were

subjected to an enzyme digestion in 0.1% (w/v) trypsin and
0.1% (w/v) calcium chloride, pH 7.8. The digestion was

conducted at 37°C for 15 min and enzyme activity was then
destroyed by washing the sections in tap water.

Immunolocalization ofBax

After pretreatment, tissue sections were incubated with
polyclonal rabbit anti-human Bax antibody at a dilution of
1:1200 overnight at room temperature. Staining was again
detected using an avidin-biotin peroxidase system. Negative
controls were performed by replacing the primary antibody
with non-immune rabbit immunoglobulin. First trimester villi

provided a positive control and positive immunoreactivity
was clearly visible in the cytotrophoblast layer (Lea et ah,
1997a).

Immunolocalization ofoestrogen receptor
After pretreatment, tissue sections were incubated with

monoclonal mouse anti-human oestrogen receptor antibody
at a dilution of 1:25 for 60 min at 37°C. Thereafter, staining
was detected using an avidin-biotin peroxidase system as

described earlier.

Data analysis
Immunoreactivity was assessed using light microscopy

and the intensity of immunostaining for bcl-2 and Bax proto-
oncogenes in all tissue sections was scored semi-
quantitatively on an arbitrary four point scale, indicating
the intensity and proportion of positively stained cells.

A score of 3 indicated intense staining of the majority of each
cell type, that is, stromal and glandular epithelium or

presumed leucocyte components. A score of 0 indicated an

absence of staining and scores of 1 and 2 indicated weak
or moderate intensity of immunoreactivity, respectively.
Both the immunohistochemistry and the scoring of
positively stained cells were performed by a single
individual without prior knowledge of the phase of the
menstrual cycle. Each subject in the study underwent a

single endometrial biopsy in each of the control and
treatment cycles. Duplicate sections were analysed for each
biopsy. One section was exposed to the primary antibody
and the other section served as the negative control.
Immunostaining in the whole tissue section was taken into
consideration in the assessment; at least ten glands were

evaluated per section. Immunoreactivity was fairly
homogenous for bcl-2, Bax and oestrogen receptor.
Immunohistochemistry is associated with variability in
immunostaining and hence each antibody was applied to
each series of tissue sections in a single run. It is important to

note that the immunolocalization of CD56- and CD68-
positive leucocytes was undertaken to identify the
characteristics of the presumed leucocyte subtype with
positive immunostaining of the bcl-2 epitope. Serial sections
were used for this purpose.

ANOVA was used to evaluate whether there was any
significant difference in immunoreactivity recorded in the
semi-quantitative system described earlier. Assignment of
significance of differences was determined by Fisher's
protected least significant difference test. Correlations were

derived from, and correlation matrix was obtained using,
Statview 4.5.

Results
In control endometrium in the secretory phase on days 4 and
6, mild positive immunoreactivity for bcl-2 was observed in
both the glandular and surface epithelium (Figs la and 2a).
There was a significant increase in positive
immunoreactivity (P < 0.01) in glandular and surface
epithelium after administration of mifepristone (Figs la and
2b). There was no significant change in bcl-2 stromal
immunoreactivity in endometrial biopsies collected on day 4
or day 6 after the LH surge and in the treatment cycle after
administration of mifepristone (Fig. la).

Isolated stromal cells showed positive immunoreactivity
for the bcl-2 epitope. However, there was no significant
change in immunostaining in these stromal cells before and
after administration of mifepristone. Examination of serial
sections with the cell surface markers CD68 and CD56
indicated that the isolated stromal cells were likely to be
either CD68-positive macrophages or CD56-positive large
granular lymphocytes (Fig. 3).

Low immunoreactivity for the Bax epitope was observed
in glandular and surface epithelium in all control biopsies
(collected on days 4 and 6 after the LH surge) (Fig. 2c). There
was no significant change in positive immunostaining after
administration of mifepristone (Figs lb and 2d). Positive
immunoreactivity was also noted in stromal tissues in both
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Fig. 1. Immunostaining scores for (a) bcl-2, (b) Bax and (c) oestrogen
receptor in human endometrium with and without administration
of mifepristone on day 2 after the onset of the LH surge. D,
glandular tissue;  , stromal tissue; 0, surface epithelium; S, white
blood cells. Endometrial biopsies for control and treated groups
were collected on day 4 or day 6 after the LH surge. Values are mean
±SEM.

the control and treated endometrium (Figs lb and 2c,d), but
this was less pronounced than in the glandular and surface
epithelium.

A significant increase in oestrogen receptor
immunoreactivity was observed in both the glandular and
stromal endometrial tissue after administration of
antiprogestin (Fig. le). A positive correlation (0.874) was
demonstrated between bcl-2 immunoreactivity in glandular
tissue and the positive nuclear immunoreactivity for
glandular oestrogen receptors.

Discussion
The results of the present study confirm that bcl-2 and Bax
proteins are localized mainly to the glandular and surface
epithelium of secretory endometrium. After administration
of the antiprogestin mifepristone in the early luteal phase,the development of secretory changes in the endometrium
was inhibited (Swahn et ah, 1990; Cameron et ah, 1997).
Antiprogestins inhibit the expression of a number of
progesterone-dependent proteins, including prostaglandin
dehydrogenase, glycodelin, 17ß steroid dehydrogenase and
leukaemia inhibitory factor. In addition, the downregulationof oestrogen and progesterone receptors that normally
occurs during the luteal phase is prevented (Cameron et ah,
1997). The increase in immunostaining for bcl-2 protein in
the glands of women administered mifepristone indicates
that the expression of this gene may be stimulated by
oestrogen and downregulated by progesterone.

An increase in bcl-2 concentrations in glandular tissue
would decrease apoptosis and extend the life span of the
epithelial cells. Since an increase in survival of epithelial cells
in the colon has been associated with an increased risk of
carcinoma (Tsujii and DuBois, 1995; Tsujii et ah, 1998), the
increase in bcl-2 after treatment with antiprogestin reinforces
the protective role of progesterone in an oestrogen-
dominated uterus.

The isolated cells in the stromal compartment that stained
strongly for bcl-2 also showed clear staining for CD68 and
CD56, indicating that these cells may be subpopulations of
macrophages or large granular lymphocytes. The fact that
the degree of staining in the cells was not influenced by
administration of mifepristone indicates that they are not
under the influence of progesterone.

Oestrogen induces proliferation and growth of glandular
and stromal cells by interacting with oestrogen receptors. It
is thought that the anti-proliferative effect of progesterone is
due to its ability to downregulate expression of the oestrogen
receptor. Mifepristone prevents this action of progesterone
and hence a large number of oestrogen receptors (and
progesterone receptors) persists in the endometrium of
women administered this compound in the early luteal
phase (Cameron et ah, 1997). It is possible that the
upregulation of bcl-2 that occurs after treatment with
mifepristone is due to the persistence of oestrogen receptors.However, in spite of the high concentration of oestrogen
receptors and a marked increase in Ki67 expression
(Cameron et ah, 1996), the endometrium shows little or no
evidence of mitosis after administration of mifepristone. The
anti-proliferative action of mifepristone is not fully
understood, but is thought to be due to a product of the
mifepristone-progesterone receptor complex that prevents
the cells from completing the S phase of the cell cycle(Cameron et ah, 1996).

The immunoreactivity of the Bax epitope was constant
both in control endometrium and in endometrium after
administration of antiprogestin. This is consistent with the
observations of McLaren et ah (1997) and Tao et al. (1997) of
Bax immunostaining in glandular epithelium. McLaren et ah
(1997) indicated that this finding implies a lack of hormone
regulation of this epitope. The observations of this group are
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Fig. 2. bcl-2 immunoreactivity in luteal phase human endometrium on day 4 after the LH surge (a) without and (b) with administration of
mifepristone on day 2 after the LH surge. Bax immunoreactivity in luteal phase human endometrium (c) without and (d) with administration
of mifepristone on day 2 after the LH surge; results from (c) day 6 and (d) day 4 after the LH surge, (e) Negative control, bcl-2 primary
antibody replaced with mouse immunoglobulin at equivalent concentration, (f) Positive control for Bax immunostaining, first trimester villi
with positive immunoreactivity (brown) in the cytotrophoblast; (g) negative control for Bax immunoreactivity, first trimester villi absent
immunoreactivity. Scale bars represent (a-e) 100 pm, (f,g) 50 pm.
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Fig. 3. Photomicrographs of serial sections of luteal phase human
endometrium on day 4 after the LH surge after administration of
mifepristone on day 2 after the LH surge. Sections are

immunostained for (a) bcl-2; (b) CD56-positive large granular
lymphocytes and (c) CD68-positive macrophages. Arrowheads
indicate the same cells in serial sections. Positive bcl-2
immunoreactivity in subsets of CD56- and CD68-positive leucocytes
is shown. Scale bar represents 50 pm.

in contrast to those of Tao et al. (1997), since the latter report
does consider Bax expression to be hormone regulated. In the
present study, there was no difference in Bax
immunostaining between control endometrium and tissues
collected after mifepristone administration.

The observation of bcl-2 positive immunoreactivity in a

subpopulation of isolated stromal cells in the control tissues
collected in the secretory phase and in the endometrium after
mifepristone administration is of interest. This group (Koh
et ah, 1995; Lea et ah, 1997b) has identified bcl-2
immunopositive cells in non-pregnant endometrial stroma
and in first trimester decidua. Furthermore, co-localization
with the CD56-positive large granular lymphocytes was

reported. In the present study macrophages were observed
in the endometrial biopsies. This is consistent with a

population of bcl-2 positive but Bax negative tissue
macrophages in ectopie endometrial tissues (McLaren et ah,
1997). McLaren et ah (1997) report the presence of such
subpopulations only in ectopie endometrial tissues, and
suggest that the presence of bcl-2 and absence of Bax
contributes to the survival of the macrophages.

In conclusion, the findings of the present study in
antiprogestin-treated human endometrium support earlier
reports of steroid regulation of at least bcl-2 expression and
possible modulation via the oestrogen receptor (Otsuki et ah,
1994; Teixeira et ah, 1995). Blocking the progesterone receptor
with mifepristone on day 2 after the onset of the LH surge
resulted in upregulation of oestrogen receptors in
endometrial glands, a retardation of the development of
secretory differentiation, and continued bcl-2 expression
in the glandular epithelium. The presence of bcl-2
immunoreactivity in a subset of macrophages and large
granular lymphocytes indicates continued survival of these
leucocyte subpopulations in endometrium after antiprogestin
exposure. These observations are consistent with
morphological changes in the endometrium throughout the
menstrual cycle, and support steroid regulation of expression
of at least the bcl-2 protein in the uterine epithelium.

The authors are grateful for the assistance of Stuart Milne, Tom
McFetters and Ted Pinner with illustrations in this manuscript and
for the secretarial assistance of Vicky Watters. This research was
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ABSTRACT
Human endometrium and decidua contain large numbers of dif-

ferent leukocyte populations, the concentration of which fluctuates
during the menstrual cycle and pregnancy. There is, for example, a
large influx of neutrophils into premenstrual endometrium associated
with an increased expression of interleukin (IL)-8 protein, which is
chemotactic for neutrophils. Our aim in this study was to localize IL-8
messenger RNA (mRNA) expression in endometrium and decidua
using in situ hybridization. In situ hybridization was carried out with
a 35S-uridine 59-triphosphate-labeled riboprobe using standard pro-

cedures. Late secretory endometrial and decidual biopsies demon-
strated clear perivascular localization of IL-8 mRNA, with additional
expression colocalized to activated macrophages. Midluteal endome-
trium showed minimal IL-8 expression, whereas endometrium
obtained from women administered progesterone for 4 days from
(LH peak 1 8 days), to simulate luteal regression, demonstrated
significantly increased localization of IL-8 mRNA, 48 h after with-
drawal of progesterone. In conclusion, IL-8 mRNA expression is lo-
calized to perivascular cells of late secretory endometrium and de-
cidua. (J Clin Endocrinol Metab 84: 2563–2567, 1999)

HUMAN ENDOMETRIUM is comprised of hormonally
responsive glandular epithelium and stroma with a

large number of leukocytes (1, 2), including macrophages,
granulocytes, natural killer (NK), B-, and T cells (3, 4). Al-
though the majority of endometrial leukocytes are the phe-
notypically unique large granular lymphocytes and macro-
phages, there is a premenstrual influx of neutrophils and
eosinophils into the endometrium (1, 3–5). These changes
suggest hormonal control of migration and/or replication in
the endometrium.

Interleukin (IL)-8 is a member of the structurally-related
chemokine superfamily and exerts its chemotactic activity
primarily on neutrophils (6–8). IL-8 was initially described
in monocytes and has since been shown to be produced by
a variety of different cell types, including neutrophils (9), T
cells (10), endothelial cells (11, 12), epithelial cells (13),
smooth muscle cells (14, 15), and fibroblasts (16). IL-8 is
generated as a 99-amino-acid precursor, which is secreted
after the cleavage of its 20-amino-acid leader sequence and
can be induced by a variety of factors, including lipopoly-
saccharide, tumor necrosis factor a, and IL-1 (17, 18).

Several studies have investigated the production of IL-8 in
endometrium and decidua, looking at levels of both mes-
senger RNA (mRNA) and protein. A significant increase in
IL-8 protein during pregnancy has been measured in amni-
otic fluid (19) and choriodecidual cells at term (20), as well

as in endometrial stromal and epithelial cells in culture (21).
Progesterone has been demonstrated to down-regulate IL-8
release from endometrium (22), whereas progesterone with-
drawal in late secretory phase endometrium (23) or admin-
istration of mifepristone (a progesterone receptor antagonist)
in first trimester pregnancies (24) has been shown to increase
IL-8 protein levels.

Investigations have been carried out to localize the site of
IL-8 protein synthesis, but the data are conflicting. Perivas-
cular localization has been demonstrated in proliferative and
secretory phase endometrium (25, 26) and decidua (27)
with colocalization of monocyte chromoattractant protein
(MCP)-1 and cycooxygenase (COX)-2 in the endometrium
(26). In contrast to this, other studies describe glandular and
surface epithelial localization of IL-8 protein (28). This dis-
crepancy is an important issue that needs resolving because
the source of inflammatory mediators, such as IL-8, are the
targets for novel therapeutic agents in the treatment of men-
strual or fertility disorders.

The aim of our investigation was to localize the areas of
IL-8 mRNA transcription, in both endometrial and decidual
tissue, using a sensitive in situ hybridization assay. Once the
methodology was optimized, the effect of withdrawal of
progesterone on IL-8 expression was examined.

Subjects and Methods
Patients

The endometrial and decidual biopsies used in this study have al-
ready been extensively characterized by our group (23). Ethical approval
was obtained from Lothian Research Ethics Committee (reference nos:
1702/93/6/73 and 1702/94/6/1), and written informed consent was
obtained from all subjects before tissue collection.

Control cycle endometrial biopsies (n 5 7) were collected, with an
endometrial suction curette (Pipelle, Laboratoire CCD, Paris, France),
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from women with regular menstrual cycles (25–35 days). Tissue sections
were routinely stained with hematoxylin and eosin, and the stage of the
cycle was determined by histological dating, according to established
criterion (29). Early pregnancy decidua (n 5 6) was collected (away from
the implantation site) by curettage, from women undergoing surgical
termination of pregnancy (35–63 days).

Endometrial tissue biopsies were collected from 15 fertile women
with regular cycles (25–35 days). To simulate the onset of menstruation,
progesterone (200 mg Cyclogest, Hœchst UK Ltd., Hounslow, UK,
vaginally twice daily) was administered from LH 1 8 for 4 days and then
ceased (as a surrogate for luteal regression) (23) peak 1 8 days. The onset
of the LH surge was determined using a commercially available home
urine LH Kit (Conceive, Quidel, San Diego, CA). Detection of the urine
LH surge (judged as when basal LH levels doubled) was thereafter
confirmed by RIA. Endometrial pipelle biopsies were collected from
three different treatment groups: 1) LH peak 1 8–10 days normal mid-
luteal phase (n 5 5); 2) 24 h (n 5 5); and 3) 48 h (n 5 no change after
ceasing progesterone.

In situ hybridization

The probe was generated from menstrual cycle RNA using primers
for IL-8 and standard RT-PCR procedures. The antisense primer used
was TGAATTCTCAGCCCTCTTCAAAAACTTCTC, and the sense
primer was GTGTGAAGGTGCAGTTTTGCCAAGGAGTGC. The
298-bp band generated was ligated into pCR2.1 vector and transfected
using a TA cloning kit (Invitrogen, San Diego, CA). The pCR2.1 vector
lacked a SP6 site, so both an antisense- and a sense plasmid were
selected. Plasmid sequences were compared with the GenBank sequence
for IL-8 (GenBank Accession No. Y00787) (17) and demonstrated ho-
mology of more than 99%. Sections (5-mm thick) from frozen blocks were
cut onto Gelatin-coated Superfrost slides (BDH Laboratory Supplies,
Poole, UK). After fixing in 4% paraformaldehyde for 20 min, sections
were treated with Proteinase K (1 mg/mL) for 15 min at 37 C in Tris-HCl
(pH 7.6, 100 mmol/L) containing EDTA (50 mmol/L). Slides were then
acetylated twice in triethanolamine (80 mmol/L) containing acetic an-
hydride (0.3%) for 10 min. Hybridization mixture (deionized form-
amide, 50%; dextran sulphate, 10%; 43 STE buffer; 13 Denhardt’s so-
lution; sheared salmon sperm DNA, 125 mg/mL; and dithiothreitol, 10
mmol/L) containing 1 3 106 cpm riboprobe (SA, approximately 2.0 3
109 cpm/mg RNA) was added to each section before overnight incu-
bation at 55 C. Posthybridization washes of 23 saline-sodium citrate
(SSC) for 20 min at 65 C, ribonuclease A (100 mg/mL in Tris-HCl, pH
7.6, 10 mmol/L; NaCl, 500 mmol/L; EDTA, 1 mmol/L) for 10 min, three
23 SSC for 10 min, 0.13 SSC at 65 C for 10 min, and two 0.13 SSC for
10 min were completed before dehydrating the slides in ethanol. Slides
were coated twice with NTB2 emulsion (Scientific Imaging Systems,
Rochester, NY) and exposed in the dark at 4 C for 3 weeks. All treatments
were carried out at room temperature unless otherwise specified.

Quantification of riboprobe localization

Slides were examined under dark field using a Provis microscope
(Zeiss, Oberkochen, Germany). The concentration of grains in both the
stromal and perivascular regions were calculated using ImagePro 1.3
(Media Cybernetics, Silver Spring, MD). These were pooled, and the
result for each section was calculated as the ratio of counts/mm2 in the
perivascular region to the counts/mm2 in stromal cells. Statistical anal-
ysis, using ANOVA and Fishers protected least significant difference,
was carried out using Statview 4.5 (Abacus Concepts Inc., Berkeley, CA).

Immunohistochemical protocol

Monoclonal mouse antibodies raised against human CD34 (Serotec,
Oxford, UK) and Ber-MAC3 (DAKO Corp. Ltd., Cambridge, UK) were
used to label endothelial cells and activated tissue macrophages, re-
spectively. IL-8 was detected using a rabbit polyclonal antibody raised
against human IL-8 (22, 25), and all immunohistochemical assays em-
ployed the technique previously reported (25, 26). In brief, frozen sec-
tions were fixed in neutral buffered formalin (10%) and washed in PBS,
and endogenous peroxidase activity was quenched with H2O2 (3%) in
distilled water. Nonimmune horse serum was applied for 20 min before
overnight incubation at 4 C with primary antibody. An avidin-biotin

peroxidase detection system was then applied (Vectastain ABC, Vector
Laboratories, Inc., Burlingame, CA) with 3, 39-diaminobenzidine as the
chromagen. Sections were counterstained with Harris’s hematoxylin
before mounting. Anti-CD34 was used at a 1:250 dilution, Ber-MAC3 at
a 1:100 dilution, and the rabbit polyclonal against IL-8 at a 1:500 dilution.
A concentration-matched mouse IgG (Vector Laboratories, Inc., Burlin-
game, CA) was used as the negative control for anti-CD34 and anti-
MAC3 antibodies, whereas preabsorbed antibody to IL-8 was used as the
anti-IL-8 negative control. All treatments were carried out at room
temperature unless otherwise specified.

Results
Endometrium

No localization of IL-8 riboprobe was observed in day-3
menstrual or day-14 ovulatory biopsies (data not shown).
However, late secretory endometrium, dated to day 26 of the
cycle, demonstrated marked perivascular localization of ri-
boprobe (Fig. 1, i and j).

Decidua

Decidua contained more prominent vasculature than en-
dometrial tissue, so the perivascular localization of IL-8
mRNA was more distinct (Fig. 1, a–d, g, and h). This is
supported by immunohistochemical staining for IL-8 pro-
tein, which also localized to the perivascular region in de-
cidua (Fig. 1e). In addition to the perivascular production of
IL-8 mRNA, activated macrophages also produce a compo-
nent of the total IL-8, as highlighted in the serial sections
stained for MAC3 (Fig. 1, g and h).

From serial immunohistochemical sections stained with
anti-CD34, it can be seen that the silver grains from IL-8
riboprobe localization are distributed in a broader pattern
than the endothelial cell layer (Fig. 1, b and c) suggesting
localization to perivascular cells rather than endothelial cells.

Endometrium after progesterone withdrawal

Negligible localization of IL-8 riboprobe was observed in
the control midluteal endometrium sampled on day LH 1
8–10 (Fig. 2). Low expression of IL-8 mRNA was observed
in endometrium, 24 h after progesterone withdrawal; and the
IL-8 mRNA that was present was localized to the perivas-
cular cells (Fig. 2). In contrast, endometrium, 48 h after pro-
gesterone withdrawal, demonstrated strong perivascular lo-
calization significantly increased from the 24-h withdrawal
samples (Figs. 1, k and l; and 2). Serum progesterone levels
for this biopsy series are already published (23).

Discussion

This paper provides clear evidence for perivascular local-
ization of IL-8 mRNA in late secretory endometrium and
decidua. The data presented here support previous work
from this laboratory, demonstrating immunohistochemical
perivascular localization of IL-8 protein in late secretory,
premenstrual, and decidual biopsies (23, 25, 26).

The exact nature of the cellular component in the perivas-
cular region, however, has not been fully elucidated. We
have demonstrated that activated macrophages are likely to
be partly involved in the perivascular production of IL-8 and,
almost certainly, contribute to the overall generation of IL-8
in reproductive tissue. However, endothelial cells are less
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FIG. 1. Serial tissue sections of first-trimester decidua, demonstrating (a) vascular structure (V) in hematoxylin-and-eosin stained tissue, (b)
IL-8 antisense riboprobe showing expression over perivascular (V) region, (c) endothelial cells labeled with anti-CD34 antibody (brown), and
(d) IL-8 sense riboprobe (indicating no nonselective localization of the riboprobe). Nonserial first-trimester decidua, immunohistochemically
stained with (e) IL-8 antibody (brown), selectively marking vasculature, and (f) negative control of IL-8 antibody preabsorbed with synthetic
IL-8 peptide with no vascular localization. First-trimester decidua (g), immunohistochemically stained for presence of activated macrophages
(M) with anti-MAC3 antibody (brown), and (h) serial section to (g), demonstrating positive expression of IL-8 mRNA in some activated
macrophages. Serial endometrial sections (day 26), demonstrating (i) endothelial cell immunostaining with anti-CD34 antibody (brown) and
(j) IL-8 antisense riboprobe localization to the perivascular cells. Serial endometrial tissue sections, 48 h after ceasing progesterone administered
from day LH 1 8 in the luteal phase for 4 days (k), demonstrating endothelial cells stained with anti-CD34 (brown), and (l) localization of IL-8
antisense riboprobe to the perivascular cells. V, Vascular structure; M, activated macrophages. Scale bars: a–d, g, h and i–l 5 100 mm; e and
f 5 50 mm.
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likely to play a major role in perivascular IL-8 production
because of the broad silver grain distribution for IL-8 mRNA,
compared with the narrow endothelial cell staining (Fig. 1,
b, c, g, and h). From the pattern of localization, the cells
generating the majority of IL-8 are most likely either vascular
smooth muscle cells, fibroblasts or, more probably, myofi-
broblasts. These cell types have all been demonstrated to
generate IL-8 in vitro (15, 16); and further studies, such as
nonradioactive in situ hybridization, are required to deter-
mine exactly which cell population(s) are involved.

To date, only one other publication has investigated IL-8
mRNA expression in endometrial and decidual tissues (30).
This group demonstrated localization in decidual stromal
cells, decidual lymphocytes, and endometrial glandular ep-
ithelium. Our study, however, supports a perivascular lo-
calization of IL-8 immunoreactivity in late secretory endo-
metrium and decidua. Arici and co-workers (28) have
demonstrated glandular expression of IL-8 protein in late
secretory endometrium. No glandular localization was ob-
served in this study, although, because IL-8 is a soluble
factor, it could collect in the glandular compartment and
show up as positive immunoreactivity. The antibodies used
by Arici and colleagues (28) and that used by Critchley et al.
(25) and Jones et al. (26) are not the same and may exhibit
different selectivity, thus explaining the different localization
patterns. Interestingly, Arici and co-workers (1998) do men-
tion some vascular staining in their results, although this is
not discussed in detail.

All these studies (26, 28) describe a similar menstrual cycle
profile for IL-8 mRNA expression in endometrium, with low
expression during the midproliferative to midsecretory
phase and high expression around the time of menses. These
observations of menstrual cycle change in IL-8 mRNA ex-
pression support data recently published from our labora-
tory examining in detail the endometrial tissue changes after
progesterone withdrawal in vivo (23). Control endometrium
(LH 1 8–10 days) was shown to have peak serum proges-
terone levels and low IL-8 protein production, whereas IL-8
protein levels were much greater 48 h, compared with 24 h,
after progesterone withdrawal. In agreement with this, our
data for IL-8 mRNA localization has the same profile of

expression. Decidua, on the other hand, was shown to pro-
duce IL-8 protein above basal levels; and our data for IL-8
mRNA expression in decidua again mirrors these results.

It has previously been suggested that progesterone with-
drawal up-regulates IL-8 production in both endometrial
and decidual tissues and that progesterone in the luteal
phase suppresses IL-8 expression (22). Preferential expres-
sion of progesterone receptor (PR)A subtype has been
demonstrated in the secretory phase, premenstrually and in
first-trimester decidua, whereas PRB is the major subtype
expressed in the proliferative phase (31). As such, the inhib-
itory effects of progesterone on IL-8 expression may be me-
diated by both the PRA and PRB subtypes. Proliferative en-
dometrium is subjected to very low circulating progesterone
but has high receptor expression; so IL-8 transcription could
be inhibited. In the secretory phase progesterone concentra-
tions rise and epithelial PR expression declines; however,
after progesterone withdrawal at menses, inhibition of IL-8
transcription is removed. Although decidual tissue is sub-
jected to very high circulating progesterone, as well as PRA
subtype expression, some IL-8 transcription may occur be-
cause of receptor desensitization. It can be speculated that
this would be advantageous in the decidua because IL-8 is
also a mitogen and can stimulate angiogenesis (14, 15), a
necessary mechanism in decidua to allow increased blood
supply to the placenta.

In conclusion, this paper demonstrates that IL-8 mRNA
expression in premenstrual endometrium and decidua is
localized to perivascular cells and is up-regulated by with-
drawal of progesterone. Further experiments are planned to
clearly identify which discrete cell populations are respon-
sible for the perivascular production of IL-8 and to elucidate
the mechanisms by which progesterone regulates IL-8
expression.
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Endothelial Growth Factor Receptor Type 2 in the
Superficial Zone Stroma of the Human and Macaque
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NIHAR R. NAYAK, HILARY O. D. CRITCHLEY, OV D. SLAYDEN,
ANDREAS MENRAD, KRISTOF CHWALISZ, DAVID T. BAIRD, AND

ROBERT M. BRENNER

Oregon Regional Primate Research Center (N.R.N., O.D.S., R.M.B.), Beaverton, Oregon 97006; Center
for Reproductive Biology (H.O.D.C., D.T.B.), EH3 9ET Edinburgh, United Kingdom; Schering AG
(A.M.), D13342 Berlin, Germany; and Jenapharm (K.C.), 07745 Jena, Germany

ABSTRACT
Several reports indicate that vascular endothelial growth factor

(VEGF) expression is increased in endometrial glands and stroma
during the menstrual phase in the human endometrium. Here we
report that VEGF receptor type 2 (KDR), normally expressed only in
the vascular endothelium, was dramatically up-regulated in the stro-
mal cells of the superficial endometrial zones during the premen-
strual phase in both human and macaque endometrium. This increase
was detectable by Northern analysis, in situ hybridization, and im-
munocytochemistry and was cell specific, zone specific, cycle phase
specific, and VEGF receptor type specific. That is, it only occurred
during the premenstrual/menstrual phase, did not occur in glandular
epithelium, endothelium, or stromal cells of the deepest endometrial

zones, and was not observed for VEGF receptor type 1. The up-
regulation of stromal KDR was induced by progesterone (P) with-
drawal in both women and macaques, and adding back P 24 h after
P withdrawal in macaques blocked stromal, but not vascular, endo-
thelial KDR expression. Promatrix metalloproteinase-1 (MMP-1) was
coordinately up-regulated in the same stromal cell population by P
withdrawal. Because of reports that VEGF can enhance MMP ex-
pression, we hypothesize that VEGF-KDR interactions may influence
MMP expression in the superficial zones of the primate endometrium
during the premenstrual phase, and that these interactions play a
role in the induction of menstruation. (J Clin Endocrinol Metab 85:
3442–3452, 2000)

IN PREPARATION for implantation, the primate endome-
trium undergoes sequential phases of proliferation and

secretory differentiation under the influence of ovarian ste-
roid hormones. In the absence of implantation, the corpus
luteum declines, and the subsequent fall in progesterone (P)
leads to the characteristic dissolution, sloughing, and men-
strual bleeding of the endometrium. The classic study of
menstruation conducted about 60 yr ago in rhesus monkeys
by Markee (1) demonstrated that the demise of the corpus
luteum was followed by a rapid shrinkage of the endome-
trium and an intense vasoconstriction of the spiral arteries
that preceded the bleeding and sloughing of the upper en-
dometrial zones. Clinically, extensive bleeding from the en-
dometrium results in a range of disorders, which signifi-
cantly reduce the quality of life for women and accounts for
about 70% of the hysterectomies performed annually (2).
Despite the vital physiological role of menstruation and the

varied pathological implications of abnormal bleeding, a full
understanding of the local factors and regulatory mecha-
nisms involved in menstruation is not yet at hand.

Recent data indicate that a close association exists between
menstruation and the expression of matrix metalloproteinase
(MMP) enzymes (3–5). MMPs are a multigene family of zinc-
requiring enzymes that degrade components of the extra-
cellular matrix and various types of collagen, including those
in basement membranes. Most of the MMPs are synthesized
by endometrial stromal cells, except for matrilysin (MMP-7),
which is localized in glandular epithelial cells (6, 7). In the
human and the macaque endometrium, expression of most
MMPs is greatest during the immediate premenstrual and
menstrual phases and is confined to the upper functionalis
zone, which sheds off during menstruation. Expression of
most MMPs declines substantially during the remainder of
the follicular phase and is negligible during the luteal phase
after P levels rise (5). We and others have hypothesized that
constriction of the spiral arteries after P withdrawal induces
a local endometrial hypoxic injury, that this hypoxia is great-
est in the upper endometrial zones supplied by the spiral
arteries, and that this hypoxic insult is the initiating factor
that begins a molecular cascade culminating in MMP ex-
pression and tissue dissolution (4, 5). The precise mecha-
nisms and local mediators regulating the endometrial zone-
specific expression of MMPs in vivo are not known.

Several reports indicate that vascular endothelial growth
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factor (VEGF), which is present in the endometrium through-
out the menstrual cycle (8, 9), is up-regulated during men-
struation (10, 11). A hypoxic injury might be the stimulus for
this increase in vivo; there are several reports indicating that
hypoxia can up-regulate VEGF expression in endometrial
stromal cells (10, 12) and gland cells (10) in vitro. Here we
report that VEGF receptor type 2 (KDR) was dramatically
up-regulated in the stromal cells (not the endothelial cells) of
the upper zones of the human and macaque endometrium
during the premenstrual phase of the cycle. At other times in
the cycle, KDR expression was limited to the vascular en-
dothelium. Because this enhanced stromal KDR expression
was coordinate in time and space with the expression of
MMPs, and because VEGF can stimulate the expression of
MMPS (13–15) we suggest that VEGF, acting through KDR,
could play an important role in the up-regulation of MMPs
in the premenstrual endometrium. In the present report we
provide definitive evidence for the regulation and expression
of KDR in the stromal cell population of the superficial zones
of both the human and macaque endometrium during the
premenstrual phase, data that for the first time implicate a
potential VEGF-KDR link in the menstrual induction
cascade.

Experimental Subjects

Human subjects were fertile women with regular cycles (25–35 days)
undergoing hysterectomy for benign indications during the proliferative
phase (n 5 4), secretory phase (n 5 5), and premenstrual phase (n 5 3).
Subjects with fibroids or benign polyps and women who had been
administered hormonal preparations in the preceding 3 months were
excluded. All subjects provided written informed consent, and ethical
approval was granted by the local research ethics committee. Full thick-
ness endometrial samples were obtained that included superficial and
basal endometrium plus the endometrial-myometrial junction.

Endometrial tissue was also collected from 15 fertile women with
regular cycles in whom the onset of menstruation was experimentally
simulated in vivo as previously reported (16). Briefly, P, in the form of
200 mg Cyclogest (Hoechst UK Ltd., Hounslow, UK), was administered
vaginally twice daily starting 8–10 days after the surge (LH peak 1 8–10
days). Treatment was stopped after 4 days to mimic luteal regression.
Endometrial biopsies were collected with an endometrial suction curette
(Pipelle, Laboratoire CCD, Paris, France) at three time points: midluteal
phase (n 5 5; LH peak 1 8–10 days) and 24 h (n 5 5) and 48 h (n 5 5)
after stopping P. All subjects provided a venous blood sample at the time
of biopsy collection for measurement of circulating 17b-estradiol (E2)
and P concentrations by RIA as previously described (17).

Biopsies for studies requiring frozen tissue sections were placed in
Hanks’ Balanced Salt Solution (Life Technologies, Inc., Gaithersburg,
MD) supplemented with 0.7% HEPES buffer (Sigma, St. Louis, MO) and
microwaved at low power for 12 s as previously described (18). Tissue
was then placed in cold phosphate-buffered saline (PBS) containing 10%
sucrose for 15–30 min before immersion in OCT freezing compound
(Tissue-Tek, Miles, Inc., Elkhart, IN) in liquid nitrogen and stored at 270
C. Some blocks were cryosectioned and processed for immunocyto-
chemistry (ICC) of KDR as described below. Other blocks were shipped
on dry ice to the Oregon Regional Primate Research Center for in situ
hybridization (ISH) studies. Remaining tissues were fixed in 10% neutral
buffered formalin at 4 C overnight, rinsed, stored in 70% ethanol, and
thereafter routinely wax embedded for subsequent immunolocalization
of leukocyte subpopulations.

Experimental Animals

Animal care during these studies was provided by the veterinary staff
of the Division of Animal Resources of the Oregon Regional Primate
Research Center, in accordance with the NIH policy for the care and use
of laboratory animals. Fourteen adult female rhesus macaques (Macaca

mulatta) and 16 pigtailed macaques (Macaca nemestrina) were ovariec-
tomized and treated sequentially with E2 and P to create artificial men-
strual cycles as described previously (5, 19). All macaques received sc
implants of 3-cm SILASTIC brand capsules (Dow Corning Corp., Mid-
land, MI) packed with crystalline E2 (Sigma) to stimulate development
of an artificial proliferative phase endometrium. After 14 days, a 6-cm
SILASTIC brand capsule packed with crystalline P (Sigma) was im-
planted sc, and both implants remained in place for 14 days to stimulate
an artificial secretory phase endometrium. To induce menstruation, the
P implant was removed, and usually the E2 implant was left in place. In
some cases, as noted below, the P and E2 implants were both withdrawn
to induce menstruation, and these animals were referred to as aspays,
because they lacked both E2 and P. No substantial differences in endo-
metrial responsiveness were noted between the pigtailed and rhesus
macaques.

Seven different hormonal states of the endometrium were achieved
by sequential treatment and withdrawal of E2 and P as follows: 1) early
premenstrual phase, endometrium collected after 1 day of P withdrawal
(E-1P; n 5 2); 2) premenstrual phase, endometrium collected after 2 days
of P withdrawal (E-2P; n 5 4); 3) early proliferative phase, endometrium
collected after 4–5 days of P withdrawal (E-4/5P; n 5 4); 4) late pro-
liferative phase, endometrium collected after 14 days of P withdrawal
(E-14P; n 5 4); 5) secretory phase, endometrium collected at the end of
the secretory phase (E114P; n 5 4); 6) 2 day spay, endometrium collected
after 2 days of withdrawal of both E2 and P (2d sp; n 5 2); and 7) 4–5
day spay, endometrium collected after 4–5 days of E2 and P withdrawal
(4/5d sp; n 5 2). Endometrial tissue samples were collected by lapa-
rotomy and hysterectomy as described previously (5, 19). In each case,
serum was harvested at the time of tissue collection, and concentrations
of serum E2 and P were determined by RIA as previously validated (20).

We further examined the effects of adding back P after P withdrawal
on the expression of KDR. In this study six pigtail macaques were
artificially cycled as described above. At the end of one cycle, P implants
were removed from all of the macaques, whereas E2 implants remained
in place. Endometrium was collected from three animals 48 h after P
withdrawal. In the remaining three animals, P implants were added back
24 h after P withdrawal, and at the same time a single im dose of P (1
mg/kg in ethanol) was administered to rapidly elevate serum P levels.
The endometrium from these two animals were collected 24 h later
(E-24hP124hP). The goal of this design was to compare regulation of
KDR expression in the vascular endothelium vs. the stroma of the su-
perficial zones during both P withdrawal and P add-back and to validate
that KDR up-regulation was due to P withdrawal.

Materials and Methods
ICC

ICC detection of KDR, VEGFR-1 (the Fms-like tyrosine kinase-1 re-
ceptor, or Flt-1), and pro-MMP-1 (interstitial collagenase) were per-
formed in frozen sections of human and macaque endometrium fol-
lowing the same procedural details described previously (5, 18). Briefly,
fresh tissues were microwaved for 7 s before being embedded in OCT,
frozen in liquid propane, and cryosectioned at 5–7 mm. Cryosections
were mounted on SuperFrost Plus slides (Fisher Scientific, Pittsburgh,
PA), freeze-substituted with absolute acetone at 280 C for 2–4 days (21),
fixed in 2% paraformaldehyde in phosphate buffer at pH 7.3 for 10 min
at room temperature, immersed twice for 2 min each time in 85% ethanol
and 1.5% polyvinylpyrolidone (PVP) at 4 C, rinsed in PBS, immersed
twice for 7 min each time in 0.37% glycine in PBS and PVP, and then
immersed in 0.1% gelatin in PBS and PVP at 4 C. To inhibit endogenous
peroxidase activity, the sections were incubated with a solution con-
taining glucose oxidase (1 U/mL), sodium azide (1 mmol/L), and glu-
cose (10 mmol/L) in PBS for 45 min. Sections were then incubated with
blocking serum for 20 min and with the primary antibody (KDR at 20
mg/mL; Flt-1 at 0.1 mg/mL; pro-MMP-1 at 2 mg/mL) overnight at 4 C.
Antihuman mouse monoclonal antibodies for KDR (22) and Flt-1 were
provided by A. Menrad, and pro-MMP-1 was purchased (R&D Systems,
Minneapolis, MN). Omission of the first antibody, incubation of tissue
sections with irrelevant, isotype-matched mouse IgG, and comparison
with a standard endothelial marker [von Willebrand factor (vWF),
DAKO Corp., Carpinteria, CA] were used as method controls. After
rinsing and immersion in blocking serum again, sections were incubated
with second antibody for 30 min at room temperature. Final visualiza-
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tion was achieved using the ABC kit (Vector Laboratories, Inc. Burlin-
game, CA), 0.025% 3,39-diaminobenzidine/4HCl (Dojindos DAB, Wako
Chemicals, Richmond, VA) in Tris buffer, 0.03% H2O2 (Fisher Scientific),
and 0.026% osmium tetroxide, as described previously (5, 18). Tissue
sections were then postfixed with 2% paraformaldehyde and lightly
counterstained with hematoxylin to facilitate identification of cellular
elements.

To ascertain whether any of the endometrial leukocytes scattered
throughout the endometrium contributed to the increased KDR expres-
sion observed in the superficial zones, we prepared near-serial cryo-
sections (4 mm) of macaque premenstrual stage endometrium and
performed ICC for KDR and various leukocyte-specific markers. Spe-
cifically, we used commercial antihuman mouse monoclonal antibodies
from DAKO Corp. for vWF at 1:500 for endothelial cells, CD14 at 1:30
for monocytes/macrophages, CD45 at 1:30 for all leukocytes, and CD68
at 1:50 for a variety of macrophages (DAKO Corp.). Human endometrial
premenstrual samples were also stained for these leukocytic cell types.

RT-PCR

We used RT-PCR for preparation of monkey-specific KDR and Flt-1
complementary DNA (cDNA) amplified from monkey endometrial ri-
bonucleic acid (RNA) in the Molecular Core Facility, Oregon Regional
Primate Research Center. Five micrograms of total RNA prepared from
menstrual cycle day 5 endometrium were reverse transcribed in 20 mL
reaction using an oligo(deoxythymidine) primer and SuperScript II
Moloney murine leukemia virus reverse transcriptase (Life Technolo-
gies, Inc.). Five microliters of the RT were then amplified in a 50-mL
reaction using 50 pmol of the 59- and 39-primers in a standard PCR
reaction for 35 cycles of 92 C for 30 s, 50 C for 30 s, and 72 C for 1 min.
Amplified bands of the right size were gel isolated and subcloned into
pGEM-T (Promega Corp., Madison, WI). Two to four clones with the
correct size inserts were miniprepped (Perfect Preps, 59-39, Boulder, CO)
and were subjected to automated sequencing on an ABI 373 XL se-
quencer (Applied Biosystems, Inc., Foster City, CA). A sequence was
obtained on at least two independent subclones to rule out any PCR
errors. Primers for the 437-bp KDR and 411-bp Flt-1 cDNAs were se-
lected based on the homologous human KDR (1124–1560 bp; accession
no. AF035212) and human Flt-1 (3431–3841 bp; accession no. AF063657)
sequences. The forward and reverse primers used to amplify KDR were
ACC GAG ACC TAA AAA CCC AG and GAC ATA CAC AAC CAG
AGA GAC C, respectively, and those for Flt-1 were GGC CAA GAT TTG
CAG AAC TTG and CCT TAC TTT TAC TGG TTA CTC, respectively.
The partial cDNA sequences for macaque KDR and Flt-1 have been
submitted to GenBank with accession numbers AF235161 and AF235162,
respectively.

Northern blot analysis

Total RNA was isolated from macaque endometria using RNA
STAT-60 (Tel-Test, Friendswood, TX) according to the manufacturer’s
instructions. Ten micrograms of total RNA were electrophoresed on 1%
formaldehyde agarose gels and transferred to nylon membranes (Nytran
Plus, Schleicher & Schuell, Inc., Keene, NH). The RNA was UV cross-
linked to the membranes using the UV Stratalinker 1800 (Stratagene, La
Jolla, CA). The membranes were then hybridized with 32P-labeled ran-
dom primed cDNA probes (SA, 106 cpm/mL). Probes were prepared
using the random primed DNA labeling kit from Roche Molecular
Biochemicals (Indianapolis, IN), and hybridization was performed ac-
cording to the manufacturer’s instructions using ExpressHyb hybrid-
ization solution (CLONTECH Laboratories, Inc., Palo Alto, CA). The
same blot was probed separately for KDR and a rat 18S cDNA (23) to

control equal loading after stripping in boiling 0.5% SDS solution. The
blots were exposed to Kodak BioMax MS film with TranScreen-LE
intensifying screen at 270 C (Eastman Kodak Co., Rochester, NY). Den-
sitometric analysis of the autoradiographs was performed using a
Hewlett-Packard Co. ScanJet 4C/T scanner, and NIH Image Analysis
software was used to measure KDR expression, to equalize with 18S
expression, and to normalize to the percentage of most intense signal as
previously described (5).

In situ hybridization

[35S]UTP-labeled (NEN Life Science Products, Boston, MA) sense and
antisense riboprobes from KDR and Flt-1 cDNAs were prepared for ISH
with the MAXIscript in vitro transcription kit from Ambion, Inc. (Austin,
TX), following the manufacturer’s instructions. Processing was gener-
ally as previously described (24) with the following modifications:
10-mm frozen sections of endometrium mounted on SuperFrost Plus
slides (Fisher Scientific) were fixed in 4% paraformaldehyde in PBS for
20 min at 4 C. The tissue sections were rinsed in 2 3 SSC (standard saline
citrate), then acetylated with 0.25% acetic anhydride in 0.1 mol/L tri-
ethanolamine (pH 8.0) for 10 min. Slides were then rinsed in 2 3 SSC,
dehydrated through an ascending series of alcohols, and air-dried. At
this point at least one slide per tissue group was treated with ribonu-
clease A [RNase A; 20 mg/mL, 0.5 mol/L NaCl, 0.01 mol/L Tris, and
1 mmol/L ethylenediamine tetraacetate (EDTA), pH 8.0] as a negative
control. The slides were prehybridized for 1 h at 42 C in 10 mmol/L
dithiothreitol, 0.3 mol/L NaCl, 20 mmol/L Tris (pH 8.0), 5 mmol/L
EDTA, 1 3 Denhardt’s solution, 10% dextran sulfate, and 50% for-
mamide. Sections were then incubated at 55 C overnight in the same
solution containing the appropriate concentrations of the sense and
antisense probes (5 million cpm/mL). The most appropriate concentra-
tions of labeled probes were empirically determined by serial dilution
trials. RNase-treated sections were incubated with the antisense probe.
After treatment with RNase A-containing buffer (20 mg/mL; 0.5 mol/L
NaCl, 0.01 mol/L Tris, and 1 mmol/L EDTA, pH 8.0) at 37 C for 30 min
to inactivate nonhybridized probe, the slides were rinsed in a descend-
ing series of SSC (2, 1, and 0.5 3) and then incubated in 0.1 3 SSC at 65
C (high stringency) for 30 min. Sections were dehydrated in an ascending
series of alcohol dilutions, vacuum-dried, coated with NTB2 autoradio-
graphic emulsion (Eastman Kodak Co., Rochester, NY), stored at 4 C for
2 weeks, developed in D-19 (Eastman Kodak Co.), lightly counterstained
with hematoxylin, dehydrated in an ascending series of alcohol dilu-
tions, cleared with xylene, and coverslipped with Permount (Fisher
Scientific). Sense- and RNase-treated controls had no specific signals.

Statistical tests

Data were tested by ANOVA, and significance between groups was
assessed with Fisher’s protected least significant difference test (25).

Results
Steroid hormone levels in macaques

Serum concentrations of E2 and P in macaques, produced
by the sc E2 and P implants, and also serum concentrations
after removal of E2 and/or P implants are presented in Table
1. E2 levels were not different among monkeys receiving E2
alone compared with those receiving both E2 and P during
artificial cycles. When P was withdrawn, and the E2 implant
remained, there was no change in serum E2 levels. When both

TABLE 1. Serum concentrations of E2 and P achieved during different hormonal states in articially cycled rhesus and pigtail macaques

E-14P
(n 5 4)

E114P
(n 5 4)

E-2P
(n 5 4)

E-4/5P
(n 5 4)

2d sp
(n 5 4)

4/5d spE-14P
(n 5 4)

E2 (pmol/L) 311.03 6 20.30 335.80 6 3.40 297.27 6 3.13 294.51 6 13.48 18.35 6 0.00a 18.35 6 0.00a

P (nmol/L) 0.60 6 0.09 21.68 6 1.58b 0.47 6 0.03 0.98 6 0.11 0.34 6 0.01 0.31 6 0.00

Values are the mean 6 SE.
a Significantly (P , 0.05) different from other E2 concentrations.
b Significantly (P , 0.05) different from other P concentrations.
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the E2 and P were withdrawn, E2 levels dropped to less than
18.35 pmol/L. In the P add-back experiment, the mean serum
level of P at the end of an artificial cycle was 18.44 nmol/L,
and removal of P implants resulted in a decrease in serum P
to less than 0.31 nmol/L by 24 h. P add back 24 h after P
removal resulted in a rapid increase in serum levels to 143.41
nmol/L after 12 h, followed by a decline to 52.78 nmol/L
by 24 h.

Steroid hormone levels in women

In the naturally cycling group, serum levels of P were as
follows: proliferative phase, 6.77 6 2.2 nmol/L; secretory
phase, 33.92 6 9.17 nmol/L; and premenstrual phase, 4.86 6
1.59 nmol/L. Serum P concentrations in the premenstrual
samples were significantly lower than those in the secretory
samples (P , 0.05). In the group of women in whom the onset
of menses was simulated, serum P levels in the 48-h with-
drawn group (3.5 6 0.7 nmol/L) were significantly lower
(P , 0.001) than those in the LH18–10 day group (50 6 11
nmol/L), as previously reported (16).

Antibody specificity

KDR antibody 2–1021 is a mouse monoclonal antihuman
antibody specific for domains 6 and 7 of the extracellular
region of human KDR (22). The antibody works in ICC on
cells in culture and in frozen sections, but not in paraffin

sections. In various tissues, including spleen, lymph node,
and ovary, it stained only the vascular endothelium. Back-
ground staining with this antibody is extremely low. To
exemplify both the specificity and clean-working properties
of this antibody, we prepared very thick (;50–100 mm) cryo-
sections and immunostained them to reveal the three-
dimensional vascular pattern of the endometrium. Only the
blood vessels were strongly stained in this proliferative
phase specimen (Fig. 1).

The Flt-1 antibody detected vascular endothelium in cryo-
sections in an equivalent manner as standard markers such
as vWF. The pro-MMP-1 antibody and the CD antibodies are
well characterized, highly specific mouse monoclonal anti-
bodies. Irrelevant or isotype control mouse monoclonals
were all negative or produced very faint background staining
in human and macaque endometrial cryosections.

FIG. 1. A thick (100-mm) cryosection of a proliferative stage rhesus
macaque endometrium immunostained with the KDR antibody. The
high specificity and clean-working properties of this antibody permit
delineationof the three-dimensionalpatternof thevascularendothelium
in this thick section of endometrium. (original magnification, 350).

FIG. 2. Hormonal effects on KDR mRNA expression. A, Representa-
tive Northern blot showing KDR mRNA expression during different
hormonal states and the respective 18S mRNA levels to demonstrate
uniform loading. B, Bar graphs (mean 6 SE) representing densito-
metric analysis of Northern blots after correction for loading differ-
ences and normalization to the percentage of the most intense signal.
Bars with different letters and bars with asterisks are significantly
different (P , 0.05). KDR mRNA is low under all hormonal conditions,
except for the period from 1–2 days after P withdrawal regardless of
whether E2 is maintained.
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Expression of KDR messenger RNA (mRNA) in the
macaque endometrium

The relative abundance of KDR transcripts in both pigtail
and rhesus macaque endometrium was analyzed by North-
ern hybridization. Figure 2A shows a representative North-
ern blot probed with KDR-specific, random primed probes.
Densitometric analyses (Fig. 2B) showed a low level signal at
the late proliferative (E-14P) and late secretory (E114P)
stages. After P withdrawal, there were approximately 5- and
29-fold increases in the levels of KDR mRNA 1 day (E-1P) and
2 days (E-2P) later, respectively, and these increases were
significantly higher than KDR mRNA levels in the E114P
(secretory phase) endometrium. By day E-4P (early prolif-
erative phase), KDR transcripts had significantly declined to

match those evident during the late proliferative and secre-
tory phases. When E2 and P implants were both removed,
menstruation ensued normally, as previously reported (5).
KDR mRNA levels were significantly increased (;38-fold) 2
days after both E2 and P were withdrawn compared to those
in the E114P group, and then declined to low levels by day
4/5 spay. There was no significant difference in KDR mRNA
expression between the E-2P and 2d spay groups.

Localization of KDR in endometrial stromal cells: dramatic
increase during the premenstrual phase and after
experimental P withdrawal

During the proliferative and secretory stages, the expres-
sion of KDR protein and mRNA was confined to the vascular

FIG. 3. Cellular localization of KDR mRNA and protein in the rhesus macaque endometrium. The first two rows are ISH preparations, and
the third row shows ICC preparations. The three columns represent, left to right, E-14P, E114P, and E-2P treatments. In this and succeeding
plates: Gl, gland; S, stroma; arrows, blood vessels. A–C, ISH shown as darkfield images (magnification, 325). D—F, ISH shown as brightfield
images (magnification, 3312). G—I, ICC shown as brightfield images (magnification, 3312). KDR expression is restricted to the vasculature
during the E-14P and E114P treatments and is strongly up-regulated in the stroma of the upper endometrial zones only after E-2P treatment.
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endothelium in the rhesus macaque (Fig. 3, A, B, D, E, G, and
H) and human (Fig. 4, A, B, D, E, G, and H) endometrium.
After experimental P withdrawal in the rhesus macaque (Fig.
3, C, F, and I) and during the premenstrual stage in women
(Fig. 4, C, F, and I), expression of KDR protein and mRNA
was very strongly up-regulated in the endometrial stromal
cells of the superficial zone. A marked gradient of KDR
mRNA expression, from surface to midfunctionalis, was ev-
ident in both the human and macaque premenstrual endo-
metrium (Figs. 3C and 4C). Exactly the same up-regulation
and localization of KDR mRNA and protein were found on
d2 spay, after both P and E2 were withdrawn (data not
shown). In the samples obtained from women before and

after experimental P withdrawal, KDR immunoreactivity in
the superficial zone stromal cells was undetectable in the LH
peak 1 8–10 day samples (similar to Fig. 4H) and greatly
increased 24–48 h after P treatment ceased (similar to Fig. 4I).
In pigtail macaques, the pattern of expression and cellular
localization of KDR protein and mRNA was essentially sim-
ilar to that seen in the rhesus and human endometrium.

P add back suppresses KDR expression in endometrial
stromal cells, but not in vascular endothelium

In the experiments performed in pigtail macaques, Northern
analysis revealed that in this species there was also a huge

FIG. 4. Cellular localization of KDR mRNA and protein in the human endometrium. As in Fig. 3, the first two rows are ISH preparations, and
the third row shows ICC preparations. The three columns represent, left to right, the proliferative, secretory, and premenstrual phases of the
natural menstrual cycle. A—C, ISH shown as darkfield images (magnification, 325). D—F, ISH shown as brightfield images (magnification,
3312). G—I, ICC shown as brightfield images (magnification, 3312). KDR expression is restricted to the vasculature during the proliferative
and secretory phases and is strongly up-regulated in the stroma of the upper endometrial zones during the premenstrual phase.
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up-regulation of KDR mRNA in the endometrium 48 h after P
withdrawal, and that this expression was dramatically reduced
when P was added back 24 h after P withdrawal (Fig. 5). In
addition, ICC (Fig. 6, A and B) and ISH (Fig. 6, C and D) revealed
that KDR protein and mRNA were dramatically suppressed in
the stromal, but not the vascular, endothelium after P add back.
The regulation of vascular endothelial KDR and that of endo-
metrial stromal KDR are clearly independent.

In pigtail macaques, pro-MMP-1 is expressed by the same
population of cells that expresses KDR

We reported that in the rhesus macaque, several MMPs are
up-regulated in the upper endometrial zones by P with-
drawal (5). Here we note that in pigtail macaques, pro-
MMP-1 protein was strongly expressed 48 h after P with-
drawal in the same population of stromal cells expressing
KDR (Fig. 6E). Furthermore, P add back after 24 h of P
withdrawal completely suppressed the expression of pro-
MMP-1 by these cells, as it had for KDR (Fig. 6F). E2 and P
levels in pigtailed macaques during artificial cycles were not
distinguishable from those in rhesus macaques. As noted
above (see Steroid hormone levels in macaques) P add back
rapidly and effectively elevated P levels.

Infiltrating leukocytes in the premenstrual stage
endometrial stroma do not contribute to the KDR signal;
Flt-1 and vWF are not up-regulated in stromal cells
by P withdrawal

Because leukocytes infiltrate the endometrium in the pre-
menstrual period, we performed ICC for KDR, different
markers of leukocytes, and vWF in consecutive sections of
premenstrual stage macaque endometrium to determine
whether any cell types other than resident endometrial stro-
mal cells expressed KDR. Figure 7 shows an approximately
consecutive series of sections of rhesus macaque endome-
trium immunostained for KDR, CD45, CD68, CD14, and

vWF. In macaque endometrium, CD45, CD68, and CD14 cells
were widely scattered throughout the endometrium. Al-
though these cells overlapped the zone of KDR-positive stro-
mal cells, it was clear from their sparse distribution that they
could not be the source of the uniform, extensive KDR ex-
pression evident in the upper zones. Moreover, there were
large numbers of scattered cells positive for CD45, CD68, and
CD14 in the lower zones of the endometrium (Fig. 7, G–I)
regions that, except for the vasculature (Fig. 7F), were always
negative for KDR. Similarly, in the human endometrium,
most leukocytes were scattered in a loosely distributed pat-
tern that could not account for the extensive, uniform KDR
signal in the superficial zones (data not shown).

vWF staining of the upper zones of premenstrual (E-2P-
treated) rhesus macaque endometrium (Fig. 7E) demon-
strated that endothelial cells were only present within ves-

FIG. 5. Effects of P add back on KDR mRNA expression in the pigtail
macaque endometrium. The figure shows a densitometric analysis of
Northern blots after correction for loading and normalization as de-
scribed in Fig. 2. Adding back P at 24 h after P withdrawal for 24 h
(E-24hP124hP) significantly suppresses the level of KDR mRNA
expression induced by 48-h P withdrawal (E-48hP). Asterisks indicate
significant differences at P , 0.05.

FIG. 6. Effects of P add back on KDR and pro-MMP1 cellular local-
ization in the pigtail macaque endometrium. KDR protein (A; mag-
nification, 350) and transcript (C; magnification, 3312) were highly
expressed in the upper zones of endometrial stroma after 48 h of P
withdrawal. This up-regulation was completely suppressed (B and D)
in the stroma by P add back for 24 h (E-24hP124hP), but the vascular
endothelium expression of KDR protein (B; magnification, 350) and
mRNA (D; magnification, 3312) was unaffected. Pro-MMP-1 protein,
which was strongly expressed after 48 h of P withdrawal in the same
population of stromal cells that expressed KDR (E; magnification,
350), was also completely suppressed by P add back (F; magnifica-
tion, 350).
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sels, not scattered throughout the stroma, a further indication
that the resident endometrial stromal cells were the only
source of the extensive expression of KDR during the pre-
menstrual phase (E-2P). Flt-1 mRNA and protein, which
were both clearly expressed in the vascular endothelium,
were not expressed by endometrial stromal cells in the su-
perficial zone after P withdrawal (Fig. 8, A–D).

Discussion

Our findings indicate that in both the human and macaque
endometrium, there is a remarkable up-regulation of KDR
expression that is cycle stage specific, cell type specific, zone
specific, and VEGF receptor type specific.

Cycle stage specificity

The premenstrual stage was the only time in the natural
cycle when a major increase in KDR expression by the human
endometrium was evident. This is the stage when P levels
precipitously decline due to luteolysis. In women whose
cycle was experimentally controlled, KDR expression was
maximal 48 h after P withdrawal. Similarly, in the macaque
endometrium, stromal KDR expression was only increased
when a premenstrual stage was experimentally induced at
the end of an artificial cycle by P withdrawal. Northern
analysis of macaque endometrial RNA at other cycle stages
revealed that KDR transcript levels were minimal, reflecting
KDR expression confined to the vascular endothelium. In
macaques, the degree of KDR up-regulation was similar
when either P alone was withdrawn and E2 levels were
maintained, or both P and E2 were withdrawn. Therefore, P
withdrawal is the key signal that results in up-regulation of

KDR mRNA expression. A concurrent decline in E2 does not
appear to contribute to this increase.

Cell type specificity

The only cell type that responded dramatically to the with-
drawal of P was the resident endometrial stromal cell in the
upper functionalis. ISH and ICC revealed that glandular
epithelial cells, myometrial cells, and stromal cells in the
deeper zones were KDR negative at all times. The vascular
endothelium was KDR positive at all time points we exam-
ined, and there was no evidence from Northern blots, ISH,
or ICC for any substantial changes in endothelial KDR ex-
pression. A recent report (26) states that changes in the de-
gree of vascular endothelial KDR expression were quantifi-
able by ICC in the human endometrium during the cycle. We
have not yet performed quantitative studies of endothelial
KDR expression throughout the cycle to assess this matter.

Scattered leukocytes, macrophages, and lymphocytes
were present throughout the upper endometrial zones, but
their sparse distribution made it evident that they could not
contribute substantially to the uniform KDR signal evident
in this zone. Moreover, the same leukocytes were scattered
throughout the deep endometrial zones, regions that never
showed any KDR signal except for that in the vasculature. It
has been reported that CD68-positive macrophages can ex-
press KDR during the menstrual phase in human endome-
trium (26), but we saw no evidence for macrophage KDR
with the antibody we used, nor did the pattern of ISH for
KDR match the distribution of CD68-positive macrophages
in the deeper zones.

It has also been reported that human peritoneal fluid

FIG. 7. ICC of KDR, vWF, and various leukocyte-specific markers (CD45, CD68, and CD14) in the premenstrual stage rhesus macaque endometrium.
The upper (A–E) and lower (F–J) halves of this plate show the upper and lower endometrial zones respectively. In the upper zones, the extensive KDR
signal (A) is not matched by the scattered distribution of CD45 (B)-, CD68 (C)-, or CD14 (D)-positive cells. In the lower zones, KDR is only expressed
in blood vessels (F), whereas CD45 (G)-, CD68 (H)-, and CD14 (I)-positive cells are more densely distributed than in the upper zones. VWF
immunostaining was evident only in blood vessels in both the upper (E) and lower (J) zones. L, Lumen. Magnification, 3125.
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macrophages, especially those positive for CD14, could ex-
press both Flt-1 and KDR as well as VEGF (27), but we found
no evidence for such production by CD14-positive endome-
trial macrophages. The differences in the microenvironment
between the peritoneal fluid and the endometrium may be
responsible for these observed differences in macrophage
expression of KDR. Finally, the possibility that the KDR
signal we observed was due to endothelial cells that had
emigrated from blood vessels was eliminated by vWF stain-
ing. This staining revealed that in the upper endometrial
zones, in which the stroma strongly expressed KDR, the
vasculature was intact (compare Fig. 7A with Fig. 7E).

VEGF receptor type specificity

KDR and Flt-1 were both present in the vascular endo-
thelium of the endometrium, but only KDR was up-regu-
lated by P withdrawal in the endometrial stromal cells. ISH
and ICC for Flt-1 showed that this receptor was confined to
the vascular endothelium throughout the entire cycle, in-
cluding the premenstrual phase.

Zonal specificity

The restriction of the KDR signal to the upper endome-
trial zones after P withdrawal indicates that changes spe-
cific to this zone play key roles in elevating KDR expres-
sion. Adding back P for 24 h completely suppressed KDR
expression in this zone, which confirmed that the effects

on this zone are due to P withdrawal. Because our human
samples were full thickness wedges rather than curettage
samples, they included all endometrial zones down to the
myometrium, and these wedges revealed that a zonal gra-
dient of KDR expression occurred in the human as well as
the macaque endometrium. The most likely explanation
for this zonal restriction lies in the unique vascular pattern
of the primate endometrium. The upper zones are pri-
marily vascularized by the spiral artery system, and the
lower zones by the basilar arteries (28). Vasoconstriction
of the spiral arteries after P withdrawal, as originally de-
scribed by Markee (1), would lead to localized ischemic
hypoxia that could initiate a molecular cascade of signals
leading to up-regulation of KDR.

Effects of hypoxia

VEGF itself is directly up-regulated by hypoxia in anal-
ogous fashion to other hypoxia-sensitive genes such as
erythropoietin, through hypoxia-inducible factor (29).
Pronounced up-regulation of Flt-1 and KDR genes have
been reported in the lung vasculature in rats exposed to
acute or chronic hypoxia (30) and throughout the heart in
rats subjected to myocardial infarction (31). Hypoxia has
been shown to induce KDR in endothelial cells in culture
(32). Although we did not observe any dramatic increase
in KDR mRNA expression in upper zone vascular endo-
thelial cells by ISH on days 1–2 after P withdrawal, any
increase in such expression may have been masked by the
very strong expression of KDR mRNA in upper zone stro-
mal cells.

However, the KDR gene is probably not directly up-
regulated by hypoxia, as Gerber et al. (33) reported that
the KDR gene is lacking the hypoxia-inducible enhancer
element in its promoter. However, evidence is accumulating
that VEGF itself can stimulate KDR expression. For example,
in an avian embryonic limb bud model, overexpression
of VEGF resulted in up-regulation of KDR (34), and addition
of VEGF to mouse brain cerebral slices enhanced KDR ex-
pression in the vascular endothelium (35). Therefore, the
hypoxia-induced enhancement of VEGF expression in the
glands and stroma of the upper endometrial zones could be
responsible, through an autocrine or paracrine mechanism,
for the up-regulation of stromal KDR.

Functional correlates of premenstrual stromal KDR
expression

The entire upper third to one half of the endometrium is
destined to be sloughed off during menstruation, and the
MMPs, which are presumed to be responsible for this tissue
destruction, are expressed specifically by the stromal cells in
this zone just before and during menstruation (5). Therefore,
our current working hypothesis is that VEGF-KDR interac-
tions in premenstrual stromal cells play some role in the
initiation of MMP expression. There are several reports that
VEGF receptors are expressed in several nonendothelial cell
types (14, 36, 37). In these cells as well as in endothelial cells
(15), one of the defined actions of VEGF is the receptor-
mediated enhancement of several proteolytic enzymes, in-
cluding the MMPs. For example, VEGF can stimulate ex-

FIG. 8. Cellular localization of Flt-1 protein and mRNA in rhesus
macaque endometrium at the secretory (E114P) and premenstrual
stages (E-2P). Flt-1 protein (A and B) and mRNA (C and D) remained
localized within the vascular endothelium both before (A and C) and
after (B and D) P withdrawal. No stromal expression of Flt-1 was
evident at any time. Magnification, 3312.
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pression of MMP-1, -3, and -9 in vascular smooth muscle cells
(14) and MMP-1 in endothelial cells (15). A role of VEGF in
cervical ripening has also been suggested based on the ob-
servation that VEGF stimulates the production of MMP-2
and MMP-9 from cervical fibroblast explants acting through
Flt-1 and KDR (13). Additional experimental analysis is re-
quired to add strength to this hypothesis, including ligand
binding studies to assess the binding capacity of the stromal
KDR and the use of VEGF-specific and/or KDR-specific an-
tibodies as blocking agents to disrupt MMP expression in
vivo or in vitro.

In summary, our data indicate that in women and two
nonhuman primate species, P withdrawal in vivo induces
KDR up-regulation in the stromal cells of the upper endo-
metrial zones. These zones are destined to slough and bleed,
and there is a tight temporal and spatial relationship among
VEGF, KDR, and MMPs in this tissue. We conclude that a
VEGF-KDR-MMP link may be a component of the premen-
strual/menstrual process. Of course, many other factors are
operative during the premenstrual phase (38–40), and sev-
eral reports note that P withdrawal itself can induce MMP
expression in endometrial stromal cells cultured in vitro un-
der presumably normoxic conditions (41–43). Consequently,
additional experimental studies are needed to ascertain the
details of the various interactions involved, both in vivo and
in vitro. Nevertheless, our data suggest that VEGF could play
a previously unappreciated role during the premenstrual
phase that is different from its usual angiogenic role; how-
ever, the two roles may be linked by the production of MMPs.
Research into these interactions should increase our knowl-
edge of the control of natural menstrual bleeding, and ulti-
mately benefit the large number of women who suffer from
menorrhagia and breakthrough bleeding.
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ABSTRACT
Estrogen action is dependent upon the presence of specific ligand-

activated receptors in target tissues. The aim of the present experi-
ments was to compare the spatial and temporal pattern of expression
of estrogen receptor b (ERb) with that of ERa in full thickness en-
dometrial samples (from the superficial to the basal zone) obtained
from both women and rhesus macaques. Immunohistochemical lo-
calization with specific antibodies revealed that ERa and ERb were
both expressed in nuclei of the glands and stroma. Consistent with
previous studies, expression of ERa declined in the glands and stroma
of the functionalis during the secretory phase. The luminal epithelium
also displayed positive immunoreactivity for ERb. Expression of ERb
declined in glandular cell nuclei, but not stroma, within the functio-
nalis during the late secretory phase. Levels of expression of ERa and

ERb in all cellular compartments remained unchanged in the basalis.
Both receptor subtypes were detected on Western blots using proteins
extracted from uterine samples obtained throughout the menstrual
cycle.

There was a striking contrast between the pattern of expression of
ERa and ERb in the vascular endothelium and the perivascular cells
surrounding endometrial blood vessels; only ERb was present in the
endothelial cell population, although both forms of ER were expressed
in perivascular cells. We conclude that estrogen action(s) within the
vascular endothelium in the endometrium may be mediated via direct
binding to the ERb isoform and that these cells could therefore be a
target for agonists or antagonists that selectively target the b form of
the ER. (J Clin Endocrinol Metab 86: 1370–1378, 2001)

ESTRADIOL (E2) AND progesterone (P) are regulators of
cyclical endometrial function that act via their respec-

tive receptors to activate transcription of target genes (re-
viewed in Ref. 1). Numerous immunohistochemical studies
have demonstrated nuclear localization of both estrogen re-
ceptors (ER) and P receptors (PR) in the glands and stromal
compartments of the endometrium (2–4). These studies used
monoclonal antibodies raised against the classical ER (ERa)
(5) protein. Reports have been consistent in describing a
decline in ERa immunoreactivity in the superficial layer in
both glands and stroma during the secretory phase, although
the decline in glandular immunoreactivity is delayed com-
pared with that in the stroma. No significant change in ERa
immunoreactivity has been observed in the basal endome-
trium (4). ERs have been reported in nonpregnant uterine
vascular smooth muscle, but not in endothelium (6). ERa
expression is negligible in the glands and stromal cells of
early pregnancy decidua (7).

A second ER, now usually known as ERb, was first cloned

from a rat prostate complementary DNA library in 1996 (8).
Homologs have now been identified in many species, in-
cluding human (9, 10), mouse (11), and marmoset monkey
(accession no. Y09372). The function of ERb in the uterus
remains unknown (12). All members of the steroid receptor
family share a common arrangement of five structure-func-
tion domains, denoted A–F, which have been identified by
experiments in which receptor domains have been ex-
changed (13), and ERb is no exception. Like ERa and other
members of the steroid hormone receptor family, the human
(h) ERb gene has been shown to be encoded by eight exons
(9), with the highest levels of homology between ERa and
ERb present in the DNA-binding (C) and ligand-binding (E)
domains.

PCR analysis of ER messenger ribonucleic acid (mRNA)
levels in the rat has suggested that ERb mRNA is less abun-
dant than ERa in uterine tissue extracts (14) a result con-
firmed and extended by Wang et al. (15), who examined
levels of mRNAs in control and steroid-treated rat uteri using
solution hybridization. Both ERa and ERb proteins have
been immunolocalized to rat uterine cell nuclei (15, 16). The
functional importance of ERa for female fertility has been
highlighted by studies using mice in which the function of
ERa was disrupted (ERKO) (17); the loss of ERa expression
in the uteri of these mice is associated with the lack of es-
trogen responsiveness (18). In contrast, young female mice
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expressing ERb lacking the DNA-binding domain (bERKO)
(19) are fertile.

Rey and colleagues (20) reported that levels of ERb mRNA
in endometrial samples obtained from infertile patients
across the menstrual cycle did not change. In situ hybrid-
ization with biotin-labeled oligonucleotide probes on hys-
terectomy specimens showed recently that ERb mRNA was
present in glandular epithelial cells, stromal cells, and the
smooth muscle of the uterine wall at every stage of the
menstrual cycle (21), with predominant expression of ERb in
glandular epithelial cells. However, this study made no men-
tion of mRNA expression in endometrial endothelial cells.
Brandenberger and co-workers (22) used a semiquantitative
RT-PCR assay to compare the relative expression of ERa and
ERb in stromal cells derived from normal endometrium and
from endometriosis and found that the relative expression of
the two subtypes differed between these two cell popula-
tions. In both normal endometrium and endometriomas, lev-
els of ERa mRNA are reported to be higher than those of ERb
(21, 22). These workers did not discuss the vascular endo-
thelium. In the uterus of the cynomolgus macaque (23), ERb
mRNA expression was higher in endometrium than myo-
metrium and was greater in glandular epithelium than stro-
mal cells. Unfortunately, this study did not assess possible
changes during the menstrual cycle, nor did it report whether
endometrial blood vessels expressed ERb. Immunohisto-
chemical studies of ERb proteins in human endometrium are
limited and have not included a detailed examination of ERb
expression in all the cellular components of human endo-
metrium (24, 25).

Studies in vitro have demonstrated that although both ERa
and ERb bind E2 with equal affinity (14), these receptors may
have differential responses to some estrogen agonists and
antagonists (26–28). When expressed in the same cell, ERa
and ERb have the capacity to form homo- or heterodimers
(29, 30). Studies in mammary tissues of the rat have sug-
gested that one role of ERb may be to antagonize ERa-
mediated actions in epithelial cells (31), a function supported
by data from in vitro cell transfections (32) but not yet con-
firmed in vivo.

As a first step toward addressing the relative roles of the
two ER isoforms in mediating estrogen actions within the
uterus, we used hormonally well characterized, full thick-
ness endometrial samples (from the superficial endometrium
to the basal/myometrial junction) from the endometrium of
both women and rhesus macaques for immunocytochemical
and Western blotting analysis with antibodies specific for
ERa and ERb. Our results show for the first time that en-
dometrial vascular endothelial cells express ERb, but not
ERa, which suggests that any direct actions of E2 on the

vascular endothelium of the uterus are mediated predomi-
nantly by ERb.

Materials and Methods
Human endometrium

Endometrial tissue was collected from 32 women (median age, 44 yr;
range, 27–51) undergoing hysterectomy. Written informed consent was
provided by all subjects, and ethical approval for tissue collection was
granted by the Lothian research ethics committee. All women reported
regular menstrual cycles (25–35 days) and had not received exogenous
hormones or used an intrauterine device in the 3 months before inclusion
in the study. After the uterus was removed, a wedge of tissue from the
lumen to the muscular myometrial layer that included superficial and
basal endometrium as well as myometrium was taken. These samples
were fixed overnight at 4 C in 4% paraformaldehyde, rinsed, and stored
in 70% ethanol before routine processing into paraffin wax using an 18-h
cycle on a TP1050 machine (Leica Corp., UK). Some tissue samples were
frozen in liquid nitrogen for subsequent extraction and Western
analysis.

The stage of the menstrual cycle was consistent with the patient’s
reported last menstrual period and histological dating using the criteria
of Noyes et al. (33). Cases with severe uterine pathology, e.g. polyps or
fibroids, were excluded. Serum samples taken at the time of hysterec-
tomy were used for determination of circulating P and E2 levels by RIA
as described previously (34). All were consistent with the designated
cycle stage based on morphological criteria, and circulating P concen-
trations were significantly lower in the late secretory phase compared
with the early and midsecretory phases (see Table 1). Endometrial sam-
ples were classified as early (n 5 3), mid (n 5 8), or late (n 5 4)
proliferative and early (n 5 7), mid (n 5 4), or late (n 5 6) secretory.

Rhesus macaque endometrium

Six adult female rhesus macaques (Macaca mulatta) were ovariecto-
mized and treated sequentially with E2 and P to create artificial men-
strual cycles as described previously (35). Specifically, each macaque
first received a sc implant of a 3-cm SILASTIC brand capsule (Dow
Corning Corp., Midland, MI) packed with crystalline E2 (Sigma, St.
Louis, MO) to stimulate the development of an artificial proliferative
phase endometrium. After 14 days, a 6-cm SILASTIC brand capsule
packed with crystalline P (Sigma) was implanted sc, and both implants
remained in place for 14 days to stimulate an artificial secretory phase
endometrium. Uteri were removed by hysterectomy after 14 days of E2
(n 5 3; proliferative phase) and after 14 days of E2 plus P (n 5 3; secretory
phase) treatment, and full thickness wedges were made of the endo-
metrium from the luminal surface to the myometrium. Tissue samples
were microwaved, fresh-frozen, and prepared for immunocytochemis-
try as previously described (36). In each case serum was harvested at the
time of tissue collection, and concentrations of E2 and P were determined
by RIA and found to be within physiological ranges as previously
reported (37). Animal care during these studies was provided by the
veterinary staff of the Division of Animal Resources, Oregon Regional
Primate Research Center, in accordance with the NIH policy for the care
and use of laboratory animals.

ER antibodies

A peptide chosen within the hinge D domain (P4, CAGKAKRSG-
GHAPRVREL) of human ERb (9, 10) was synthesized, conjugated, and

TABLE 1. Serum estradiol (picomoles per L) and progesterone (nanomoles per L) concentrations (mean 6 SEM)

Study group (histological stage of cycle) Estradiol [mean 6 SEM (range)] Progesterone [mean 6 SEM (range)]

Early proliferative (n 5 3) 148.86 6 56.06 (42.98–233.73) 2.68 6 0.82 (1.18–4.01)
Midproliferative (n 5 8) 378.98 6 127.66 (120.09–928.33) 4.2 6 1.03 (1.54–8.96)
Late proliferative (n 5 4) 790.89 6 323.62 (120.56–1446.08) 1.9 6 0.41 (1.07–2.6)
Early secretory (n 5 7) 251.34 6 46.92 (124.18–398.16) 30.6.3 6 7.53 (12.16–61.62)
Midsecretory (n 5 4) 444.38 6 181.07 (120.21–958.31) 43.27 6 11.38 (15.88–71.31)
Late secretory (n 5 6) 230.30 6 69.65 (54.4–491.54) 9.21 6 2.32 (2.6–18.76)
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used for immunization as described previously (38, 39). The polyclonal
antiserum was further purified by precipitation with caprylic acid and
binding to the recombinant unconjugated peptide immobilized on a
Sulfolink column (Pierce Chemical Co., Rockford, IL) (39). The anti-
hERa antibody used was a mouse monoclonal (clone 1D5), obtained
from BioGenex Laboratories, Inc. (San Ramon, CA), or DAKO Corp.
(Cambridge, UK).

The specificity of the antisera was tested in several ways. First, the
ability to cross-react with recombinant hERa or hERb proteins (PanVera,
Madison, WI) was determined using Western blotting (see below) (39).
Second, antibodies were incubated separately with either of the recom-
binant proteins or with the immunizing peptide before immunohisto-
chemistry. Third, the secondary antibodies were checked by incubation
of selected tissue sections without the addition of the primary antibodies
or with the inclusion of preimmune serum. For positive controls, we
used sections of human ovary that we had previously shown to express
ERb (39).

Western blotting

Recombinant human ERb corresponding to the short, approximately
53-kDa form of the receptor (bs), which was synthesized from a com-
plementary DNA (10) lacking the first potential start site for translation
(40), and recombinant hERa were both obtained from PanVera. Gel
analysis and blotting were carried out as described in Saunders et al. (39).
Briefly, proteins were extracted from frozen biopsy specimens by rapid
homogenization of tissue in denaturing/loading buffer [50 mmol/L
Tris-HCl (pH 6.8), 100 mmol/L dithiothreitol, 2% SDS, 0.1% bromo-
phenol blue, and 10% glycerol; all from Sigma]. Recombinant proteins
(0.5 mg/lane), tissue extracts (400 mg total protein), and prestained
protein molecular weight markers (Bio-Rad Laboratories, Inc., Rich-
mond, CA) were separated on denaturing minigels containing an acryl-
amide gradient from 4–20% (wt/vol) polyacrylamide (Novex, San Di-
ego, CA). Membranes were incubated overnight with the primary
antibodies: sheep polyclonal anti-hERb P4 (code S40; 1:2000) or mouse
monoclonal anti-hERa (code1D5; 1:100). All of the antibodies were di-
luted in Tris-buffered saline containing 0.05% Tween-20 with either 5%
normal donkey serum (anti-hERa) or 5% normal rabbit serum (anti-
hERb). Bound antibodies were detected with the appropriate second
antibodies (rabbit antisheep Ig or rabbit antimouse Ig) and the enhanced
chemiluminescence visualization system (Amersham Pharmacia Bio-
tech, Aylesbury, UK) according to the manufacturer’s instructions.

Immunocytochemistry on cryosections
(Macaca endometrium)

Immunohistochemistry on cryosections was performed as described
recently (36). Briefly, samples of fresh tissue were microwave stabilized
with an Amana Radarrange Touchmatic Oven (Amana, IA) for 7 s in 0.5
mL Hanks’ Balanced Salt Solution (Life Technologies, Inc., Grand Island,
NY), then chilled on ice in 10% sucrose dissolved in 0.1 mol/L phos-
phate-buffered saline (PBS; Sigma), mounted in Tissue-Tek II OCT
(Miles, Inc., Elkhart, IN), and frozen in liquid propane. Cryosections (5
mm) were thaw-mounted on SuperFrost Plus slides (Fisher Scientific,
Pittsburgh, PA), placed on ice at 4 C, and microwaved again for 2 s.
Microwave-treated sections were fixed (0.2% picric acid and 2% para-
formaldehyde in PBS) for 10 min and thoroughly rinsed. Nonspecific
binding was blocked by incubation for 20 min at room temperature in
either nonimmune horse serum for 1D5 or nonimmune rabbit serum for
anti-hERb. Slides were then incubated overnight at 4 C with mouse
monoclonal anti-ERa (1D5, BioGenex Laboratories, Inc., San Ramon,
CA) at a dilution of 1:50 in PBS containing BSA and gelatin or with
polyclonal sheep anti-ERb P4 at a dilution of 1:500 in the same vehicle.
The primary antibody was reacted for 60 min at room temperature with
either biotinylated horse antimouse IgG (for 1D5) or rabbit antisheep IgG
(for polyclonal anti-ERb) as second antibody and was detected with an
avidin-biotin peroxidase kit (Vector Laboratories, Inc., Burlingame CA)
as described previously (36).

Immunohistochemistry on paraffin sections

Tissue sections were dewaxed, rehydrated, and subjected to antigen
retrieval (41) either in a microwave oven, for ERa and PR, on a high

setting twice for 5 min each time in 0.01 mol/L sodium citrate buffer (pH
6) or, for ERb, in a pressure cooker (42) containing 0.05 mol/L glycine
and 0.01% ethylenediamine tetraacetate (pH 3.5) for 7 min at setting 2
(Tefal, Nottingham, UK). After cooling for 20 min, the slides were
washed in PBS for ERa or PR or in 0.05 mol/L Tris-buffered saline (TBS)
for ERb. Endogenous peroxidase activity was quenched by immersion
in 3% hydrogen peroxide (Merck & Co., Inc., Poole, UK) in dH2O for 10
min for ERa and PR or in 3% H2O2 in methanol for 30 min for ERb at
room temperature. Nonspecific binding of the primary antibodies was
blocked by incubating the sections for 20–30 min at room temperature
in nonimmune horse serum (Vectastain, Vector Laboratories, Inc., Pe-
terborough, UK) for ERa and PR or in a 1:5 dilution of nonimmune rabbit
serum (Diagnostics Scotland, UK) in TBS containing 5% BSA (Sigma)
for ERb.

For ERa, the sections were incubated at 37 C for 60 min with a 1:400
dilution of 1D5 made up in PBS. After washing, the slides were incu-
bated in biotinylated horse antimouse secondary antibody (Vectastain)
in normal horse serum for 60 min at room temperature, reacted with the
avidin-biotin peroxidase complex (Vectastain Elite) for 60 min at room
temperature, and visualized with substrate and chromagen 3,39-diami-
nobenzidine (DAB; Vector Laboratories, Inc.). Negative controls were
performed by replacing the primary antibody with mouse IgG at a
matched concentration.

For ERb, the sections were incubated overnight at 4 C at a 1:800
dilution of anti-hERb P4 antibody made up in normal rabbit serum
containing BSA. After washing, the slides were incubated at room
temperature for 60 min in a 1:500 dilution of biotinylated rabbit
antisheep antibody (Vector Laboratories, Inc.) in normal rabbit serum
containing BSA. After an additional TBS wash, the sheep anti-ERb-
treated slides were incubated for 60 min at room temperature in an
avidin-biotin peroxidase solution (DAKO Corp.) before both sets of
slides were incubated in DAB (DAKO Corp.). The negative control
step involved incubation of prediluted antibody with an excess of the
unconjugated form of the peptide used for immunization overnight
at 4 C.

For PR, sections were incubated with primary antibody mouse mono-
clonal antibody (NCL-PgR, Novocastra Laboratories Ltd., Newcastle,
UK) at a dilution of 1:40 for 60 min at 37 C. After a TBS wash, the slides
were incubated with a biotinylated horse antimouse IgG antibody (Vec-
tor Laboratories, Inc.) followed by avidin-biotin peroxidase complex
(Vectastain Elite) both for 60 min at room temperature. Staining was
visualized by the addition of DAB (DAKO Corp.). After rinsing, all
sections were counterstained in Harris’s hematoxylin (Pioneer Research
Chemicals Ltd., Colchester, UK). A negative control was performed by
replacing the primary antibody with mouse IgG at a matched antibody
concentration.

Scoring of immunoreactivity

The immunostaining intensity of epitopes in all human tissue sections
was assessed in a semiquantitative manner on a four-point scale: 0 5 no
immunostaining, 1 5 mild immunostaining, 2 5 moderate immuno-
staining, and 3 5 intense immunostaining. All human tissue sections
were scored blind by two observers. We had previously validated (43)
this scoring system in a subset of tissue sections in which immunore-
activity was measured with a computerized image analysis system, and
a strong correlation between quantitative data derived from image anal-
ysis and subjective scores by a trained observer was obtained. Statistical
analysis was carried out using the Kruskal-Wallis test.

Results
Specificity of antibodies directed against ER

On Western blots (Fig. 1) proteins that were recognized
by anti-hERa (Fig. 1A) and anti-hERb (Fig. 1B) antibodies
were extracted from human endometrial biopsies obtained
during both the secretory and proliferative stages of the
cycle. The commercial anti-ERa antibody bound to recom-
binant ERa (Fig. 1A, lane a), but not to recombinant ERb
(lane bs), and likewise, the polyclonal anti-hERb anti-
serum did not bind to recombinant ERa (Fig. 1B, lane a),
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but, as expected (39), recognized recombinant human ERb
(lane labeled bs). Both ERa and ERb were detected in all
samples of endometrium regardless of the stage of the
cycle at which they were obtained. Two sizes of ERb pro-
tein were recognized by the polyclonal antibody (Fig. 1B);
these corresponded in size to the long, approximately
59-kDa (9, 40), and the short, 53-kDa (10), forms of the
protein formed by the use of alternative start sites within
the mRNA. Both forms contained the peptide used to
generate the antibody, and therefore both would be de-
tected in immunocytochemical preparations. The Western
analysis was repeated several times on whole tissue ex-
tracts obtained at different stages of the cycle, and al-
though the amounts of ERb protein detected varied be-
tween samples, there was no stage of the cycle at which
total protein levels were consistently different from those
at other stages.

On tissue sections both ER antibodies were localized to cell
nuclei (e.g. Fig. 2, A and D). In cryosections of macaque
endometrium, staining with a monoclonal anti-ERa antibody
was abolished by preincubation of the antibody with recom-
binant ERa protein (Fig. 2B), but not with recombinant ERb
(Fig. 2C). Likewise, immunostaining using anti-ERb (Fig. 2D)
was abolished when it was preabsorbed with recombinant
ERb (Fig. 2E), but not when it was preincubated with re-
combinant ERa (Fig. 2F).

Immunoexpression of ER in human endometrium
throughout the normal menstrual cycle

ERa and ERb were immunolocalized to cell nuclei in each
of the cellular compartments within the functionalis and
basalis (Figs. 3 and 4). Both ERa (Figs. 3A and 4A) and ERb
(Figs. 3C and 4C) were homogeneously immunolocalized in
the nuclei of glandular (including luminal) epithelium and
stromal cells of superficial and basal endometrium in the
proliferative phase. Consistent with previous reports (4), the
intensity of ERa immunostaining was lower in glandular and
stromal cells of the functionalis in the late secretory phase
(Fig. 3B) compared with that in the proliferative phase (Fig.
3A); however, expression was maintained within the basalis
(Fig. 4, B compared with A).

The amount of nuclear ERb detected in the superficial
endometrium (Fig. 3D) declined in the late secretory phase
(after 10–12 days of exposure to elevated P; see Table 1) in
the glandular epithelium. Analysis of immunostaining
scores in the glandular epithelium confirmed that there was
a significant difference (P 5 0.028) among the four stages of
the cycle. As shown in Fig. 5 (upper panel), scores were lower
in the late secretory phase. The intensity of the staining was
unchanged in the basalis zone (Fig. 5, lower panel).

Our most striking finding was that the nuclei of the en-
dothelial cells of most blood vessels, including spiral arteries,
capillaries, and veins, were positive for ERb (Figs. 3 and 4,
arrows), but not ERa (Figs. 3 and 4, A and B, arrowheads). This
difference in expression of ERa, ERb, and PR is clearly seen
at higher magnification (Fig. 6). The intensity of immuno-
staining for ERb in endothelial cells showed little change
throughout the proliferative and secretory phases of the
menstrual cycle (Figs. 2 and 3, and 6, respectively). It is
notable that in contrast to the selective pattern of expression
of receptors in endothelial cells, ERa (Fig. 6B), ERb (Fig. 6A),
and PR (Fig. 6C) were all detected in the nuclei of the perivas-
cular cells (arrowheads).

Expression of ERb in rhesus macaque endometrium

In the macaque endometrium during hormonally con-
trolled cycles, the pattern of ERb staining was essentially
identical to that seen in the human endometrium. The nuclei
of glandular and stromal cells were strongly stained after 2
weeks of E2 treatment, and this staining was moderately
suppressed by two subsequent weeks of E2 plus P treatment.
However, in the basalis glands, nuclear staining of ERb did
not differ greatly under E2 vs. E2 plus P treatment. These
results were very similar to those seen in the human endo-
metrium and are therefore not shown as a separate figure. As
in the human endometrium, there was strong staining for
ERb, but not ERa, in the nuclei of the endothelium of all
endometrial blood vessels under all hormonal conditions,
whereas the perivascular cells were positive for both ERa
(Fig. 7, A and C) and ERb (Fig. 7, B and D).

Discussion

This study has for the first time identified ERb protein
within the cell nuclei of human endometrial endothelial cells
throughout the menstrual cycle. Observations in the human
are paralleled by those in endometrium of the rhesus ma-

FIG. 1. Western analysis of expression of ERa and ERb proteins in
human endometrial tissue extracts. Membranes were incubated in
anti-hERa (A) or anti-hERb (B). Total protein extracts (400 mg/lane)
were obtained from human endometrial tissues obtained during the
early (ES), mid (MS), or late (LS) secretory phases and the mid (MP)
or late (LP) proliferative phases of the cycle. Samples (0.5 mg) of
recombinant human ERa (a) or ERb short form (bs) as well as protein
size markers were run on all gels. Note that both forms of ER were
present in all tissue extracts.
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caque (current study) as well as that of the stump-tailed
macaque and common marmoset (Saunders, P., unpublished
observations). To date the only sex steroid receptor identified
in an endothelial cell location in the female reproductive tract
of women has been PR, which is present only in decidualized
endometrium (7). ERa has been localized to perivascular
smooth muscle cells in nonpregnant endometrium (1, 6). The
expression of ERb in endometrial endothelial cells will be of
particular importance to furthering our understanding of
how estrogens affect mechanisms underlying vascular per-
meability and vascular growth during the menstrual cycle.

The observations in human and macaque are consistent
with the recent report from Wang et al. (15), who conducted
a detailed study comparing the expression, distribution, and
regulation of ERa and ERb in the rat uterus. It is notable that
in the rat they also observed that endothelial cells in endo-
metrial and myometrial vessels contained detectable ERb
nuclear immunoreactivity, but not ERa. These researchers
suggested that the two ER isoforms may play different roles
with regard to vascular effects of estrogen in the rat uterus.

There are no previous reports on localization of ERb pro-

tein in human endometrial vascular endothelium. Fujimoto
et al. (24) described localization of ERb protein in the glan-
dular nuclei of eutopic endometrium collected at the time of
surgical treatment of endometriosis, but made no specific
mention of ERb immunoreactivity in the vasculature. Taylor
and Al-Azzawi (25) reported detection of ERb protein in a
wide range of human tissues with commercial polyclonal
antibodies raised against peptides in the N- and C-terminal
regions of the receptor. In their report ERb was localized to
cells within the stroma and luminal epithelial cells. These
researchers commented that glandular cells lacked detect-
able ERb, but this might be a reflection of the fact that the
endometrial tissue in their report was collected during the
late luteal phase. These findings therefore appear consistent
with our own data obtained with the polyclonal P4 antibody,
which showed a decline in glandular ERb immunoreactivity
in the late luteal/premenstrual phase, when P concentrations
have declined after a period of elevated circulating P
concentrations.

In view of the observation that the only sex steroid receptor
immunolocalized in endometrial endothelial cells during the

FIG. 2. Specificity of antibodies directed against ERa and ERb. Immunohistochemistry was performed using endometrium of artificially cycling
rhesus macaques treated with E2 alone (14 days E2) immunostained with ERa antibody (A), immunostained with ERa antibody preabsorbed
with ERa protein (B), immunostained with ERa antibody and preabsorbed in ERb protein (C), immunostained with ERb antibody (D),
immunostained with ERb antibody preabsorbed with ERb protein (E), and immunostained with ERb antibody preabsorbed with ERa protein (F).
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cycle is ERb, we propose that ERb may prove to be the steroid
receptor responsible for regulation of steroid-mediated effects
in the human endometrial vasculature. In our studies of the
ovary (39) we saw no evidence for ERb in the ovarian vascular
endothelium, and in the rhesus macaque, neither the ovarian or
oviductal vasculature has any detectable ERb in the endothe-
lium (Brenner, R. M., unpublished). Consequently, the expres-
sion of ERb by the endometrial vasculature appears to be

unique. The importance of E2 (and P) in regulating the vascu-
lature and process of angiogenesis in the uterus is well recog-
nized. For example, vascular endothelial growth factor has been
shown to be estrogen responsive in the endometrium (44). In
other body systems it has been suggested that ERb mediates
some of the direct effects of E2 on the vasculature. For example,
ERb mRNA is up-regulated in endothelial and luminal smooth
muscle cells after balloon injury (45).

FIG. 3. Immunolocalization of ERa and
ERb in the functionalis of human en-
dometrium during the proliferative and
secretory phases of the menstrual cycle.
During the proliferative phase ERa (A)
and ERb (C) were detected in cell nuclei
of both glandular epithelium (G) and
stroma (S). Levels of ERa declined in
both G and S during the late secretory
phase (B). The amount of ERb staining
detected in stromal cells appeared un-
changed in the late secretory phase (D).
In contrast, the degree of ERb staining
in the glandular (G) epithelium were
reduced (D). Insets (A9 and D9) are neg-
ative controls. Endothelial cells lining
blood vessels (outlined) expressed ERb
(arrows), but not ERa (arrowheads),
and the endothelial expression of ERb
was maintained in the late secretory
phase (D, arrows). Magnification, 320.

FIG. 4. Immunolocalization of ERa and
ERb in the basal layer of human endo-
metrium. ERa (A) and ERb (C) were
detected in cell nuclei of both the glan-
dular epithelium (G) and stroma (S) of
the basalis during both the proliferative
(A and C) and secretory (B and D)
phases of the cycle. The intensity of im-
munostaining for both receptors re-
mained essentially unchanged regard-
less of the stage of the cycle. Note that
endothelial cells express ERb (arrows),
but not ERa (arrowheads). Blood ves-
sels are outlined. Magnification, 320.
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Data on the role(s) of the a and b ER receptor subtypes in
regulating responses to estrogens within the vasculature and
endometrium have been obtained by studying mice in which
ERa and ERb have been genetically modified (17, 19). Studies
in the ERa-knockout mouse (ERKO) have shown that the a
receptor is essential for E2-induced PR down-regulation in
uterine epithelium and that this effect is mediated by ERa
expressed in the stroma (46). New studies on the uteri of mice
in which the b receptors lack a functional DNA-binding
domain (bERKO) reported that the expression of PR was

up-regulated in the stroma compartment, but was not down-
regulated in epithelium in response to E2, leading to the
suggestion that ERb may modulate the effects of ERa in these
cell types (12). Studies of cells surrounding the vasculature
have been limited to the use of a cardiovascular injury model
(47, 48). For example, in ERKO mice (47) similar effects were
observed after exposure to E2 in both wild-type and ERKO
animals, prompting the suggestion that vascular protective
effects might be mediated by ERb. However, very similar
results were obtained using the bERKO mice (48), and the
current thinking is that in the vasculature of the cardiovas-
cular system either of the two known receptors is sufficient
to protect against injury.

Studies in vitro using cell lines transfected with ERa- or
ERb-containing constructs have been used to investigate
both the relative affinities of the two subtypes for selected
ligands as well as their ability to induce transcription of
reporter constructs (14, 49, 50). Although both receptor types
bind E2 with high affinity, some phytoestrogens (e.g.
genistein) compete more strongly with E2 for binding to ERb
than ERa (50). ER modulators known to produce distinct
biological effects in vivo, such as 4-hydroxytamoxifen and
raloxifine, induced distinct conformational changes in ERa
and ERb (51); novel ligands that function selectively for one
of the receptors have also been identified (28). In the HEC-
1-A uterus-derived cell line, raloxifine, faslodex and tamox-
ifen acted as agonists when ERb was cotransfected with a
reporter construct containing the collagenase promoter, but
only tamoxifen was agonistic when ERa was transfected in
place of ERb (52). Detailed studies by Hall and McDonnell
(32) of the functional domains within the receptor have
shown that whereas both the AF-1 and AF-2 domains in the
A/B and F domains of the protein are essential for full ac-
tivity of ERa, the AF-1 domain of ERb contains a repressor
domain. It is notable that ERb, but not ERa, will bind DNA
in a ligand-independent manner (32). When ERa and ERb are
coexpressed they are able to form homo- or heterodimers (29,
30), and it appears that ERb may form heterodimers in pref-
erence to homodimers when ERa is present. One function of
ERb may be to modulate ERa transcriptional activity by
competing for binding to DNA at low concentrations of
ligand (32). Based on the results from the current study, the
widespread expression of endometrial ERa and ERb make it
likely that in the presence of saturating levels of ligand, most
of the ERb will exist in a heterodimer with ERa, and gene
transcription will be activated.

However, there are two exceptions to this rule: first, in
endothelial cells, where we have failed to detect expression
of ERa protein, and second, during the late secretory phase,
when expression of ERa declined dramatically in both
stroma and glands of the superficial layer whereas ERb de-
clined much more in the glands than in the stroma. In both
of these cases ERb/ERb homodimers would be favored, and
based on the data quoted above, this situation would result
in different degrees of activation or repression of genes com-
pared with other cell types where heterodimers dominate.

The data presented support the hypothesis that estrogen
action(s) within the vascular endothelium of the endome-
trium is mediated via binding to the ERb isoform. Angio-
genesis and vascular remodeling are crucial components of

FIG. 5. Quantitation (mean and SEM) of expression of ERb in different
compartments of the human endometrium throughout the menstrual
cycle. Upper panel, Functionalis; lower panel, basalis.
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several reproductive processes, and perturbed angiogenesis
has been implicated in disorders of menstruation and dis-
rupted implantation (44). Manipulation of estrogen-medi-
ated local endometrial mechanisms may be a novel approach
to the management of these reproductive disorders. A num-
ber of antiestrogens (partial estrogen antagonists, tamoxifen,
and pure estrogen antagonists) have been reported to be
effective inhibitors of angiogenesis. Interestingly, the angio-
static activity is unaltered in the presence of excess estrogen,
thereby implicating alternative mechanisms for the inhibi-
tion of estrogen action (53). Schatz et al. (54) recently de-
scribed a method for the specific isolation of endometrial
endothelial cells using a specific lectin to prepare cells that
had the characteristics of endothelial cells in culture. A de-
tailed analysis of the cell-specific effects of natural and syn-
thetic estrogens on the function of endometrial endothelial
cells isolated using this or a similar method is an essential
first step in devising regimens to regulate specific cell func-
tion within the endometrium. The results presented in the
current paper suggest that endometrial endothelial cells may
be a novel target for agonists or antagonists that selectively
target the b form of the ER (28).
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ABSTRACT
Antiprogestins (APs) inhibit estradiol (E2)-stimulated endometrial

growth in women and nonhuman primates, but the mechanism of this
“antiestrogenic” action is unknown. Here, we report that APs up-
regulate endometrial androgen receptor (AR) in both women and
macaques, an effect that might play a role in the antiproliferative
effects of APs on the primate endometrium. In addition, because there
are discrepancies in the literature on the regulation and localization
of AR in the primate endometrium, we used both in situ hybridization
and immunocytochemistry to evaluate hormonal influences on endo-
metrial AR in women and macaques. In ovariectomized macaques, the
following treatments were given for 4 weeks each: E2 alone, E2 1
progesterone (P), E2 1 mifepristone (RU 486), and E2 1 P 1 RU 486.
In women, samples were obtained during the normal menstrual cycle
and after treatment with either RU 486 for 30 days at 2 mg/day, or
after a single oral administration of 200 mg RU 486 on cycle day LH
1 2. In macaques, E2 significantly increased AR expression above
vehicle controls; E2 1 RU 486 increased binding further; E2 1 P
decreased AR binding; and E2 1 P 1 RU 486 treatment caused an
intermediate elevation in AR binding. In macaques treated with E2
alone, stromal AR staining was predominant, and P treatment

suppressed that staining. E2 1 RU 486 or E2 1 P 1 RU 486
treatment produced a striking up-regulation of glandular epithe-
lial AR staining and enhanced the stromal AR signal. In situ hy-
bridization analyses confirmed the immunocytochemistry data.
Similar induction of glandular AR staining and enhanced stromal
AR staining were obtained in macaques treated with ZK 137 316
and ZK 230 211. During the natural cycle in women, stromal AR
staining predominated and was greater in the proliferative than
the late secretory phase. RU 486 treatment of women up-regulated
glandular epithelial AR staining after either daily treatment for 30
days with 2 mg/day or after a single oral dose of 200 mg. In sum-
mary, endometrial AR was highest in the stroma during the human
proliferative phase (or during E2 treatment in macaques) and low-
est during the late secretory phase in women (or after E2 1 P
treatment in macaques). In both species, RU 486 induced AR ex-
pression in the glands and enhanced AR expression in stromal
cells. Because androgens can antagonize E2 action, enhanced en-
dometrial AR expression induced by APs could play a role in the
antiproliferative, “antiestrogenic” effects of APs in primates.
(J Clin Endocrinol Metab 86: 2668 –2679, 2001)

PROGESTERONE (P) ANTAGONISTS [antiprogestins
(APs)], including mifepristone (RU 486; Roussel

UCLAF, Romainville, France), ZK 137 316, and ZK 230 211
(ZK compounds; Schering AG), are compounds that bind to
the P receptor and inhibit P-initiated gene transcription. It is
now well established that chronic treatment of women (1–3)
and nonhuman primates (4–6) with low doses of APs either
during the menstrual cycle or with combined estrogen ther-
apy results in inhibition of endometrial proliferation; in ma-
caques there is especially severe atrophy of the endometrium
(4). The mechanism of the apparent antiestrogenic effect of

APs on epithelial cell proliferation and endometrial mass has
not been fully explained because 1) APs do not bind to the
estrogen receptor (ER), and 2) other well established actions
of estrogen in the endometrium, including up-regulation of
ER and P receptor (PR), are not blocked but rather enhanced
by AP treatment (3–5, 7).

There is substantial evidence that exogenous androgen can
have inhibitory effects on female reproductive systems (8, 9),
including induction of endometrial atrophy (10). A recent
report suggests that elevated androgens in women with re-
current miscarriages may specifically antagonize estrogen
action directly in the endometrium (11). In preliminary work
we reported that androgens could block estrogen action in
the oviduct and uterus of ovariectomized macaques (12).
These suppressive effects of elevated or exogenously admin-
istered androgens on endometrial function suggested to us
that the androgen receptor (AR) could play a role in the
antagonistic effects of APs.

ARs are present in the human and nonhuman primate
endometrium, but the results of various studies of AR reg-
ulation and/or localization are contradictory. For instance,
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some immunocytochemistry (ICC) studies (13) report local-
ization of AR in both endometrial stroma and endometrial
glandular epithelium (13–15), others report absence of any
staining in human uteri (16, 17), and some report specific
staining predominantly in stroma (14). In one in situ hybrid-
ization (ISH) study, AR messenger RNA (mRNA) was lo-
calized to both stroma and glandular epithelium, but with a
significantly stronger signal in the stromal compartment (18).
Equally conflicting are reports of hormonal regulation of AR;
some report up-regulation of AR mRNA when estradiol (E2)
treatment was combined with either androgens or proges-
tins, although androgens were the most effective (18),
whereas others report that AR mRNA was up-regulated by
estrogens and unaffected by androgens (19). Transsexual
women treated with testosterone are reported to have ele-
vated endometrial AR (17).

None of the above studies have used both ICC and ISH on
the same tissue specimens. Therefore, in the current work in
macaques, we used multiple assays (ligand binding, ICC,
and ISH) on the same set of endometria to ascertain the
regulation and localization of AR during hormonally regu-
lated cycles and to evaluate the effects of AP treatment on
AR. With human endometria we used both ICC and ISH to
evaluate the localization of endometrial AR during the nor-
mal cycle, and used ICC to evaluate changes in AR in women
treated with RU 486. The results indicate that during the
normal cycle in both women and macaques, stromal cells are
the predominant cell type that express AR. Moreover, AR
levels are enhanced by E2 and suppressed by P. Of great
interest, AP treatment enhanced stromal AR and greatly
increased AR expression in the glands. These data suggest
that during normal cycles any androgen effects on the en-
dometrium would be mediated by the stroma and that, dur-
ing AP treatment, elevated AR could play some role in the
endometrial suppressive effects induced by APs.

Experimental subjects

Human endometrial samples were obtained from three
different patient groups. Institutional ethical approval was
obtained for each of the study situations described, and all
women provided written informed consent. The first group
consisted of fertile women (n 5 52) with regular menstrual
cycles lasting between 25 and 35 days who had not been
using hormonal preparations for the preceding 3 months.
Samples were obtained at the time of hysterectomy for be-
nign indications. Subjects with significant uterine pathology
(for example, fibroids) were excluded. Endometrial tissue
was collected from women during the proliferative phase
(n 5 15), early secretory phase (n 5 5), midsecretory phase
(n 5 5), and late secretory phase (n 5 7) of the menstrual
cycle. After the uterus was removed, a full thickness biopsy
of the endometrium was obtained, extending from the lumen
to the muscular myometrial layer that included superficial
and basal endometrium as well as myometrium. The stage of
the menstrual cycle was consistent with the patients reported
last menstrual period and histological dating using the cri-
teria of Noyes et al. (20). The biopsy was fixed overnight in
4% paraformaldehyde and then embedded in paraffin for AR
ICC analysis. Some samples were also frozen in Tissue Tek

II OCT (Van Waters and Rogers International, South Plain-
field, NJ), as described for macaque tissues, and shipped on
dry ice to the Oregon Regional Primate Research Center for
ISH of AR.

The second group consisted of six healthy women with
regular menstrual cycles (25–35 days). The effects of daily
low-dose RU 486 on endometrial maturation and prolifera-
tion have already been described in this group of women (3).
No subject had used hormonal contraception in the preced-
ing 3 months. The subjects were studied in a control and a
treatment cycle. Two placebo capsules were taken daily from
the onset of menses of the first cycle (control). These were
then replaced with identical capsules of RU 486 (two 1-mg
capsules), commencing on the first day of menses of the
second (treatment) cycle and daily for 30 days. Endometrial
biopsies were collected with a Pipelle endometrial sampling
device (Prodimed, Neuilly-en-Thelle, France) in the control
cycle, 7–11 days after the plasma LH surge and on the cor-
responding day of treatment with RU 486 (days 19–28). In the
previous report on samples obtained from these women (3)
we noted that RU 486 treatment suppressed mitotic activity
in the endometrial glands and elevated ER and progestin
receptor levels, but AR levels were not evaluated. Paraffin-
embedded tissue from these studies was available for the
current work.

The third group consisted of an additional 10 healthy
women with regular menses (25–35 days), all of whom had
participated in a study evaluating the effects of postovula-
tory administration of APs on the endometrium (21). Again,
no subject had used hormonal contraception in the preceding
3 months. Endometrial biopsies from this group of women
were available for evaluation of AR expression. Each subject
had been studied over a control cycle and a treatment cycle.
In the treatment cycle the woman received 200 mg oral RU
486 on the second day after the onset of the LH surge in urine
(LH 1 2). Endometrial biopsies were collected with a Pipelle
endometrial sampler, either 4 or 6 days after the LH surge in
the control cycle and on the corresponding day of the treat-
ment cycle, that is, 2 or 4 days after oral administration of RU
486. All endometrial biopsies were fixed and embedded in
paraffin by standard procedures.

Experimental animals

The Division of Animal Resources at the Oregon Regional
Primate Research Center provided all animal care following
the NIH guidelines for use of nonhuman primates. Thirty-
one adult rhesus macaques (Macaca mulatta) were ovariec-
tomized and treated sequentially with 3-cm Silastic capsules
(0.34 cm inner diameter, 0.46 cm outer diameter; Dow Corn-
ing Corp., Midland, MI) containing E2 for 14 days, and then
E2 1 P (6-cm Silastic capsules) to induce artificial cycles as
described previously (6). Removal of the P implant at the end
of the artificial cycle induces menstruation and begins the
next cycle. E2 and P were purchased from either Steraloids
Inc. (Wilton, NH) or Sigma (St. Louis, MO). Analysis of
serum collected during these artificial cycles confirmed im-
plant delivery of normal levels of E2 and P for the primate
cycle (7, 22).
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E2, P, and RU 486 treatments. Artificially cycled macaques
were treated with steroids as previously published (7).
Briefly, 14 animals received implants of E2 for 2 weeks, to
create a proliferative endometrium. The animals were then
treated for an additional 2 weeks with the following four
treatments: E2 only (n 5 3); E2 1 P 1 vehicle (n 5 3); E2 1
P 1 RU 486 (n 5 4); and E2 1 RU486 (n 5 4). To create these
treatments the E2 implant was left in place, and the animals
received either an implant of P and/or injection with RU 486
(1 mg/kg in ethanol) im daily. Four additional animals re-
ceived no hormones for 4–8 weeks (spay). Reproductive
tract tissues were collected by midventral laparotomy at the
end of treatment. The uterus was separated from the oviducts
and cervix, quartered along the longitudinal axis, and cross-
sections (2 mm thick) from two uterine quarters were cut

with a razor blade and prepared for AR ICC and ISH. The
samples of fresh tissue for ICC were microwave stabilized
and frozen in liquid propane, as described previously (23).
The samples for ISH were similarly frozen without micro-
wave treatment. The remaining quarter was separated from
the myometrium with fine scissors and analyzed by AR
binding assay and, in some cases, by a sucrose gradient shift
assay (24).

E2 1 ZK treatments. Beginning at the end of one artificial
menstrual cycle (P implant withdrawal), three rhesus ma-
caques were treated for 28 days with the following three
treatments: no hormones (hormone withdrawal; spay; n 5
3); E2 only (n 5 4); E2 1 0.1 mg/kg ZK 137 316 (n 5 3); and
E2 1 0.032 mg/kg ZK 230 211 (n 5 3). ZK 137 316 and ZK

FIG. 1. Representative saturation binding studies for AR in endometria of E2- and E2 1 RU 486-treated macaques. A, Nuclear and cytosolic
extracts of E2-treated animals. The insets in A and B show data plotted by the method of Scatchard. Kd 5 1.4–2.4 nM. B, Nuclear and cytosolic
extracts of E2 1 RU 486-treated animals. In each case, saturation of binding was achieved and the majority of specific binding was found in
the cytosolic fraction.
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230 211 were provided by Schering AG (Berlin, Germany)
and administered by im injection in a nonirritating vehicle
that consisted of 37.5% HBSS (Life Technologies, Inc.,
Grand Island, NY), 37.5% 1,2-propanediol, and 25% eth-
anol (Aaper, Shelbyville, KY). At the end of treatment, the
reproductive tracts were collected by laparotomy, and
samples of uterus were frozen for AR ICC and ISH as
described above.

Materials and Methods
AR binding assay

Except where indicated, reagents for this and all other assays were
purchased from the Sigma. Radioligand binding assays followed pro-
cedures similar to those previously validated for ER and PR (6). Fresh
pieces of endometrium were weighed and homogenized in 10 vol (wt/
vol) TEDGM buffer [10 mm Tris, 1.5 mm EDTA, 1 mm dithiothreitol
(DTT), 10% glycerol (vol/vol), and 25 mm NaMoO4 (pH 7.4)] on ice with
precooled Duall tissue grinders, size 22 (Kontes Glass Co., Vineland, NJ)
and then centrifuged at 1000 3 g for 10 min at 4 C to separate the cytosols
and crude nuclear pellets. The nuclear pellets were washed three times
with 1 mL TEDGM buffer. The washed nuclear pellets were extracted
with a high-salt buffer [10 mm Tris, 1.5 mm EDTA, 1 mm DTT, and 0.8
m potassium chloride (pH 7.4)] for 25 min on ice. An aliquot of the
nuclear extract was frozen for DNA analysis (25), and the cytosols and
nuclear extracts were centrifuged at 100,000 3 g for 1 h at 4 C. Aliquots
(100 mL) of the postultracentrifugation cytosols or nuclear extracts were
mixed with 50 mL titrated methyltrienolone ([3H]-R1881; NEN Life Sci-
ence Products, Boston, MA; 80–90 Ci/mmol) or the same quantity of
[3H]-R1881 1 200-fold excess of radioinert R1881. All assay tubes also
contained 10 mm final concentration of triamcinolone acetonide. For
saturation studies and Scatchard analysis, a series of concentrations of
[3H]-R1881 from 0.2–20 nm were used. The cytosols and nuclear extracts
were incubated with steroid for 20 h at 4 C, and then the bound steroid
was separated from free with the aid of Sephadex LH-20 minicolumns,
as described previously (6). Specific binding was determined by sub-
traction of nonspecific binding ([3H]-R1881 1 200-fold radioinert R1881)
from total binding ([3H]-R1881 only) and is expressed as femtomoles per
micrograms DNA in the nuclear extract.

Sucrose gradient analysis

Endometrial slices (;1 mm thick) from an ovariectomized, 28-day
E2-treated macaque were incubated for 1 h at 37 C in Trowells medium
containing 10 nm [3H] R1881. The slices were washed three times in
Trowells medium at 4 C, blotted dry, and then frozen in liquid nitrogen.
AR was extracted and analyzed on sucrose gradients as described pre-
viously (24), with the following modifications. The samples of tissue
were homogenized on ice in 1:10 (w:v) TEDGM buffer and centrifuged
at 100,000 3 g for 1 h as described above for binding assays. Aliquots
of resulting cytosol were incubated in duplicate for 20 h at 4 C with either
the AR-specific mouse monoclonal antibody (F39.4; BioGenex Labora-
tories, Inc., San Ramon, CA) (26), or an irrelevant antibody [antitimothy
pollen (AT); courtesy of Dr. Arthur Malley, Oregon Regional Primate
Research Center], or no antibody. The incubate was layered on top of
linear 5–20% sucrose gradients and then centrifuged at 205,600 3 g
overnight at 4 C. Twenty-six fractions (25 drops each) were then col-
lected from the bottom of each tube and analyzed by liquid scintillation
counting. Protein solutions (BSA, 4.5S, and aldolase, 8S) were layered
over replicate gradients as sedimentation markers, and the fractions
were read in a spectrophotometer at 280 nm.

ICC

ICC for AR in frozen sections of macaque was conducted with mono-
clonal antihuman AR antibody F39.4. Briefly, cryostat sections (5 mm)
were thaw-mounted on SuperFrost Plus slides (Fisher Scientific, Pitts-
burgh, PA), placed on ice, and microwaved for 2 sec. The microwave-
treated sections were lightly fixed [0.2% picric acid and 2% paraformal-
dehyde in phosphate-buffered saline (PBS)] for 10 min; and then
immersed twice for 2 min in 85% ethanol 1 1.5% polyvinylpyrollidone
at 4 C, rinsed in PBS, and then immersed twice in 0.37% glycine in PBS1
polyvinylpyrollidone. After further rinsing the slides were treated for
20 min at 4 C with a nonspecific serum (horse) and then incubated
overnight at 4 C with F39.4. As a control for nonspecific reaction some
sections were incubated with a nonspecific antibody directed against an
antigen of AT. After various trials, F39.4 was used at a 1:45 dilution of
the BioGenex Laboratories, Inc. stock solution, and AT was used at
10 ng/mL. Following incubation the slides were rinsed with 0.1% gel-

FIG. 2. Endometrial total AR levels (mean 6 SE) measured by [3H]-
R1881 binding in spay, E2-, E2 1 RU 486-, E2 1 P-, and E2 1 P 1 RU
486-treated macaques. Bars with different superscripts are signifi-
cantly different (P , 0.05).

FIG. 3. Sucrose density gradients showing shift of AR by the specific
anti-AR antibody F-39.4. Nuclear extracts prepared from macaque
endometrium incubated with [3H]-1881 were mixed with either mono-
clonal anti-AR (F-39.4) antibody, monoclonal AT, or no antibody and
analyzed on 5–20% sucrose gradients. When mixed with AT, endo-
metrial or oviductal extracts gave a peak ;4S. Aliquots of the same
endometrial extracts, when mixed with F-39.4, gave a peak at ;7S.
The positions of aldolase (8S) and BSA (4.5S) marker proteins are
indicated by arrows.
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atin, 0.075% BRIJ 35 Solution (Sigma, St. Louis, MO) in PBS (4 C),
reincubated with nonspecific serum, and then with a biotinylated second
antibody for 30 min (25 C). The biotinylated antibody complexes were
then reacted with an avidin-biotin peroxidase kit (Vector Laboratories,
Inc., Burlingame, CA). The slides were then treated with 0.05% osmium
tetroxide for 1 min, washed, dehydrated, and coverslipped.

Quantitative analysis of the abundance of AR-positive cells in the
macaque endometrium was done on six random fields from the func-
tionalis and basalis zones captured through an Optronics DEI-750TD
color CCD camera (Optronics, Goleta, CA) at 3312 original magnifica-
tion and displayed on a Sony Trinitron HR color monitor (Sony, Tokyo,
Japan). Approximately 1000 cells were analyzed in each zone per animal.

The total number of epithelial cells and stromal cells per field and the
number of epithelial cells and stromal cells that were clearly AR positive
were counted by a trained observer (Kunie Mah). The percentage of
AR-positive epithelial and stromal cells was then calculated, and dif-
ferences in the percentage of positive cells among the animals in each
treatment group were analyzed by ANOVA.

For ICC of AR in human tissues, procedures followed those previ-
ously published for ER (3), except that ICC was conducted with mono-
clonal antibody F39.4, briefly as follows. Paraffin sections (5 mm) were
dewaxed in Histoclear (National Diagonistics, Atlanta, GA), rehydrated
through a series of alcohols, and washed with PBS. The slides were then
subjected to pressure cooker antigen retrieval (27) in 0.01 m sodium

FIG. 4. AR immunostaining in the en-
dometrium of macaques. Only weak
staining for AR was observed in the
spayed animals (a and d). Treatment
with E2 increased AR stromal immuno-
staining (b and e), which was strongest
in the functionalis zone. Treatment
with E2 1 P decreased stromal AR
staining (c and f). Treatment with RU
486 (g and j), ZK 137 316 (h and k), and
ZK 230 211 (i and l) resulted in in-
creased epithelial and stromal AR
staining. No staining was observed in
the vascular endothelium or vascular
muscle of the spiral arteries (m). Myo-
metrial staining was always strong (n),
and no staining was observed after
staining with AT (negative control). Gl,
Glands; S, stroma. Original magnifica-
tion, 3312.
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citrate buffer at pH6 for 5 min. Endogenous peroxidase activity was
quenched by immersion in 3% hydrogen peroxide (Merck, Poole, UK)
in distilled water for 10 min at room temperature. Nonspecific binding
of the primary antibody was blocked by incubating the sections for
20–30 min at room temperature in nonimmune horse serum (Vectastain;
Vector Laboratories, Inc., Peterborough, UK).

Slides were then incubated with either F39.4 overnight at 4 C at a 1:480
dilution in PBS/BSA gel or similarly with a control mouse IgG antibody
at 1:600 dilution in PBS/BSA gel. Following a wash in PBS with Tween
20, the slides were incubated in biotinylated horse antimouse secondary
antibody (Vectastain) in normal horse serum for 60 min at room tem-
perature, reacted with the avidin-biotin peroxidase complex (Vectastain
Elite) for 60 min at room temperature and visualized with substrate and
chromagen 3,39-diaminobenzidine (Vector Laboratories, Inc.). Negative
controls were performed by replacing the primary antibody with mouse
IgG at a matched concentration.

Quantification of immunohistochemical observations was performed
by objective image analysis using Openlab software (Improvision Inc.,
Lexington, MA). Twelve random digital fields were examined from the
functionalis and basalis regions. The AR content of each section was
expressed as the mean percentage of chromogen-positive cells from the
total number of cells. Further analysis divided the tissue samples into
menstrual cycle stages for temporal analysis using an ANOVA.

ISH

ISH of frozen sections of macaque and human endometrium was
conducted with a riboprobe labeled with [35S]UTP (NEN Life Science
Products) derived from a rhesus monkey-specific 330-bp AR comple-
mentary DNA (cDNA) (Ref. 28; GenBank accession number AF092930).
The nucleotide sequence of this AR cDNA has 99% homology with the
corresponding AR human sequence (28). Techniques for ISH with 35S-
labeled probes were previously published (29). Briefly, 10-mm thick
frozen sections were mounted on Super Frost Plus slides (Fisher Sci-
entific) and fixed in 4% paraformaldehyde in PBS for 10 min at 4 C. The
tissue sections were rinsed in 23 SSC, acetylated with 0.25% acetic
anhydride in 0.1 m triethanolamine (pH 8.0) for 10 min, and then air-
dried. At this point, at least one slide per tissue group was treated with
RNase A [20 mg/mL RNase A, 0.5 m NaCl, 0.01 m Tris, and 1 mm EDTA
(pH 8.0)] as a negative control. All the slides were prehybridized for 1 h
at 42 C in 10 mm DTT, 0.3 m NaCl, 20 mm Tris (pH 8.0), 5 mm EDTA,
13 Denhardt solution, 10% dextran sulfate, and 50% formamide. Then,
sections were incubated at 55 C overnight in the same solution con-

taining the appropriate concentration of the antisense probe (5 3 106

cpm/mL). After hybridization all the slides were treated with RNase A
at 37 C for 30 min, rinsed in a descending series of SSC, and then washed
in 0.13 SSC at 65 C (high stringency) for 30 min. Sections were dehy-
drated in alcohol, vacuum dried, coated with NTB2 autoradiographic
emulsion (Eastman Kodak Co., Rochester, NY), stored at 4 C for 2 weeks,
developed in aqueous d-19 (Eastman Kodak Co.), lightly counterstained
with hematoxylin, dehydrated in alcohol, cleared with xylene, and cov-
erslipped with Permount (Fisher Scientific).

Silver grains were counted over stroma and glandular epithelium in
sections hybridized with radiolabeled probe. The counts were made
with Optimas (Media Cybernetics, Silver Spring, MD) on images cap-
tured at 3250 original magnification. In RNase-treated slides, regardless
of hormone treatment or state, grains over the tissues were identical to
those over the glass slide. Therefore, a region of the slide away from the
section was counted as background, and these counts were subtracted
from each epithelial and stromal field counted. The abundance of silver
grains in the field was expressed as the number of silver grains per
nucleus (stromal cell and glandular cell, respectively). These counts were
then expressed as a percentage of the maximum signal in all the sections
analyzed.

Statistical analysis

Numeric data from binding assays, ISH grain counts, and percentage
of AR-positive cells in human ICC preparations were analyzed by one-
way ANOVA, followed by Fisher’s protected least significant difference
test (30).

Results
AR expression in the rhesus macaque

Binding kinetics. Figure 1 shows a representative saturation
study of AR binding with [3H]-R1881 done on endometrial
cytosolic and nuclear extracts from E2-treated and E2 1 RU
486-treated animals. Scatchard transformation of these
data showed linear plots with an estimated Kd of 1.4 –2.4
nm from both treatments, indicating that RU 486 had no
effect on the binding affinity of [3H]-R1881 to the AR.
Regardless of hormone treatment, there was consistently

FIG. 5. Mean (6 SE) percentage of en-
dometrial cells staining positive for AR
by ICC. Means with different super-
scripts are significantly different (P ,
0.05).
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10-fold more specific binding of [3H]-R1881 in the cytosolic
than the nuclear fraction, an indication that the AR com-
plex was loosely bound to nuclear components regardless
of treatment.

Binding assays. Figure 2 compares specific [3H]-R1881 bind-
ing in endometrial extracts from untreated spay, E2, E2 1 P,
E 1 RU 486, and E2 1 P 1 RU 468-treated macaques. Because
nuclear AR quantities in the high-salt nuclear extracts made
up only a small percentage of the total AR, the nuclear and
cytosolic values were combined. Binding to the endome-
trium of the untreated spay animals was minimal, and treat-
ment with E2 alone resulted in significantly more AR binding

(P , 0.05). Sequential treatment with E2 1 P lowered binding
compared with E2 alone (P , 0.05). However, sequential
treatment with E2 1 RU 486 increased AR binding (P , 0.05)
above the level induced by E2 alone, and E2 1 P 1 RU 486
elevated binding to a level above that found with E21P and
intermediate between that induced by E2 1 RU 486 and E2
alone.

Gradient shift assays. Sucrose gradient analysis was used to
validate that the monoclonal AR-specific antibody F-39.4
binds to the macaque endometrial AR. A representative ex-
periment is shown in Fig. 3. When nuclear extracts prepared
from endometrium were incubated at 37 C with [3H]-R1881

FIG. 6. ISH of AR in the macaque endometrium. ISH confirmed immunolocalization of AR to the endometrial stroma of macaques treated with
E2 or E2 1 P (a–f). Treatment with E2 1 RU 486, E2 1 ZK 137 316, and E2 1 ZK 230 211 in the functionalis (g–i) as well as the basalis (j–l)
all caused increases in the AR mRNA signal in the epithelium as well as the stroma. E2 1 ZK 230 211 caused the least increase in the AR mRNA
signal. The inset (m) shows negative (RNase) control. Gl, Gland; E, epithelium; S, stroma. Original magnification, 3500.
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1 F-39.4 and then analyzed by ultracentrifugation on sucrose
gradients, the labeled antibody-receptor complex sedi-
mented as a 7S moiety. However, when either the irrelevant
monoclonal antibody AT or no antibody was mixed with
aliquots of the same endometrial extract, the peak of radio-
activity was seen at slightly less than 4S. This indicates that
F-39.4 binds with high affinity to endometrial AR to form a
heavy F-39.4-receptor-[3H]-R1881 complex that migrates fur-
ther in the gradient than the lighter, uncomplexed receptor.
These data validate the ability of the F-39.4 antibody to rec-
ognize macaque endometrial AR.

ICC. Figure 4 presents photomicrographs of AR immuno-
staining in the macaque; the percentage of positive cells
staining for AR in each treatment group is presented in Fig.
5. In untreated ovariectomized animals (spay), specific AR
staining was just barely detectable in some of the endometrial
stromal cells in the functionalis and basalis zones (Fig. 4, a
and d). Treatment with E2 for 28 days resulted in increased
specific AR nuclear immunostaining in the stromal cells, but
not in the glandular epithelial cells. This increase in stromal
AR was more striking in the endometrial functionalis (Fig.
4b), but also occurred in the basalis zone (Fig. 4e) and in-
cluded a significant increase in the number of stromal cells
staining (Fig. 5). After sequential E2, followed by E2 1 P
treatment (Fig. 4c), AR staining intensity was reduced, and
significantly fewer stromal cells were positive for AR in the
functionalis zone. This P-mediated reduction was less evi-
dent in the basalis zone (Fig. 4f). Staining remained absent
from the glandular epithelium.

Combined treatment with E2 1 RU 486 (Fig. 4, g and j)
or E2 1 ZK 137 316 (Fig. 4, h and k) resulted in a remarkable
appearance of AR staining in the glandular epithelium of
both the functionalis and basalis zones, although it was

most striking in the functionalis zone. Stromal staining
was also strong in the RU 486-treated animals, but the
number of cells staining was similar to endometrium after
E2 treatment. Similar effects were seen after combined E2
1 P1 RU 486 (data not shown), indicating that RU 486
blocked the down-regulatory action of P and led to an
increase in epithelial AR. Endometria from animals treated
with E2 1 ZK 230 211 also showed an increase in both
epithelial and stromal staining over those treated with E2
alone, but this increase was not as marked as with RU 486
or ZK 137 316. The statistical significance of the changes
indicated above are displayed in Fig. 5, which summarizes
the percentage of immunopositive cells in each cellular
compartment for each treatment.

Regardless of treatment, endothelial cells and vascular
muscle cells of the spiral arteries (Fig. 4m) and endothelial
cells of veins were negative for AR. Myocytes in the ma-
caque myometrium stained strongly for AR (Fig. 4n), but
there was no apparent effect of treatment on myometrial
staining. There was no staining with an irrelevant anti-
body (Fig. 4o).

ISH. Overall, the localization and quantification of AR
mRNA by ISH confirmed the changes in AR protein re-
vealed by ICC. In spayed macaques a basal, low level of
AR mRNA was detected in the stroma of the functionalis
and basalis zones, but the glands showed only near-back-
ground levels (Fig. 6, a and d) and the silver grain counts
(Fig. 7) over the glands were less than 5% of the maximum
signal. Treatment with E2 for 28 days significantly (P ,
0.05; Fig. 7) increased AR mRNA in the stromal cells, but
not the glands (Fig. 6, b and e) in both the functionalis and
basalis zones. E2 1 P treatment (Fig. 6, c and f) reduced the
abundance of AR transcript by approximately 40% (Fig 7,

FIG. 7. Quantification of the AR mRNA
levels by grain counts in ISH prepara-
tions. Values represent (mean 6 SE)
percentage of maximum signal. Means
with different superscripts are statisti-
cally different (P , 0.05). The results
support the micrographs shown in
Fig. 6.
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P , 0.05). The highest levels of AR mRNA in both stroma
and glands were detected by ISH after either combined E2
1 RU 486 or E2 1 ZK 137 316 (Fig. 6, g-k; Fig. 7). Moreover,
as seen with ICC, there were significant increases in grain

counts over glands after AP treatment (Fig 7; P , 0.05) in
both the functionalis and basalis zones. Treatment with ZK
230 211 also increased AR mRNA but not as greatly as RU
486 or ZK 137 316.

FIG. 8. ICC and ISH of AR in the human endometrium. Top, ICC of AR in the proliferative (a and d), early secretory (b and e), and late secretory
(c and f) of the natural menstrual cycle. All AR staining was evident only in the stroma; staining intensity and number of immunopositive cells
were least in the late secretory phase. The inset shows absence of staining when the control IgG was used as first antibody; all nuclear staining
is due to hematoxylin. Original magnification, 320. Middle, ISH of AR in the early proliferative phase. A comparison of low (325) magnification
bright field (g) and dark field (h) optics shows that all the AR mRNA signal is in the stroma. A higher magnification (3500; i) of the ISH clearly
shows that the glands are negative. Bottom, ICC of AR in controls vs. RU 486-treated human endometria. Compared with controls (j), treatment
with RU 486 increased AR staining in the glandular epithelium (k and l) and also enhanced stromal staining (3312).
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AR expression in the human endometrium

Expression of AR during the menstrual cycle. In all stages of the
cycle, AR staining was localized predominantly in the en-
dometrial stroma with no (or barely detectable) staining in
the glands (Fig. 8, a–f). The abundance of AR-positive cells
was similar in the functionalis and basalis stroma throughout
the entire proliferative, early secretory and midsecretory
phases of the cycle, but there was a clear decrease in such
staining in the late secretory phase. Quantitation of the fre-
quency of AR-positive cells showed that the decrease in the
late secretory phase was highly significant (Fig. 9; P , 0.001).

We also performed ISH of AR in human endometrium to
determine whether the same cells that expressed the AR
protein also expressed AR mRNA. A representative sample
from the early proliferative phase is depicted at low mag-
nification with bright field (Fig. 8g) and dark field (Fig. 8h)
illumination and at high magnification bright field (Fig. 8i).
These images confirm the ICC data and show that AR mRNA
was predominantly localized in the endometrial stroma and
not the glandular epithelium. As with ICC, ISH of late se-
cretory phase endometrium showed a decline in the intensity
of the stromal cell signal in the late secretory phase (data not
shown).

Elevation of endometrial AR immunopositive staining by RU 486
treatment. We evaluated the ICC preparations of endometria
from six control patients and six women treated with 2 mg/
day RU 486 for 30 days as described in Materials and Methods.
In the control specimens there was essentially no staining of
the glandular or surface epithelium, but distinct staining of
the stroma (Fig. 8j). After 30 days of RU 486, there were
distinct and notable increases in the AR staining of the glands
and surface epithelium plus some enhancement of stromal
AR staining (Fig. 8k). Furthermore, we evaluated the ICC
preparations from five placebo controls and five patients

treated with a single dose of 200 mg RU 486 on day LH 1 2
and sampled on days LH 1 4 and LH 1 6. The controls, who
were also sampled on days LH 1 4 and LH 1 6, had essen-
tially no AR staining in the glands or surface epithelium, but
had definite stromal AR staining (Fig. 8j). We note here that
Fig. 8j is representative of the controls from both the 2-mg
and the 200-mg studies. On both days LH 1 4 and LH 1 6
after the 200 mg RU 486dose there were clear increases in
glandular and surface epithelial staining and some increase
in stromal AR staining (Fig. 8l).

These findings indicate that both chronic and acute RU 486
treatment can moderately enhance stromal AR staining and
greatly increase glandular and surface epithelial staining in
the human endometrium.

Discussion
Hormonal regulation of AR expression

In both women and macaques, expression of AR during
the cycle seems regulated by changes in systemic levels of E2

and P. Results obtained by three independent means (bind-
ing assays, ICC, and ISH) revealed that AR mRNA and
protein levels were minimal in ovariectomized macaques
and were increased significantly by 28 days of E2 treatment.
This increase under E2 was inhibited when P was added to
the E2 treatment for the last 14 days of the 28-day period. In
women, an analogous regulation was shown, as the percent-
age of AR immunopositive stromal cells was significantly
higher in the proliferative than the late secretory phase of the
cycle. In macaques, our binding, ICC, and ISH studies further
showed that treatment with RU 486 significantly increased
AR levels, and our ICC studies revealed that this increase in
AR was especially notable in the glandular epithelium in
both women and macaques.

Our binding studies also revealed that the endometrial AR
is functional, in the sense that it could bind radiolabeled
ligand, and that the F-39.4 antibody was specific, in that it
could bind and shift radiolabeled endometrial AR on a su-
crose gradient. However, whereas all specific immunostain-
ing for AR in women and macaques was localized to the
nuclei of AR-positive cells, greater than 90% of the total AR
was found in the cytosolic fraction after homogenization and
low-salt extraction of macaque endometria. This indicates
that AR is nuclear in situ but is only loosely bound to chro-
matin and is easily extracted regardless of hormone treat-
ment. Because the physiological role of androgens and en-
dometrial AR during the menstrual cycle is unclear,
additional studies are needed to assess whether the affinity
of AR for nuclear components differs under different hor-
monal conditions and, in particular, whether androgens can
affect the affinity of primate endometrial AR for chromatin.

In macaques, systemic androgen levels are higher during
the follicular than the luteal phase of the cycle, and there is
a definite periovulatory surge (31). In women, systemic an-
drogen concentrations show less variation during the cycle
but show a similar periovulatory surge (32). Currently, the
role of endogenous androgens in the endometrium during
normal menstrual cycles is not clear, but these data suggest
that any AR-mediated effects of normal levels of endogenous

FIG. 9. Quantification of AR-positive cells in human endometrium.
Data are expressed as mean (6SE) percentage of cells staining positive
for AR during the menstrual cycle (P, Proliferative; ES, early secre-
tory; MS, midsecretory; LS, late secretory). The percentage of AR
immunopositive stromal cells was significantly lower (P , 0.05) dur-
ing the late secretory phase compared with other phases of the cycle.
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androgens would be most prominent in the proliferative and
periovulatory periods.

Cellular localization of AR

Our data, which are the first to be based on both ICC and
ISH analysis of the same specimens in both women and
macaques, show that during the menstrual cycle, in both
women and macaques, endometrial AR was primarily stro-
mal in distribution with only an occasional cell in the glan-
dular epithelium showing either positive staining or a clear
hybridization signal for AR.

These findings are most similar to those reported by
Mertens et al. (14) for the human endometrium and Adesanya
et al. (18) for the rhesus macaque endometrium. However,
unlike Adesanya et al. (18), who reported an up-regulation of
AR mRNA by E2, but no effect of P on E2 action, we found
that P significantly suppressed the elevations in both AR
binding and AR expression induced by E2 treatment. At
present, we have no explanation for these different findings,
except that different quantitative methodologies were used
in the different laboratories.

We found no substantial, specific AR staining or AR hy-
bridization in the endometrial glandular epithelium, vascu-
lar endothelium, or smooth muscle of the spiral arteries un-
der normal cyclic conditions. Consequently, any genomic
effects of androgens on the endometrium during the cycle
would be effected through the AR in stromal cells. Treatment
with APs in both macaques and women not only enhanced
stromal AR expression but induced striking increases in AR
in the endometrial glands. Thus, after AP treatment, endo-
metrial androgens could have direct glandular as well as
indirect stromal effects.

The APs used in this study differ in potency; both ZK 230
211 and ZK 137 316 are considerably more potent than RU
486. In addition, they may act through the AR in different
ways. For example, in castrated rats, RU 486 is an antian-
drogen, ZK 230 211 is a mixed androgen/antiandrogen, and
ZK 137 316 is a weak androgen (K.C., data not shown).
However, the fact that all three APs elevate AR suggests that
this specific effect is mediated by the PR.

The precise mechanism through which AP treatment el-
evates AR is not clear, but our previous studies (4, 7) and
those of others (33) have shown that AP treatment, either
during the menstrual cycle, or with combined estrogen ther-
apy, also leads to elevations of the two other main uterine
steroid receptors, ER and PR. Our current view is that the
underlying mechanism may paradoxically involve an en-
hancement of E2 action at the molecular level, for the fol-
lowing reasons. Recent evidence indicates that unoccupied
PR (in the presence of E2 and absence of P) can down-
modulate the effects of E2. For example, in PR knockout mice,
E2 action on the uterus and oviducts results in hyperplasia
(34) whereas in wild-type mice, similar E2 treatment nor-
mally has a far less dramatic effect on uterine proliferation.
This suggests that the unoccupied PR in wild-type mice can
have a “braking” effect on E2 action. A similar role for un-
occupied PR in the rabbit endometrium (35) and the rat brain
(36) has been described. Because treatment with an AP would
effectively occupy PR and remove it from play, any braking

effect of PR on E2 action would be removed. As a result, E2
action at the molecular level would be enhanced, and levels
of ER, PR, and AR would increase, because these are all
molecules whose expression is increased by E2 (22). How an
enhanced effect of E2 action at the molecular level could lead
to mitotic inhibition and endometrial atrophy at the cellular
and organ level is a puzzling issue that has so far resisted
analysis. Our new data on the higher levels of AR in AP-
treated tissues suggests that AR could play a role in this
inhibitory response.

The increase in AR could lead to increased binding of
endometrial androgens, which might antagonize the effects
of estrogens on endometrial growth. For example, testoster-
one and danazol have been shown to inhibit human endo-
metrial cell proliferation in tissue culture when the medium
contained phenol red in amounts adequate to provide an
estrogenic stimulus (37). These authors suggested that the
antiendometriotic effects of danazol may involve direct an-
tiestrogenic effects in the endometriotic lesions. Andro-
stenedione can inhibit human endometrial cell growth and
secretory activity in vitro (38), and high plasma androgen
levels have been associated with adverse reproductive out-
come, including recurrent miscarriage (39, 40). Hyperandro-
genism is associated with lowered endometrial glycodelin
secretion during the secretory phase (11), an effect the au-
thors presumed was due to androgen antagonism of the
ability of estrogen to prime the endometrium during the
proliferative phase. In preliminary work with ovariecto-
mized macaques, we noted that systemic treatment with
dihydrotestosterone blocked the stimulatory effects of E2 on
ER and PR levels, oviductal ciliogenesis, and endometrial
mitosis (12). These various findings give credence to the
possibility that elevated AR might mediate antiestrogenic
effects of androgens in the endometrium during AP
treatment.

However, the endometrial atrophy induced by APs in-
volves not only a specific blockade of glandular cell mitosis,
but a severe compaction of the stroma that contributes to the
overall thinning of the endometrium, an increase in apopto-
sis, and degenerative changes in the macaque spiral arteries.
The latter effect may greatly reduce endometrial blood flow
and contribute to the overall endometrial atrophy observed
after AP treatment (41). Whether androgens could mediate
all these varied effects of APs or whether APs interact in
concert with other factors remains to be established. We
suspect that several factors are involved.

In summary, ARs are expressed predominantly in the hu-
man and nonhuman primate endometrial stroma throughout
the menstrual cycle. Under normal cyclic conditions, stromal
AR levels seem to be up-regulated by E2 and suppressed by
P. The effects of endogenous androgens on the endometrium
during the normal cycle remain to be elucidated, but it seems
clear that any such AR-mediated effects would occur
through the stroma. After AP treatment, AR expression is
enhanced in the endometrial stroma and induced in the
glandular epithelium, and these elevations could mediate
androgen-dependent antiestrogenic effects. Whether andro-
gens do, in fact, contribute to the endometrial suppression
observed during AP treatment is a matter for further
research.
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Expression of Stromal-Derived Factor-1 Is Decreased by
IL-1 and TNF and in Dermal Wound Healing1

Eric R. Fedyk,* Dan Jones,* Hilary O. D. Critchley,† Richard P. Phipps,‡ Timothy M. Blieden,§

and Timothy A. Springer2*

Stromal-derived factor-1 (SDF-1) is a CXC chemokine that is believed to be constitutively expressed by stromal cells of numerous
tissues. In this report, we demonstrate that dermal fibroblasts and vessels of noninflamed tissues express SDF-1. Unexpectedly, we
found that expression of SDF-1 is regulated by inflammation. Expression of SDF-1 by primary cultures of human gingival
fibroblasts is potently inhibited by activated macrophages via secretion of IL-1a and TNF-a. Levels of SDF-1 mRNA also decrease
in acutely inflamed mouse dermal wounds. We propose that SDF-1 functions as a homeostatic regulator of tissue remodeling,
whose expression stabilizes existing dermal architecture.The Journal of Immunology,2001, 166: 5749–5755.

Stromal cell-derived factor 1 (SDF-1)3 is a CXC chemokine
that attracts hemopoietic progenitor cells (1, 2), lympho-
cytes (3, 4), and monocytes (5) in vitro and is required for

fetal B lymphopoiesis and myelopoeisis in vivo (6–8). It is highly
conserved between species; human and mouse SDF-1a are 99%
identical (9), making SDF-1 the most highly conserved chemokine
described to date. Two alternate splice variants of thesdf1 gene
give rise to SDF-1a and SDF-1b, which are identical, except that
SDF-1b contains an additional four amino acid residues in the
carboxyl terminus (9). There appear to be no differences between
SDF-1a and SDF-1b in regulated expression or function.

Unlike other CXC chemokines, SDF-1 is basally expressed in
numerous tissues (9, 10), and expression is not increased in ex-
perimental allergic encephalomyelitis (11). Therefore, it has been
assumed that SDF-1 is a constitutively expressed chemokine.Sdf1
is unusual in that it is located on human chromosome 10, whereas
all other known CXC chemokines are located on chromosome 4
(9). The promoter ofsdf1 contains several CpG islands, a tran-
scription factor binding motif commonly observed in housekeep-
ing genes (9). Binding motifs for the transcription factors NF-kB
and AP-1 have not been found in a 19-kbsdf1genomic clone (9).

In contrast, binding sites for NF-kB and AP-1 exist in the promot-
ers of other CXC chemokine genes, and these transcription factors
induce expression of these chemokines in response to inflamma-
tory stimuli.

CXC chemokines and SDF-1 also regulate mesenchymal cell
activities. Several chemokines that contain an amino-terminal Glu-
Leu-Arg (ELR) motif, such as IL-8, are angiogenic, whereas sev-
eral CXC chemokines that lack the ELR motif, such as IFN-g-
inducible protein-10 (IP-10), are angiostatic (12). SDF-1 is a non-
ELR, CXC chemokine and is unique in that it has both angiogenic
and angiostatic properties. SDF-1 is chemotactic for endothelial
cell lines in vitro, and these cells express its receptor, CXCR4
(13–16). SDF-1 is angiogenic ex vivo in aortic strips and in vivo
in the dermis (16). Conversely, SDF-1 has no effect in the corneal
micropocket assay, whereas IL-8, vascular endothelial growth fac-
tor, and basic fibroblast growth factor are angiogenic (12, 17).
Furthermore, SDF-1 and other non-ELR, CXCchemokines block
the angiogenic effect of IL-8, vascular endothelial growth factor, and
basic fibroblast growth factor in this system, suggesting that non-
ELR-chemokines can have a dominant inhibitory effect on angiogen-
esis (12, 17). SDF-1 and CXCR4 also regulate fetal vascular devel-
opment. Targeted disruption ofsdf1or the gene for CXCR4 results in
perinatal death, aberrant vascularization of the gastrointestinal tract
and kidney, and thin-walled vessels that are susceptible to hemorrhage
(7, 18).

Herein we demonstrate a novel modality of chemokine regula-
tion: down-regulation in response to inflammation. We describe
the expression of SDF-1 by stromal cells and the vasculature of
skin and observe that this expression is inhibited during dermal
wound healing. We demonstrate that IL-1 and TNF-a inhibit the
expression of SDF-1 by human fibroblasts in vitro. Therefore, we
believe that SDF-1 is a homeostatic molecule whose expression
maintains normal dermal function.

Materials and Methods
Chemokines, cytokines, and Abs

Synthetic full-length, human SDF-1a (residues 1–67) and inactive, trun-
cated SDF-1a (residues 6–67), were gifts from I. Clark-Lewis (University
of British Columbia, Vancouver, Canada). Cytokines, ELISAs for IL-1 and
TNF, IL-1R antagonist (IL-1Ra), soluble TNF receptor 1 Fc chimera
(TNF-R1/Fc), and blocking Abs against SDF-1 were purchased from R&D
Systems (Minneapolis, MN). LPS, PMA, and ionomycin were purchased
from Sigma (St. Louis, MO). Anti-human CXCR4 mAbs were prepared
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within the laboratory. Myeloma IgG1 was purified from supernatants of the
X63 mouse myeloma and used as a control IgG.

Human tissue and primary cell culture

Healthy noninflamed abdominal skin biopsies were obtained from the Depart-
ment of Obstetrics and Gynecology, Center for Reproductive Biology, Uni-
versity of Edinburgh (Edinburgh, U.K.), and gingival biopsies were obtained
from the Department of Periodontology, Eastman Dental Center (Rochester,
NY). Primary cultures of skin and gingival keratinocytes were obtained from
the Harvard Skin Disease Research Center (Boston, MA). Primary dermal
microvasculature endothelial cells, and aortic and coronary smooth muscle
cells were obtained from Clonetics (Walkersville, MD). For assays, confluent
fibroblast monolayers were dissociated with trypsin-EDTA, washed three
times with PBS, and resuspended to 53 104 cells/ml in DMEM/10% FBS/50
mg/ml L-glutamine/50 U/ml gentamicin (medium A), and 100ml was added
per well of a flat-bottom, 96-well, tissue culture-treated dish (Corning-Costar,
Corning, NY). Cells were incubated at 37°C in 10% CO2 for 3 days. Medium
was then replaced with 100ml of medium A containing monocyte superna-
tants, IL-1, TNF, etc., at the indicated concentrations. Supernatants were re-
moved 3 days later, stored at 4°C for further analysis, and replaced with me-
dium A containing 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide to measure cellular respiration (reflecting viability and proliferation)
within these cultures. All primary cultures of fibroblasts were genotyped for
SDF1–39A, a polymorphism ofsdf1(19). IL-1a and TNF-a regulated SDF-1
production by primary cultures of homozygous and heterozygous fibroblasts
with similar magnitude.

Immunohistochemistry of tissue sections

Human and mouse tissue sections were snap-frozen in OCT compound
(Sakura Finetek USA, Torrance, CA). Serial cryostat sections were stained
in hematoxylin and eosin for histological evaluation or were fixed in ace-
tone or 4% neutral buffered formalin for immunohistochemical staining
with Abs directed against SDF-1a (rabbit polyclonal; Torrey Pines Bio-
labs, San Diego, CA), mouse CXCR4 (goat polyclonal; Santa Cruz Bio-
technology, Santa Cruz, CA), and mouse CD31 (rat monoclonal; BD
PharMingen, San Diego, CA). Some sections were stained with the mac-
rophage marker CD68 (mouse mAb KP1; Dako, Carpenteria, CA) and
myeloperoxidase. Detection was accomplished using the appropriate bio-
tinylated secondary Ab and the Elite Vectastain avidin-biotin-HRP reagent
followed by the chromogenic substrate diaminobenzidine tetrahydrochlo-
ride (Vector, Burlingame, CA). Sections were counterstained with
hematoxylin.

Immunohistochemistry of acetone-fixed, short term, primary stromal
cultures employed a rabbit polyclonal Ab directed against SDF-1a (Torrey
Pines Biolabs). Healthy noninflamed abdominal skin biopsies were ob-
tained from the Department of Obstetrics and Gynecology, Center for Re-
productive Biology, University of Edinburgh. Detection was performed

with the appropriate biotinylated secondary Ab and the Elite Vectastain
avidin-biotin-HRP reagent followed by the substrate 3-amino-9-ethyl-
carbazole

ELISA detection of SDF-1

Linbro/Titertek, 96-well, flat-bottom plates (Flow Laboratories, McLean,
VA) were coated with 100ml of a 1mg/ml solution of affinity-purified, goat
anti-human anti-SDF-1 polyclonal Ab (R&D Systems) at 4°C for 24 h.
Plates were blocked by adding 200ml of blocking buffer (PBS, 1% BSA,
5% sucrose, and 0.05 sodium azide (pH 7.4)) for 1 h at 22°C. Plates were
washed three times with wash buffer (PBS and 0.05% Tween 20 (pH 7.4)).
SDF-1a and SDF-1b standards and fibroblast culture supernatants were
added in 100-ml volumes, and the plates were incubated for 2 h at 22°C.
Plates were washed three times with wash buffer. Next, 100ml of a 1mg/ml
solution of biotinylated, goat anti-human SDF-1b polyclonal Ab (R&D
Systems) was added. Plates were incubated for 2 h at 22°C and were
washed three times with wash buffer. Biotin-avidin-HRP conjugate (Vec-
tor; 100ml/well) was added, and plates were incubated at 22°C for 20 min.
Plates were washed six times, and 100ml of 3,39,5,59-tetramethylbenzidine
substrate (Calbiochem, La Jolla, CA) was added per well. The reaction was
stopped by adding 50ml of 0.5 mM sulfuric acid, and OD was determined
at a primary wavelength of 450 nm and a correction wavelength of 540 nm.
This ELISA is sensitive to 25mg/ml for SDF-1a and 100 pg/ml for SDF-
1b. An ELISA for IL-8 was purchased from R&D Systems and was con-
ducted following the manufacturer’s protocol.

Bioassay detection of SDF-1

Bioassays employed chemotaxis of the human B acute lymphoblastic leu-
kemia line, Nalm-6, that responds equally well to SDF-1a and SDF-1b, but
does not respond to the CXC chemokines IL-8, neutrophil-activating pro-
tein 2, monokine induced by IFN-g, and IP-10; the CC chemokines he-
mofiltrate CC chemokine 1, monocyte chemoattractant protein-1 (MCP-1),
MIP-1a, MIP-3a (exodus-1), MIP-3b (ELC), RANTES, and 6Ckine (sec-
ondary lymphoid tissue chemokine) the C chemokine, lymphotactin; C5a;
or SDF-1a6–67 (4). Chemotaxis was measured with the ChemoTx system
(Neuro Probe, Cabin John, MD) using 3.25-mm diameter, 5-mm pore size
polycarbonate membranes. Supernatants from primary fibroblast cultures
or SDF-1 standards were placed in the lower chamber of a 96-well plate,
and 2.53 105 Nalm-6 cells in 25ml of medium A were added to the upper
side of the membrane. The plate was placed into a humidified, 37°C in-
cubator for 3 h. Cells in the lower chamber were vigorously resuspended
and analyzed by forward vs side scatter using a FACScan (BD Biosciences,
San Jose, CA), and viable cells were counted for 30 s at 60ml/min. To
determine the percentage of viable input cells that transmigrated to the
lower chamber, dilutions of the input cell populations were counted by the
same method.

FIGURE 1. Keratinocytes, stromal cells, and vessels of human skin express SDF-1. Sections of noninflamed human abdominal skin were stained with
hematoxylin and eosin (A), control rabbit Ig (B), or anti-SDF-1 Ig (C). The arrow, plus, and star symbols highlight specific immunostaining of keratinocytes,
dermal stromal cells, and vessels, respectively.
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RNase protection for mRNA encoding SDF-1

Fibroblasts were cultured in medium A in 75-cm2 flasks (Corning-Costar).
Medium was changed every 3 days, and upon reaching confluence, fresh
medium A containing IL-1a or TNF-a was added to monolayers, and the
cultures were incubated at 37°C in 5% CO2 for 3 days. Monolayers were
harvested using trypsin, washed, and counted. Cells were lysed in TRIzol
(Life Technologies, Grand Island, NY), and total RNA was isolated ac-
cording to the manufacturer’s instructions.

The cDNAs for human IL-8, MCP-1, lymphotactin, RANTES, IP-10,
MIP-1a, MIP-1b, I-309, L32, and GAPDH were obtained as the hCK-5
RiboQuant Human Cytokine MultiProbe Template Set (BD PharMingen).
To construct a cDNA for humanSDF-1a, oligonucleotide primers that
exclusively bind to the 39 untranslated region of SDF-1a mRNA and include
a T7 transcriptional start site (sense, 59-GCCTTAACCATGAGGACCAG-39;
antisense, 59-GGATCCTAATACGACTCACTATAGGGACCAACGTGC
ACAGGTACAGG-39) were used to amplify cDNA containing the SDF-1
mRNA from human fibroblasts by RT-PCR. Similar oligonucleotide primers
specific to the 39untranslated region of SDF-1b mRNA (sense, 59-GC
AAAAGGACTCTCAGGACC-39; antisense, 59-GGATCCTAATACGACT
CACTATAGGGAGACATTGGTAGAGGAGGACGCTGGCTTTG-39)
were used to amplify an SDF-1b template. For riboprobe synthesis, the two
SDF-1 cDNAs were included with a GAPDH template (Ambion, Austin, TX)
or the hCK-5 template set, using [a-33P]UTP(NEN, Boston, MA) and an in
vitro transcription kit (BD PharMingen), following the manufacturer’s in-
structions. Probes were hybridized to total RNA from human gingival fi-
broblasts, and RNase digestion was conducted using the RiboQuant RNase
protection kit (BD PharMingen) according to the manufacturer’s instruc-
tions. The protected fragments were resolved in a denaturing, 6% poly-
acrylamide sequencing gel.

Wounding of mouse tissues

Female B6129F2/J mice, 6–8 wk old (The Jackson Laboratory, Bar Har-
bor, ME), were weighed and anesthetized i.p. with the appropriate dose of
ketamine HCl (Fort Dodge Laboratories, Fort Dodge, IA) and xylazine
(Phoenix Pharmaceutical, St. Joseph, MO) solution (0.15 ml of xylazine,
0.15 ml of ketamine HCl, and 0.7 ml of PBS). Hair was removed from the
dorsal surface using Nair lotion (Carter Products, New York, NY), and this
area was swabbed with ethanol. The hairless area was drawn away from the
mouse with forceps, and a 2-mm full thickness dermal punch biopsy (Sklar
Instruments, West Chester, PA) was removed from both exposed epidermal
surfaces. One to 10 days after wounding, a lethal dose of xylazine/ketamine
HCl solution was administered i.p. Wounds were photographed, and
wound areas were measured and then surgically excised. Excised wounds
were then processed for semiquantitative RT-PCR or immunohistologic
analysis. Housekeeping genes were employed to control for differences in
the amount of RNA collected between healthy biopsies and wound tissue.

Semiquantitative RT-PCR analyses of mRNA encoding SDF-1

Inflamed wound tissue was removed from the surrounding normal tissue
via dissection under a microscope. Wound tissue was homogenized in
TRIzol (Life Technologies), RNA was isolated according to the manufac-
turer’s instructions, and the concentration of total RNA was determined by
spectrophotometry (OD260). A Perkin-Elmer 9600 Thermocycler (Foster
City, CA) was employed to detect mRNA encoding SDF-1 and the house-
keeping GAPDH by RT-PCR. One microgram of total RNA was added to
diethylpyrocarbonate-treated water containing 1mg of oligo(dT) (Roche,
Indianapolis, IN); 0.2 mM dATP, dCTP, dGTP, and dTTP (Roche); 5.0
mM DTT, 50 U of avian myeloblastosis virus reverse transcriptase; and

FIGURE 2. Expression of SDF-1 by fibroblasts is inhibited by activated monocytes via IL-1 and TNF.A and B, Immunohistochemistry of primary
cultures of human gingival fibroblasts incubated with control rabbit Ig (A) or anti-SDF-1 Abs (B) demonstrated cytoplasmic staining of a majority of the
cultured cells.C, Human gingival fibroblasts were cultured with supernatants from unstimulated or LPS-activated monocytes, and SDF-1 levels in fibroblast
supernatants were measured by ELISA. Data are presented as the mean of three independent experiments that assayed three different fibroblast donors and
three different monocyte donors.p, p , 0.05; pp, p , 0.01.
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avian myeloblastosis virus buffer (Roche). Reactions were incubated at
50°C for 30 min and then at 94°C for 5 min and stored at220°C. An
aliquot of the RT reaction was added to PCR buffer (Roche); 0.2 mM
dATP, dCTP, dGTP, and dTTP (Roche); 1 mM oligonucleotide primers to
the sharedcoding region of SDF-1a and SDF-1b (sense, 59-AGTGACGG
TAAACCAGTCAG-39; antisense, 59-CTTTCTCCAGGTACTCTTGG-39);
and 1 mM oligonucleotide primers to GAPDH (sense, 59-ATGGTGAAGGT
CGGTGTGAACG-39; antisense, 59-GTTGTCATGGATGACCTTGGCC-39),
and 2 units of Taq DNA polymerase (Roche).Reactions were initially dena-
tured at 94°C for 2 min and run for 40 cycles of PCR amplification (94°C
for 0.5 min, 60°C for 0.5 min, and 72°C for 1.0 min), with a final extension
at 72°C for 7 min. For each RT-PCR, a parallel reverse transcriptase-
negative control reaction was performed. Aliquots of each reaction were
removed at the indicated cycles and were subjected to gel electrophoresis
in a 2% agarose gel containing ethidium bromide.

Results
SDF-1 is expressed by fibroblasts and vascular elements of
human skin

Cells that produce SDF-1 in vivo were identified in cryostat sec-
tions of uninflamed human abdominal skin (Fig. 1). Compared
with control serum (Fig. 1B), specific immunostaining was ob-

served in the stratum basale of the epidermis (Fig. 1C). Specific
immunostaining was also observed of stromal cells and vessels in
the papillary and reticular layers of the dermis (Fig. 1C).

Activated monocytes inhibit production of SDF-1 via secretion
of IL-1 and TNF

To examine the production of SDF-1 under better defined conditions,
we dissociated skin and gingival biopsies and established primary
fibroblast cultures. Immunohistochemistry with anti-SDF-1 Abs
yielded specific immunostaining within a subset (60%) of fibroblasts
in these monolayers, and the subcellular distribution of immunostain
was consistent with staining of the endoplasmic reticulum (Fig. 2,A
andB). We developed an ELISA for SDF-1 and found that primary
cultures of skin and gingival fibroblasts produced relatively high
amounts of SDF-1 (1.0–10 ng/ml), whereas similar cultures of mi-
crovascular smooth muscle and endothelial cells produced less SDF-1
(0.1–1.0 ng/ml; data not shown). We did not detect production of
SDF-1 by cultures of primary skin and gingival keratinocytes, the
human oral epidermoid carcinoma line KB, the human embryonic
palatal mesenchymal cell line HEPM, or the human oral squamous
cell carcinoma line SCC-25 (data not shown).

Injured and inflamed skin contains neutrophils, macrophages,
and T cells in the dermis, in close proximity to fibroblasts. To
examine the effect of inflammation on SDF-1 production, human
monocytes were isolated from peripheral blood and cultured with
and without LPS. Supernatants from these cultures were added to
cultures of primary human gingival fibroblasts. Supernatants from
LPS-activated monocytes inhibited secretion of SDF-1b by fibro-
blasts (p , 0.01), whereas supernatants from unstimulated mono-
cytes were not inhibitory (Fig. 2C). IL-1 and TNF are primary
secretory mediators of activated monocytes. ELISAs of superna-
tants from monocyte cultures detected 3 ng/ml of IL-1 and 2 ng/ml
of TNF in LPS-activated cultures, whereas at least 200-fold lower
concentrations existed in resting supernatants (data not shown).
Preincubation of activated monocyte supernatants with IL-1Ra sig-
nificantly (p , 0.05) restored secretion of SDF-1b in a dose-
dependent manner (Fig. 2Cand data not shown). Addition of a
dimeric soluble TNF receptor (TNF-R1/Fc) to activated monocyte
supernatants partially restored SDF-1b production (Fig. 2C). Addition
of IL-1Ra and TNF-R1/Fc to activated monocyte supernatants re-
stored more SDF-1b production than IL-1Ra alone (Fig. 2C).

Recombinant IL-1a and TNF-a inhibit SDF-1 production and
increase IL-8 expression by human fibroblasts

IL-1a and TNF-a were directly tested for their ability to inhibit the
secretion of SDF-1b by primary cultures of human fibroblasts.
Each cytokine could completely inhibit the secretion of SDF-1b
(Fig. 3A). IL-1a was an extremely potent inhibitor, exhibiting an
IC50 of 0.05 ng/ml, whereas TNF-a was less potent, with an IC50

of 1.0 ng/ml (Fig. 3A). Nalm-6 pro-B cells, which Chemotax to
SDF-1a and SDF-1b, but not to any other chemokine tested (4),
were used to bioassay for secretion of SDF-1 (Fig. 3B). Nalm-6
migrated to primary fibroblast supernatants, and chemotaxis was
completely inhibited by an Ab to SDF-1 (Fig. 3B). Stimulating
fibroblast cultures with IL-1a abolishes this chemotactic activity
with an IC50 of 0.01 ng/ml (Fig. 3B), and TNF-a inhibited che-
motaxis with an IC50 of 0.5 ng/ml (data not shown). Lastly, GM-
CSF, G-CSF, IL-3, IL-6, IL-7, IL-8, IL-10, IFN-g, stem cell factor,
PMA, and ionomycin did not stimulate or inhibit the production of
SDF-1 protein as measured by ELISAs and bioassays (data not
shown).

We established an RNase protection assay to determine whether
mRNA encoding SDF-1a and SDF-1b were regulated by IL-1 and
TNF. High levels of SDF-1a and SDF-1b message were detected

FIGURE 3. Recombinant IL-1a and TNF-a potently inhibit SDF-1 pro-
duction by human fibroblasts while increasing the expression of IL-8 and
MCP-1. A and B, Primary cultures of human gingival fibroblasts were
stimulated with rIL-1a or rTNF-a, and the amount of SDF-1 in culture
supernatants was measured by ELISA (A) and by a Nalm-6 chemotaxis
bioassay (B).p, p , 0.05;pp, p , 0.01 (compared with untreated controls).
C–E, Human gingival fibroblasts were stimulated with IL-1a (1 mg/ml) for
the indicated period, and levels of mRNA encoding SDF-1a, SDF-1b,
IL-8, MCP-1, and GAPDH were determined by RNase protection assay
(C). The intensities of the mRNA for GAPDH, SDF-1a, and SDF-1b (D)
or IL-8 and MCP-1 (E) were measured, and values for GAPDH were used
to normalize for differences in the total amount of RNA analyzed at the
indicated time points.F, Primary cultures of human dermal fibroblasts
were stimulated with rIL-1a or rTNF-a, and the amount of IL-8 in culture
supernatants was measured by ELISA. Data inA, B, andF are presented as
the mean of three independent experiments that assayed three different
fibroblast donors. Error bars exhibit the SD of the values. Data inC, D, and
E are from three independent experiments.
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in unstimulated fibroblast cultures (Fig. 3C). Within 4 h of stim-
ulation by IL-1a (Fig. 3C) or TNF-a (data not shown), levels of
SDF-1a and SDF-1b mRNA decreased 16- and 23-fold, respec-
tively, and remained reduced for at least 64 h after simulation (Fig.
3, C andD). In contrast, stimulation with IL-1a increased levels of
mRNA encoding IL-8 and MCP-1 (Fig. 3,C andE) within 4 h of
stimulation and had no effect on level of the housekeeping mRNA
for GAPDH. TNF-a also increased IL-8 and MCP-1 message lev-
els (data not shown). An ELISA specific for IL-8 confirmed that
IL-1a and TNF-a stimulated the secretion of IL-8 protein, with
EC50 values of 0.2 and 2.0 ng/ml, respectively (Fig. 3F).

SDF-1 mRNA decreases in healing dermal wounds

Mouse dermal wound healing was employed to determine whether
acute inflammation inhibits the expression of SDF-1 in vivo. Full
thickness 2-mm dermal punch biopsies were removed from the
dorsum of anesthetized mice (time zero) and at 24-h intervals
thereafter. We detected less SDF-1 mRNA in day 1 tissue relative
to fresh biopsies (day 0; Fig. 4,A and B) and progressively less
SDF-1 mRNA until day 6 (Fig. 4B). This decline coincided with
the period of acute inflammation within the wound, characterized
by accumulation of polymorphonuclear cells by day 2 (Fig. 4C)
and macrophages by days 4–5 (Fig. 4D). In contrast, we detected

progressively more SDF-1 mRNA from day 6 to day 10 (Fig. 4B),
which coincided with reduced inflammatory infiltrate and maximal
formation of granulation tissue (Fig. 4E). By contrast, the amounts
of mRNA encoding MIP-2 and MCP-1 increased from days 1
through 10 (data not shown). Furthermore, there was no consistent
change in the level GAPDH mRNA over the same time period
(Fig. 4A).

Discussion
Numerous healthy tissues basally express mRNA encoding SDF-1
(9, 10), and, therefore, it has been assumed that expression of
SDF-1 is not regulated. Furthermore, CpG transcription factor
binding motifs (typical of housekeeping genes) are present in the
sdf1 gene, and comparable motifs for inflammation-associated
transcription factors, such as NF-kB and AP-1, have not been iden-
tified in a 19-kb genomic clone (9). We found that primary fibro-
blast cultures grown from dermal biopsies produced SDF-1 and
that production was inhibited by supernatants from LPS-stimu-
lated, but not unstimulated, monocytes. Experiments with IL-1 and
TNF receptor antagonists demonstrated that IL-1 accounted for
most of this inhibitory activity, and that the remainder was attrib-
utable to TNF. Furthermore, purified recombinant IL-1a or TNF-a
could each completely inhibit the production of SDF-1. IL-1a was

FIGURE 4. Levels of mRNA encoding SDF-1
are regulated in dermal wound healing. Dermal
punch biopsies were removed from the dorsum of
mice to create wounds (day 0), and wound tissue
was excised on the indicated day thereafter.A, RT-
PCR analysis of SDF-1 and GAPDH message in
RNA from wounded tissue.B, Densitometry values
for GAPDH were employed to normalize for dif-
ferences in the amount of total cDNA at the indi-
cated time points.C–E, Hematoxylin staining of
wound sections exhibiting accumulation of poly-
morphonuclear cells (arrow) and fibrin on day 2
(C), polymorphonuclear leukocytes and macro-
phages on day 5 (D), and granulation tissue with
minimal inflammatory cells on day 8 (E).
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more potent than TNF-a; these two cytokines had EC50 values of
0.02 and 1.0 ng/ml, respectively. These EC50 values are similar to
those reported for stimulation of IL-8 production by dermal fibro-
blasts (20), as verified here. IL-1a decreased mRNA levels of
SDF-1 within 4 h, and inhibition was maintained for at least 144 h.
Fibroblasts stimulated in this manner were viable, and production
of IL-8 and MCP-1 was increased for the duration of these exper-
iments. Curiously, IL-1 and TNF-a activate NF-kB and AP-1, and
these transcription factors mediate many proinflammatory activi-
ties. The biochemical mechanism by which IL-1 and TNF regulate
the expression of SDF-1 remains unknown. Other inflammatory
cytokines, including IFN-g, IL-6, and IL-8, did not regulate the
production of SDF-1 by human dermal fibroblasts. LPS exerted a
slight inhibitory effect at later time points (48 and 72 h; data not
shown), which was probably a secondary effect due to IL-1 pro-
duction by fibroblasts and autocrine signaling. Recently, we found
that another pathway can also trigger down-regulation of SDF pro-
duction: ligation of CD40 on fibroblasts by CD40 ligand on acti-
vated platelets (our unpublished observations).

We found that SDF-1 is expressed by stromal cells and vessels
in skin. RT-PCR analysis of wounded mouse skin gave results
consistent with the studies of cells cultivated in vitro. From days 0
to 6 after wounding, we detected progressively less SDF-1 in skin,
a period during which polymorphonuclear leukocytes and then
macrophages were predominant in the wound. These findings sug-
gest that expression of SDF-1 is also regulated in vivo, during
wound healing in skin.

Monocytes promote wound healing by resolving the inflamma-
tory phase and initiating repair processes, such as formation of
granulation tissue. IL-1 and TNF mediate these macrophage func-
tions (21). This provides a possible connection between our ob-
servations of down-regulation of SDF-1 production by fibroblasts
in vitro by LPS-stimulated monocyte supernatants, IL-1 and TNF,
and the function of monocytes in vivo in wound healing. Because
SDF-1 is a monocyte chemoattractant in vivo (5), it could increase
infiltration by monocytes and prolong inflammation. Two other
cell types that predominate in wound tissue also express CXCR4,
T lymphocytes (22, 23) and endothelial cells (13–15). We found
that stimulation with IL-1a and TNF-a shifts the type of CXC
chemokines being produced by human fibroblasts from the non-
ELR-containing chemokine SDF-1 to the ELR-containing chemo-
kine IL-8. This observation could have implications for the differ-
ing roles of ELR- and non-ELR-containing chemokines in the
regulation of angiogenesis (12).
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Introduction

The uterus plays a key role in successful perpetuation of the

species in all viviparous animals. It provides an environment

where two distinct individuals coexist from the time of

implantation to birth. The mechanism by which the maternal

immunological system is modified to avoid rejection of the

foetus has been the object of extensive research since this

paradox was first identified by Medawar in 1953. We now know

that both humoral and local immune responses are involved in

the recognition and maintenance of pregnancy. From the time

that the embryo reaches the uterine cavity a series of interactions

occur between the endometrium and the trophoblast which

involve the endocrine and immune systems. In the last decade it

has become recognized that the endometrium provides a unique

environment where foreign antigens of the trophoblast can be

recognized and the response modulated to accommodate the

foetus throughout pregnancy. The changes in the local immune

system are controlled by steroid hormones, secreted by the

ovary and placenta. If pregnancy does not occur these same cells

are involved in the involutional changes in the endometrium or

decidua that result in menstruation.

Regular menstrual bleeding is the outward manifestation of

cyclical ovarian function. Following puberty the average

woman today in developed countries may expect to menstruate

over 400 times until the ovaries fail at the time of menopause.

In contrast, in less well developed countries and in previous

centuries, the majority of women were amenorrhoeic through-

out most of their lives due to late puberty, pregnancy and

prolonged lactation (Short, 1984). Menstruation is the process

by which the endometrium is discarded each month if

pregnancy fails to occur. It involves sloughing of the

endometrium over a period of days, bleeding and subsequent

repair so that the uterus is receptive to an implanting embryo in

the next cycle. Work carried out in the 1930s by Markee

(1940), Corner and others (Corner & Allen, 1929) established

that ovarian steroids, oestradiol (E2) and progesterone (P),

were responsible for the changes in endometrial structure and

function throughout the cycle. Following a period of

unopposed oestrogen in the first half of the cycle, progesterone

secreted by the corpus luteum induces secretory changes that

make the uterus receptive to implantation. Menstruation is

initiated by the fall in concentration of progesterone that

follows luteal regression. The molecular mechanisms by which

steroids induce these changes involve interactions between the

endocrine and immune system that are the subject of this

review. The cellular and molecular mechanisms involved in

endometrial regeneration are not addressed.

In addition to the epithelial, stromal, and endothelial cells

that participate in cyclic proliferation, differentiation, and

desquamation, there is a dynamic population of leucocytes

within the endometrium that plays an important role in the

menstrual breakdown process.

A complex dialogue exists between the sex steroid hormones

and the leukocytic cells of the immune system, locally produced

cytokines and growth factors (for a detailed review of cytokine

control in human endometrium, see Kelly et al. 2001). These

leucocytes are likely to be controlled directly by paracrine

mediators and only indirectly by hormonal changes as genomic

sex steroid receptors are not detectable in any of the

macrophages, neutrophils or uterine natural killer (NK) cells

found within the uterine environment (Poropatich et al., 1987;

Loke & King, 1995; King, 2000). In the immediate premenstr-

ual phase, P withdrawal induces a unique cascade of events that

include expression of uterine cytokines that attract leucocytes

into the uterine environment, expression of matrix metallopro-

teinases (MMPs) by both endometrial and leukocytic cells, and a

complex set of interactions between these cells and their

products that ultimately result in the tissue sloughing and

bleeding characteristic of the menstrual process. Because of the

leukocytic invasion and subsequent production of inflammatory

mediators, menstruation has been described as an inflammatory

event (Finn, 1986; Kelly, 1994).
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Spatio-temporal localization of endometrial sex steroid

receptors

Steroids interact with their target organs via specific nuclear

receptors. The expression of endometrial sex steroid receptors

(progesterone receptor, PR; oestrogen receptor, ER; androgen

receptor, AR), all of which are nuclear proteins, varies both

temporally and spatially across the menstrual cycle (Garcia

et al., 1988; Lessey et al., 1988; Snijders et al., 1992; Critchley

& Healy, 1998; Burton et al. 2000; Critchley et al. 2001;

Slayden et al. 2001). The expression of ER and PR are under

dual control of E2 and P. Both endometrial ER and PR are up-

regulated during the follicular phase by ovarian E2 and

subsequently down regulated in the luteal phase by P acting at

both the transcriptional and the post-transcriptional levels

(Chauchereau et al., 1992). The presence of PR is considered

evidence of a functional ER mediated pathway. Administration

of the antigestogen mifepristone (RU486) in the early luteal

phase blocks the progesterone-induced down-regulation of PR

(and ER) in nonpregnant human endometrium (Maentausta

et al., 1993; Cameron et al., 1996).

There are two distinct subtypes of the human PR (Clarke &

Sutherland, 1990): PRA (Mr 81000) and PRB (Mr 116000),

that arise from a single gene and function as transcriptional

regulators of progestin-responsive genes. PRA is the shorter

subtype, missing 164 amino acids present at the N-terminus of

the B subtype. It is otherwise identical to the B subtype (Tung

et al., 1993). There is a significant decline in PR expression in

the glands of the functional layer of the endometrium (that

region which is shed at menstruation) with the transition from

the proliferative to the secretory phase of the cycle. In contrast,

PR expression persists in the stroma in the upper functional

region, being particularly highly expressed in stromal cells in

close proximity to the uterine vasculature (Fig. 1). The basal

layer is differentially regulated in that the glands and stroma of

the deeper zones express PR throughout the cycle. These

differences between the superficial and basal layers of the

endometrium are likely to be functionally important given that

only the upper zones are shed at menstruation. Localization

studies utilizing antibodies that recognize both PR subtypes

have described differential regulation of PR in the endometrial

epithelium and stromal cells. For example, during the luteal

phase the PRB subtype appears to decline in the stroma and

PRA becomes the predominant form (Wang et al., 1998;

Brosens et al., 1999).

The different roles of PRA vs. PRB have recently been

elucidated by production of PRA and PRB knockout mice

(Conneely & Lydon, 2000). In PRA knockouts, for example,

E2 treatment induces uterine epithelial hyperplasia which P

treatment cannot suppress. This indicates that the P-mediated

suppression of epithelial growth stimulated by oestrogen

depends on PRA, not PRB. Moreover, in the PRA 1 PRB

knockouts, there is a dramatic influx of inflammatory

leucocytes, which cannot be prevented by progesterone (Lydon

et al. 1995), suggesting that P suppresses the influx of

inflammatory cells into the uterus in wild type animals. By

selective ablation of PR-A in mice, it has also been shown that

the PR-B isoform modulates a subset of reproductive functions

of progesterone by regulation of a subset of progesterone-

responsive target genes (Mulac-Jericevic et al. 2000). Thus,

PR-A and PR-B are functionally distinct mediators of

progesterone action in vivo. We do not know if these

observations can be extrapolated to the human.

Two forms of ER, alpha (ERa) and beta (ERb) have also

been described (Green et al., 1986; Kuiper et al., 1996). The

ERb gene, like ERa, is encoded by eight exons with the highest

Fig. 1 Photomicrograph of late secretory

phase endometrium (postovulatory day 10)

illustrating progesterone receptor immunoreac-

tivity (black) in stromal cell nuclei. There is a

close association of the PR positive cells to the

blood vessels (V) and absence of PR immuno-

staining in the glands.

702 H. O. D. Critchley et al.

q 2001 Blackwell Science Ltd, Clinical Endocrinology, 55, 701±710



levels of homology between ERa and ERb present in the DNA

and ligand binding domains (Enmark et al., 1997). The function

of ERb in the uterus remains unknown. In the functional layer

ERa expression increases in both glandular and stromal cells in

the proliferative phase and declines in the secretory phase due to

suppression by P. In the basal zone ERa is present in glandular

and stromal cells across the cycle (Garcia et al., 1988; Snijders

et al., 1992). In both human and nonhuman primate endome-

trium, ERb, like ERa, is expressed in the nuclei of glandular

epithelial and stromal cells and has been observed to decline in

the late secretory phase in the functionalis layer (Critchley et al.

2001). However, unlike ERa, ERb has been detected with both

polyclonal and monoclonal antiERb antibodies in the nuclei of

the vascular endothelial cells. The presence of ERb in

endometrial endothelial cells indicates for the first time that

E2 may act directly on endometrial blood vessels. Such direct

effects of E2 may be involved in endometrial angiogenesis and

vascular permeability changes during the cycle. According to

most reports, PR is absent from the vascular endothelium

(Perrot-Applanat et al., 1994; Critchley et al. 2001) of the spiral

arteries, which suggests that the effects of P withdrawal on these

vessels, which play such a key role in menstrual induction, is

indirectly mediated by the PR-positive perivascular stromal

cells.

The endometrium is also a target for androgen action either

directly via the AR or indirectly via the ER after aromatization

to oestrogen (Horie et al., 1992). Concentrations of testoster-

one shows little if any changes throughout the menstrual cycle

(in contrast to the cyclical variations in E2 and P) but is present

at levels approximately 10 times greater than oestradiol

(Goebelsman et al., 1974; Ribeiro et al., 1974:). During all

stages of the cycle, the AR is expressed predominantly in the

endometrial stroma, and there is considerably higher intensity

of AR immunostaining during the follicular as compared to the

luteal phase (Slayden et al. 2001). Although the physiological

role of endometrial AR is not known, androgen treatments can

suppress oestrogen action in the endometrium, and this effect

is presumed to be mediated by endometrial AR. Any role for

AR in the menstrual process remains to be discovered.

Progesterone withdrawal and up-regulation of MMPs

Withdrawal of progesterone induces a shift away from the

haemostatic milieu of luteal phase endometrium to the haemor-

rhagic environment of menstruation. The breakdown of the

extracellular matrix has been reported to involve key enzymes: the

MMPs (Schatz et al., 1997; Lockwood et al., 1998; Salamonsen &

Woolley, 1999). There is evidence that the focal expression of

MMPs within perimenstrual and menstrual endometrium impli-

cates local regulation. Leukocytes release MMPs and important

interactions between endometrial leucocytes, stromal and epithelial

cells induce and activate MMPs (Salamonsen et al. 2000). The

inhibition of MMP activity (MMP-1, MMP-3) in endometrial

stromal/decidual cells in response to circulating levels of E2 and P

maintains the normal composition of the luteal phase endometrial

extracellular matrix (ECM). Sex steroid withdrawal reverses the

inhibition of MMP-1 expression and is considered a critical

component of the menstruation model as it accounts for

degradation of residual interstitial collagens in the peri-decidual

cell ECM of the superficial endometrium. (Lockwood et al.,

1998). MMP-2 is a putative menstrual proteinase and there are in

vitro data that suggests P withdrawal up-regulates MMP-2 (Irwin

et al., 1996). This observation is consistent with involvement of

stromal-cell derived MMP-2 in the breakdown of ECM and the

onset of menstrual bleeding.

Experiments with rhesus macaques that have been treated

with oestrogen and progesterone indicate that the induction of

menstruation and up-regulation of various MMPs is identical

under the following two conditions: withdrawal of P alone

while E2 is maintained, or withdrawal of both E2 and P

(Corner & Allen, 1929; Markee, 1940; Rudolph-Owen et al.,

1998). Furthermore, the administration of the antiprogestin,

mifepristone (RU486), is associated with marked endometrial

ECM breakdown and excessive menstrual bleeding (Swahn

et al., 1990; Spitz & Bardin, 1993). These data, among others,

strongly support the view that the up-regulation of endometrial

MMPs, and the associated menstruation, are mainly due to the

withdrawal of P rather than oestrogen.

Up-regulation of inflammatory mediators

The withdrawal of progesterone from the endometrium is

associated with features resembling an inflammatory event.

There is an influx of leucocytes (Loke & King, 1997) and

release of prostaglandins plus development of stromal oedema.

There is considerable evidence that prostaglandins are

involved in menstruation (Baird et al., 1996).

Prostaglandin synthetase inhibitors remain a useful medical

approach for reduction of menstrual blood loss (Cameron et al.,

1990; Fraser, 1992). Prostaglandins are present in high

concentrations in endometrium (Pickles, 1957; Downie et al.,

1974) where synthesis and metabolism of prostaglandin is

regulated via oestrogen and progesterone (Abel & Baird, 1980;

Abel & Kelly, 1983). Increased production of PGF2a produces

myometrial contractions and vasoconstriction (Ylikorkala &

Makila, 1985) whereas prostaglandins of the E2 series are

vasodilators that work in synergy with other compounds such

as bradykinin to increase pain and oedema (Williams, 1979).

Cyclo-oxygenase 2 (COX2) is the inducible form of prosta-

glandin synthetase and is present in human endometrium,

being particularly expressed during the menstrual phase (Jones

et al., 1997) when prostaglandin levels have been shown to
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rise. An interesting and important synergism has been reported

between prostaglandin E2 and the small peptide chemokine

interleukin 8 (IL8). This compound is important for neutrophil

chemotaxis (Rampart et al., 1989; Colditz, 1990) which is

markedly elevated by low levels of PGE.

Interleukin-8 (IL-8), an a-chemokine, is chemotactic for

both neutrophils and NK cells, having a perivascular location

in human endometrium (Critchley et al., 1994; Jones et al.,

1997). Furthermore, IL-8 mRNA expression, as demonstrated

by in situ hybridization, is also localized to the perivascular

cells of late secretory endometrium (Fig. 2; Milne et al., 1999).

IL-8 is produced by monocytes and fibroblasts and there is

evidence that it is angiogenic (Strieter et al., 1992). An

important further action of IL-8 is its direct effect on

endometrial cell proliferation (Arici et al., 1998). Monocyte

chemotactic peptide-1 (MCP-1) is a b chemokine that also has

a perivascular location in the human endometrium (Critchley

et al., 1999). MCP-1 is chemotactic for both monocytes and

NK cells and is produced by monocytes, fibroblasts, epithelial

and other cell types. This chemokine can also be angiogenic

(Goede et al., 1999; Ueno et al. 2000).

Utilizing an experimental model of progesterone withdrawal

in vivo (Critchley et al., 1999) an up-regulation of IL-8 and

COX-2 mRNA and protein has been demonstrated 48 h after

progesterone withdrawal. Thus P withdrawal will activate the

above synergism and have a potent effect in inducing

leucocyte entry and activation. These data implicate important

immune endocrine interactions in the regulation of normal

endometrial function.

From the above lines of evidence we have hypothesized

(Fig. 3) that progesterone withdrawal results in an up-

regulation of key inflammatory mediators (chemokines ± IL-8,

MCP-1; also the inducible enzyme responsible for synthesis of

prostaglandins ± COX-2). In addition, there are data that

describe the inhibition of prostaglandin dehydrogenase

(PGDH) expression in decidua (Cheng et al., 1993) and

secretory endometrium (Hapangama et al. unpubl. obs.) after

exposure to an antigestogen. These enzyme changes, namely,

induction of COX-2 and inhibition of PGDH, result in

elevation of local prostaglandin concentrations (PGE and

PGF2a (Fig. 3).

The peri-menstrual influx of leucocytes that consists of

neutrophils, macrophages and other cells of haematopoietic

origin, are in turn sources of cytokines that further augment

leucocyte traffic. Moreover, these cells also release enzymes

such as MMPs, some of which activate other, stromally

derived MMPs. The end result of the increase in MMP

expression and activation is the breakdown of the extracellular

matrix and initiation of menstruation.

Glucocorticoids reduce the synthesis of inflammatory

mediators by acting on transcription factors such as NFkB.

Although there may be several points within the NFkB cascade

where steroids are inhibitory, their major action is to increase

synthesis of IkBa, the chaperone molecule that retains NFkB

in the cytoplasm, and consequently inactive. Studies in cells

that express PR show that progesterone also stimulates IkBa

and thus may inhibit NFkB activation of cytokine genes

(Wissink et al., 1998). Components of the NFkB cascade are

present in human endometrium and the NFkB pathway may be

activated (as a result of P withdrawal) during menstruation

leading to increased inflammatory mediator expression and

subsequent tissue breakdown. (King et al. 2001a). The CD40-

CD40 ligand system is a pro-inflammatory system that

activates NFkB. Recently CD40 expression was detected in

the perivascular cells of endometrium and decidua (King et al.

2001b). This mediator of inflammatory action in the immune

Fig. 2 Endometrial tissue section, 48 h after ceasing progesterone

administered from day LH 1 8 in the luteal phase for 4 days demon-

strating localization of IL-8 antisense riboprobe to the perivascular

cells (V, vascular structure). Reproduced with permission from Milne

et al. (1999) Perivascular interleukin-8 messenger ribonucleic acid

expression in human endometrium varies across the menstrual cycle

and in early pregnancy decidua. Journal of Clinical Endocrinology

and Metabolism, 84, 2563±2567. q The Endocrine Society.
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system could be activated by CD40 ligand from platelets,

activated on extravasation. As CD40 activation may result in

the stimulation of NFkB, P will control the outcome of CD40-

CD40 ligand interactions in perivascular cells that express PR

and thus modulate inflammatory cytokine and prostaglandin

synthesis in this location.

Effects of vasoconstriction and hypoxia

By transplanting explants of endometrium to the anterior

chamber of the eye of the rhesus macaque, Markee (1940) was

able to demonstrate that vasoconstriction of the spiral arteries

was induced by the withdrawal of progesterone. The dramatic

constriction of the spiral arterioles was associated with the

regression of stromal tissue and onset of degradation of the

extracellular matrix (Markee, 1940). Thus progesterone with-

drawal not only involves an up-regulation of inflammatory

mediators as described above but also a severe constriction of

the spiral arteries with consequent anoxia in the zones closest

to the uterine lumen. MMPs are secreted by stromal cells in the

upper endometrial zones after 48 h following P withdrawal

(Rudolph-Owen et al., 1998).

The precise nature of the endometrial vasoconstrictor

remains to be established. As well as prostaglandins there

are other locally produced agents that have a vasoconstrictor

action in the endometrium. Endothelins have been proposed as

endometrial vasoconstrictors. Although differences in the ratio

of the endothelin receptors (ETA and ETB) mRNA levels are

observed across the menstrual cycle the functional relevance of

these observations are unknown (O'Reilly et al., 1992). Cyclic

changes of another potent vasoconstrictor, angiotensin II and

endometrial expression of the angiotensin (AT) receptor

subtypes implicate a role in the control of the uterine vascular

bed (Ahmed et al., 1995). Intense immunoreactivity of

angiotensin II was reported in perivascular stromal cells

around endometrial spiral arterioles in the secretory phase of

the cycle.

In the recent review by Kelly et al. (2001) it has been

proposed that there are two phases of menstruation. The early

events involved in the onset of menstruation, these being

vasoconstriction and cytokine changes, are initiated by the

withdrawal of P and are likely to be reversible. Subsequent

events however, which include the activation of lytic

mechanisms that presumably are the consequence of hypoxia,

are inevitable. This implies that this latter phase is progester-

one independent and involves cells that may not express PR,

such as, uterine leucocytes and epithelial cells. In support of

this proposal, Brenner's laboratory (Slayden et al., 1999)

described how `adding back' P before 36 h following P

withdrawal can prevent menstruation, but adding back P after

36 h fails to do so. This observation is consistent with the view

that only the early events, which occur in PR-positive cells,

may be inhibited by adding back P.

Hypoxia stimulates cytokine release by influencing the

NFkB pathway (Royds et al., 1998), and relevant genes

possess hypoxia response elements. Amongst the local

mediators stimulated by hypoxia, vascular endothelial growth

factor (VEGF) is a prominent angiogenic factor. There is

evidence that experimental hypoxia increases levels of VEGF

in nondecidualized and decidualized endometrial stromal cells.

Fig. 3 Menstrual hypothesis. Progesterone

withdrawal results in an up-regulation of key

inflammatory mediators (chemokines ± IL-8,

MCP-1, and also the inducible enzyme

responsible for synthesis of prostaglandins ±

COX-2). In addition, there is an inhibition

of prostaglandin dehydrogenase (PGDH)

expression. These local events result in an

elevation of local prostaglandin concentra-

tions (PGE and PGF2a) and there may be

synergism with the chemokine IL-8. The

consequential peri-menstrual influx of leuco-

cytes consists of neutrophils, macrophages

and other cells of haematopoietic origin.

These leucocytes are in turn sources of cyto-

kines that further augment leucocyte traffic.

Moreover, these cells release enzymes such

as MMPs along with the MMPs produced

by the endometrial stromal cells, the end

result is the breakdown of the extracellular

matrix and initiation of menstruation.
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Interestingly cAMP (which can itself increase levels of VEGF

in endometrial cells) has an additive effect on VEGF

production in the presence of hypoxia (Popovici et al., 1999).

VEGF has also been implicated in the modulation of MMPs.

VEGF stimulates expression of MMP-1, -3 and -9 in vascular

smooth muscle cells (Wang & Keiser, 1998) and MMP-1 in

endothelial cells. Moreover VEGF stimulates the production of

MMP-2 and -9 in cervical fibroblast explants (Ahmed et al.,

1997). VEGF is a potent angiogenic factor present in the

human endometrium (Smith, 1998), and binds to its receptors,

VEGFR-1 (flt-1) and VEGFR-2 (KDR), predominantly

expressed in endothelial cells (Skobe et al., 1997). An

additional role of VEGF at the time of menstruation may be

to increase vascular permeability and thus account for the

oedema characteristic of premenstrual tissue.

Up-regulation of VEGF receptor type 2 (KDR)

We have recently reported the novel and unexpected observa-

tion that KDR, normally expressed only in the vascular

endothelium, was dramatically up-regulated in the stromal

cells of the superficial endometrial zones, during the

premenstrual phase in both human and macaque endometrium

(Nayak et al. 2000; Fig. 4). The up-regulation of stromal KDR

was induced by P withdrawal in both women and macaques,

and adding back progesterone 24 h after P withdrawal in

macaques blocked stromal, but not vascular, endothelial KDR

expression. Interestingly, proMMP-1 was up-regulated in a

coordinate manner in the same stromal cell population by P

withdrawal. Hypoxia can directly up-regulate VEGF transcrip-

tion and it is noted that the VEGF promoter has the response

element for hypoxia inducible factor (Goldberg & Schneider,

1994). The KDR promoter, however, lacks the response

element for hypoxia inducible factor and hypoxia is therefore

unlikely to directly up-regulate KDR (Gerber et al., 1997)

Interestingly VEGF has been shown to directly up-regulate

KDR in vascular endothelium in cerebral brain cultures

(Kremer et al., 1997). Local factors such as hypoxia can up-

regulate VEGF expression in the human endometrium

(Sharkey et al. 2000), and KDR might be up-regulated

indirectly by its ligand, VEGF.

Because VEGF, KDR and MMPs are co-ordinately

expressed by stromal cells in the upper zones of premenstrual

stage endometrium at the time of progesterone withdrawal, we

have concluded that a VEGF-KDR-MMP link might be a

component of the premenstrual/menstrual process. Many other

factors are also operative during the premenstrual phase

(Schatz et al., 1995; Baird et al., 1996; Tabibzadeh, 1996).

An extension of our working hypothesis of menstrual

induction is illustrated in Fig. 5 and summarized as follows.

With the demise of the corpus luteum, P levels fall. As a

consequence of P withdrawal, in cells that contain PR,

inflammatory mediators and locally produced prostaglandins

are elevated. There is coincident constriction of the spiral

arteries and the uppermost endometrial zones become hypoxic

with resultant distal ischaemia. Distal ischaemia/hypoxia

induces VEGF and VEGF may induce its own receptor KDR

within the stromal cells of the uppermost layers. VEGF is able

Fig. 4 In situ hybridization analysis of

KDR expression in human endometrium.

Photomicrograph illustrates KDR mRNA

expression detected by in situ hybridization

in human endometrium during the prolifera-

tive, secretory and premenstrual stages of

the cycle. Darkfield images at low magnifi-

cation (top row) show that only blood ves-

sels are positive for KDR mRNA during the

proliferative and secretory phases. No stro-

mal signal is evident at these times. This is

clearly evident in high magnification photo-

micrographs (bottom row). In the premen-

strual stage, large numbers of stromal cells

in the upper endometrial zones dramatically

increase their expression of KDR.
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to interact with its receptor KDR and augment, in either a

paracrine or autocrine manner, MMP expression by stromal

cells. The inflammatory mediators induce a large influx of

leucocytes. The combined increase in proteolytic enzymes

produced first by stromal cells and later by leukocytic cells

lead to the tissue destruction and associated bleeding of

menstruation.

Summary

The human endometrium displays characteristic features, both

structural and functional, across the menstrual cycle. It is the sex

steroid hormones, oestrogen and progesterone, that drive the

endometrium through the different phases of the cycle. Oestrogen

and progesterone act sequentially to regulate cellular concentra-

tions of their respective receptors, this interaction initiates gene

transcription. Thereafter a cascade of local events prepares the

endometrium for implantation, but in the absence of pregnancy,

progesterone withdrawal leads to menstruation and cyclic repair.

Withdrawal of progesterone from an oestrogen±progesterone

primed endometrium is the initiating event for the cascade of

molecular and cellular interactions that result in menstruation.

Progesterone withdrawal first affects cells with progesterone

receptors. Early events in the menstrual process are vasoconstric-

tion and cytokine up-regulation. The activation of lytic mechan-

isms is a later event and involves cells that may lack progesterone

receptors, for example, uterine leucocytes and epithelial cells.

Hence progesterone withdrawal results in a local increase of

inflammatory mediators and the enzymes responsible for tissue

breakdown. The total complex of local factors implicated in

normal menstrual and aberrant menstrual bleeding are yet to be

fully defined.
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Administration of an antiprogesterone
up-regulates estrogen receptors in the
endometrium of women using Norplant™:
a pilot study

Anna F. Glasier, M.D.,a,b Hong Wang, Ph.D.,a Jane E. Davie, M.B.Ch.B.,b

R. W. Kelly, Ph.D.,c and Hilary O. D. Critchley, M.D.a

University of Edinburgh; Lothian Primary Care NHS Trust; and MRC Human Reproductive Sciences Unit,
Edinburgh, Scotland, United Kingdom

Objective: To determine the effect of a single dose of mifepristone (200 mg) on endometrial estrogen and
progesterone receptors in Norplant™ users.

Design: A prospective single-blind placebo-controlled pilot study.

Setting: Women were recruited from a large family planning clinic and were studied either at the clinic or
in a clinical research unit attached to a teaching hospital gynecology department.

Patient(s): Eight women using Norplant™ and experiencing vaginal bleeding more often than once every 24
days. All completed the study.

Intervention(s): Endometrial biopsies were taken after treatment with both placebo and 200 mg of mife-
pristone, both given at the start of a bleeding episode.

Main Outcome Measure(s): Expression of endometrial progesterone (PR) and estrogen (ER) receptors,
ovulation, and vaginal bleeding.

Result(s): Mifepristone administration was associated with down-regulation of PR receptor subtype B and
up-regulation of ER. Women treated with mifepristone showed a tendency to increased ovulation rates and
reduced vaginal bleeding.

Conclusion(s): The effect of mifepristone on endometrial steroid receptors was consistent with functional
inhibition of progesterone. The findings warrant further investigation of this regimen as a strategy to reduce
frequent bleeding. (Fertil Steril� 2002;77:366–72. ©2002 by American Society for Reproductive Medicine.)

Key Words: Norplant™, mifepristone, bleeding, endometrium, contraception

Irregular or breakthrough bleeding is per-
haps the most frequent side effect of oral con-
traceptives (1); in some parts of the world, it is
the commonest reason for discontinuation (2).
Irregular bleeding is particularly associated
with low-dose progestogen-only contraception
(pills, implants, and progestogen-releasing in-
trauterine systems), which in most women do
not completely inhibit endogenous ovarian ac-
tivity. In a recent review of first-year continu-
ation rates of Norplant™ contraceptive im-
plants in the United Kingdom (3), over 50% of
women who had the implants removed cited
menstrual change as the reason. By 18 months
after insertion, 20% of women attending a large
family planning clinic in Scotland (4) had
stopped using Norplant™, with 43% of them

attributing discontinuation to irregular bleed-
ing.

The mechanisms responsible for irregular
bleeding are not well understood. The occur-
rence of erratic bleeding episodes does not
clearly correlate with fluctuations in circulating
concentrations of endogenous or exogenous
steroids, nor with any particular pattern of en-
dometrial histology. It is thought that break-
through bleeding is probably related to molec-
ular changes in the endometrium that disrupt
vascular growth, function, and repair and dis-
turb hemostatic mechanisms (5). Estrogen re-
ceptors have now been clearly demonstrated in
the endothelium of the endometrial vasculature
(6), and thus these changes may be mediated by
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a direct or indirect effect of steroids on the vasculature acting
via cytokines or chemokines (7).

Whatever the cause of breakthrough bleeding, it is well
recognized that the addition of ethinyl estradiol to a proges-
togen-only contraceptive regimen reliably improves bleed-
ing patterns (8, 9). More recently it has been demonstrated
that the addition of an antiprogesterone to progestogen-only
contraception reduces the incidence of unscheduled bleeding
in monkeys (10), and we have shown that once a month
administration of mifepristone improves bleeding patterns in
Chinese women using the levonorgestrel-releasing sino-im-
plant (11). The mechanism for this effect of both estrogen
and mifepristone is unknown. In the normal cycle, after
menstruation, a period of unopposed estrogen stimulation
(during the follicular phase) appears to be necessary for the
regeneration of endometrial progesterone receptors. Al-
though the endometrium of women using Norplant™ has
been shown to have an increased concentration of proges-
terone receptors (PR) (12, 13), exposure to progestogens can
lead to refractoriness to the steroid (see 14 for review). It is
possible that both add-back estrogen, acting directly on the
endometrium, and antiprogesterone, through a direct effect
on steroid receptors allowing the regeneration of functional
PR, mimic this physiological process.

In an attempt to determine whether the addition of an
antiprogesterone to a progestogen-only regimen of contra-
ception might alter the expression of endometrial steroid
receptors, we undertook a small pilot study of women expe-
riencing troublesome bleeding while using the contraceptive
implant Norplant™.

None of the authors has any vested interest of a commer-
cial nature relevant to this study.

PATIENTS AND METHODS

Eight women who had been using Norplant™ for at least
4 months and who were experiencing vaginal bleeding more
than once every 24 days were recruited to the study from a
large family planning clinic in Edinburgh. All eight women
took both placebo and mifepristone treatment, and all com-
pleted the study. None complained of any side effects asso-
ciated with either treatment. Women kept a daily diary of
menstrual bleeding and spotting throughout the study.

Ovarian activity was monitored for 8 weeks by measuring
estrone and pregnanediol/creatinine ratios in early morning
specimens of urine collected three times every week. Sam-
ples from individual women were run in a single batch.
Urinary estrone-3-glucuronide was measured using a spe-
cific radioimmunoassay and pregnanediol-3-glucuronide us-
ing an enzyme-linked immunosorbent assay (ELISA) (for
full details see 15). A pregnanediol/creatinine ratio of 0.5 or
more was taken as an indication of ovulation. On the third
day after the onset of the first bleeding episode to occur after
8 weeks of baseline monitoring, a single placebo tablet

(vitamin C, 50 mg) was given and urine collection was
increased to daily (Fig. 1). In a similar manner, 200 mg of
mifepristone was taken on day 3 of the first bleeding episode
to occur at least 3 weeks after placebo treatment. Daily urine
collection continued until 4 weeks after the administration of
mifepristone. Participants were blinded to the treatments.

Between 3 and 5 days after administration of both placebo
and mifepristone an endometrial biopsy was taken using a
Pipelle endometrial sampler. On the day of the biopsy a
single venous blood sample (10 mL) was taken for the
measurement of estradiol and progesterone by RIA using
methods that have previously been published from our center
(16). A sample of cervical mucus was also collected using a
tuberculin syringe (15). Cervical mucus score was assessed
using the criteria established by the World Health Organi-
zation (17) wherein scores of 0 to 3 were given for mucus
volume, consistency, ferning, spinnbarkeit, and cellularity
(total score possible � 15).

All endometrial tissue samples were fixed overnight in
10% neutral buffered formalin at 4°C, rinsed, and stored in
70% ethanol and thereafter routinely wax embedded. Sec-
tions 5 �m thick were cut for routine histopathology (hema-
toxylin and eosin staining) and immunolocalization of pro-
gesterone receptor (subtypes A and B), progesterone
receptor subtype B, and estrogen receptor.

Local ethics committee approval was obtained for the
study and all participants gave written, informed consent.

Differences in bleeding patterns were analyzed using the
Wilcoxon signed rank test and by paired t test.

Immunohistochemical Procedures
Localization of progesterone receptors was undertaken

with the use of two antibodies, a rabbit polyclonal antibody
against PRB subtype, and a monoclonal antibody that detects
both A and B subtypes. It is not possible to raise a specific
subtype antibody against the A form of the receptor. Hence,
we refer to PRA�B as the receptor detected by the antibody
that recognizes both subtypes of the PR, and PRB as the
receptor detected by antibody specific to the B form of the
receptor. Furthermore, we assume PRA is the subtype re-
sponsible for positive immunostaining when the B subtype
cannot be detected. (For full details of the immunohisto-
chemical protocols used in our study, see 18, 19).

Briefly, paraffin-embedded tissue sections were treated
with primary antibodies raised against the A and B subtype
of the progesterone receptor (1:40 Novocastra Laboratories,
Newcastle, United Kingdom), the B form of the progester-
one receptor (1:200 “ in house” rabbit anti-human antibody
[18]), and the estrogen receptor (1 in 25 ER1D5, DAKO
Laboratories, High Wycombe, United Kingdom). An anti-
gen-retrieval step (tissue sections microwaved in citrate
buffer, pH 6.0 [18]) was necessary for localization of epitope
representing the A and B form of the progesterone receptor
and the estrogen receptor. Standard immunohistochemical
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detection methods were employed (avidin-biotin-peroxidase:
Vectastain, PK-4002, DAB kit, SK-4100, Vector Laborato-
ries, Peterborough, United Kingdom). Negative controls
were included by replacing the primary antibody with non-
immune serum of equivalent concentration.

Scoring of Immunohistochemical Staining and
Statistical Analysis

Immunostaining intensity and distribution of epitopes in
all tissue sections were assessed semiquantitatively, on a
four-point scale where 0 � no staining, 1 � mild staining,
2 � moderate staining, and 3 � intense staining. Scoring
was performed “blind” by a single observer. As we reported
elsewhere, in endometrial tissue sections, a high correlation

(0.963) of immunostaining was measured objectively by
computerized image analysis and by subjective semiquanti-
tative scoring of immunoreactivity (18). These published
data support the subsequent statistical analyses performed on
semiquantitative scores of sex steroid immunostaining. As
the data were noncontinuous, analysis employed a Mann-
Whitney test.

RESULTS

The characteristics of the women and their responses to
treatment with mifepristone and placebo are shown in Table
1. The amount of tissue from one woman following placebo

F I G U R E 1

Study design.

Glasier. RU486 and Norplant™treated endometrium. Fertil Steril 2002.

T A B L E 1

Menstrual bleeding pattern reported with mifepristone and placebo.

Treatment

Bleeding/spotting days Dry days
Women
ovulatedMean Range Mean Range

After placebo 6 0–21 14 8–39 1
After mifepristone 4 0–6 17 8–�25 3

Glasier. RU486 and Norplant™treated endometrium. Fertil Steril 2002.
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treatment, and from the same woman and one other follow-
ing mifepristone administration was inadequate for analysis;
thus, seven biopsies were available after placebo treatment
and six after mifepristone.

Steroid Receptor Immunostaining
The response of receptor expression to the administra-

tion of mifepristone in endometrium exposed to Nor-
plant™ is shown in Figure 2. Levonorgestrel-exposed
endometrium displayed intense immunostaining for PR
subtype A�B in both stromal and glandular cells. Admin-
istration of mifepristone was not associated with any
change in this pattern. Endometrium exposed to levonorg-
estrel displayed a lower level of immunostaining for PR
subtype B than for PRA�B in both glands and stroma; PRB

expression was significantly further reduced following
mifepristone (P�.05) (Fig. 3).

Estrogen receptor immunoreactivity was intense in
both glandular and stromal components of the Norplant™
(levonorgestrel-treated) endometrium. Mifepristone ad-
ministration was followed by a significant increase in ER
immunoreactivity in glandular cells (P�.05).

Bleeding Patterns, Ovarian Activity, and
Cervical Mucus Characteristics

Both placebo and mifepristone were administered on the
third day of an episode of vaginal bleeding. The mean
number of days during which women continued to experi-
ence bleeding or spotting after treatment was slightly less (4
days, range: 0 to 6) following mifepristone than after placebo
treatment (6 days, range: 0 to 21). The mean number of days
when no bleeding or spotting occurred (dry days) following
the end of the “ treatment episode” until the onset of the next
episode of bleeding or spotting was slightly longer following
administration of mifepristone (17 days, range: 8 to �25)
than after placebo (14 days, range: 8 to 39). Neither of these
observations reached the level of statistical significance.
Because the study ended 4 weeks after mifepristone treat-
ment, it was not possible to determine the total number of
dry days in every woman; two had experienced no further
bleeding by the time the study ended.

Following mifepristone administration (see Table 1),
three women ovulated and two others had an increase in
pregnanediol/creatinine ratio, which did not reach a value
consistent with normal ovulation (�0.5). In comparison,
only two women showed signs of ovulation during the

F I G U R E 2

Semiquantitative immunostaining scores (median value) of progesterone receptor (PgR) (A and B isoforms), progesterone
receptor B (PgRB) isoform, and estrogen receptor (ER) in endometrium after placebo and after mifepristone. 0 � no
immunostaining; 3 � intense immunostaining.

Glasier. RU486 and Norplant™treated endometrium. Fertil Steril 2002.

FERTILITY & STERILITY� 369



8-week pretreatment period and only one woman ovulated in
the 4 weeks following placebo. There were no clear dif-
ferences identifiable in endometrial steroid receptor im-
munostaining between the women who did or did not
ovulate. In no woman did ovulation occur before the time
of the biopsy.

No cervical mucus was detectable in any of the women on
the day of placebo treatment. On the day of mifepristone
administration, cervical mucus was detectable in only one
woman, in whom the total score was 6.

There were no pregnancies during the course of the study.

F I G U R E 3

Strong positive nuclear progesterone receptor (PgR) immunostaining (brown) was observed in glands and stroma of endo-
metrium treated with (a) Norplant™ and (b) mifepristone-Norplant™. (c), Lower positive progesterone receptor B (PgRB)
immunostaining was apparent in glands and stroma of Norplant™treated endometrium. (d), Positive progesterone receptor B
(PgRB) immunostaining was present in few cells of glands and stroma of mifepristone-Norplant™treated endometrium. (e),
Strong estrogen receptor (ER) immunostaining was observed in glands and stroma of Norplant™treated endometrium. (f),
Intense estrogen receptor (ER) immunostaining was observed in glands and stroma of endometrium treated with mifepristone-
Norplant™.

Glasier. RU486 and Norplant™treated endometrium. Fertil Steril 2002.
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DISCUSSION

The findings of this pilot study lend support to our hy-
pothesis that the administration of an antiprogesterone might
functionally inhibit the actions of levonorgestrel, despite its
continued delivery from Norplant™ implants. A possible
mechanism for this is as follows. The predominant steroid
receptor pattern in levonorgestrel-exposed endometrium is
characterized by maximal expression of subtype A with a
reduction in expression of both PR subtype B and estrogen
receptors. This is a similar pattern to that observed during the
luteal phase of the normal cycle and one where it is associ-
ated with endometrial breakdown and vaginal bleeding.
Thus, the chronic exposure to low-dose levonorgestrel is
associated with an endometrium constantly liable to degen-
erate. Mifepristone administration causes further reduction
of the expression of PRB receptors, amplifying the lack of
progesterone action and inducing menstruation. The simul-
taneous up-regulation of estrogen receptors induces the fac-
tors responsible for endometrial proliferation, causing ces-
sation of bleeding and a period of bleed-free days until
endometrial shedding recurs as the background pattern of
endometrial receptor status associated with Norplant™ (high
PRA, low PRB, and low ER) is restored.

The actual mechanism by which the steroids act on the
endometrial vasculature is unknown. However, increased
immunostaining for matrix metalloproteinases (MMPs),
which are involved with tissue breakdown, has been de-
scribed in the endometrium of Norplant™ users (20) and
these enzymes have been implicated in endometrial break-
down at the onset of menstruation in the normal cycle (7).

Like other investigators (12, 13), we have shown in this
study that PR concentrations are high in both the glandular
and stromal cells of the endometrium of women exposed to
levonorgestrel delivered by Norplant™. We have also dem-
onstrated, for the first time, the presence of PR subtype B
receptors in endometrium exposed to Norplant™. It is clear
from Figure 3 that PRB immunoreactivity in glandular and
stromal cells is much lower than the immunoreactivity for
PRA�B, which we infer to represent PR subtype A (18).
Mifepristone administration resulted in further depression of
the B subtype receptor. The simultaneous up-regulation of
estrogen receptors as a result of mifepristone administration
may be an indication of the functional withdrawal of pro-
gesterone and its effects on the endometrium.

There are no data on endometrial vessel changes in
women using Norplant™, who have been exposed to an
antigestogen. We and others have reported that the PRA

isoform is likely to be the dominant isoform in the secretory
phase of the cycle (18, 21). Moreover, PRA is the dominant
form in differentiating stromal cells in vitro. The abundance
of PRA declines in vitro during the decidualization process
(22). A decline in PR levels, either PRA or PRB, will be of
functional importance as there is differential gene activation.

Moreover, PRA may act as a repressor of PRB function, and
the expression ratios of the two subtypes will determine the
response to progesterone/progestogen (21, 23).

Mifepristone may also have an effect on the hypothala-
mus, stimulating positive feedback by blocking the inhibi-
tory action of progesterone and inducing ovulation (16), an
action which, independent of any direct effect on the endo-
metrium, would be sufficient to improve bleeding patterns.
Certainly there was a suggestion in our study that ovulation
was more likely to occur during the 4 weeks after mifepris-
tone administration than during the weeks before and after
placebo.

Cheng et al. (11) demonstrated an improvement in bleed-
ing patterns when mifepristone was administered to women
experiencing bleeding dysfunction while using the levonorg-
estrel contraceptive implant. In that study ovarian activity
was not monitored, so we do not know whether the improve-
ment was due to induction of regular ovulation or to some
other direct effect on the endometrium as described above.

Bleeding patterns tend to improve with the duration of use
of Norplant™ (11, 24), probably because as circulating
concentrations of levonorgestrel fall ovulation becomes
more frequent—about one-third of women ovulate regularly.
The altered endometrial vessel morphology described by
Hickey et al. (25) coincides with the time when bleeding
problems are most common. In our study, the duration of
Norplant™ use varied between 4 and 24 months, but only
two women showed evidence of ovulation during the pre-
treatment period (8 weeks) and all were experiencing fre-
quent bleeding episodes. It is possible that mifepristone may
have a different effect depending on the duration of Nor-
plant™ use, but the sample size in this small pilot study was
insufficient to assess this.

It is possible then that the regular administration of an
antiprogesterone—for example, once each month—might be
a useful strategy for reducing the side effects of low-dose
progestogen-only contraceptives, thereby increasing both ac-
ceptability and continuation rates.

Norplant™ is a highly effective method of contraception
that has three mechanisms of action. It inhibits ovulation,
prevents normal sperm transport through the female genital
tract (particularly through the cervix), and is associated with
endometrial atrophy (24). If mifepristone administration in-
creases the number of ovulatory cycles, it might reduce the
contraceptive efficacy of Norplant™ at the expense of in-
ducing more tolerable bleeding patterns. Ovulation is infre-
quent during the first 2 years of Norplant™, but it increases
with time as discussed earlier. However, the cumulative
pregnancy rate at the end of 5 years is only 1.1%, and thus
it would seem unlikely that an increase in the frequency of
ovulation following mifepristone would significantly in-
crease the failure rate of Norplant™.

In the clinical trial of once a month mifepristone admin-
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istration (11), there were no pregnancies during 300 woman-
months of use. Contraceptive efficacy could also be reduced
if antiprogesterone improved the quality of cervical mucus.
No woman showed any evidence of having fertile mucus at
the time when placebo and mifepristone were given. It is
however possible that the functional inhibition of progester-
one by mifepristone might induce fertile mucus, which we
failed to detect as we did not collect samples within days of
mifepristone administration.

Although ours was only a small pilot study, our observa-
tions suggest that further investigation of the effects of an
antiprogesterone on the endometrium, and on vaginal bleed-
ing patterns, in women using long-acting low-dose proges-
togen-only contraceptives would be worthy of future study.
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Prolactin Induces ERK Phosphorylation in Epithelial
and CD56� Natural Killer Cells of the
Human Endometrium

O. GUBBAY, H. O. D. CRITCHLEY, J. M. BOWEN, A. KING, AND H. N. JABBOUR

Medical Research Council Human Reproductive Sciences Unit (O.G., H.N.J.) and Department of Reproductive and
Developmental Sciences (H.O.D.C.), University of Edinburgh, Centre for Reproductive Biology, Edinburgh EH3 9ET, United
Kingdom; and Department of Pathology (J.M.B., A.K.), University of Cambridge, Cambridge CB2 1QP, United Kingdom

Functional PRL receptors are expressed in the human endo-
metrium during the secretory phase of the menstrual cycle in
which PRL stimulates tyrosine phosphorylation of Janus ki-
nase 2 and STAT (signal transducer and activator of tran-
scription) 1 and 5. In this study, we investigated the effect of
PRL on the MAPK/ERK pathway in the human endometrium.
Human endometrial tissue was collected during the mid to
late secretory phase of the menstrual cycle. Western blot anal-
ysis performed on proteins, extracted after up to 30 min cul-
ture with PRL, demonstrated rapid tyrosine and threonine
phosphorylation of ERK 1 and 2 MAPKs. The phosphorylation
of ERK, in response to PRL, was localized by immunohis-
tochemistry to glandular epithelial cells and a subset of stro-

mal cells. Using immunofluorescence histochemistry, PRL-
induced phosphorylation of ERK in the stromal compartment
was localized to the uterine-specific CD56� natural killer (NK)
cells. We have demonstrated that the PRL receptor is ex-
pressed in uterine CD56� NK cells in situ by immunofluores-
cence and in purified decidual CD56� NK cells by RT-PCR and
Western blotting analysis. We have further demonstrated
phosphorylation of ERK 1 and 2 in cultures of purified uterine
CD56� NK cells, in response to PRL. Our data demonstrate
that PRL stimulates the ERK pathway in multiple cellular
compartments of the human endometrium and identify uter-
ine CD56� NK cells as novel PRL target cells. (J Clin Endo-
crinol Metab 87: 2329–2335, 2002)

THE ENDOMETRIUM WAS one of the first extrapituitary
sites that was described to synthesize and secrete PRL

(1). In the absence of pregnancy, PRL synthesis is detected
between the mid-secretory phase and menses, coinciding
with the first signs of decidualization. If pregnancy occurs,
decidual PRL synthesis increases after implantation, reach-
ing a peak at 20–25 wk of pregnancy and declining toward
term (2). Expression of PRL receptor (PRLR) is likewise up-
regulated toward the secretory phase of the menstrual cycle
within the human endometrium (3, 4) and is also maintained
throughout pregnancy in the chorionic cytotrophoblast, pla-
cental trophoblast, and amniotic epithelium (5).

In the nonpregnant uterus, expression of PRL is confined
to stromal cells of the endometrium (6). PRLR is also ex-
pressed in some stromal cells but is predominantly confined
to the glandular epithelium of the endometrium (3, 4). PRL
is thus envisaged to signal within the endometrium in an
autocrine/paracrine fashion. The temporal expression of
both PRL and PRLR suggests that PRL plays a role in pre-
paring the endometrium for implantation as well as main-
taining pregnancy (7).

Like other class I cytokines, PRL signals through the Jak
(Janus kinase)/STAT (signal transducer and activator of
transcription) pathway. In the human endometrium, PRL
induces tyrosine phosphorylation of Jak 2 and STAT 1/5
within the glandular epithelial cells (3). To date, only one

PRL-responsive gene has been identified within the human
endometrium: interferon regulatory factor 1 (IRF-1) (8). Tran-
scription of the IRF-1 gene is known to be directly stimulated
by the Jak/STAT pathway (9), and expression of IRF-1 in the
human endometrium is localized to the glandular epithelium
as well as a subset of stromal cells (8).

In addition to the Jak/STAT pathway, many class I cyto-
kines also stimulate the MAPK/ERK pathway. Signal trans-
duction, leading to ERK activation from receptors, is
achieved by the Shc/Grb2/Sos/Ras/Raf/MEK signaling
cascade. The activated form of ERK (phosphorylated on res-
idues threonine 202 and tyrosine 204) phosphorylates tran-
scription factors (on serine and threonine residues) that reg-
ulate cellular differentiation and proliferation (for review,
see Ref. 10).

In this study, we investigated PRL-induced ERK signaling
in the human endometrium. We demonstrated that PRL
stimulates the ERK pathway in multiple cellular compart-
ments of the human endometrium. In addition to the glan-
dular epithelium, the PRL-induced ERK activation was also
localized to uterine CD56� NK (natural killer) cells within the
stromal compartment. Identification of uterine CD56� NK
cells as novel PRL target cells was further confirmed by
analysis of PRLR expression and ERK phosphorylation in
purified decidual CD56� NK cells.

Materials and Methods
Endometrial tissue collection and culture

Normal human endometrial tissue (n � 9) was collected during the
mid to late secretory phase of the menstrual cycle (22–30) by Pipelle
suction curette (Laboratoires CCD, Paris, France) from fertile women

Abbreviations: IRF-1, Interferon regulatory factor 1; Jak, Janus kinase;
MEK, MAPK kinase; NK, natural killer; PRLR, PRL receptor; STAT,
signal transducer and activator of transcription; TRITC, tetramethyl-
rhodamine isothiocyanate.
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with regular menstrual cycles (25–35 d of cycle) undergoing routine
gynecological procedures. Approval from the Lothian Research Ethics
Committee and written informed consent were obtained before tissue
collection. To investigate the sites of expression of PRLRs in the endo-
metrium, tissue (n � 4) was dissected and fixed in neutral buffered
formaldehyde for immunofluorescence analysis (PRLR and CD56 co-
localization) or snap-frozen for Western blot analysis (PRLR). To inves-
tigate the effect of PRL on ERK phosphorylation, endometrial tissue (n �
5) was incubated overnight in serum-free RPMI 1640 medium (Sigma,
Dorset, UK) containing 2 mm l-glutamine, 100 U/ml penicillin, and 100
�g/ml streptomycin and treated with 100 ng/ml human PRL (hPRL-
SIAFP-B2, donated by NIDDK, NIH) for 0, 5, 10, 20, and 30 min. The
tissue was stored at �70 C before analysis by Western blotting. To
investigate the sites of ERK phosphorylation in response to PRL, en-
dometrial tissue (n � 4) was incubated overnight as described above and
subsequently treated with or without 100 ng/ml human PRL for 30 min.
Where indicated, tissue was preincubated with 50 �m MAPK kinase
(MEK) inhibitor PD98059 (Calbiochem-Novabiochem Ltd., Nottingham,
UK) for 3 h before addition of PRL.

Isolation and culture of decidual CD56� NK cells

Pooled fragments of decidua parietalis from first-trimester pregnancy
(n � 2) were combined from two and three patients, as described before
(11). Decidual tissue was digested with 2 mg/ml collagenase type V
(Sigma) at 37 C for 1 h (or 0.6 mg/ml at room temperature overnight)
on a rolling machine; this was followed by density gradient centrifu-
gation on Lymphoprep. The CD56� cells were then isolated using im-
munomagnetic separation; the cells were labeled with CD56 Macsbeads
(Miltenyi Biotec, Bergisch Gladbach, Germany) and separated from un-
labeled cells via a column placed in a strong magnetic field. Then the
cells were cultured overnight in 1% human AB serum in RPMI 1640
medium (Sigma) containing 2 mm l-glutamine, 100 U/ml penicillin, and
100 �g/ml streptomycin; treated with 100 ng/ml PRL for 0, 10, 20, or
30 min; and stored at �70 C before Western blot analysis. Flow cyto-
metric analysis of decidual lymphocytes prepared in this way revealed
that less than 2% were CD3� and between 95 and 99% were CD56� (11).

Cell culture and transfection of cell lines

Human embryonic kidney 293 fibroblasts and human breast T47D
cells were routinely grown in complete medium (DMEM nutrient F-12
containing 100 U/ml penicillin, 100 �g/ml streptomycin, and 10% FCS).
For transfection, 2 � 105 293 fibroblast cells were seeded in Petri dishes
of 40 mm diameter and transfected with 2 �g PRLR cDNA in pcDNA3
(provided by Prof. P. Kelly, INSERM, Unite 344, Paris, France) using
pfx5, according to the manufacturer’s instructions (Invitrogen Corpo-
ration, Carlsbad, CA). Cells were then incubated for another 24 h in
complete medium before lysis.

Immunohistochemistry/immunofluorescence

Tissue was fixed in neutral buffered formaldehyde, prepared as par-
affin wax-embedded sections, and cut and mounted on slides. Slides
were dried overnight at 50 C and dewaxed in xylene. Tissue was re-
hydrated in graded ethanol and washed in water followed by PBS.
Sections were heated in 10 mm sodium citrate for 5 min in a pressure
cooker, incubated with 20% normal porcine serum in PBS for 1 h, and
washed in PBS twice for 5 min each time. Then the sections were
incubated with antiphospho ERK 1/2 antibody (T202/Y204, Cell Sig-
naling, New England Biolabs, Inc., Beverly, MA) and diluted 100-fold in
20% normal porcine serum in PBS for 1 h. Sections were washed twice
in PBS again for 5 min, incubated with biotinylated porcine antirabbit
IgG (DAKO Corp., Glostrup, Denmark), and diluted 500-fold in 20%
normal porcine serum in PBS. Sections were washed as before, incubated
with an avidin-biotin peroxidase detection system (DAKO Corp.), and
incubated for 2–10 min with diaminobenzidine solution (Sigma) for
color development. Sections were counterstained with hematoxylin,
dehydrated, cleared, and mounted in xylene. For immunofluorescence,
sections were prepared and pressure-cooked as described above and
incubated with 20% porcine and goat serum in PBS. Sections were then
incubated for 1 h with antibodies against phosphorylated ERK (Cell
Signaling, New England Biolabs, Inc.), CD56 (Zymed Laboratories, Inc.,

San Francisco, CA), or PRLR (provided by Prof. Charles Clevenger,
Department of Pathology and Laboratory Medicine, University of Penn-
sylvania, Philadelphia, PA), each diluted 50-fold in 20% porcine/goat
serum in PBS. Sections were washed twice in PBS for 5 min and incu-
bated with tetramethylrhodamine isothiocyanate (TRITC)-conjugated
porcine antirabbit antibody (DAKO Corp.) and fluorescein isothiocya-
nate (FITC)-conjugated goat antimouse antibody (Sigma), diluted 30-
fold in 20% porcine/goat serum in PBS. Sections were again washed in
PBS twice for 5 min and mounted directly in cytofluor. Fluorescence was
detected by confocal microscopy.

Western blotting

Tissue was homogenized and lysed in 150 mm NaCl, 10 mm Tris (pH
7.4), 1 mm EDTA, 10% glycerol, 0.6% Nonidet P-40, 10 �g/ml aprotonin,
1 mm phenylmethylsulphonyl fluoride, and 1 mm sodium orthovana-
date. Cytoplasmic extracts were prepared by centrifugation for 2 min at
14,000 rpm. A total of 50 �g protein was subjected to SDS-PAGE and then
transferred to polyvinylidene fluoride membrane (Millipore Corp., Bed-
ford, MA). Membranes were incubated with antibodies against ERK 1/2
(Santa Cruz Biotechnology, Inc., Santa Cruz, CA), phosphorylated ERK
1/2 (T202/Y204), and PRLR each diluted 1000-fold in 2% dried skimmed
milk/TBST [20 mm Tris-HCl (pH 7.4), 500 mm NaCl, 0.1% Tween 20].
Membranes were washed briefly in TBST and incubated with secondary
antibodies conjugated to horseradish peroxidase (Amersham Pharmacia
Biotech plc, Buckinghamshire, UK) in 2% milk/TBST. Membranes were
again washed in TBST, and proteins were detected using the ECL�
detection kit (Amersham Pharmacia Biotech plc).

RT-PCR

RNA was prepared from pelleted cells or tissue by lysis in Tri Reagent
(Sigma). RT reactions were conducted in a volume of 50 �l consisting of
2 �g total RNA, 10 ng oligo-dT (Invitrogen Corporation), 0.1 m dithio-
threitol, 10 mm deoxynucleotide triphosphates, and Superscript reverse
transcriptase (Invitrogen Corporation). PCR was performed in 25 �l
reactions, with 2 �l of the RT reaction, using reagents provided by
Hybaid (Middlesex, UK). PCR samples were heated at 94 C for 2 min,
followed by 30 cycles of 94 C for 30 sec, 55 C for 30 sec, and 72 C for 30
sec, and an extension time of 5 min at 72 C. Primers (sense, 5�-GCAGAT-
GGAGGACTTCCTACCAATTA-3�; and antisense, 5�-GCAGGTCAC-
CAT GCTATAGCCCTT-3�) were used to amplify 650 bp of the extra-
cellular domain of PRLR. PCR fragments were visualized by ethidium
bromide staining on agarose gels.

Results
Effect of PRL on the MEK/ERK pathway in
human endometrium

To investigate the effect of PRL on the ERK/MAPK path-
way in human endometrium, tissue was treated with 100
ng/ml PRL, and lysates were analyzed by Western blotting
using antibodies against phosphorylated (T202/Y204) and
native ERK (both ERK antibodies react with the ERK iso-
forms ERK 1 and ERK 2, p44 and p42, respectively). Phos-
phorylation of ERK 1 and 2 was observed after only 5 min
treatment with PRL, with increased phosphorylation at 20
and 30 min (Fig. 1A). To demonstrate whether this PRL-
induced ERK signal was dependent on the ERK kinase, MEK,
the experiment was repeated in the presence and absence of
50 mm inhibitor PD98059 (Fig. 1B). The stimulation of ERK,
observed after 15 and 30 min treatment with PRL, was in-
hibited in the presence of PD98059, indicative of the require-
ment of MEK activation for ERK phosphorylation.

Localization of PRL-induced ERK phosphorylation in
human endometrium

To investigate the sites of PRL-induced ERK phosphory-
lation within the human endometrium, tissue was treated
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with PRL for 30 min in the presence or absence of 50 �m
PD98059 and analyzed immunohistochemically using anti-
body against phosphorylated ERK (Fig. 2). In the presence of
PRL, phosphorylated ERK was localized to glandular epi-
thelium (Fig. 2B). As expected, the presence of PD98059
reduced this staining, indicating that the observed phos-
phorylation of ERK was dependent on MEK (Fig. 2C). How-
ever, in addition to the glands, phosphorylated ERK was also
identified in a subset of stromal cells (Fig. 2E). To further
investigate whether the PRL-induced ERK phosphorylation
within the stroma is located to immune cells, phosphoryla-
tion of ERK in response to PRL was examined in the CD56�

NK cells, the predominant leukocyte population in the hu-
man secretory endometrium (12). Endometrial tissue was
treated with 100 ng/ml PRL and examined by double im-
munofluorescence using antibodies against both CD56 and
phosphorylated ERK (Fig. 3). A subset of stromal cells, pos-
itive for CD56, were also positive for phosphorylated ERK

(Fig. 3C), indicating that PRL induced ERK phosphorylation
in the uterine CD56� NK population. However, some stro-
mal cells that were positive for phosphorylated ERK were
negative for CD56, suggesting that PRL may also induce ERK
phosphorylation in a stromal cell type other than CD56� NK
cells.

Expression of PRLR in uterine CD56� NK cells

To examine PRLR expression in CD56� cells of the human
endometrium, endometrial tissue was examined by double
immunofluorescence using antibodies against both CD56
and PRLR (Fig. 4). The PRLR-positive cells were localized
most obviously to the glandular epithelium; however, a sub-
set of positive cells were also present in the stromal com-
partment (Fig. 4A). The CD56 positive cells within the stroma
were also positive for PRLR, indicating that PRLR is ex-
pressed in the CD56� NK cell population of the endome-
trium (Fig. 4C). However, as for the localization of phos-
phorylated ERK observed in Fig. 3, some stromal cells that
were positive for PRLR were negative for CD56. This further
indicates the presence of PRL-responsive cell types in addition
to uterine CD56� NK cells within the stromal compartment.

To demonstrate further that uterine CD56� cells express
PRLR, we examined PRLR expression by RT-PCR and West-
ern blotting in purified CD56� cells. RNA and protein from
293 fibroblast cells served as negative controls, and secretory
endometrium and T47D cells served as positive controls. The
T47D cell line is derived from breast carcinoma and is well
documented to be a PRL-responsive cell line (13). RT-PCR
was performed using primers to amplify a 650-bp fragment
corresponding to a part of the extracellular domain of PRLR
(Fig. 5A). PCR fragments of the expected size were detected
from RNA extracted from secretory phase endometrium and
T47D cells but absent from RNA extracted from 293 fibro-
blasts. PCR fragments were also generated from RNA ex-
tracted from purified uterine CD56� NK cells, indicating that
the decidual CD56� NK cells express PRLR mRNA. To con-
firm PRLR expression at the protein level in these purified
uterine CD56� NK cells, lysates were analyzed by Western
blotting using an antibody generated against the extracellu-
lar domain of PRLR (Fig. 5B). Two bands of approximately
85 and 90 kDa were detected in lysates prepared from se-
cretory phase endometrium and CD56� cells (5). In T47D
cells, a predominant band of approximately 90 kDa was
detected. To confirm that these bands correspond to the
PRLR, 293 fibroblasts were transiently transfected with PRLR
and compared in parallel by Western blotting using the same
anti-PRLR antisera. Immunoreactive proteins of 85 kDa and,
to a lesser extent, 90 kDa were observed only in 293 fibroblast
cells after transfection with the PRLR cDNA. The presence of
multiple immunoreactive bands likely reflects the effect of
posttranslational modifications such as glycosylation. (The
predicted size of PRLR, based on amino acid sequence, is
69.5 kDa.)

Effect of PRL on the phosphorylation of ERK in cultures of
purified decidual CD56� NK cells

To confirm that PRL induces phosphorylation of ERK in
the CD56� NK cell population, we investigated whether PRL

FIG. 1. Effect of PRL on the MEK/ERK pathway in human endo-
metrial tissue. A, Endometrial tissue was treated with 100 ng/ml PRL
for the times indicated, and proteins were analyzed by Western blot-
ting using antibodies against phosphorylated ERK (i) and nonphos-
phorylated ERK (ii). Bands corresponding to both phosphorylated
ERK 1 and 2 were quantified relative to nonphosphorylated ERK 2,
and relative expression is represented as mean � SEM. B, Experiment
was repeated in presence and absence of 50 �M PD98059, and Western
blotting was performed using antibodies against phosphorylated ERK
(i) and nonphosphorylated ERK (ii).
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FIG. 2. Localization of PRL-induced ERK phosphorylation in human endometrial tissue. Endometrial tissue was cultured in the absence (panels
A and D) and presence (panels B and E) of 100 ng/ml PRL for 30 min. In panel C, tissue was treated with both 100 ng/ml PRL and 50 �M PD98059.
Tissue was fixed in neutral buffered formaldehyde, and immunohistochemistry was performed using antiphospho ERK antibody. Magnification,
�40; scale bar, 100 �M.

FIG. 3. Colocalization of CD56 with phosphorylated ERK in human endometrial tissue treated with PRL. Endometrial tissue was cultured with
100 ng/ml PRL for 30 min. Tissue was fixed in neutral buffered formaldehyde, and immunofluorescence was performed using antiphospho ERK
antibody and TRITC (red; panel A), and anti-CD56 antibody and FITC (green; panel B). Panels A and B are superimposed in panel C to examine
colocalization of CD56 with phosphorylated ERK. Arrows correspond to cells exhibiting colocalization. Magnification, �40; scale bar, 100 �M.

FIG. 4. Colocalization of CD56 with PRLR in human endometrial tissue. Endometrial tissue was fixed in neutral buffered formaldehyde and
immunofluorescence performed using anti-PRLR antibody and TRITC (red; panel A), and anti-CD56 antibody and FITC (green; panel B). Panels
A and B are superimposed in panel C to examine colocalization of CD56 with PRLR. Arrows correspond to cells exhibiting colocalization.
Magnification, �40; scale bar, 100 �M.
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could also induce ERK phosphorylation in purified, cultured
CD56� NK cells. Cultures of purified decidual CD56� NK
cells were treated with 100 ng/ml PRL for up to 30 min and
analyzed by Western blotting using antibodies against phos-
phorylated and native ERK (Fig. 1). Increasing phosphory-
lation of ERK 2 and particularly ERK 1 was observed after
treatment with PRL for 10 and 20 min; however, phosphor-
ylation was reduced at 30 min (Fig. 6).

Discussion

In this study, we have demonstrated that PRL induces the
MEK/ERK/MAPK pathway within the secretory phase of
the human endometrium. The PRL-induced ERK phosphor-
ylation was localized to glandular epithelium and a subset of
stromal cells. Further investigation to identify the PRL-
responsive cells within the stroma led us to identify novel
PRL target cells within the human endometrium, i.e. the
uterine CD56� NK cells. Expression of PRLR in uterine
CD56� NK cells was further confirmed in purified decidual
CD56� NK cells by RT-PCR and Western blotting, and in situ
by immunofluorescence analysis. Lastly, we confirmed that
PRL induces ERK phosphorylation in cultures of purified
decidual CD56� NK cells by Western blotting analysis. The
data therefore demonstrate that PRL induces the ERK path-
way not only in glandular epithelial cells but also in uterine-
specific CD56� NK cells. Our results are consistent with
previous studies that demonstrate PRLR expression in glan-
dular tissue and a subset of stromal cells of the endometrium
(3, 4). Previous data from our laboratory have also demon-
strated that PRL induces phosphorylation of Jak 2 and STAT
1/5 in the glandular epithelial cells (3). Taken together, the

data indicate that PRL activates divergent signaling path-
ways in the glandular epithelial cells of the human endo-
metrium, i.e. the Jak/STAT and ERK pathways.

ERK activation by PRL has been reported in other model
systems, such as human liver (14), rodent Nb2 T-cell line (15),
human mammary T47D cells (16), and human breast carci-
noma (17). In the Nb2 T cell line, ERK activation is necessary
for the mitogenic effect of PRL on these cells (18). The glan-
dular epithelial cells of the mid to late secretory phase, how-
ever, are no longer proliferating at this stage of the menstrual
cycle and exhibit expression of differentiation-specific genes
involved in secretory function. PRL, therefore, likely plays a
role in differentiation of the glandular epithelium via both
Jak/STAT and ERK signaling pathways. The involvement of
both signaling pathways acting together to influence differ-
entiation is documented for other cell types such as neuronal
(19), blood (20), and fat (21) cells. In some cases, STAT pro-
teins themselves have been identified as the substrate for
ERK (22, 23), indicating that the ERK kinase may act directly
to modulate STAT function.

An increasing body of evidence indicates that PRL acts as
a general immunoregulatory agent throughout the body (24,
25). For example, hypophysectomy or bromocriptine treat-
ment in mice suppresses the growth of the thymus (26), T cell
proliferation, and interferon � production (27). Previous in
vitro studies demonstrate that PRL is associated with lym-
phoid cell differentiation (for review, see Ref. 24), and to-
gether with other factors such as IL-2, stimulates prolifera-
tion of B and T cells (27–30) by transcriptional activation of
growth-related genes (31, 32). PRL also serves as a mitogen
for peripheral NK cells and macrophages (27, 33). The ex-
pression of PRLR in uterine CD56� NK cells is perhaps not
surprising because the majority of leukocytes are docu-
mented to express PRLR (34–37). The observation that some
stromal cells were positive for phosphorylated ERK and
PRLR but negative for CD56 (Figs. 3 and 4) is suggestive that
other PRL-responsive cell type(s) exist within the stroma,
possibly macrophages or T cells. However, although a role
for PRL as a stimulator of either leukocyte proliferation or
differentiation in the endometrium has been postulated (4, 7),
there is so far no direct evidence of such a role for PRL in the
regulation of leukocytes in the endometrium.

FIG. 5. Expression of PRLR in purified decidual CD56� cells. CD56�

cells were purified from first trimester decidua, pooled, and cultured.
RNA and protein were prepared from 293 fibroblasts, T47D cells,
endometrium, and purified CD56� cells. A, RNA was analyzed by
RT-PCR using primers corresponding to the extracellular domain of
PRLR. Reactions were performed in the presence (�) and absence (�)
of reverse transcriptase (RT), as indicated. B, Proteins were analyzed
by Western blotting using anti-PRLR antibody. For 293 fibroblasts,
cells were transfected either with (�) or without (�) PRLR, as indi-
cated.

FIG. 6. Effect of PRL on ERK phosphorylation in cultures of purified
decidual CD56� cells. CD56� cells were purified from first trimester
decidua, pooled and cultured. PRL at 100 ng/ml was added for the
times indicated. Proteins were analyzed by Western blotting using
antibodies against phosphorylated ERK (i) and nonphosphorylated
ERK (ii).
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The transformation of endometrium to decidua is essential
for successful implantation. One characteristic feature of de-
cidua is the presence of the distinctive population of uterine
mucosal CD56 bright NK cells. These are always associated
with the process of decidualization and account for about
70% of bone marrow-derived cells in the endometrium (12).
In humans, CD56� NK cells become prominent in nonpreg-
nant secretory phase endometrium as part of the predecidu-
alization process (38). It is not clear what role CD56� NK cells
have, although their concentration around invading tropho-
blast cells (39) and blood vessels (40) suggests that they are
important for implantation and control of blood supply for
both the fetoplacental unit and onset of menstruation. A role
for CD56� NK cells in angiogenesis within the endometrium
is further suggested by the presence of angiogenic factors
expressed in this cell population (41). The abundance of NK
cells in the secretory phase endometrium is thought to be due
to a selective influx of leukocytes from the periphery, but
more significantly to their ability to proliferate in situ (42, 43).
In the event of pregnancy, NK cells persist in the decidua;
however, their proliferation is less pronounced. The coinci-
dence of increased PRL secretion from the stroma and the
accumulation of CD56� NK cells within mid to late secretory
phase endometrium is consistent with a possible role for PRL
to promote CD56� NK cell growth. In addition to cell growth,
PRL may also play a role in the maturation of uterine CD56�

NK cells. This maturation process may be dependent on the
transcription factor IRF-1, which is important for peripheral
NK cell maturation (44). This is supported by previous stud-
ies from our laboratory that demonstrate IRF-1 expression is
localized to a subset of stromal cells and is up-regulated by
PRL in the endometrium (8).

How signaling is achieved between the PRLR and ERK
pathway in the human endometrium is unclear. In the pres-
ence of PRL, the PRLR-associated kinase Jak 2 is required for
the interaction between Shc and Grb2 in Nb2 cells (45) and
is further shown to interact with Shc in mammary cell lines
(16). Similarly, Yamauchi et al. (14) demonstrated that Jak 2
directly phosphorylates the epidermal growth factor recep-
tor in the liver, creating docking sites for the SH2 domains
of signaling factors such as Shc and Grb2. However, another
PRLR-associated kinase, Fyn (46), may also play a role in
PRL-induced ERK activation. For fibroblast and T cell lines,
Fyn induces the ERK pathway by phosphorylation of the
guanine-nucleotide exchange factor SOS (47, 48). Both Jak 2
and Fyn are phosphorylated in the human endometrium in
response to PRL (3, 49) and may thus be required for ERK
activation within the human endometrium.

In conclusion, we have demonstrated that, in addition to
the glandular epithelial cells, CD56� NK cells are also PRL-
responsive cells of the human endometrium. We have also
shown that PRL stimulates the ERK signaling pathway
within both of these cellular compartments. Further research
is required to determine the significance of this observation;
however, we postulate that the PRL-induced ERK pathway
serves a function in differentiation of the glandular epithe-
lium and may influence the growth of uterine CD56� NK
cells during the peri-implantation period.
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Wild-Type Estrogen Receptor (ER�1) and the Splice
Variant (ER�cx/�2) Are Both Expressed within the
Human Endometrium throughout the Normal
Menstrual Cycle
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Estrogen action is mediated via two subtypes of the estrogen
receptor (ER), usually referred to as ER� and ER�. We have
previously compared the spatial and temporal expressions of
ER� and ER� proteins in human endometrium and reported
that endothelial cells exclusively express ER�. In the present
study we have extended our investigations to compare the
pattern of expression of wild-type (ER�1) and a newly iden-
tified ER� variant isoform (ER�cx/�2) that lacks the ability to
bind steroids.

mRNAs encoding both ER�1 and ER�cx/�2 receptors were
identified in human endometrial extracts by RT-PCR. Quan-
titative TaqMan R-TPCR demonstrated that levels of total
mRNAs were increased significantly premenstrually as cir-

culating progesterone levels declined. ER�1 and ER�cx/�2
proteins were identified within multiple cell types within the
endometrium using isotype-specific monoclonal antibodies;
immunoexpression of ER�cx/�2 appeared less intense than
that of ER�1 in endometrial glandular epithelium and endo-
thelial cells. Immunoexpression of ER�1 appeared unchanged
throughout the menstrual cycle. In contrast, levels of ER�cx/
�2-specific immunoreactivity were specifically reduced in
gland cells within the functional layer, but not in those of the
basal layer, in the midsecretory phase. It is possible that co-
expression of ER�cx/�2 in cells containing ER�1 and/or ER�
may modulate the effects of estrogens on the endometrium.
(J Clin Endocrinol Metab 87: 5265–5273, 2002)

STEROID HORMONES ARE the systemic factors that
drive the endometrium through the characteristic se-

quential phases of the menstrual cycle and necessarily act via
their cognate receptors. The consequential initiation of gene
transcription and cascade of downstream local events is re-
sponsible for the key functions of the endometrium, these
being implantation or, in the absence of pregnancy, men-
struation and endometrial repair. The sex steroid receptors
for estrogen (ER� and ER�), androgen, and progesterone
(PR) are expressed in the nuclei of endometrial glands and
stroma (1–7).

Like other members of the steroid receptor superfamily,
ER� and ER� share a common arrangement of 5 structure-
function domains, denoted A–F (8). ER� and ER� are both
encoded by 8 exons, but are the products of 2 genes located
on different chromosomes (9). Polymorphic sites have been
identified within both the human ER� and ER� genes, and
an association between particular polymorphisms and dis-
turbances in reproductive function have been demonstrated.
For example, Sundarrajan et al. (10) reported that the fre-
quency of RasI and AluI ER� gene polymorphisms in 98
Chinese women with ovulatory or menstrual disorders was
significantly higher than that in 150 controls with normal

ovulatory menstrual cycles. The same group reported an
association between a PvuII polymorphism in the ER� gene
and the outcome of in vitro fertilization treatment (11). The
length of a dinucleotide (CA) repeat polymorphism in the
flanking region of the ER� gene has been correlated with
variations in blood pressure (12) and in levels of androgen
and steroid hormone-binding globulin in blood (13). The
PuvII polymorphism in the N-terminal region of ER� is as-
sociated with the risk of development of benign uterine dis-
ease (14), but not with the development of preeclampsia (15).

In vitro studies have demonstrated that homodimers (ER�-
ER� or ER�-ER�) or heterodimers (ER�-ER�) can be formed
when both isoforms are expressed in the same cell (16, 17).
Both receptor homodimers are reported to induce similar
trans-activation profiles in vitro using a luciferase reporter
gene linked to an estrogen response element (ERE) when
they were activated with estradiol or diethylstilbestrol, but
to signal in opposite ways at an activating protein-1 site (18).
Studies by Hall and McDonnell (19) have indicated that one
role played by ER� may be to modulate ER� transcriptional
activity. For example, at subsaturating levels of ligand (10 pm
estradiol) ER� was able to act as a dominant inhibitor of ER�.
A novel human ER� variant named hER�cx, formed by al-
ternative splicing of the eight exon of ER�, was first identi-
fied by screening a human testis cDNA library (accession no.
AB006589) (20). The same isoform, called hER�cx/�2, and an
additional three splice variants (hER�3–5) were indepen-

Abbreviations: DNase, Deoxyribonuclease; ER, estrogen receptor;
ERE, estrogen response element; NRS, nonimmune rabbit serum; PR,
progesterone receptor; TBS, Tris-buffered saline; VEGF, vascular endo-
thelium growth factor.
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dently identified by Moore et al. (21). Moore et al. (21) de-
tected differential expression of mRNAs encoding these vari-
ants by RT-PCR in a wide range of human tissues and cell
extracts, including the human uterus and Ishikawa cells.
Furthermore, they demonstrated that the DNA and dimer-
ization domains within ER�cx/�2 remain functional and
that the protein can bind to DNA containing a consensus ERE
both as a homodimer and as a heterodimer with either ER�
or ER�1 (21). Within this report the hER� protein identified
initially as the homolog to rat ER� (9, 22, 23) will be referred
to as ER�1, and the ER�cx/ER�2 variant as ER�cx/�2, to
distinguish them from each other. The human ER�cx/�2
cloned by Lu et al. (accession no. AF124790) is not the same
variant as the ER�cx/�2 described above, but is a form of
ER� that lacks exon 5 (24).

The structure of an estrogenic ligand, its concentration, the
presence of coregulators, and the subtype(s) of ER expressed
in each cell will determine the pattern of estrogen-induced
gene expression (25). Therefore, the cellular distributions of
ER�1 and ER�cx/�2 may have important implications for
the regulation of normal reproductive processes within the
uterus (implantation and menstruation) and also when these
events are dysfunctional. There are relatively few data ad-
dressing the cell-specific sites of expression of ER� in the
human uterus. An antibody used in previous studies (1, 5)
was directed against a peptide common to the hinge domain
of hER�1 and ER�cx/�2, and therefore immunopositive cells
identified may contain one or both receptor isoforms. The
aim of the present study was therefore to extend our previous
investigations by using RT-PCR with ER�1- and ER�cx/�2-
specific primers and immunohistochemistry with isotype-
specific monoclonal antibodies to determine whether ER�1
and ER�cx/�2 mRNA and protein are both expressed in
human endometrium during the normal menstrual cycle.

Materials and Methods
Tissue collection

Full thickness endometrial tissue (lumen to the muscular myometrial
layer, thereby including superficial and basal tissues) was collected from a
total of 53 women undergoing hysterectomy or endometrial investigation
for benign gynecological indications. From these, 33 were used for mea-
surement of ER� mRNAs, and 24 were used for immunohistochemical
analysis. All women described regular menstrual cycles (25–35 d) and had
not received exogenous hormones or used an intrauterine contraceptive
device in the 3 months preceding inclusion in the study. Written informed
consent was provided by all subjects, and ethical approval for tissue col-
lection was granted by the local research ethics committee. Tissue samples
collected for immunohistochemistry were fixed overnight at 4 C in 4%
paraformaldehyde, rinsed, and stored in 70% ethanol before routine pro-
cessing into paraffin wax using a 18-h cycle on a TP1050 machine (Leica
Corp., Knowlhill, Milton Keynes, UK). Endometrial tissue was also frozen

in liquid nitrogen and stored at –70 C for subsequent RNA extraction for
RT-PCR and real-time PCR analysis.

For all endometrial biopsies analyzed in the study, the stage of the
menstrual cycle was consistent with the patient’s reported last menstrual
period and histological dating using the criteria of Noyes et al. (26).
Samples were classified as early, mid, or late proliferative and early, mid,
or late secretory phase with at least four per group for measurement of
ER� mRNAs. For immunohistochemical studies, samples were split into
proliferative, early, mid, and late secretory phases, with at least four per
group. Any cases with severe uterine pathology, for example, polyps or
large fibroids, were excluded. All subjects had a serum sample collected
at the time of surgery for the determination of circulating estradiol and
progesterone levels by RIA as described previously (27). All samples
were consistent with the designated cycle stage based on morphological
criteria and last menstrual period (see Table 1). Progesterone concen-
trations were significantly lower in the late secretory phase than in the
midsecretory phase (P � 0.01). Samples were split into proliferative,
early, mid, and late secretory phases for immunohistochemical studies
and early, mid, and late proliferative phases and early, mid, and late
secretory phases for TaqMan RT-PCR, with at least four in each group.

ER� isoform-specific antibodies

Peptides P7 (specific for ER�1, wild type; accession no. AB006590)
(23) and P8 (specific for hER�cx/�2; accession no. AB006589) (20, 21)
were synthesized at the Center for Proteins and Peptides, Oxford
Brookes University (Oxford, UK). Monoclonal antibodies were prepared
using standard methods and were screened against recombinant protein
or peptide (28, 29). The specificity for the ER� isotype to which they were
directed has been confirmed on Western blots using recombinant pro-
teins (see Fig. 2a in Ref. 29). Neither antibody showed any cross-reac-
tivity against ER� (29); a positive control section of human adult testis
was included in all immunohistochemical experiments, and in all cases
the expected staining pattern was observed (not shown).

Immunohistochemistry

The immunohistochemical protocol has been described previously in
detail (1). Anti-hER� was a mouse monoclonal antibody (clone 1D5)
obtained from DAKO Corp. (Cambridge, UK). Briefly, 5-�m tissue sec-
tions were dewaxed in Histoclear (National Diagnostics, Atlanta, GA)
and rehydrated in descending grades of alcohol to dH20. Antigen re-
trieval was carried out by pressure cooking in 0.05 m glycine/0.01%
EDTA (pH 8) for 7 min at setting 2 (Tefal, Nottingham, UK). After cooling
for 20 min, slides were washed in 0.05 m Tris-buffered saline (TBS), and
endogenous peroxidase was quenched. Nonspecific binding of the pri-
mary antibody was blocked by incubating the slides in a 1:5 dilution of
nonimmune rabbit serum (NRS; Diagnostics Scotland, Carluke, UK) in
TBS containing 5% BSA (NRS/TBS/BSA; Sigma, Poole, UK). Sections
were incubated at 4 C overnight in either a 1:100 dilution of anti-hER�1
antibody or a 1:50 dilution of anti-hER�cx/�2 antibody made up in
NRS/TBS/BSA. Antibody binding was detected by applying a 1:500
dilution of biotinylated rabbit antimouse antibody (DAKO Corp.) in
NRS/TBS/BSA, followed by an avidin-biotin peroxidase solution
(DAKO Corp.), both for 60 min at room temperature. Slides were then
incubated in 3,3�-diaminobenzidine (DAKO Corp.) before counterstain-
ing in Harris’s hematoxylin (Pioneer Research Chemicals Ltd., Colches-
ter, UK), dehydrating, and mounting with Pertex (Cellpath plc, Hemel
Hempstead, UK). On negative controls the primary antibody was re-
placed with NRS/TBS/BSA.

TABLE 1. Hormone profiles of patients

Study group
(histological stage of cycle) Estradiol (pmol/liter) Median (range) Progesterone (nmol/liter) Median (range)

Early proliferative (n � 6) 333 (233.73–1393) 2 (1.18–3.5)
Midproliferative (n � 8) 491.64 (103–1731) 3 (0.9–12.17)
Late proliferative (n � 7) 488 (120.56–1233.21) 2.38 (1.07–3.1)
Early secretory (n � 11) 427 (124.18–481) 23.55 (12.16–56.2)
Midsecretory (n � 9) 404 (120.21–738) 42.26 (23.6–78.1)a

Late secretory (n � 12) 254 (188.63–617) 8.55 (2.6–22.4)a

a P � 0.01, significant difference between mid and late secretory groups for progesterone.
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Scoring of immunoreactivity

The immunostaining intensity of ER�1 and ER�cx/�2 proteins in
human endometrium was assessed in a semiquantitative manner on a
four-point scale. All tissue sections were scored blind by two observers:
0 � no staining, 1 � mild staining, 2 � moderate immunostaining, and
3 � intense immunostaining. We have previously validated this scoring
system (30) in a subset of tissue sections in which immunoreactivity was
measured with a computerized image analysis system, and a strong
correlation between quantitative data derived from image analysis and
subjective scores by a trained observer was obtained. Nonparametric
statistical analysis was conducted using the Kruskal-Wallis nonpara-
metric test (Instat, GraphPad Software, Inc., San Diego, CA), and Dunn’s
test was used for post hoc comparisons.

Semiquantitative analysis of ER� mRNAs by RT-PCR

RNA was extracted from endometrial tissues using TRIzol RNA
isolation reagent (Invitrogen, Paisley, UK) according to the manufac-
turer’s instructions and dissolved in ribonuclease-free water, and 5 �g
total RNA were subjected to RT using Expand Reverse Transcriptase
(Roche, Lewes, UK) and an oligo(deoxythymidine). cDNA was purified
by heating to 100 C for 5 min, ribonuclease treatment at 37 C for 15 min,
and finally by passing through a High Pure PCR Purification column
(Roche). Purified cDNAs were quantified on Pharmacia Biotech
Genequant (St. Albans, UK) and adjusted to a final concentration of 5
ng/�l in TE buffer [10 mm Tris-HCl (pH 7.5) and 1 mm EDTA]. PCRs
were performed using AGS Gold Taq (Hybaid, Ashford, UK) with the
following primers: ER� 5� common forward primer (5�-AGGAGTTG-
GTACACATGATCAG; exon 4) used with either ER�1-specific (exon 8;
5�-CACTGAGACTGTGGGTTCTGGGA) or ER�cx/�2-specific (exon
8v; 5�-CACTGCTCCATCGTTGCTTC) reverse primers. The expected
sizes of the amplified products from full-length transcripts were: ER�1
682 bp; and ER�cx/�2, 577 bp. All samples were tested using primers
directed against glyceraldehyde-3-phosphate dehydrogenase (5�-GAAC
GGGAAGCTCACTGGCAT and 5�-GTCCACCACCCTGTTGCTGTAG;
240 bp). PCR conditions were as follows: 1 cycle of 94 C for 2 min,
followed by 30 cycles of 94 C for 30 sec, 58 C for 30 sec, and 72 C for 45
sec, with a final cycle of 72 C for 10 min, in a 0.2-ml Sprint thermal cycler
(Thermo Hybaid, Middlesex, UK). PCR products were separated on 2%
agarose gels using 100-bp markers (Promega Corp., Madison, WI),
stained with ethidium bromide, and photographed.

Quantitative RT-PCR

Real-time quantitative PCR was used to determine the amounts of ER�1
and ER�cx/�2 mRNA. This PCR method monitors progress of the PCR via
detection of a fluorescent signal released, by the action of Taq polymerase,
from a specific probe that contains both fluorescent dye and quencher. In
the present experiments the amount of specific amplicon present was re-
lated to ribosomal 18S and subsequently to an internal control.

Endometrial tissue samples were immersed in TRIzol RNA isolation
reagent (Invitrogen) and homogenized, and RNA was extracted accord-
ing to the manufacturer’s instructions. RNA was subjected to deoxyri-
bonuclease (DNase) treatment using 1 U DNase 1 (amp grade)/�g RNA
in DNase reaction buffer for 15 min at room temperature (Invitrogen) to
remove genomic DNA contamination. The reaction was stopped by the
addition of a final concentration of 2.5 mm EDTA, followed by heating
to 99 C for 5 min.

Using random hexamers, 200 ng RNA were then reverse transcribed
in a buffered solution containing 5.5 mm MgCl2, 2.5 �m random hex-
amers, 500 �m of each deoxy-NTP, 0.4 U/�l ribonuclease inhibitor, and
1.25 U/�l Multiscribe (all from PE Biosystems, Warrington, Cheshire,
UK). The samples were then incubated for 60 min at 25 C, for 45 min at
48 C, and for 5 min at 95 C. Negative controls were included in every
run. An RT-negative control had template RNA but no Multiscribe

enzyme included, and an H2O RT had template RNA replaced by
nuclease-free water.

A TaqMan real-time PCR reaction mix was then made up containing
final concentrations of TaqMan universal PCR master mix (1�), ribo-
somal 18S forward and reverse primers and probe (50 nm; PE Biosys-
tems), ER�1 or ER�cx/�2 forward and reverse primers (300 nm), and
ER�1 or ER�2 probe (200 nm; BioSource International, Inc., Camarillo,
CA). One microliter of cDNA was added per 25 �l reaction volume, and
each sample was tested in triplicate. A no template control (where water
replaced cDNA) was included in every run, and the controls from the
RT step were also run at least once for each set of primers and probes.
Wells were sealed with optical caps, and the PCR reaction was run on
ABI PRISM 7700 (PE Biosystems) using standard conditions.

Specific primers and probes for ER�1 and ER�cx/�2 were designed
using the Primer express program (PE Biosystems); in all cases they were
chosen to span an intron to further reduce the chance of spurious
readings due to genomic DNA contamination (Table 2). The 18S primers
and probe were purchased from PE Biosystems. The linearity of the
response of the primers and probe to specific cDNA was validated using
serial dilutions of a cDNA sample, and within-assay variation of the PCR
measurement of ER� in cDNA was calculated from six replicates. Sig-
nificant differences were determined by one-way ANOVA, and indi-
vidual differences were described using the least squares differences post
hoc multiple comparison (SPSS, Inc., Chicago, IL).

Results
Expression of ER�1 and ER�cx/�2 mRNAs in
human endometrium

Analysis of cDNAs prepared from extracts of endome-
trium recovered at different stages of the menstrual cycle
revealed that mRNAs encoding ER�1 and ER�cx/�2 were
both present in all samples examined (Fig. 1). Preliminary
analysis using a semiquantitative approach suggested that
levels of expression of ER�cx/�2 were similar in all samples,
but those of ER�1 appeared to vary with less mRNA during
the early secretory phase.

Additional samples of total endometrial RNA were used
to synthesize cDNA pools and analyzed using quantitative
TaqMan PCR. The results are presented in Fig. 2; levels of
both ER�1 and ER�cx/�2 mRNAs were significantly in-
creased in samples obtained during the late secretory phase
compared with other stages of the cycle (P � 0.05). For
example, ER�1 mRNA was 1.73 times higher, and ER�cx/�2
1.52 times higher than levels in the early proliferative phase
(Fig. 2, A and B, respectively). The overall pattern of change
in the levels of mRNAs for both ER�1 and ER�cx/�2 fol-
lowed a similar pattern, with lowest levels during the late
proliferative/early secretory phases of the cycle.

Immunoexpression of ER�1 and ER�cx/�2 in human
endometrium throughout the normal menstrual cycle

To determine spatial and temporal expression of ER�1 and
ER�cx/�2 proteins isotype-specific monoclonal antibodies
were used to perform immunohistochemistry. Both isoforms
were immunolocalized exclusively to cell nuclei and were ex-
pressed in both cells lining the glands (G) and in some, but not
all, cells in the stroma within both the functional (Fig. 3) and

TABLE 2. Sequences used for quantitative amplification of ER�1 and ER�cx/�2 by TaqMan

Amplicon Forward primer Reverse primer Probe

ER�1 CCTGGCTAACCTCCTGATGCT CCACATTTTTGCACTTCATGTTG AGATGTTCCATGCCCTTGTTACTCGCA
ER�cx/�2 ATCCATGCGCCTGGCTAAC GAGTGTTTGAGAGGCCTTTTCTG TCCTGATGCTCCTGTCCCACGTCA
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basal layers (Fig. 4). Within the functional layer the immunoin-
tensity of staining for ER�1 appeared higher than ER�cx/�2 in
the glandular epithelium (compare Fig. 3, a with c) in all sam-
ples and was particularly marked in the mid secretory phase
(Fig. 3, b compared with d). Differences between the intensity
of staining of individual nuclei within the stroma of the same
samples was not apparent. Whereas levels of ER�1 protein in
the glandular epithelium appeared to vary little between sam-
ples obtained at different stages of the cycle (Fig. 3, b compared
with a), the amount of ER�cx/�2 protein detected in glandular
epithelial cells was reduced in the glandular epithelium of the
functional layer during the midsecretory phase (Fig. 3, d com-
pared with c). Within the basal layer (Fig. 4) immunoexpression
of ER�1 was generally more intense than that of ER�cx/�2, and
this difference was most striking within the glandular epithe-
lium. Levels of expression of ER�1 and ER�cx/�2 proteins
within the basal region did not appear to vary across the cycle.

Examination of sections at higher power (Fig. 5) revealed
that immunostaining for ER�1 was intense in endometrial
endothelial cells across the cycle in both the functional and
basal layers (Fig. 4a). In contrast, endometrial endothelial
cells displayed a heterogeneous pattern of ER�cx/�2 immu-
nostaining ranging from immunonegative (indent arrow-
heads) to immunopositive (arrowheads and arrows; Fig. 5b). In
agreement with previous data (1) we did not detect immu-
noexpression of ER� (Fig. 5c).

To compare the patterns of expression of the receptors in
the different cellular compartments in multiple tissue sam-
ples, the immunointensity of staining was quantified (Fig. 6).
In the functional layer immunostaining scores for ER�cx/�2
were significantly reduced in the glands in the midsecretory

phase (Fig. 6B), but remained at a persistent intensity in the
endothelial (Fig. 6C) and stromal compartment (not shown).
No significant pattern of change was noted in levels of ex-
pression of ER�1 protein in the functional layer of the same
tissue set (Fig. 6, A and C). In the basal layer of endometrium,
no significant pattern of change in intensity of immunoex-
pression of ER�1 or ER�cx/�2 was noted (not shown).

Discussion

The endometrium is a target organ for estrogen action. The
characteristic morphological and functional changes that are
a feature of the normal menstrual cycle are the consequence
of the sequential action of estrogen and progesterone on
endometrial cellular components: epithelium, stroma, endo-
thelium, and bone marrow-derived cells in the stroma. Sev-
eral of the fundamental processes involved in normal endo-
metrial function, for example proliferation, are regulated by
estrogen, and estrogen also plays an important role in the
vascularization of the endometrium.

We (1) and others (5) have reported that both ER� and ER�
are expressed in human endometrial tissues. One finding of
our own studies was that there was a striking contrast be-
tween the pattern of expression of ER� and ER� in the vas-
cular endothelium and the perivascular cells surrounding
endometrial blood vessels; only ER� was present in the en-
dothelial cell population, although both forms of ER were
expressed in perivascular cells. We have previously sug-
gested that endometrial endothelial cells may be targets for
agonists or antagonists that selectively target the � form of
ER (31). However, the studies we undertook employed a
polyclonal antibody directed against a peptide within the
hinge domain of ER� (P4) (28) and subsequent alignment of
ER�1 and ER�cx/�2 peptide sequences has revealed that this
peptide is present in both isoforms. Therefore, we cannot rule
out the possibility that some of the ER� protein previously
detected could be due to expression of the truncated
ER�cx/�2 variant isoforms and not to full-length ER�1, and
we have therefore undertaken a new study to examine
whether ER�cx/�2 as well as ER�1 mRNA and protein are
expressed in human endometrium.

In agreement with a single sample analyzed by RTPCR
and shown in the paper by Moore et al. (21), we found that
mRNAs corresponding to both ER�1 and ER�cx/�2 could be
detected in extracts of human endometrial tissue. Using a
semiquantitative approach ER�cx/�2 was detected in all
samples regardless of the stage of the cycle, and a small
proportion of the mRNA appeared to lack exon 5 sequences;
a similar exon 5-deleted form has been reported for ER�1
(24). Using quantitative TaqMan RT-PCR, we found that
although the amounts of both mRNAs in total endometrial
extracts were low, the highest levels of both mRNAs were
present in the late secretory phase. The pattern of expression
of mRNAs for ER�1 and ER�cx/�2 appeared to parallel each
other. Previous studies have used both semiquantitative and
quantitative RT-PCR (32, 33) or in situ hybridization (34)
approaches to determine whether ER� mRNA is expressed
in the human endometrium. Investigators have generally
reported that amounts of ER� mRNA in endometrium are
lower than those of ER� (33–35), and where the stage of the

FIG. 1. Semiquantitative evaluation of ER� mRNAs in human en-
dometrial samples. mRNAs encoding both ER�1 (A; 682 bp) and
ER�cx/�2 (B; 577 bp) were detected in all endometrial extracts re-
gardless of the stage of the menstrual cycle from which they were
obtained; all samples contained glyceraldehyde-3-phosphate dehy-
drogenase (C; 240 bp). Lane 1, Late proliferative; lane 2, early se-
cretory; lane 3, midsecretory; lane 4, late secretory, lanes 5 and 6,
negative controls. In samples amplified using ER�cx/�2-specific prim-
ers, cDNA corresponding to the expected size of exon 5-deleted mRNA
was also detected (440 bp; arrowhead).
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cycle has been included in the analysis the researchers have
suggested that ER� mRNAs are lower in the secretory com-
pared with the proliferative phase. In all these reports the
probes or primers used would not have discriminated be-
tween the ER�1 and ER�cx/�2 isoforms.

The reason for the increased levels of mRNA observed in
the extracts at the end of the secretory phase is not known.
However, we do know that there is an influx of bone marrow-
derived cells into endometrium during the mid to late luteal
phase and the numbers of uterine natural killer cells increase
(36). Recently, Stygar et al. (37) have described the coexpres-
sion of ER� with CD45 leukocyte common antigen and CD68
macrophage-specific antigen in blood cells infiltrating the
cervix during pregnancy. In the current study we observed
that in tissue sections of superficial endometrium, particu-
larly in samples collected in the late secretory phase, there
was strong immunoreactivity for ER�cx/�2 in selected cells
within the epithelium of the glands and in the stromal com-
partment. Further studies are now underway to establish
whether these cells are bone marrow derived.

In previous studies on the immunoexpression of ER� we
have been able to detect significant amounts of nuclear pro-
tein even in tissues such as the human and rodent endome-
trium (1) where levels of mRNA are reported to be low (35).
Here we have demonstrated that both ER�1 and ER�cx/�2
proteins can be detected in cell nuclei within the human
endometrium. We found that the immunointensity of stain-
ing for ER�1 is generally higher than that of ER�cx/�2, and
this difference was consistently observed in glandular epi-
thelial and endothelial cells. Although it can be dangerous to
make direct comparisons due to differences in the relative
affinities of different antibodies, we have found that in other
tissues, such as the testes (29), the reverse is true. There was
no significant difference in the intensity of staining in the
functional and basal layers, and there was no consistent
change in the level of expression of ER�1 protein at different
stages of the cycle. In contrast, ER�cx/�2 immunoreactivity
was significantly reduced in gland cells of the functional
layer during the midsecretory phase. Analysis of antibody
specificity has confirmed that the polyclonal antibody used

in our previous studies (1, 38) is able to bind equally effi-
ciently to recombinant ER�1 and ER�cx/�2 when tested on
Western blots (our unpublished observations). Thus, the re-
duced expression of ER� proteins previously reported to
occur in glands within the functional layer (1) may be due to
reduced expression of ER�cx/�2, as the levels of ER�1 ap-
peared unchanged. The rise in mRNAs encoding ER�1 and
ER�cx/�2 in total endometrial extracts obtained in the late
secretory phase did not appear to be reflected in the amount
of protein detected by immunohistochemistry in the cellular
compartments examined. We do not have an explanation for
the apparent discrepancy in the findings, although it is pos-
sible that some of the mRNAs are not translated, or a small
increase in intensity was not detected.

Studies in vitro have demonstrated that ER� and ER� ho-
modimers can bind estrogenic ligands and activate reporter
constructs; however, ER� appears to have a 4-fold lower bind-
ing affinity for estradiol than does ER� (39). Ligand binding to
ERs induces a conformational change in the structure of the
protein, resulting in recruitment of interacting proteins (coac-
tivators or corepressors) that can have a profound effect on
ER-mediated gene transcription (reviewed in Ref. 40).
ER�cx/�2 is formed by alternative splicing of the ER� gene,
resulting in loss of 61 amino acids, including those encoding the
activating factor-2 domain present in ER�1 (20). As a result
when expressed in vitro the ER�cx/�2 does not bind estradiol
(20), and when coexpressed with ER� it exhibited dominant
negative activity (20). However, using a gel-shift assay Moore
et al. (21) have shown that not only can recombinant ER�cx/�2
protein bind to the ERE DNA sequence, but that it can also form
heterodimers with ER� or ER�1 proteins when binding to the
same sequence. These findings suggest that the expression of
ER�cx/�2 in cells containing ER�1 or ER� might result in
binding of heterodimeric receptor complexes on the response
elements of estrogen-responsive genes and, taking into account
the data in the study by Ogawa et al. (20), might reduce gene
activation by the wild-type receptors. The relative role(s) played
at a cellular level by the different ER subtypes (ER�, ER�1, and
ER�cx/�2) in regulation of endometrial function during the
normal menstrual cycle remains to be elucidated and may de-

FIG. 2. Quantitative evaluation of ER� mRNAs by RT-PCR TaqMan. All samples were compared with the same internal control obtained during
the late proliferative phase. A, ER�1; B, ER�cx/�2. Levels of both ER�1 and ER�cx/�2 mRNAs were significantly higher during the late secretory
phase (P � 0.05) than at other phases of the cycle.
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pend upon local metabolism of estrogenic ligands as well as the
relative abundance of the receptor subtypes.

Estradiol is involved in the regulation of a number of
genes within the human endometrium including PR, vas-
cular endothelial growth factor (VEGF), and lactoferrin
(41– 43). Up-regulation of PR during the proliferative
phase is consistent with the identification of EREs within
the regulatory region of the PR gene (44, 45) and is good

evidence of a functional ER-mediated pathway at this time
of the cycle. It is notable that VEGF is a key mediator of
the cyclical neovascularization that occurs within the func-
tional layer of the primate endometrium; VEGF mRNA has
been also been reported to increase in the midproliferative
phase (46). Studies in vitro using transient transfection
with a human VEGF promoter construct have demon-
strated that estradiol bound to either ER� or ER� can

FIG. 3. Immunoexpression of ER�1 and ER�cx/�2 in the functional layer of human endometrium. ER�1 protein was expressed exclusively in
nuclei of endometrial cells, including those within the stroma (S) and lining the glands (G). Endothelial cells were clearly immunopositive for
ER�1 (arrows, b). Some nuclei within the glandular epithelium (arrowheads) appeared to contain more ER�cx/�2 protein than others. The
immunointensity of staining for ER�cx/�2 in the glandular epithelium appeared lower in the midsecretory compared with the midproliferative
phase (compare d with c), whereas the expression of ER�1 in the same cells was maintained (b). a and c, Midproliferative phase; b and d,
midsecretory phase. Magnification for all, �40. Scale bar, 50 �m (applies to all sections).
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induce gene expression via a variant ERE (47). The activity
of heterodimeric ERs containing combinations of ER�,
ER�, and ER�cx/�2 has not yet been tested using endo-
metrial cells. In the present study detailed analysis has
identified two cellular types in which estrogens may act
directly via ER�1 homodimers: firstly, within the majority
of endothelial cells, and secondly, in the glandular epi-
thelium during the mid/late secretory phase. The identi-
fication of ER�1-specific selective estrogen receptor mod-

ulators has been reported, and these cells would be
potential targets for their actions (31, 48).

In summary, we have demonstrated that in addition to ER�
(1), both ER�1, the functional wild-type receptor, and ER�cx/
�2, a splice variant receptor isoform that is devoid of the ability
to bind estradiol, are expressed in human endometrium. It is
therefore possible that the expression of ER�cx/�2 may influ-
ence the ability of some endometrial cells to respond to either
endogenous or exogenous estrogenic ligands.

FIG. 4. Immunoexpression of ER�1 and ER�cx/�2 in the basal layer of human endometrium. The intensity of immunoexpression of ER�1
appeared generally higher than that of ER�cx/�2, and this was most marked in the glands (G). No obvious variation in the intensity of
immunoexpression was detected across the menstrual cycle. a and c, Midproliferative phase; b and d, midsecretory phase. Arrows mark
endothelial cells that were clearly immunopositive for ER�1 (a and b). Arrowheads (d) mark endothelial cells immunopositive for ER�cx/�2.
Magnification for all, �40. Scale bar, 50 �m (applies to all sections).
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Mifepristone-Induced Vaginal Bleeding Is Associated
with Increased Immunostaining for Cyclooxygenase-2
and Decrease in Prostaglandin Dehydrogenase in Luteal
Phase Endometrium

DHARANI K. HAPANGAMA, HILARY O. D. CRITCHLEY, TERESA A. HENDERSON, AND

DAVID T. BAIRD

Contraceptive Development Network, Centre for Reproductive Biology, University of Edinburgh, Edinburgh EH3 9ET,
United Kingdom

The mechanism of mifepristone-induced vaginal bleeding and
endometrial shedding was investigated in 13 women who took
200 mg mifepristone in the midluteal phase on d 8 after the
onset of the urinary LH surge (LH�8). Endometrial biopsies
were collected, 6–24 h after mifepristone (group 1, n � 7) or
36–48 h after mifepristone (group 2, n � 6), and compared with
those from a control group in the midluteal phase (n � 7). All
women reported vaginal bleeding commencing 36–48 h after
taking mifepristone. Treatment with mifepristone signifi-
cantly reduced serum progesterone levels in all women, when
compared with the controls (13.2 nM vs. 34.8 nM, P � 0.001).
After mifepristone, a significant increase in cyclooxygenase-2

immunoreactivity was apparent at 36–48 h (P � 0.0018),
whereas prostaglandin 15 dehydrogenase enzyme-positive
immunostaining declined, to be virtually absent by 36–48 h in
both glands and in stroma (P < 0.05). There was no change in
intensity or distribution of staining for steroid receptors after
mifepristone. The changes in immunostaining for cyclooxy-
genase-2 and prostaglandin 15 dehydrogenase strongly sup-
port the hypothesis that an increase in the local concentration
of prostaglandins in the endometrium is involved in the mech-
anism of bleeding induced by mifepristone in the luteal phase.
(J Clin Endocrinol Metab 87: 5229–5234, 2002)

HUMAN ENDOMETRIUM is a target organ for the
ovarian steroid hormones estradiol and progester-

one. One of the fundamental roles of progesterone is the
differentiation of an estrogen-primed endometrium (1). The
endometrial receptivity that permits successful implantation
depends on timed and regulated synthesis and secretion of
a specific set of progesterone-induced proteins in an estro-
gen-primed endometrium. If a pregnancy fails to occur, the
corpus luteum regresses, with a subsequent fall in proges-
terone levels. There is now compelling evidence that a period
of exposure of the estrogen-primed endometrium to proges-
terone followed by a withdrawal of progesterone are the
hormonal prerequisites for menstruation (2). The character-
istics of the endometrial changes (including the extensive
changes observed in the endometrial vasculature) associated
with the withdrawal of progesterone and menstrual bleeding
suggest an involvement of vasoactive local mediators. The
evidence that prostaglandin (PG) activity in the endome-
trium is modulated by progesterone, and the widely recog-
nized vasoactive properties of PGs, make them prime can-
didates for mediators of progesterone action on the
endometrium (3).

PGs are synthesized from arachidonic acid (AA); thus, the
liberation of AA from precursors (present as membrane-

bound phospholipids) by the action of phospholipase A2
(PLA2) is one of the first steps (and a rate-limiting step) in PG
synthesis. AA is then converted to prostanoides (including
PGE2, PGF2�, and PGI2) by the actions of cyclooxygenase
(COX). In the endometrium, PGs are not stored but are im-
mediately synthesized and released and metabolized to in-
active metabolites by PG 15 dehydrogenase (PGDH) enzyme.

The antiprogesterone compound mifepristone (RU 486;
Roussel Uclaf, Paris, France) is a synthetic 19-norsteroid with
a specific high affinity for binding to the progesterone re-
ceptor (PR). It blocks the biological effects of progesterone by
binding with high affinity to the PR (4). In the midluteal
phase, mifepristone, at a single dose of 50–800 mg, induces
menstrual bleeding within 72 h (5, 6). Luteolysis was incom-
plete in two thirds of the subjects, and they experienced a
further episode of vaginal bleeding at the expected time of
menses. In the remainder, there was complete luteolysis,
with only one episode of bleeding. Thus, the vaginal bleeding
observed after mifepristone, without a decrease in the cir-
culating progesterone values, seems to be attributable to a
direct effect on the endometrium. It has been suggested that
the menstrual bleeding induced by mifepristone in midluteal
phase is attributable to a direct effect on endometrial vessels
(7). After treatment with 50 mg mifepristone in the midluteal
phase (d 20–23), there is a significant reduction in the cap-
illary luminal area and diameter associated with degenera-
tive changes in the endothelial cells, which preceded the
menstrual shedding. These changes do not always accom-
pany regressive changes in the adjacent stroma. This effect of
mifepristone on the endometrium (at a time when the en-

Abbreviations: AA, Arachidonic acid; AR, androgen receptor; COX,
cyclooxygenase; ER, estrogen receptor; LH�8, d 8 after the onset of the
urinary LH surge; PG, prostaglandin; PGDH, prostaglandin 15 dehy-
drogenase; PLA2, phospholipase A2; PR, progesterone receptor; RT,
room temperature.
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dometrial PR level is relatively low) is poorly understood
and has been hardly investigated.

The endometrial effects of antigestogens given in the early-
luteal phase have been extensively investigated (8–11). In the
early-luteal phase, mifepristone inhibits progesterone-
induced down-regulation of PR and estrogen receptors
(ERs), while antagonizing the progesterone action on endo-
metrial markers such as PGDH, which are known to be
progesterone-dependent (12, 13). Moreover, PGDH has been
postulated as a useful marker of the closure of the implan-
tation window, and the effect of midluteal administration on
such markers might add to our current understanding of
potential contraceptive actions of mifepristone.

Our study investigated the mechanism of mifepristone-
induced vaginal bleeding in the endometrium from 16
healthy women with regular cycles. The endometrial biop-
sies were performed between 0 (control) and 6-48 h after
midluteal phase administration of a single dose of 200 mg
mifepristone. We examined the expression and the distribu-
tion of sex steroid receptors in the endometrium and the
expression of PGDH, and inducible PG synthesizing enzyme
COX-2. Alterations in the expression of such progesterone-
dependent proteins may widen our understanding of the
mechanism by which mifepristone induces endometrial
bleeding in the midluteal phase.

Subjects and Methods
Subjects

Twenty healthy women with regular cycles (25- to 30-d duration;
mean age, 34 yr; range, 26–45 yr) were recruited into a randomized,
single center study with mifepristone. Women were either using a re-
liable nonhormonal method of contraception or were abstinent. All
women underwent a comprehensive screening procedure before com-
mencing the study. This consisted of a full medical history and routine
physical and gynecological examination, together with measurement of
blood pressure, pulse, height, and weight. In addition, a venous blood
sample was taken for full blood count, serum biochemistry, and liver
function. These blood tests were repeated at the end of the study. All
women kept a menstrual diary card and recorded all vaginal bleeding
experienced during the study period and in the following cycle, and the
day in which they identified an LH surge using urinary dipsticks.

We also studied the endometrial samples from four women taking
part in a separate study, which evaluated the secretory endometrium.
Those women also used the same type of urinary dipsticks to identify
the urinary LH surge, and the biopsies were collected 7 or 8 d after the
first day of the urinary LH surge. Because these women did not receive
any treatment, the four biopsies were included in our control group.
Therefore, the total number of biopsies analyzed in the control group
was seven.

Lothian Research Ethics Committee (Institutional Review Board) ap-
proved the study, and informed written consent was obtained from each
woman.

Study design

The women were monitored over two consecutive cycles: a treatment
cycle, and a follow-up cycle. The women were allocated, at random, to
1 of 5 groups, depending on the timing of the biopsy, i.e. 6, 24, 36, or 48 h
after a 200-mg mifepristone treatment on d 8 after onset of urinary LH
peak (LH � 8). The control group had a biopsy but no treatment. Each
of the 20 women in the study were allocated to the next consecutive
study number in the randomization list before commencing the study.
The randomization list was produced using the Statistical Package for
Social Scientists (SPSS, Inc., Chicago, IL), such that each study number
was randomly assigned to 1 of 5 groups in the study. The list was
balanced after each block of 5.

Women used detection kits to detect the LH surge in a first sample
of urine. On the occasion when the endometrial biopsy was taken, a
blood sample was also collected for serum progesterone measurement
by RIA.

Four women were subsequently withdrawn from the study: 1 because
of previously undiagnosed cervical stenosis, which made endometrial
biopsy difficult; in 1 woman, RIA could not confirm the self-detected LH
peak; and the endometrial samples were inadequate for analysis in 2
other women. Therefore, we analyzed the endometrial samples in 13
women after taking mifepristone in the midluteal phase (n � 3, at 6 h;
n � 4, at 24 h; n � 3, at 36 h; n � 3, at 48 h after mifepristone). Three
samples from our original control group plus the above mentioned 4
additional samples from a separate study made a total number of 7 in
the control group.

Detection of the urinary LH peak

The timing of the urinary LH surge were detected by the subjects
themselves, using a commercially available LH detection kit (Oviquick;
Unipath, Bedford, UK), which they used according to the manufacturer’s
instructions. The self-detected urinary LH peak was subsequently con-
firmed by RIA (MAI Aclone Kit; Biostat-Diagnostics, Stockport,
Cheshire, UK).

Serum progesterone

A blood sample was collected immediately before the endometrial
biopsy in all women, stored, and later assayed for progesterone. Serum
progesterone measurements were done by using the Coat-A-Count pro-
gesterone procedure [solid-phase RIA; Diagnostic Products (UK) Ltd.,
Glyn Rhomwy, Llanbersi, Caernarfon, Gwwyedd, North Wales, UK.

Endometrial biopsies

Endometrial biopsies were obtained using a Pipelle endometrial sam-
pling device (Prodimed, Neuilly-en-Thelle, France) and were fixed im-
mediately in 4% paraformaldehyde for 24 h, routinely processed, and
embedded in paraffin, and sections were cut to 5-�m thickness. All tissue
samples were labeled with a code number for anonymity; and, except
for this number, the mounted sections did not contain any other
information.

Immunohistochemistry

Immunohistochemical staining was performed for immunolocaliza-
tion of: 1) PR, with a 1:40 dilution of mouse monoclonal antihuman PR
antibody (0.88 �g/ml protein; Novocastra Laboratories, Newcastle
upon Tyne, UK); 2) ER, with a 1:400 dilution of mouse monoclonal
antihuman ER antibody ER1D5 (0.58 �g/ml protein; DAKO Corp. Lab-
oratories, High Wycombe, UK); 3) androgen receptor (AR), with a 1:480
dilution of monoclonal mouse antihuman AR antibody (F-39; BioGenex
Laboratories, Inc. antibody, A Merarini Diagnostics, Berkshire, UK); 4)
PGDH, with a 1:3000 dilution of rabbit polyclonal antibody (Dr. H. H.
Tai, University of Kentucky, Lexington, KY); and 5) COX-2, with a 1:600
dilution of goat polyclonal antihuman COX-2 antibody (0.3 �g/ml pro-
tein; Santa Cruz Biotechnology Inc., Santa Cruz, CA).

Immunohistochemistry procedures

All protocols were optimized to determine the correct conditions for
maximum specific staining, and all sections used as negative controls
(where the primary antibody was replaced with nonimmune IgG of the
same species and concentration) did not show immunostaining. Each
immunostaining procedure was performed in a single run. The immu-
nohistochemical technique used was as follows:

Five-micrometer paraffin sections were dewaxed in Histoclear (Na-
tional Diagnostics, Yorkshire, UK) and rehydrated in descending con-
centrations of ethanol to dH20. After a 10-min wash in 0.01 m PBS (pH
7.4–7.6; PBS tablets, Sigma, Dorset, UK), antigen retrieval was carried
out as follows: Sections to be stained for PgR and ER were microwaved
for 10 min in 0.01 m sodium citrate buffer (pH 6) while those for AR and
COX-2 were pressure-cooked in 0.01 m sodium citrate (pH 6) for 5 min
and 2 min, respectively (Tefal, Nottingham, UK). An antigen retrieval
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step was not required to expose the PGDH epitope. Sections were
washed in PBS, and endogenous peroxide activity was blocked by in-
cubation in 3% hydrogen peroxide in distilled water for 10 min (PR, ER,
AR, PGDH) or 3% hydrogen peroxide in methanol for 30 min (COX-2).
After a 10-min wash in PBS, an endogenous biotin blocking step was
carried out for AR and COX-2, where sections were incubated sequen-
tially in avidin then biotin for 15 min each at room temperature (RT)
(Vector Laboratories, Inc., Peterborough, UK). After a further 10-min
wash, sections were incubated in normal horse serum (Vector Labora-
tories, Inc.) for PR, ER, and AR or in 20% normal goat serum for PGDH,
and in 20% normal rabbit serum for COX-2 (Diagnostics Scotland, Ed-
inburgh, UK), all for 20 min at RT. The primary antibody was then added
at the dilutions stated above. Sections were incubated for 60 min at 37
C for PR, ER, and COX-2 and overnight at 4 C for AR and PGDH. After
washing in PBS with Tween 20, biotinylated horse antimouse antibody,
followed by an avidin biotin horseradish peroxidase complex (ABC,
Vectastain Elite; Vector Laboratories, Inc.) was added for 60 min for ER
and AR, and 30 min for PR at RT. Biotinylated goat antirabbit and horse
antigoat (Vector Laboratories, Inc.) were added for PGDH and COX-2,
respectively, for 30 min, followed by the ABC complex for 60 min
(PGDH) and 20 min (COX-2) at RT. Staining was visualized by incu-
bation in 3,3� Diaminobenzidine (DAB; DAKO Corp. Laboratories). Sec-
tions were then counterstained using Harris’ Hematoxylin (Pioneer Re-
search Chemicals Ltd., Essex, UK), dehydrated, and mounted in Pertex
(Cellpath, Hemel Hempstead, UK).

Scoring and immunohistochemistry analysis

We employed a semiquantitative subjective scoring system to eval-
uate the intensity and the localization of immunoreactivity in entire
tissue sections. Previously, we have reported that the immunostaining
patterns in endometrial sections measured by the subjective semiquan-
titative scoring showed an almost perfect correlation with that measured
objectively by computerized image analysis (14). Therefore, the less-
time-consuming, semiquantitative scoring system provides a valid score
suitable for graphical presentation.

Two independent observers, using light microscopy, visually as-
sessed all coded sections. The two separate scores were then compared
to obtain a more objective final score for each section. Once the final score
had been agreed for all sections in the five-immunostaining runs, the
code was broken. Afterwards, the final immunostaining scores were
analyzed by the respective groups.

The immunostaining intensity of the steroid receptors (PR, ER, and
AR) were scored using a four-point scoring scale, where the intensity of
staining was assigned as 0 � none, 1 � weak, 2 � distinct, and 3 � strong.
However, the staining intensity of PGDH and COX-2 showed a narrow
range; and therefore, we adapted a three-point scoring scale, where the
score of zero � an absence of immunoreactivity, 1 � faint immunore-
activity; and 2 � strong immunoreactivity.

Statistical analysis

Originally, the sample size was determined to include 5 women in
each of 4 groups at 6, 24, 36, and 48 h after mifepristone. However,
because of a number of reasons listed above, only 13 biopsies after
treatment were available. Because mifepristone induced bleeding by
36–48 h in all women, a preliminary analysis was performed to deter-
mine the appropriate statistical test for analysis of the data. The mean
staining intensity scores between 6-h and 24-h groups and between 36-h
and 48-h groups showed no significant difference; hence, the 13 samples
after treatment with mifepristone were analyzed in 2 groups: group 1
(6–24 h after mifepristone, n � 7), and group 2 (36–48 h after mife-
pristone, n � 6). Comparisons between these 2 groups were tested by
nonparametric Kruskal-Wallis ANOVA test and the Dunn’s multiple-
comparisons test because they were discontinuous data sets.

Results

All women reported vaginal bleeding commencing 36–48
h after taking mifepristone. Four women in group 2 (one
woman after 36 h, and three women after 48 h) had already
started to bleed at the time the endometrial biopsy was taken;

the others started bleeding after the biopsy. The bleeding
lasted for 12–72 h, and all but three women reported a second
bleed at the time of the expected menses. In these three
women, a second episode of bleeding occurred approxi-
mately 4 wk later.

The concentration of progesterone was significantly lower
at the time of biopsy in the women treated with mifepristone
than in the control women (13.2 nm vs. 34.8 nm, P � 0.001).
However, the levels were still significantly higher than those
found during the follicular phase.

Intense PGDH immunoreactivity was observed in the cy-
toplasm of predominantly glandular epithelium (with a
lesser degree of staining in the stromal cells) in all midluteal-
phase control sections (Fig. 1A). The abundance of PGDH-
positive immunostaining clearly declined, to be virtually
absent by 36–48 h in both glands and in stroma (Fig. 1B). The
difference in PGDH-staining scores between the control
group and 36- to 48-h group were statistically significant (P �
0.05) (Fig. 2A).

In all samples (treated and untreated), COX-2 staining was
localized predominantly in the endometrial glands, with no
(or barely detectable) staining in the stroma (Figs. 1C and 2B).
Untreated endometria in the midluteal phase showed min-
imal staining for COX-2 in the glandular cellular compart-
ments. After mifepristone, a significant increase in immu-
noreactivity was apparent at 36–48 h (Figs. 1D and 2B) (P �
0.0018).

Steroid receptor immunostaining

As expected, there was weak staining for PR in the nuclei
of stromal cells in the control samples, with minimal ER
staining. AR staining was confined to stroma. There was no
change in intensity or distribution of staining for steroid
receptors after mifepristone (data not shown).

Discussion

Endometrial shedding and vaginal bleeding are observed
after withdrawal of progesterone (for example at luteal re-
gression) from an estrogen-primed endometrium that is sub-
sequently exposed to progesterone (2). Similar bleeding is
also seen after the pharmacological withdrawal of proges-
terone after administering the antiprogesterone, mifepris-
tone, in the luteal phase of the cycle. While the endometrial
morphology exhibits a marked sensitivity to mifepristone,
with a 0.5-mg daily dose being the threshold dose for delay
in endometrial maturation (15–17), in general, higher doses
(in excess of 10 mg) are required to produce endometrial
shedding and menstrual bleeding.

All women in our study reported vaginal bleeding com-
mencing at 24–48 h after taking 200 mg mifepristone in the
midluteal phase. In 13 out of the 16 subjects, this was fol-
lowed by a second bleed of normal character at the expected
time of the next menses. Although mifepristone significantly
depressed the serum progesterone value in all women, the
occurrence of a second bleed in the majority suggests only a
partial luteolysis and a direct effect of mifepristone on the
endometrium (18).

The current understanding advocates a central role for PGs
as a trigger mechanism for menstruation (2, 3, 19, 20). The
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concentration of PG in any tissue is related to its rate of
synthesis and metabolism, and the variation in the endome-
trial release of PGs at different stages of the menstrual cycle
suggests an ovarian hormonal influence. The two key en-
zymes that control the endometrial PG synthesis (PLA2 and
COX) seem to be under the influence of progesterone. COX
enzyme exists as two isoforms produced by two different
genes (COX-1 and COX-2). COX-1 is constitutively ex-
pressed, whereas COX-2 expression is modulated by a va-
riety of stimuli and may be inhibited by progesterone in the
endometrium (21). PLA2 also seems to be present in the
endometrium in two different isoforms: the calcium-depen-
dent and inducible PLA2(i), which is localized in the endo-
metrial glands; and the calcium-independent PLA2(ii), which
is predominantly confined to the stroma (22). Conversely,
PGDH metabolizes PGs to inactive metabolites, and this
enzyme is induced by progesterone (12, 13, 23). The increase
in PGDH activity in a secretory endometrium that occurs in
response to the rising levels of progesterone in the luteal
phase (12) can be prevented by administration of antigesta-
gens shortly after ovulation (11). Thus, progesterone is re-
sponsible for stimulating PGDH and suppressing COX-2.

In our study, treatment with mifepristone in the midluteal
phase resulted in a decreased PGDH and an increased COX-2
expression in the endometrial glands, which was apparent at
36 h after mifepristone. This effect would be expected to be
synergistic in increasing endometrial PGs (because of a syn-

chronized suppression of metabolism, with an augmentation
in the synthesis) and would lead to increased uterine activity
and menstrual bleeding (2). In addition, progesterone with-
drawal mediates the degradation of the endometrial extra-
cellular matrix by inducing matrix metalloproteinases (24).

Attempts have been made to demonstrate the effects of
progesterone on the endometrial PGs activity both in vitro
and in vivo studies. Progesterone seems to enhance the PG
biosynthetic capacity of the secretory endometrium. This is
demonstrated by the in vitro studies employing cell culture
techniques and by maintaining endometrial explants in cul-
ture (25, 26). Conversely, progesterone has shown to sup-
press the release of PGs from the endometrium (26, 27).
Studies in vitro have reported a reduction of both the estra-
diol-stimulated and the basal PG production by progester-
one (26, 28). Furthermore, during pregnancy, when proges-
terone levels are high, basal endometrial PG production is
also reduced (29). It had been suggested that this effect might
involve the inhibitory effect of progesterone on the PLA2
activity (22).

The withdrawal of progesterone from an endometrium
that has been primed with progesterone and estradiol results
in an increased COX-2 expression, whereas continuing ex-
posure to progesterone is associated with low levels of
COX-2 expression (30). Evidence for increased PG activity by
antagonizing progesterone also comes from in vitro data,
which showed a dose-dependent induction of PGF2� release

FIG. 1. A, PGDH immunostaining in midluteal-phase endometrium, demonstrating positive immunoreactivity in the glands and stroma. B,
Endometrium, biopsied 36 h after administration of mifepristone, on d LH�8 of cycle. Note the decrease in immunoreactivity in the glandular
and stromal compartments. C, COX-2 immunostaining in an endometrial biopsy collected in the midluteal phase. Negligible immunostaining
in glands and stroma. D, COX-2 immunostaining in endometrium, collected 36 h after administration of mifepristone, on d LH�8. Note the
increase in immunoreactivity in the glandular cytoplasm. Scale bar, 50 �m.
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from endometrial stromal cells (23) and also from the in vivo
observation of increased uterine contractility after mifepris-
tone, possibly attributable to increased PGs (31–33). This is
further supported by the inhibition of glandular PGDH
expression seen after administration of antiprogesterones
in the early-luteal phase (10, 11) and during the early
pregnancy (34).

A decrease in the uterine PGF2� release (33) and in the
luminal expression of COX-2 had been reported after mife-
pristone in the early-luteal phase (35). However, in the early-
luteal phase, progesterone values are relatively low; and, as
a consequence, the PR and ER expression is maximal,
whereas the converse is true for the midluteal phase of the
cycle. Therefore, in the early-luteal phase, mifepristone may
prevent the effects that are to be exerted by progesterone;
whereas in the midluteal phase, it may antagonize the actions
of progesterone, which, at that time, seems to be the sup-
pression of PGs release.

Our results: are consistent with previous reports (10, 21)
that demonstrated localization of PGDH and COX-2 in the
glandular epithelium, and also support the in vitro evidence
that glands are the main site for PG synthesis (36, 37).

There was no significant change in the level of immuno-
reactivity of AR, ER, or PR after mifepristone. When given
immediately after ovulation, mifepristone and onapristone
prevent the progesterone-induced down-regulation of PR
and ER, which normally occurs during the luteal phase (10,

38, 39). In the midluteal phase, the levels of ER and PR are
already low and were unchanged at 48 h after mifepristone
administration. AR staining was mainly confined to the stro-
mal compartment and remained unchanged after mifepris-
tone (40). In contrast, when mifepristone was given in the
early-luteal phase, there was strong immunostaining for AR
in the glands (41). The factors regulating the spatial and
temporal expression of AR in the endometrium and its phys-
iological role are not fully understood.

The distinct endometrial effects seen after the midluteal
administration of mifepristone add to our understanding of
the mechanism of menstruation. There is overwhelming
evidence that PGs are involved in the process of normal
menstruation (Reviewed in Ref. 3). Our results show a down-
regulation of PGDH expression and a simultaneous up-
regulation of COX-2 expression after administering mife-
pristone in the midluteal phase. Therefore, we conclude that
mifepristone induces endometrial bleeding, in the midluteal
phase, by a mechanism involving both PGDH and COX-2 to
increase local PG levels in the endometrium.
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This review focuses specifically on the endometrial anti-
proliferative effects of progesterone antagonists. More
extensive reviews of the chemistry and physiological effects
of progesterone antagonists have been published by Spitz
and Robbins (1998) and Chwalisz et al. (2000). The first
effective anti-progestin was mifepristone (RU486), and the
literature on this compound has been reviewed several times
(Baulieu et al., 1987; Baulieu, 1991). Several other anti-
progestins have been developed, including onapristone, 
ZK 137 316 and ZK 230 211 (Schering AG, Berlin), which
have greater potency and higher specificity for the
progesterone receptor (PR). In addition, mixed agonist–
antagonists such as J1042 and J867 (Schering AG), known
as either mesoprogestins or progesterone receptor modulators
(PRMs), have been developed (Chwalisz et al., 2000). PRMs
can block progesterone action, but in the absence of
progesterone can act as agonists. Both PRMs and anti-
progestins have many potentially important clinical uses,
and chronic low dose treatment with anti-progestins has
been proposed for management of aberrant endometrial
bleeding, endometriosis, mammary cancer and contraception
(Cadepond et al., 1997; Baird, 2000). However, concern
has been expressed that anti-progestins might block the
ability of progesterone to oppose oestrogen action in the
endometrium, resulting in hyperplasia. 

As a counter to this concern, several studies have
indicated that anti-progestins have the unexpected ability to
block endometrial proliferation, even during oestrogen-
only treatment, although the mechanism of this action has

not been fully explained. Wolf et al. (1989) were the first to
report that high doses of RU486 had an anti-endometrial
effect in ovariectomized, oestrogen-treated macaques. As
RU486 does not bind to the oestrogen receptor, these
authors called this action a ‘non-competitive anti-oestrogenic
effect’.

Endometrial anti-proliferative effects of anti-
progestins in the primate uterus

The effects of various regimens of RU486 and some
Schering anti-progestins, such as ZK 137 316, on the
endometrium of rhesus macaques has been reviewed by
Chwalisz et al. (2000). All these anti-progestins induced
increases in endometrial oestrogen receptor (ER) and PR, a
classical effect of unopposed oestradiol, but they inhibited
endometrial mitotic activity, wet mass and thickness. In
addition, anti-progestin treatment led to stromal cell
atrophy, stromal compaction and hyalinizing degeneration
of the spiral arteries, all in the presence of high serum
concentrations of oestradiol and increased ER. Similar
paradoxical effects were found after long-term treatment of
intact cyclic macaques with low doses of RU486 for 8 years
(Grow et al., 1998). In studies with ZK 137 316 in ovary
intact, cyclic animals, the lowest doses allowed normal
ovarian cycles, secretion of follicular phase concentrations
of oestradiol and normal oviductal differentiation, but an
overall suppression of endometrial growth, including a
decrease in glandular cell proliferation, assessed on the
basis of both mitotic counts and DNA synthesis. These data
indicate that the endometrium is much more sensitive to the
negative effects of anti-progestins than are other tissues that
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contain PR. Low doses of RU486 administered chronically
to women also inhibited glandular mitosis and induced
stromal compaction in the endometrium (Cameron et al.,
1996).

Anti-proliferative and apoptotic effects of anti-progestins
have also been observed in vitro in various breast cancer
cell lines, and these effects have been referred to as
receptor-mediated ‘cytostatic and cytotoxic’ effects.
Conceivably, RU486 might prove a valuable drug for
treatment of breast cancer because of such direct anti-
proliferative effects (Horwitz, 1992). Mifepristone has anti-
oxidant properties and it has been proposed that the
anti-proliferative action of RU486 may involve anti-
oxidants blocking oxidative changes in low density
lipoproteins that are important to the growth of human
endometrium (Murphy et al., 2000). However, the failure of
known anti-oxidants such as vitamin E to have similar anti-
proliferative effects (Murphy et al., 2000) raises doubts
about the generality of this hypothesis. Moreover, in
macaques, anti-progestins do not appear to cause any anti-
proliferative or anti-differentiative effects in the oviductal or
vaginal epithelium, and do not reduce oestrogen-dependent
bone mineral density in either women or macaques. In
addition, in rodents treated with anti-progestin, oestradiol
action in the endometrium is enhanced rather than
suppressed, as indicated by increases in cell height and
mitotic activity of the uterine luminal epithelium (Chwalisz
et al., 1998). In summary, the non-competitive anti-
oestrogenic effects of chronic low dose anti-progestin
therapy appear to be tissue- and species-specific, are most
evident in the primate endometrium, and are best referred
to as endometrial anti-proliferative effects. A full under-
standing of the mechanisms underlying these paradoxical
effects has not yet been reached.

Is the androgen receptor involved in the endometrial
anti-proliferative effect?

There is substantial evidence that exogenous androgens can
inhibit the endometrium. Okon et al. (1998) suggested that
in women with recurrent miscarriages, high androgen
concentrations may specifically antagonize oestrogen action
directly in the endometrium. Testosterone and danazol
directly inhibit human endometrial cell proliferation in
tissue culture in which the medium contains phenol red in
amounts adequate to provide an oestrogenic stimulus (Rose
et al., 1988). Other studies show that androstenedione
inhibits human endometrial cell growth and secretory
activity in vitro and that androgen receptors are present in
these cultured endometrial epithelial cells. Moreover, when
cyproterone acetate (an androgen receptor antagonist) is
added to the cultures, the effects of the androgens are
blocked (Tuckerman et al., 2000). Therapeutic progestogens
that are highly androgenic result in endometrial atrophy.
For example, marked endometrial atrophy is a feature of the
endometrial response among women using a levonorgestrel-
releasing intrauterine system (Critchley et al., 1998). As the

suppressive effects of androgens on endometrial growth
resemble the atrophic effects induced by anti-progestins,
the possibility that the androgen receptor (AR) plays a role
in anti-progestin action in human and non-human primate
endometrium was evaluated using in situ hybridization,
immunocytochemistry and ligand binding assays to assess
changes in the endometrial AR during anti-progestin
treatment (Slayden et al., 2001). 

Human endometrial samples from three groups of
patients were available from three previously published
studies. The first group consisted of fertile women who had
been sampled during the proliferative, early mid- and late
secretory phases of the normal menstrual cycle for studies of
oestrogen receptor isoform expression (Critchley et al.,
2001).

The second group consisted of women with regular
menstrual cycles treated either with placebo capsules 
or capsules of 2 mg mifepristone each day for 30 days. 
Such chronic, low dose treatment suppresses endometrial
maturation and makes successful implantation unlikely
(Batista et al., 1992; Cameron et al., 1996). The third group
consisted of women who were treated with 200 mg oral
mifepristone (or vehicle) 2 days after the ovulatory surge of
LH and sampled 4–6 days later. Acute administration of a
high dose of mifepristone (200 mg) in the early luteal phase
also retards development of a secretory endometrium
(Cameron et al., 1997). All human endometrial samples
were obtained with a Pipelle endometrial sampler.

Ovariectomized rhesus macaques were treated with
implants of oestradiol for 2 weeks and then for 2 further
weeks with either oestradiol alone, oestradiol plus RU486,
oestradiol plus progesterone, or oestradiol plus progesterone
plus RU486. Untreated, ovariectomized animals served as
controls. Reproductive tract tissues were collected by mid-
ventral laparotomy at the end of treatment. Some animals
were also treated with oestradiol and various doses of
ZK 137 316 (Schering AG). 

All work with macaques received ethical approval from
the Institutional Animal Care and Use Committee of the
Oregon National Primate Research Center.

Effects of anti-progestins in rhesus macaques

In macaques, oestradiol significantly increased AR binding
capacity (assessed with a radioactive androgen) above
untreated controls, and oestradiol plus RU486 treatment
increased binding significantly further (Fig. 1). Oestradiol
plus progesterone decreased AR binding, and oestradiol
plus progesterone plus RU486 treatment caused an
intermediate increase in AR binding. In macaques treated
with oestradiol alone, all immunocytochemical staining for
AR was localized to the stroma, and the glands were
negative (Fig. 2). In macaques treated with oestradiol plus
RU486, the stromal AR signal was enhanced and strong AR
staining became evident in the glandular epithelium (Fig. 2).
In situ hybridization for mRNA encoding AR showed similar
patterns: after treatment with oestradiol alone, hybridization
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signals were evident only in the stroma, but after treatment
with oestradiol plus RU486, the hybridization signal
increased in the stroma and became very strong over the
glandular epithelium (Slayden et al., 2001). No evidence 
for AR expression was obtained by either immuno-
cytochemistry or in situ hybridization in the vascular
endothelium or smooth muscle of the spiral arteries under
normal cyclic conditions or after anti-progestin treatment.
The effects with ZK 137 316 were similar to those obtained
using RU486.

Effects of anti-progestins in women

In women, during the natural menstrual cycle, immuno-
cytochemical staining for AR also predominated in the
stroma. The signal was greatest in the proliferative, early
and mid-secretory phases and weakest in the late secretory
phase. As in macaques, mifepristone treatment resulted in
increased staining in the stroma and a marked increase in
staining for AR in the glandular epithelium (Fig. 2). The
same anti-AR antibody (F39.4; Biogenex, San Ramon, CA)
was used to evaluate both human and macaque tissues. The
increase in AR staining induced by mifepristone was
evident after either treatment with 2 mg per day for 30 days
or after a single oral dose of 200 mg. In summary,
endometrial AR was highest in the stroma during the human
proliferative phase (or during oestradiol treatment in
macaques), and lowest during the late secretory phase in

women (or after oestradiol plus progesterone treatment in
macaques). In both species, RU486 markedly increased AR
expression in the glands and enhanced its expression in the
stroma.

These data show that during the normal menstrual cycle,
in both women and macaques, endometrial AR is primarily
stromal in distribution. Similar findings have been reported
previously in the human (Mertens et al., 1996) and rhesus
macaque endometrium (Adesanya et al., 1999). Apparao et
al. (2002) reported that, in endometrial biopsies from
women with polycystic ovary syndrome (PCOS), the
glandular and luminal epithelia had much stronger
immunocytochemical staining for AR than they did in
similar specimens from women without PCOS. These
authors suggested that the combination of increased
androgens and glandular AR in the endometrium of women
with PCOS could play a major role in the infertility
associated with this syndrome.

Working hypothesis for the endometrial anti-
proliferative effect

In summary, during the natural menstrual cycle in normal
women, any effects of androgens on the glands or vascular
elements in the endometrium would be mediated indirectly
through stromal AR. However, after treatment with anti-
progestins (and perhaps in women with PCOS), androgens
may have direct effects on the glands through the greatly
increased AR in glandular cells. Any effects of oestrogen
that are mediated by ER in the glands might then be
counteracted by direct effects of androgens mediated by AR
in the same cells. In addition, a large body of evidence
indicates that oestrogen-dependent growth factors that are
made by the stroma are essential for mitosis in the glands
(Cooke et al., 1997). Anti-progestins, by increasing AR in
stromal cells, might lead to suppression of such factors by
androgens. Whether these are the effects of testosterone,
dihydrotestosterone, androstenedione or some other
androgen, and whether the androgen source is the
endometrial tissue or the systemic circulation is not known.
It is possible that AR is activated through cross-talk by
cellular factors that enhance its phosphorylation state
(Ikonen et al., 1994), but it is not known whether this occurs
in the primate endometrium. All of these considerations
demand further research. 

The precise mechanism through which anti-progestin
treatment increases AR during treatment with oestradiol is
not clear, but our previous studies and those of others
showed that anti-progestin treatment also increases ER and
PR. Our current view is similar to that expressed by
Chwalisz et al. (1991), who found an increase in ER after
treatment with the anti-progestin, onapristone, in the
endometrium of ovariectomized rabbits. These authors
stated that: ‘The increase in ER and ER mRNA concentrations
after onapristone treatment in ovariectomized, oestradiol-
treated animals suggests that this anti-gestagen abolished an
inhibitory action of the unoccupied PR on ER biosynthesis’.
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This view implies that unoccupied PR (in the absence of
progesterone) has an inhibitory or ‘braking’ effect on ER
synthesis. When this brake is removed by an anti-progestin,
in the presence of oestradiol, the amounts of ER, PR and AR
increase, as oestradiol can increase the expression of all
these molecules. Androgens may also play a role in
increasing AR after anti-progestin treatment as androgens
enhance the biosynthesis of endometrial AR (Adesanya et
al., 1999; Apparao et al., 2002).

How these increases in ER, PR and AR at the molecular
level lead to mitotic inhibition and endometrial atrophy at
the cellular and organ levels remains unclear. One of the
keys to understanding these effects lies in the increased
glandular AR, because AR is normally not expressed (or
only minimally expressed) in the glandular epithelium.
Stated simply, our hypothesis is that increases in
endometrial AR, induced by anti-progestin treatment, allow
androgens to suppress oestrogen-dependent glandular
mitosis.

Conclusion 

Paradoxically, anti-progestins block oestradiol action on
glandular proliferation and suppress the overall growth of
the primate endometrium. The mechanism involved in this
endometrial anti-proliferative effect is not known, but the
data reviewed above indicate that androgens play a
previously unsuspected role.

As the androgen receptor is normally expressed primarily
in the stroma, an increase in intracellular androgens bound
to the glandular epithelium would represent a highly
abnormal state that could suppress the metabolic rate and
interfere with the mitotic machinery of the glandular cells.
In addition, epithelial AR can directly mediate anti-
proliferative effects of androgens, at least in vitro
(Tuckerman et al., 2000), and, because stromal AR is also
increased, an enhanced sensitivity of the stroma to
androgens could block any oestrogen-dependent, stromal–
epithelial interactions involved in glandular mitosis. The

170 R. M. Brenner et al.

GI

S

GI

S

Oestradiol Oestradiol + RU486

Control 200 mg RU486

(a) (b)

(c) (d)

M
ac

aq
ue

H
um

an
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women. (a) In macaques treated with oestradiol alone, only the stromal compartment (S) shows
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positively stained for AR. Scale bar represents 50 µm. (Adapted from Slayden et al., 2001.)
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lack of AR expression in the vascular endothelium and
smooth muscle walls also indicates that the atrophy and
degenerative changes induced in the spiral arteries by anti-
progestin treatment are indirectly mediated. Androgens may
play a role in this atrophy and degeneration by suppressing
biosynthesis of any oestrogen-dependent, stromal growth
factors necessary for arterial growth (Fig. 3).

A cautionary note on this hypothesis is necessary. In
addition to the blockade of glandular cell mitosis, anti-

progestins also induce severe compaction of the
endometrial stroma, an increase in epithelial apoptosis and
severe degenerative changes in the spiral arteries. Arterial
atrophy and degeneration may greatly reduce endometrial
blood flow, and this alone, through simple nutritional
deprivation, could contribute to the endometrial atrophy
that occurs in macaques during anti-progestin treatment.
The matter is certainly complex and it is not known whether
increased androgen action through increased AR can
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atrophied cuboidal cells; this inhibition would favour mitotic suppression.
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induce all the endometrial changes induced by anti-
progestins. Fortunately, a variety of androgens and anti-
androgens is available as tools to conduct experimental
studies, so the role of androgens in the paradoxical effects of
anti-progestins in the endometrium should eventually be
more thoroughly understood. We hope that the novel
hypothesis put forward in this brief review will stimulate
research along these lines. The anti-progestins and PRMs
have tremendous potential for treatment of various diseases,
and their use in clinical medicine is increasing. A more
complete understanding of their mode of action should
greatly benefit women’s health. 
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The endometrium contains a unique subset of uterine-specific
natural killer (uNK) cells, the proposed functions of which
include a role in decidualization, menstruation, and implan-
tation. These cells increase in number during the mid-late
secretory phase of the menstrual cycle and are also present in
large numbers in early pregnancy. The cyclical nature of uNK
cell appearance suggests hormonal regulation of these cells.
To date, it has not been possible to localize either estrogen
receptors (ERs) or progesterone receptors (PRs) to uNK cells.
In the present study, we have investigated the steroid recep-
tor expression of uNK cells, including not only ER� and PR but
also wild-type ER�1, its variant form ER�cx/�2, and glucocor-
ticoid receptor (GR) using specific monoclonal antibodies and
real-time quantitative RT-PCR.

mRNA encoding ER�, PR, ER�cx/�2, ER�1, and GR were

identified in extracts of human endometrium across the men-
strual cycle and in decidua. Quantitative real-time RT-PCR
demonstrated an absence of ER� and PR mRNA in purified
uNK cells. In contrast, mRNA for ER�cx/�2, ER�1, and GR was
present in uNK cells. ER�, PR, ER�cx/�2, ER�1, and GR pro-
teins were identified in endometrial and decidual biopsies.
Colocalization using specific monoclonal antibodies con-
firmed that uNK cells were immunonegative for ER� and PR
protein. These cells were also immunonegative for ER�cx/�2
but did express ER�1 and GR proteins. These results raise the
possibility that estrogens and glucocorticoids could be acting
directly on uNK cells through ER� and GR, respectively, to
influence gene transcription in the endometrium and
decidua. (J Clin Endocrinol Metab 88: 440–449, 2003)

THE HUMAN ENDOMETRIUM is a dynamic tissue that,
to prepare for implantation, undergoes well defined

cycles of proliferation, differentiation, and degradation in
response to the prevailing steroid environment (1, 2). Leu-
kocyte populations within the endometrial stroma also vary
during the menstrual cycle and throughout pregnancy. En-
dometrial leukocytes include T and B cells, mast cells, mac-
rophages, and neutrophils, but it is the phenotypically
unique uterine natural killer (uNK) cells that make up the
majority of the leukocyte population in the late secretory
phase and early pregnancy (3).

These uNK cells have a unique phenotype (CD56bright,
CD16�, CD3�), which distinguishes them from peripheral
blood NK cells (CD56dim, CD16bright, CD3�). In the prolifer-
ative phase, few cells are apparent, but their numbers in-
crease from day LH�3 and more dramatically in the mid-late
secretory phase (day LH�11–13) where they are found in
close contact with endometrial glands and spiral vessels (4,
5). It remains to be established whether the increase in cell
number is solely the result of in situ proliferation or whether
there is also de novo migration from the peripheral circula-
tion. A precursor cell type might be selectively recruited into
the endometrium where it differentiates to become the uter-
ine-specific NK cell. In support of this theory is the existence

of a subset of peripheral NK cells (around 1% of total cir-
culating NK cells) that express a similar antigenic phenotype
to uNK cells (6). However, proliferation of CD56� cells does
occur in the endometrium because the proliferation marker
Ki67 has been colocalized by immunohistochemistry (7, 8).

The increase in the number of uNK cells coincides with
implantation and the early stages of placentation, and it has
been suggested that this unique cell population may play a
role in these processes (9). A role in endometrial breakdown
and menstruation has also been proposed for uNK cells. In
the nonpregnant cycle, King et al. (3) have observed changes
suggestive of cell death of these cells on day LH�12–13,
before any of the more accepted signs of menstruation such
as neutrophil infiltration, clumping of stromal cells, and in-
terstitial hemorrhage have occurred. The association of uNK
cell demise and falling levels of progesterone as well as the
cyclical nature of their appearance would seem to suggest
hormonal regulation of these cells. However, to date, it has
not been possible to localize either estrogen or progesterone
receptors to these cells (10, 11), and therefore it has been
proposed that estrogen and progesterone may exert their
effects on uNK cells indirectly via cytokines such as IL-15 and
prolactin (PRL) or other soluble factors (12–14).

Glucocorticoids have been shown to exert specific effects
on endometrial cells (15–18), but their role in endometrial
physiology is not well understood. Recently, Bamberger et al.
(19) have briefly reported the immunoexpression of GR
across the menstrual cycle. They found the receptor was
almost exclusively expressed in the stromal compartment,

Abbreviations: ER, Estrogen receptor; GR, glucocorticoid receptor;
HSD, hydroxysteroid dehydrogenase; NK, natural killer; NRS, normal
rabbit serum; PR, progesterone receptor; PRL, prolactin; Q-RT-PCR,
quantitative RT-PCR; RT, reverse transcribed; TBS, Tris-buffered saline;
uNK, uterine NK; VEGF, vascular endothelial growth factor.
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including endothelial and lymphoid cells. However, they did
not investigate the type of lymphocytes that expressed the
GR. It is therefore important to determine which leukocytes
(and whether uNK cells, in particular) express the GR.

Two structurally related subtypes of estrogen receptor
(ER), commonly known as � (ER�, NR3A1) and � (ER�,
NR3A2), have been identified in the human as well as in
other mammals (20–22). Steroid receptors including ER�,
ER�, progesterone receptor (PR), and glucocorticoid receptor
(GR) all act as ligand-activated transcription factors and
share a common arrangement of structure/function domains
with other members of the steroid receptor family (for re-
view, see Ref. 23). In vitro studies have shown that ho-
modimers (ER�-ER� or ER�-ER�) or heterodimers (ER�-
ER�) can be formed when both isoforms are expressed in the
same cell (24, 25) and that the pattern and amount of ex-
pression of each isoform is likely to influence gene transcrip-
tion within that cell. We have previously compared the spa-
tial and temporal expression of ER� and ER� in human
endometrium and found that endothelial cells exclusively
express ER� (26). In the same samples, some immunoposi-
tive staining was also observed in cells that we tentatively
identified as endometrial leukocytes. Recently, Stygar et al.
(27) have reported that within the human cervix ER� can be
localized to cells that express leukocyte common antigen and
macrophage markers.

In 1998, two papers reported that mRNAs encoding iso-
forms of human ER� formed by alternative splicing of the
last (eighth coding) exon were expressed in human tissues
(28, 29). We have recently established that both the mRNA
and protein corresponding to one of these splice variants
(ER�cx/�2) are expressed in human endometrium (30). This
splice variant lacks the ligand binding site and may act as a
negative inhibitor of ER� action (28). One objective of the
current study was to establish whether human uNK cells
express wild-type (ER�1) and/or the variant ER�cx/�2
isoform.

The aim of this investigation was thus to determine the
potential steroid responsiveness of uNK cells by using spe-
cific monoclonal antibodies and real-time quantitative RT-
PCR (Q-RT-PCR) to establish whether selected steroid re-
ceptors (ER�, ER�, GR, PR) are specifically expressed in this
cell population.

Materials and Methods
Tissue collection

Endometrial tissue was collected from women undergoing hyster-
ectomy or endometrial investigation for benign gynecological condi-
tions (n � 42). First trimester decidual tissue samples (n � 8) were
collected from patients undergoing surgical termination of pregnancy.
Tissue was snap-frozen in liquid nitrogen before storing at �70 C for
subsequent RNA extraction. Endometrial tissue was also fixed in 4%
paraformaldehyde overnight at 4 C before routinely wax embedding
using an 18-h cycle on a TP1050 machine (Leica Corp., Knowlhill, Milton
Keynes, UK). In addition, decidua and full-thickness endometrial tissue
including stratum functionalis, basalis, and myometrium were collected
at hysterectomy or termination of pregnancy from representative pa-
tients for dual localization immunohistochemical investigations. All
women described regular menstrual cycles and had not received exog-
enous hormones or used an intrauterine contraceptive device in the 3
months before inclusion in the study. Written informed consent was

obtained from all subjects, and ethical approval was granted by the
Lothian research ethics committee.

Endometrial biopsies were dated according to the criteria of Noyes
et al. (1) and were found to be consistent with the patients’ reported last
menstrual period. In addition, all subjects had a serum sample collected
at the time of biopsy for the determination of circulating estradiol and
progesterone levels by RIA as previously outlined (31). Biopsies were
classified as proliferative (n � 8), early (n � 8), mid (n � 8), or late
secretory (n � 10), and a significant reduction in circulating progester-
one levels was evident between biopsies in the mid and late secretory
phases (P � 0.01; Table 1)

Isolation of uNK cells

CD56� decidual NK cells were isolated from first-trimester decidual
tissue as previously described (12). Briefly, 1� 108 decidual cells were
suspended in 300 �l buffer (PBS/2 mm EDTA/1% human AB serum).
After the addition of 0.5% human �-globulins in PBS and 100 �l CD56
magnetic cell sorting microbeads (Miltenyl Biotech, Bergisch Gladbach,
Germany), the suspension was incubated at 4 C for 20 min. The cells were
washed, resuspended in buffer, and applied to a VarioMACS magnet
(Miltenyl Biotech). The column was washed, and the CD56� cells were
eluted and resuspended in RPMI/10% fetal calf serum. The purity of the
decidual NK cells was greater than 97%, as confirmed by flow cytometry.

Analysis of mRNA by real-time Q-RT-PCR

Tissue samples and purified decidual NK cells were immersed in
Trizol RNA isolation reagent (Invitrogen, Paisley, UK), homogenized,
and RNA extracted according to the manufacturer’s instructions. To
remove genomic DNA, RNA was then subjected to DNAse treatment
using DNAse I, Amp grade 1U/�g RNA in DNAse reaction buffer for
15 min at room temperature (Invitrogen). The reaction was stopped by
the addition of EDTA (final concentration, 2.5 mm) followed by heating
to 99 C for 5 min. Using random hexamers, 200 ng RNA was reverse
transcribed (RT) in a buffered solution containing 5.5 mm MgCl2, 2.5 �m
random hexamers, 500 �m of each dNTP, 0.4U/�l Rnase inhibitor, and
1.25 U/�l multiscribe (all from PE Applied Biosystems, Cheshire, UK).
Samples were RT by incubating for 60 min at 25 C, 45 min at 48 C, and
95 C for 5 min. Negative controls were included in every run. An
RT-negative control had template RNA but no multiscribe enzyme in-
cluded, and an RT H2O had template RNA replaced by nuclease free
water.

The primer/probe sets were designed using the Primer express pro-
gram (PE Applied Biosystems) and, where possible, were chosen to span
an intron to further reduce the chance of spurious readings due to
genomic DNA contamination. The sequences of the primer/probe sets
and their location within the specified cDNAs are given in Table 2. The
18S primers and probe were purchased from PE Applied Biosystems.

A Taqman real-time PCR mix was then prepared containing final
concentrations of Taqman universal PCR master mix (1�), ribosomal 18S
forward and reverse primers, and probe (50 nm; PE Applied Biosys-
tems), forward and reverse primers (300 nm), and probe for sequence of
interest (200 nm; PE Applied Biosystems). One microliter of cDNA was
added per 25 �l of reaction volume, and each sample was done in
triplicate. A no-template control (where water replaced cDNA) was
included in every run, and the controls from the RT step were also run

TABLE 1. Circulating estradiol and progesterone levels at the
time of collection of endometrial samples

Study group
(histological stage of cycle)

Estradiol
(pmol/liter)

Progesterone
(nmol/liter)

Proliferative 400.39 (306–1731) 1.75 (1.2–12.17)
Early secretory 449 (206.96–481) 22.4 (2.17–56.2)
Mid secretory 480.50 (120.21–738) 47.27 (23.6–78.1)a

Late secretory 234 (129–507) 8.76 (3.9–22.4)a

Data are expressed as median (range).
a P � 0.01 significant difference between mid and late secretory

groups for progesterone.
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at least once for each set of primers and probes. Wells were sealed with
optical caps, and the PCR was run on the ABI Prism 7700 (PE Applied
Biosystems) using standard conditions.

The linearity of the response of the primers and probe to specific
cDNA was validated either by using serial dilution of a cDNA sample
or by repeating experiments on a 1:5 dilution of all cDNA samples.
Within-assay variation of the PCR measurement for each set of primer/
probes in cDNA was calculated from six replicates (Table 3). Inter-assay
variability for the samples was valued at 3.1% by running cDNA from
one sample over five different Taqman RT-PCR experiments.

Significant difference was determined using one-way ANOVA, and
individual differences were described using the least significant differ-
ence post hoc multiple comparison (SPSS, Inc., Chicago, IL).

Antibodies

Mouse monoclonal antihuman ER� was purchased from DAKO
Corp. (Cambridge, UK; clone 1D5). ER� proteins were detected using
two isotype-specific mouse monoclonal antibodies directed against
ER�1 (peptide P7, IgG2a subtype) and ER�cx/�2 (peptide P8, IgG1
subtype). The monoclonals were prepared and validated as described in
detail by Saunders et al. (32, 33). The specificity of all ER antibodies used
was confirmed previously by Western blotting (32–34). Mouse mono-
clonal antibodies for PR and GR were supplied by Novocastra (New-
castle upon Tyne, UK; PR subtype IgG1, GR subtype IgG2a). Mouse
monoclonal anti-CD56 antibody was supplied by Zymed Laboratories,
Inc. (Cambridge, UK; subtype IgG1) and was used to label uNK cells.

Immunohistochemistry

All antibodies were tested individually at a range of dilutions and with
different antigen retrieval conditions to determine the protocol that gave the
least background and highest specific signal before additional optimization
of double staining conditions. All sections were dual immunohistochemi-
cally stained with each of the steroid receptors and anti-CD56 antibody
using 3,3-diaminobenzidine and fast blue (ER�1/CD56 and GR/CD56;
data not shown.) Additionally, ER�1/CD56 and GR/CD56 coexpression
was investigated using dual immunofluorescence.

Dual immunohistochemistry

Paraffin sections (5 �m) were dewaxed in Histoclear (National Di-
agnostics, Atlanta, GA) for 10 min before rehydrating in descending
grades of alcohol to distilled H2O. Sections were washed in Tris-buffered
saline [TBS; 0.05 m Tris (pH 7.4), 0.85% saline] for 10 min before antigen
retrieval by pressure cooking in 0.01 m sodium citrate (pH 6) for 5 min
at setting 2/high (Tefal, Clipso, Nottingham, UK) for ER� and PR and
0.05 m glycine/0.01% EDTA (pH 8) for 7 min at setting 2 for ER�cx/�2.
Sections were blocked for endogenous peroxidase in 3% hydrogen per-
oxide for 10 min before applying normal horse serum (Vector Labora-
tories, Inc., Peterborough, UK) for ER� and PR or a 1:5 dilution of normal
rabbit serum (NRS; Diagnostics Scotland, Carluke, Lanark, UK) in TBS
with 5% BSA (NRS/TBS/BSA) for ER�cx/�2. Sections were incubated
overnight at 4 C in a 1:400 dilution of mouse anti-ER�, a 1:40 dilution
of mouse anti-PR, or a 1:20 dilution of mouse anti-ER�cx/�2 antibody.
Sections were incubated in biotinylated horse antimouse antibody for
ER� and PR (prepared following manufacturer’s instructions; Vector
Laboratories, Inc.) or a 1:500 dilution of biotinylated rabbit antimouse
antibody for ER�cx/�2 (DAKO Corp.) followed by an avidin biotin
peroxidase complex (ABC Elite, Vector Laboratories, Inc., for ER� and
PR; and ABC DAKO Corp., for ER�cx/�2) all for 60 min at room
temperature. The sections were developed using 3,3-diaminobenzidine,
before washing for 20 min in 0.05 m glycine/0.01% EDTA (pH 3). They
were incubated sequentially in avidin, then biotin (Vector Laboratories,
Inc.) for 15 min at room temperature, followed by normal horse serum,
before applying monoclonal mouse anti-CD56 antibody at a 1:250 di-
lution overnight at 4 C. After washing, biotinylated horse antimouse
antibody was applied, followed by an avidin biotin alkaline phosphatase
complex (DAKO Corp.), both for 30 min at room temperature. The signal
was developed using fast blue reagent (Sigma, Poole, Dorset, UK) before
the sections were mounted in permafluor (Immunotech-Coulter, High
Wycomb, Bucks, UK).

Negative controls were performed in which the primary antibodies
were replaced with mouse IgG at a matched antibody concentration or
blocking serum. Each antibody was also run separately to confirm the
immunostaining pattern.

Dual immunofluorescence

Sections were dewaxed, and endogenous peroxidase was blocked as
above. Sections were pressure cooked in 0.05 m glycine, 0.01% EDTA (pH
8) for 7 min at setting 2 for ER�1 or 0.01 m sodium citrate (pH 6) for 5
min at setting 2 for GR before washing in TBS. They were then incubated
in NRS/TBS/BSA for 30 min at room temperature before applying either
a 1:20 dilution of mouse anti-ER�1 antibody or a 1:10 dilution of mouse
anti-GR antibody in NRS/TBS/BSA overnight at 4 C. Thereafter, sec-
tions were washed in TBS with Tween 20 (100 �l/liter) before the
addition of a biotinylated rabbit antimouse antibody (DAKO Corp.) at
a 1:500 dilution in NRS/TBS/BSA for 30 min at room temperature. After
a further wash in TBS, followed by PBS [0.01 m PBS (pH 7.4), Sigma] the
fluorochrome streptavidin 546 Alexafluor (Molecular Probes, Inc., Lei-

TABLE 2. Steroid receptor primer and probe sequences used for amplification by real time Q-RT-PCR

Primer/probe Sequence Position Accession no.

ER�1 forward CCTGGCTAACCTCCTGATGCT 1459–1480 AB006590
ER�1 reverse CCACATTTTTGCACTTCATGTTG 1529–1552 (r) AB006590
ER�1 probe AGATGTTCCATGCCCTTGTTACTCGCA 1499–1525 (r) AB006590
ER�cx/�2 forward ATCCATGCGCCTGGCTAAC 2628–2647 AB006589
ER�cx/�2 reverse GAGTGTTTGAGAGGCCTTTTCTG 2684–2707 (r) AB006589
ER�cx/�2 probe TCCTGATGCTCCTGTCCCACGTCA 2648–2671 AB006589
ER� forward TGATTGGTCTCGTCTGGCG 1523–1541 NM_000125
ER� reverse CATGCCCTCTACACATTTTCCC 1602–1624 (r) NM_000125
ER� probe TGCTCCTAACTTGCTCTTGGACAGGAACC 1572–1600 NM_000125
PR forward CAGTGGGCGTTCCAAATGA 2151–2170 NM_000926
PR reverse TGGTGGAATCAACTGTATGTCTTGA 2209–2233 (r) NM_000926
PR probe AGCCAAGCCCTAAGCCAGAGATTCACTTT 2170–2199 NM_000926
GR forward GCGATGGTCTCAGAAACCAAAC 4236–4257 NM_000176
GR reverse GCAGAGGATAACTTCCTCTGTAATCTC 4332–4358 NM_000176
GR probe TCAGAGCCTCAGCAACCTTCACTGCA 4300–4325 (r) NM_000176

The positions of the sequences are given within the cDNA identified by the accession number; r denotes reverse strand.

TABLE 3. Steroid receptor intra-assay variability values for real
time Q-RT-PCR

Primer/probe set Intra-assay variability (%)

PR 0.8
ER� 4
ER�1 2.1
ER�cx/�2 1.7
GR 4.5
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den, The Netherlands) was added at a 1:200 dilution in PBS for 2 h at
room temperature. Thereafter, the sections were incubated in 4
drops/ml biotin in TBS (Vector Laboratories, Inc.) for 15 min at room
temperature. A 1:1000 dilution of mouse IgG (Vector Laboratories, Inc.)
in NRS/TBS/BSA was then added at room temperature for 30 min. After
blocking in NRS/TBS/BSA, a 1:250 dilution of CD56 antibody in NRS/
TBS/BSA was added overnight at 4 C. Thereafter, the sections were
incubated for 1 h at room temperature with a 1:100 dilution of rabbit-
antimouse IgG1 subtype specific horseradish peroxidase-linked anti-
body (Zymed Laboratories, Inc.) made up in NRS/TBS/BSA. The sec-
tions were washed as before and incubated with Tyramide-Cyanine 5
fluorescent complex (kit NEL745, NEN Life Science Products, Boston,
MA) at a 1:50 dilution for 10 min at room temperature. Sections were
mounted in permafluor and left to dry in the dark.

Fluorescent images were taken on a Zeiss LSM 510 confocal laser
scanning microscope (Carl Zeiss, Thornwood, NY). The alexafluor 546
(ER�1) was visualized using a helium/neon 1 laser with an excitation
beam of 546 nm and detected using a band-pass filter from 560–615 nm.
Cyanine 5 (CD56) was visualized using the helium/neon 2 laser with an
excitation beam of 633 nm and detected using a long pass filter at 650 nm.

Results
mRNA expression quantified by real-time RT-PCR

All primer/probe sets were run on the same cDNA sam-
ples prepared from extracts of endometrium recovered at
different stages of the cycle and from decidua. uNK cell RNA
was extracted from purified CD56� cells from first-trimester
decidua. All figures are given relative to a comparator used
in all experiments that was a sample taken from the mid
proliferative stage of the menstrual cycle.

Expression of ER� mRNA in human endometrium/decidua
and uNK cells (Fig. 1A)

ER� mRNA levels in endometrial extracts were highest in
the proliferative phase and fell (although not significantly) in
the early secretory phase. Levels had fallen significantly by
the mid and late secretory phases (P � 0.01) and were again
further reduced in decidua (P � 0.01). uNK cell message
levels were very low (0.03� levels found in the comparator).

Expression of PR mRNA in human endometrium/decidua
and uNK cells (Fig. 1B)

The pattern of PR mRNA closely mirrored that of ER�.
Levels were high in the proliferative phase of the cycle but
fell significantly by the early secretory stage (P � 0.05). Levels
were again reduced in the mid and late secretory phase and
in the decidua samples compared with the proliferative stage
(P � 0.01). uNK message levels were very low (0.02� levels
found in comparator) when compared with the proliferative
and early secretory phase, but they were similar to late se-
cretory and decidual tissue levels.

Expression of ER�cx/�2 mRNA in human endometrium/
decidua and uNK cells (Fig. 1C)

ER�cx/�2 showed moderate levels of mRNA in the pro-
liferative, early, and mid secretory and decidual samples. An

FIG. 1. Quantitative evaluation of steroid receptor mRNA by real-
time Q-RT-PCR. All samples were compared with an internal control
(comparator) obtained during the mid proliferative phase of the men-
strual cycle. A, ER� across the menstrual cycle and in uNK cells. ER�
mRNA levels fell significantly (P � 0.01) from the proliferative to the
mid and late secretory phase endometrium and decidua. Levels were
low in uNK cells. B, PR across the menstrual cycle and in uNK cells.
PR mRNA levels fell from the proliferative to early (P � 0.05), mid,
and late secretory phase endometrium and decidua (P � 0.01). Levels
were again low in uNK cells. C, ER�cx/�2 across the menstrual cycle
and in uNK cells. ER�cx/�2 message rose in late secretory phase
endometrium, and mRNA was present in uNK cells. D, ER�1 across

the menstrual cycle and in uNK cells. ER�1 mRNA was significantly
increased in the late secretory phase (P � 0.05) and was high in uNK
cells and decidua. E, GR across the menstrual cycle and in uNK cells.
GR mRNA was present across the cycle and in decidua. High levels
were present in uNK cells. P, Proliferative; ES, early secretory; MS,
mid secretory; LS, late secretory; D, decidua.
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increase in levels was apparent in the late secretory phase,
following a similar pattern to our previous results (30) with
similar levels present in the uNK cell mRNA (1.92� levels
found in the comparator).

Expression of ER�1 mRNA (wild-type receptor) in human
endometrium/decidua and uNK cells (Fig. 1D)

ER�1 mRNA levels were low in the proliferative and early
secretory phases but showed a slight increase in the mid
secretory phase of the menstrual cycle. A significant increase
in mRNA levels was apparent by the late secretory phase of
the cycle (P � 0.05), showing close agreement with previous
observations (30). Levels were elevated compared with the
early or mid secretory phase in the decidual samples and in
the uNK cell mRNA (2.14� levels found in the comparator).

Expression of GR mRNA in human endometrium/decidua
and uNK cells (Fig. 1E)

GR mRNA was present in all stages of the menstrual cycle
and in decidua. Levels were high in the proliferative phase,
maintained in the early and late secretory phases, but ap-
peared to decrease (although not significantly) in the mid
secretory phase. Decidua samples also showed significant
levels of mRNA. High levels of mRNA (4.78� levels in com-
parator) were found in the purified uNK cells compared with
all stages of the cycle and decidua.

A summary of the results given in Fig. 1 is presented in
Table 4.

Protein expression as defined by double
immunohistochemical labeling

Full-thickness endometrial biopsies from across the men-
strual cycle and biopsies from first-trimester decidua were
used for double immunohistochemical labeling.

ER�/CD56 colocalization

ER� was immunolocalized to the nuclei of stromal and
glandular cells in the proliferative phase endometrium, but
its expression declined in the mid and late secretory phase
and in early decidua. As expected, the number of CD56� cells
was greatest in the late secretory phase endometrium and
decidua, and colocalization showed an absence of ER� in the
CD56� cells (Fig. 2, a and b).

PR/CD56 colocalization

PR was immunolocalized to cell nuclei in endometrial
glands and stroma of proliferative phase endometrium but
was present only in the stromal compartment of mid and late

secretory phase endometrium and decidua. The CD56 stain-
ing again followed a pattern similar to that seen using stan-
dard immunohistochemistry (data not shown) with strong
cell surface localization. Dual immunohistochemistry re-
vealed that PR immunoexpression was not present in the
CD56� cells in endometrium (Fig. 2, c and d) or decidua.

ER�cx/�2/CD56 colocalization

ER�cx/�2 again showed specific nuclear localization to
endometrial and decidual cells using both antibodies. Im-
munostaining was seen in the glands, stroma, and vessels.
However, ER�cx/�2 did not colocalize to the CD56� cells
(Fig. 2, e and f).

ER�1/CD56 colocalization

ER�1 showed specific nuclear localization in the glands,
stroma, and endothelial cells of endometrium across the
menstrual cycle (Fig. 3a, inset) and decidua. Again, CD56
immunostaining was specifically localized to the cell surface
of a population of stromal cells. Dual immunofluorescence
confirmed intense nuclear expression of ER�1 by some, but
not all, of the CD56� cells in endometrium (Fig. 3a) and
decidua (data not shown).

GR/CD56 colocalization

The results show specific nuclear staining for GR in the
stroma and endothelium of the endometrium (Fig. 3b, inset)
and in the stroma, endothelium, and glandular epithelium of
decidua. The endometrial glandular epithelium was nega-
tive for GR. CD56 was expressed on the cell surface of certain
stromal cells. The dual immunofluorescence showed intense
nuclear GR staining within cells stained for the CD56 cell
surface marker in endometrium (Fig. 3b) and decidua (data
not shown).

A summary of the results presented in Figs. 2 and 3 is given
in Table 5.

Discussion

uNK cells are the major leukocyte population present in
the endometrial stroma at the time when implantation, pla-
centation, and decidualization occur. They have been pro-
posed to have a function in all of these areas and might also
be important in the initiation of menstruation. However,
although their cyclical appearance indicates that they may be
regulated by ovarian hormones, to date neither estrogen nor
progesterone receptors have been localized to these cells.

This study has investigated the steroid receptor expression
of uNK cells, including not only ER� and PR, but also wild-
type ER�, its variant form, ER�cx/�2, and GR. ER� and PR
mRNA levels followed a similar pattern, showing significant
amounts in the proliferative phase of the menstrual cycle,
declining to low levels in the late secretory and decidual
samples when uNK cells are most abundant. The expression
of ER� and PR is tightly regulated by estrogen and proges-
terone, with estrogen inducing transcription and translation
of both ER� and PR, whereas progesterone causes their
down-regulation (35, 36). Therefore, the presence of high
levels of ER and PR mRNA in the estrogen-dominated pro-

TABLE 4. Summary of steroid receptor mRNA expression across
the cycle, in uterine endometrium from the proliferative and the
secretory phase, in decidua, and in uNK cells

mRNA expression Proliferative Secretory Decidua uNK cells

ER� � �/� � �
PR � �/� � �
ER�cx/�2 � � � �
ER�1 �/� � � �
GR � � � �
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FIG. 2. Dual immunohistochemical localization of steroid receptors and uNK cells. Steroid receptor protein was expressed in the nuclei of
endometrial cells (brown staining). uNK cells were visualized by staining for the cell surface marker CD56 (blue staining). A, ER� protein was
present in the glands and stroma of proliferative phase endometrium. uNK cells showed no ER� immunoexpression. B, uNK cells were again
immunonegative for ER� protein in the late secretory phase of the cycle. C, PR was expressed in the glands and stroma of proliferative phase
endometrium but was absent from uNK cells. D, PR was again absent from uNK cells in the late secretory phase endometrium. E, ER�cx/�2
was present in the glands, stroma, and endothelium of proliferative phase endometrium but was absent from uNK cells. F, uNK cells were
immunonegative for ER�cx/�2 in the late secretory phase. Insets are negative controls. Magnification, �40; scale bar, 50 �m.

Henderson et al. • Steroid Receptor Expression in uNK Cells J Clin Endocrinol Metab, January 2003, 88(1):440–449 445

D
ow

nloaded from
 https://academ

ic.oup.com
/jcem

/article-abstract/88/1/440/2846094 by Edinburgh U
niversity user on 30 January 2020



liferative phase followed by a fall in their levels in the
progesterone-regulated secretory phase is as expected. uNK
cells exhibited very low levels of message for ER� and PR.
Dual immunohistochemistry indicated that uNK cells were
immunonegative for ER� and PR protein. These results con-
firm previously published data in which uNK cells have been
reported to be negative for ER� and PR protein (10, 11).

Our results confirm that uNK cells do express GR
mRNA and protein. GR, but not PR, mRNA and protein
have been localized to normal human lymphocytes iso-
lated from peripheral venous blood (37). Results published
by Bamberger et al. (19) have described GR expression in
endometrial leukocytes but did not specify which leuko-
cyte subtypes were involved. The role of glucocorticoids
in endometrial immune function has not been extensively
studied, although in other systems their immunosuppres-
sive effects have led to their wide application in the treat-
ment of inflammatory states. Glucocorticoids have been
shown to exert specific effects on endometrial cells by
several groups. Suggested roles include effects on implan-

tation (15), endometrial cellular proliferation (16), apo-
ptosis (17), and endometrial remodeling (18). Glucocorti-
coids have also been shown to repress the decidual PRL
promoter (38) and CRH promoter (39), both of which are
markers of decidualization. This and the expression of GR
in the endometrial stroma exclusively (19) mean that they
may have a role in the process of decidualization. In this
context, it is interesting that uNK cells, which strongly
express GR, also have proposed roles in decidualization
(5) and have recently been shown to express the PRL
receptor (14). We have also found GR protein in the glan-
dular epithelium of decidua, in contrast to the exclusively
stromal expression pattern found in endometrium.

The effects of glucocorticoids on uNK cells are likely to be
regulated not only by GR expression but also by the expres-
sion of steroid metabolizing enzymes. The 11�-hydroxys-
teroid dehydrogenase (HSD) family modulates the action of
glucocorticoids by either converting cortisone to cortisol
(11�HSD1) or cortisol to cortisone (11�HSD2). Smith et al.
(40) reported that levels of the glucocorticoid-metabolizing
enzyme 11�HSD2 are higher across the menstrual cycle than
11�HSD1. 11�HSD2 was present in the luminal and glan-
dular epithelium, with raised levels in the secretory phase of
the cycle. Smith et al. suggest that the expression of 11�HSD2
could facilitate trophoblast invasion by removing the glu-
cocorticoid-mediated inhibition of matrix metalloprotein-
ases. It is interesting, therefore, that GR-expressing uNK cells
are found aggregated close to the glandular epithelium and
also have proposed roles in controlling trophoblast invasion
(40). Further investigations into the effects of glucocorticoids

FIG. 3. Dual immunofluorescent localization of steroid receptors and uNK cells. Steroid receptor protein was expressed in the nuclei of
endometrial cells (red fluorescence). uNK cells were visualized by staining for the cell surface marker CD56 (blue fluorescence). A (inset), ER�1
was localized to the glands, stroma, and endothelium of late secretory phase endometrium. A, ER�1 was colocalized to uNK cells. B (inset), GR
was localized to the stroma and endothelium of mid secretory phase endometrium. B, GR was colocalized to uNK cells. Magnification, �40; scale
bar, 50 �m. Ec, Endothelial cells; Ep, epithelium; S, stroma.

TABLE 5. Summary of steroid receptor protein expression across
the cycle, in uterine endometrium from the proliferative and the
secretory phase, in decidua, and in uNK cells

Protein
expression

Proliferative Secretory Decidua uNK
cellsGlands Stroma Glands Stroma Glands Stroma

PR � � � � � � �
ER� � � �/� �/� � �/� �
ER�1 � � � � � � �
ER�cx/�2 � � �/� � � � �
GR � � � � � � �
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in the endometrium are necessary to elucidate their role in
uNK cell physiology.

Consistent with our previous data (30), ER�1 and
ER�cx/�2 mRNAs were detected in endometrial extracts
from all stages of the menstrual cycle and showed an increase
in levels in the late secretory phase. Significant levels of
mRNA were also seen in decidual samples for ER�1. A
sample of purified CD56� uNK cells also showed high levels
of mRNA for both ER�1 and ER�cx/�2. These results were
consistent with our previous findings in which we suggested
that the increased levels of mRNA observed in total uterine
extracts at the end of the secretory phase may be due to the
influx of an undefined ER�-positive cell subpopulation (30).
In the present study, we have also confirmed that the protein
for ER�1 is expressed by some uNK cells using double im-
munostaining (data not shown) and dual immunofluores-
cence. Similar results have recently been published by Stygar
et al. (27), describing the coexpression of ER� with CD45
leukocyte common antigen and CD68 macrophage-specific
antigen in lymphoid cells infiltrating the cervix during preg-
nancy. However, it appears from the present immunohisto-
chemical studies that uNK cells do not express the protein for
the variant isoform of ER�, known as ER�cx/�2, suggesting
that the mRNA for this receptor is not translated efficiently
(29). Taken together, these results suggest that estrogens
could act directly on uNK cells via ER�1 receptor ho-
modimers that have been shown previously to activate re-
porter gene transcription in vitro (24, 25, 41).

The response of a cell to estrogens depends not only on the
estrogen receptor expression of that cell but also the avail-
ability of ligand able to bind to those receptors. ER� and ER�
exhibit different affinities for some ligands, notably genest-
ein, raloxifene, and tamoxifen (42, 43), and novel ligands that
act as selective estrogens or antiestrogens for ER� and ER�
have been identified (44). Estradiol is the physiologically
important form of estrogen. Both estrone and estradiol can
bind to ER� and ER�, but estrone displays only around 1%
of the biological potency of estradiol (45). The conversion of
estrone to estradiol and vice versa is dependent on 17�HSDs,
a family of enzymes of which there are at least eight mem-
bers. The important isoforms present in the endometrium are
17�HSD type 1, which preferentially converts estrone to
estradiol, and 17�HSD type 2, which primarily converts es-
tradiol to estrone and testosterone to androstenedione. Hu-
man endometrial epithelial cells produce both 17�HSD1 and
17�HSD2, but 17�HSD2 is produced in much higher levels
in the mid-late secretory phase. Its production has been dem-
onstrated to be progesterone dependent (46). Therefore, at
the time of uNK cell infiltration, the dominant estrogen at
least in the surrounding tissue would seem to be estrone
formed by oxidation from estradiol.

Estrogen is involved in the regulation of fundamental pro-
cesses, including proliferation and vascularization. Impor-
tantly, uNK cells are present in large numbers in the endo-
metrium at the time when implantation, placentation, and
decidualization occur. Many studies have focused on the role
of uNK cells in trophoblast invasion (9). Precise control of
this process is vital to successful pregnancy, and under- or
overinvasion of trophoblast can lead to a number of preg-

nancy-related health problems (preeclampsia, intrauterine
growth retardation). It has been proposed that uNK cells may
exert control over trophoblast invasion after interactions be-
tween NK cell receptors belonging to the CD94/NKG2, kill-
er-Ig receptor, and Ig-like transcript families binding to hu-
man leukocyte antigen class 1 molecules expressed by
extravillous trophoblast (9). Furthermore, the cyclic traffic of
uNK cells in the nonpregnant uterus and their apparent
death premenstrually implies a role in endometrial differ-
entiation and menstruation (3).

Endometrial differentiation, menstruation, and placenta-
tion all involve the remodeling of endometrial vasculature.
The angiogenic factor vascular endothelial growth factor
(VEGF)-A plays an important role in new blood vessel for-
mation inducing endothelial cell proliferation, migration,
and differentiation in the endometrium and also affects vas-
cular permeability. VEGF-A has been shown to be regulated
by estradiol in isolated human endometrial cells, causing
increased mRNA and protein levels (47). Interestingly,
VEGF-A has also been localized to individual cells, thought
to be leukocytes, scattered in the endometrial stroma. These
cells have been identified as neutrophils through dual im-
munohistochemical staining by Mueller et al. (48). VEGF-A
has also been reported in uterine macrophages in the secre-
tory phase of the cycle (49). VEGF-C and other angiogenic
factors, placenta growth factor, and angiopoietin 2 mRNA
are expressed in uNK cells (50). VEGF-C was originally char-
acterized as a growth factor for lymphatic vessels, but it can
also stimulate endothelial cell proliferation and migration
(51). This pattern of growth factor expression and the close
spatial association of uNK with spiral arterioles is suggestive
of a role for these cells in endometrial angiogenesis. In this
context, it is interesting that both ER� and ER� have been
shown to induce luciferase expression when cotransfected
into Ishikawa cells with a human VEGF-A promoter-lucif-
erase reporter construct (52). ER� induced a 3.2-fold induc-
tion in reporter activity, whereas ER� increased levels by 2.3
times. It is possible, therefore, that ER� could induce the
production of VEGF-A from endometrial cells. Little is
known about steroid control of VEGF-C in the endometrium.
Ruohola et al. (53) have demonstrated the regulation of
VEGF-C by estrogen in human breast carcinoma cells.
VEGF-C exhibited a decrease in mRNA after addition of
estrogen. Further investigation into the effects of estrogen
and ER subtype on uNK cell expression of angiogenic factors
is required.

In summary, this study has demonstrated that uNK cells
express both mRNA and protein for ER�1 and GR. This
expands previous published data (19) showing GR localiza-
tion in endometrial lymphoid cells. In addition, we have
demonstrated that ER�1 is expressed by uNK cells. We there-
fore predict that any estrogen-regulated gene transcription in
these cells will be mediated through ER�1 homodimers.
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BACKGROUND: Mifepristone in low daily doses has contraceptive potential by inhibiting ovulation and menstru-

ation. Because follicular development is maintained, the endometrium is exposed to estrogen for prolonged periods

unopposed by progesterone. METHODS: Endometrial biopsies were collected from 90 women in Edinburgh and

Shanghai before (late proliferative) and 60 and 120 days after taking 2 or 5 mg mifepristone per day for 120 days.

RESULTS: Ovulation and menstruation were inhibited in >90% of cycles and estrogen production was similar to

that observed during the follicular phase of the control cycle. By 120 days, endometrial thickness increased signi®-

cantly in women in Edinburgh but decreased in Shanghai. Endometrial histology showed inactive proliferative or

cystic changes with dense stroma. There was a signi®cant decrease in markers of proliferation, i.e. mitotic index and

Ki67 staining. There were no pregnancies in a total of 200 women-months in 50 sexually active women who used no

other method of contraception. CONCLUSIONS: We con®rm that ovulation and menstruation were suppressed in

the majority of cycles and there was asynchrony between ovarian activity and endometrial histology, which showed

no signs of hyperplasia or atypia. These preliminary data suggest that daily low-dose mifepristone is potentially a

safe estrogen-free contraceptive pill which has the added health bene®t of amenorrhoea.

Key words: antigestogen/antiproliferation/contraception/mifepristone

Introduction

Since it was marketed over 40 years ago, the combined oral

contraceptive (COC) has proved to be a popular, highly

effective method of hormonal contraception (Baird and

Glasier, 1999). The combination of an orally active synthetic

estrogen and gestogen suppresses gonadotrophins and hence

ovulation. The pattern of menstrual bleeding in the majority of

cycles is highly predictable and is one of the reasons for its

continuing popularity worldwide. However, the COC is

associated, in some women, with a number of side-effects

such as acne, weight gain and menstrual irregularity, which

have led to the search for newer gestogens with more

favourable metabolic pro®les and fewer side-effects. Rare,

more serious, side-effects such as deep venous thrombosis and

pulmonary embolism are thought to be associated with the

estrogen component of some gestogens (Skegg, 2000) and have

led to the development of progestogen-only pills (POP),

implants and injections. The major drawback to all gestogen-

only methods is a high incidence of unpredictable break-

through bleeding which leads to relatively low continuation

rates (Fraser, 2000).

Mifepristone is a synthetic C19 norsteroid which is a potent

antagonist of progesterone (Ulmann, 2000) and is licensed in

most European countries for induction of abortion in early

pregnancy (Sitruk-Ware, 2000). Published data suggest that it

is a highly effective emergency contraceptive and has potential

as a once-a-month pill (Baird, 2001). In daily doses between 2

and 10 mg, ovulation is suppressed although variable degree of

follicular development continues (Ledger et al., 1992; Croxatto

et al., 1993, Cameron et al., 1995). We have previously

reported that 90% of women who received 2 or 5 mg

mifepristone per day were anovulatory and amenorrhoeic in

spite of the fact that the levels of estradiol (E2) remained within

the mid follicular range (Brown et al., 2002). Concern has been

expressed that the endometrium would undergo hyperplastic or

even malignant changes due to the continued exposure to

unopposed estrogen (Murphy et al., 1995). However, studies in

monkeys with mifepristone and other antigestogens have

shown no evidence of endometrial hyperplasia (Van Vem

et al., 1989; Ishwad et al., 1993). Rather there is a dose-related

decrease in endometrial thickness associated with a reduction

in mitotic index (Slayden et al., 1998). In a previous study, in

which women were treated with 2 mg mifepristone per day for

30 days, we demonstrated a persistent proliferative endo-

metrium which displayed a reduction in mitotic activity in spite

of prominent markers of cell divisions such as Ki67 (Cameron
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et al., 1996). The molecular basis for this antiproliferative

action of antigestogens is not clear but it has been suggested

that there is an arrest of the cell cycle (Neulen et al., 1995;

Chwalisz et al., 2000).

Before daily mifepristone is developed as a novel estrogen-

free contraceptive pill is it important to demonstrate that it

has no potentially harmful effects on the endometrium. In a

previous paper, describing the endocrine pro®les, we

reported no obvious hyperplastic or malignant changes in

the histological examination of endometrial biopsies from

90 women who had taken either 2 or 5 mg mifepristone per

day for 120 days (Brown et al., 2002). The present paper

reports detailed histological appearances of the endometrium

in these women and relates the ®ndings to the endocrine

environment.

Materials and methods

Ninety-eight healthy volunteers with regular menstrual cycles (25±35

days) aged 18±40 years were recruited for the study (58 women in

Edinburgh and 40 women in Shanghai). Studies were approved by

local ethical committees (Institutional Review Board) at both centres.

All women gave written informed consent before being enrolled and

were screened before entering the study. Screening included routine

physical and gynaecological examination and measurement of height,

weight, blood pressure and pulse. Blood samples were collected for

measurement of full blood count, urea and electrolytes, liver function

tests, random glucose, prolactin, lipids and cortisol. hCG was also

measured to exclude pregnancy before entering the trial.

Subjects were studied for one pre-treatment cycle, for four cycles

(120 days) of treatment, and for one post-treatment cycle. Subjects

were randomly allocated to receive 2 or 5 mg of mifepristone daily

for the 120 treatment days. The randomization was achieved from a

table of random numbers and strati®ed by dose in groups of 10. The

daily doses were issued in pre-packed identical bottles containing,

either 231 mg mifepristone plus placebo, or 135 mg mifepristone

plus two placebos. The investigator and subjects were both blinded to

the dose that each subject was taking.

All 40 subjects in Shanghai and 10 women in Edinburgh used this

method as the sole contraceptive. The remaining 40 women in

Edinburgh were either not sexually active, using barrier contracep-

tives or were surgically sterilized.

Assessment of endometrial development

Endometrial biopsies were collected using a Pipelle endometrial

sampling device (Prodimed, Neuilly-en-Thelle, France). Samples

were collected in the late follicular phase of the pre-treatment cycle

(day 12), after 60 days of mifepristone treatment, and after 120 days

of treatment. Specimens were ®xed in 100% neutral formalin,

processed and embedded in paraf®n wax. Sections (5 mm) were cut

and then stained with haematoxylin and eosin. Histological assess-

ment and semi-quantative mitotic scores of both glands and stroma

were performed by two observers, who were blinded to sample timing

and dose group. Mitotic score was assessed semiquantitatively as

follows.

Glands: 0 = no mitoses seen per 20 intact gland pro®les; 1 = 1±2

mitoses per 20 glands; 2 = 3±5 mitoses per 20 glands; 3 = >5 mitoses

per 20 glands. Mitoses were only counted in intact glands, not in

surface epithelium or disrupted strips. In specimens with <20 gland

pro®les, serial sections were assessed, or 10 glands assessed and the

result doubled. Specimens with <10 glands were considered

inadequate for assessment.

Stroma: 0 = no mitoses seen in ®ve high power microscope ®elds

(HPF) (3400); 1 = 1 or 2 mitoses per 5 HPF; 2 = 3±5 mitoses per

5HPF; 3 = >5 mitoses per ®ve HPF.

Ki67 immunostaining

Ki67 immunostaining was detected using a mouse monoclonal

primary antibody (NCL-Ki67-MM1, Novo Castra, Newcastle, UK)

with an avidin±biotin±horse-radish peroxidase (ABC) detection

system. Antigenic sites were unmasked using the microwave method

of retrieval. Endogenous peroxidase was blocked by placing the

slides in 3% hydrogen peroxide for 10 min at room temperature. A

non-immune block was then performed by incubating the slides with

normal horse serum for 20 min. The sections were then incubated

with primary antibody (dilution 1:100) for 60 min at 37°C. The

biotinylated secondary antibody and the ABC complex were then

each applied for 30 min at room temperature. Diaminobenzidine

tetrachloride was used to visualize the reaction, prior to counter-

staining with haematoxylin. The number of positively stained cells

(staining intensity) in glands and stroma viewed at 340 magni®cation

were scored semi-quantitatively by two observers who were blinded

to sample timing and dose group (score: 0 = no staining; 1 = mild

staining; 2 = moderate staining; 3 = intense staining).

Transvaginal sonography

Endometrial thickness was measured by transvaginal sonography at

the time of endometrial biopsy on day 12 of the pre-treatment cycle

and after 60 and 120 days of treatment as previously reported (Brown

et al., 2002). Measurement was performed in the sagittal plane, from

one basal layer to the other, the diameter of any luminal ¯uid being

subtracted from the measurement as previously reported.

Assessment of menstrual bleeding pattern

Each subject kept a menstrual diary for the duration of the study.

Each day was classi®ed as no bleeding, spotting, normal bleeding, or

heavy bleeding.

Assessment of ovarian function

Estrone glucuronide (E1G) and pregnanediol glucuronide were

measured in samples of early morning urine and the results expressed

per mol of creatinine (Cr) as previously reported (Brown et al., 2002).

E2 and progesterone were measured by radioimmunoassay in samples

of plasma collected at the time of endometrial biopsies.

Ovarian follicular activity during treatment was compared to the

baseline ovarian activity shown in the pre-treatment cycle, and each

subject was categorized according to the following criteria: (i) total

suppression, E1G throughout treatment is <50% above the mean

baseline; (ii) partial suppression, E1G raised >50% above the mean

baseline on 1 or 2 consecutive weeks; (iii) continued follicular

activity, E1G raised >50% above the mean baseline on at least two

separate occasions. Ovulation was deemed to occur if the excretion of

pregnanediol glucuronide was >0.5 mmol/mol Cr and was >3-fold

higher than that in the preceding week.

Statistical methods

Statistical analysis was carried out using SPSS (SPSS, Inc., Chicago,

IL, USA) and Excel 97 (Microsoft Corporation). Wilcoxon signed

rank, Kruskal±Wallis and paired t-test were used to compare

hormonal assays, endometrial thickness and endometrial scores at

various time-points.
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Results

In Edinburgh a total of 58 women were recruited to the study.

Eight women withdrew prior to completion of the study. Two

women withdrew due to gastric upset, one due to irregular

bleeding, and one was withdrawn by the investigator after she

became hypertensive. Four women withdrew due to personal

reasons. Thus 50 women (mean 6 SEM age: 30.3 6 0.7 years;

height: 163.3 6 1.1 cm) in Edinburgh completed the study and

their results are available for analysis (26 receiving 2 mg daily

and 24 receiving 5 mg daily). In Shanghai, all 40 recruited

women (age: 32.0 6 0.5 years; height: 164.5 6 0.6 cm)

completed the study. Further details have been published

previously (Brown et al., 2002).

Ovarian function

Subjects in Edinburgh and Shanghai differed in the endocrine
response to treatment and the results are therefore considered
separately. We have previously reported the details of hormone
pro®les in blood and urine (Brown et al., 2002). In the present
paper the mean excretion of E1G was calculated for two
treatment phases, that is days 0±60 and days 60±120 of
treatment, to give an indication of estrogen exposure in the 2
months preceding the endometrial biopsies. The mean excre-
tion of E1G was compared to that excreted in the follicular (i.e.
weeks 1 and 2) phase of the pre-treatment cycle. In Edinburgh
women the mean excretion of E1G during both treatment
phases was not different from that excreted in the follicular
phase of the pre-treatment cycle (Figure 1). Women in
Edinburgh showed varying levels of follicular activity, with
most women showing only partial suppression of ovarian
activity or continued follicular activity. Most episodes of
follicular activity, however, did not appear to continue through
to ovulation, with only 10 ovulatory episodes identi®ed by
biochemical assay in the 104 months of treatment with 2 mg
daily, and ®ve ovulatory episodes in the 96 months of treatment
with 5 mg daily.

The E1G excretion in Shanghai women was signi®cantly
lower than in Edinburgh. In both dose groups, mean excretion
during both phases of treatment was similar to that in the pre-

treatment follicular phase (Figure 1). In contrast to the
Edinburgh subjects, follicular activity was suppressed in the
majority of women in Shanghai and ovulatory episodes were
fewer with two episodes out of 80 months of treatment with 2
mg daily, and one ovulation in the 80 months of treatment with
5 mg daily.

Menstrual bleeding patterns

In Edinburgh, 17/26 women (65%) receiving 2 mg daily were
amenorrhoeic, as were 21/24 (88%) receiving 5 mg. The mean
number of days bleeding during treatment was 4.4 days and 0.6
days for the 2 and 5 mg groups respectively. In Shanghai, 18/20
women (90%) in both dose groups were amenorrhoeic during
treatment, with mean number of days bleeding of 0.4 and 0.7
respectively.

All subjects reported a menstrual bleed within 3 weeks of
stopping mifepristone. There was a trend for this bleed to be
longer than the normal pre-treatment bleed, but this increase
was only signi®cant in the group in Edinburgh treated with 2
mg daily (5.2 versus 10 days, P < 0.05).

Endometrial development

Transvaginal sonography
In Edinburgh women, there was a trend for the endometrial
thickness to increase during treatment with mifepristone
(Figure 2). This increase was signi®cant by the end of 120
days of treatment in the 2 mg group (P < 0.01) and by 60 days
of treatment in the 5 mg group (P = 0.015). Plasma E2 was
measured at the time of endometrial assessment, and showed
that normal pre-menopausal levels of E2 were maintained
during treatment (2 mg, 436 6 56 and 403 6 61 pmol/l days 60
and 120; 5 mg, 438 6 82 and 327 6 56 pmol/l).

In contrast to the Edinburgh subjects, the Shanghai women
showed a signi®cant thinning of the endometrium, which was
signi®cant by 60 days of treatment in both dose groups (P >
0.001) (Figure 2). Nonetheless, although mean E2 levels were
lower in the Shanghai subjects, levels within the pre-meno-
pausal range were maintained (2 mg, 112 6 6 and 127 6 3
pmol/l days 60 and 120; 5 mg, 119 6 5 and 137 6 5 pmol/l).

In neither centre was there any correlation between
endometrial thickness and plasma E2 level.

Figure 1. Urinary excretion of estrone glucuronide (E1G) in women
in Edinburgh and Shanghai before, during, and after taking
mifepristone 2 or 5 mg/day. Results are expressed as mean E1G /
creatinine ratio 6 SEM. There are no signi®cant differences
between the E1G /Cr ratio after treatment in either Edinburgh or
Shanghai.

Figure 2. Endometrial thickness as measured by ultrasound in
women before (control day 12), and 60 and 120 days after treatment
with mifepristone 2 or 5 mg per day (mean 6 SEM). Signi®cantly
different from control, *P < 0.02, **P < 0.001.

Endometrium during low-dose mifepristone
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Histological appearances
Pre-treatment endometrial biopsies were collected on day 12
of the pre-treatment cycle. Samples were collected from all
subjects, but three samples in the Edinburgh women (two in
the 2 mg group, and one in the 5 mg group) were too small for
assessment. The remaining 47 pre-treatment samples in
Edinburgh all showed normal proliferative phase endo-
metrium, as expected (Figure 3a).

Ten pre-treatment samples in the Shanghai women (six and
four subjects in each dose group) were unassessable due to an
inadequate sample. The remaining samples were consistent

with proliferative phase endometrium, other than two samples
which showed some features of early secretory activity.

All subjects had further endometrial samples collected on
days 60 and 120 of treatment. A few samples were
unassessable due to inadequate sample size. In Edinburgh
women, the most common appearance at both treatment time-
points, in both dose groups, was of proliferative phase type
endometrium, with straight or coiled glands in a compact
stroma (Table I, Figure 3b).

Around one-third of the treatment samples in Edinburgh
women showed dilated but inactive glands, with minimal

Figure 3. Sections of endometrium before (control) and after treatment (up to 120 days) with mifepristone, stained with haemotoxylin and
eosin; 310 (inserts 340). (a) Day 12 proliferative control. (b) After 120 days of treatment with mifepristone 2 mg/day showing small
atrophic glands in compacted stroma. (c) After 120 days of treatment with mifepristone 5 mg/day (subject 332). Note cystic dilatation of
inactive endometrial glands with minimal strati®cation (insert: glandular epithelium at higher power). (d) After 60 days of treatment with
mifepristone 5 mg/day showing complex hyperplasia (subject 332 same as c). (e) Well-marked secretory changes after 120 days of treatment
with mifepristone 5 mg/day in a subject who showed biochemical evidence of ovulation (plasma progesterone 88.8 nmol/l on day of biopsy).
(f) After 60 days of treatment with mifepristone 2 mg/day in subject 132 who showed biochemical evidence of ovulation. Note absence of
secretory changes.
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strati®cation (Figure 3c). In these samples mitoses were
infrequent, and there was no cytological atypia. One
Edinburgh subject in the 5 mg dose group showed some
features of complex hyperplasia in the sample collected on day

60 with crowded `back-to-back' glands and nuclear strati®ca-
tion, but no cytological atypia (Figure 3d). Reassuringly, by
day 120 of treatment, this subject's endometrium showed an
inactive appearance (Figure 3c).

Table I. Summary of histological appearances

Mifepristone dose Pre-treatment day 12 Day 60 Day 120

Edinburgh
2 mg 24 normal proliferative 20 proliferative 15 proliferative

2 unassessable 5 cystic dilatation/inactive 9 cystic dilatation/inactive
1 unassessable 2 unassessable

5 mg 23 normal proliferative 10 proliferative 12 proliferative
1 unassessable 10 cystic dilatation/inactive 9 cystic dilatation/inactive

1 complex hyperplasia 1 secretory
1 menstrual type 2 unassessable
2 unassessable

Shanghai
2 mg 14 normal 15 proliferative 10 proliferative

6 unassessable 1 menstrual 1 secretory
1 cystic dilatation 2 cystic dilatation
1 secretory 1 menstrual
2 unassessable 6 unassessable

5 mg 16 normal 13 proliferative 11 proliferative
4 unassessable 1 secretory 1 cystic dilatation

1 menstrual 1 secretory
5 unassessable 7 unassessable

Figure 4. Sections (340) of endometrium showing markers of proliferation. (a) Day 12 (proliferative) control cycle stained with
haematoxylin and eosin (H&E). Note mitosis in gland (arrow). (b) H&E section of endometrial biopsy after 120 days of treatment with 5 mg
mifepristone per day showing occasional mitosis in atrophic glands and densely packed stroma. (c) Day 12 (proliferative) control cycle
showing Ki67 nuclear staining (brown) in glands. (d) Section of endometrial biopsy after 60 days of treatment with 5 mg mifepristone per
day showing infrequent scattered Ki67 nuclear staining.
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One subject showed a secretory type endometrium on the
day 120 sample (Figure 3e) correlating with biochemical
evidence of preceding ovulation, with a rise in urinary
pregnanediol glucuronide to 0.57 mmol/mol Cr, and an
elevated plasma progesterone of 88.8 nmol/l. Two subjects
in the 2 mg group were also in the `luteal' phase following
biochemical evidence of ovulation, but did not show any
secretory change, suggesting asynchrony between the endo-
crine cycle and endometrial development (Figure 3f).

In the Shanghai women, the endometrial appearances were
similar to the Edinburgh women, with the majority of women
showing a proliferative type endometrium (Table I). The
inactive cystic dilatation appearance was less commonly seen
in the Shanghai women. Four subjects in Shanghai (one at
each time-point in each dose group) showed some features of
secretory change, but none of these subjects had biochemical
evidence of preceding ovulation.

There was no relationship between histological appearance
and endometrial thickness or degree of ovarian activity. Both
proliferative and cystic changes were represented at all
categories of ovarian activity. Three of the four subjects
who showed secretory features were classi®ed as showing
total suppression of ovarian follicular activity.

Markers of proliferation
Mitotic ®gures were counted in sections of both control and
treatment biopsies (Figure 4a and b). By day 60 there was a
signi®cant reduction in mitotic index in both dose groups and
this was maintained after 120 days of treatment (Table II).
This reduction in mitosis was con®rmed by analysis of the
Ki67 immunostaining which was performed on a sub-group of
40 subjects (20 in each dose group) in Edinburgh (Table II,
Figure 4c and d). The samples from Shanghai subjects were
too scanty to allow assessment of proliferation markers.

Contraceptive ef®cacy

All 40 women in Shanghai and 10 of the women in Edinburgh
used mifepristone as the sole contraceptive method during the
4 months of treatment, giving a total of 200 months of
exposure to the risk of pregnancy. As previously reported, no
pregnancies occurred (Brown et al., 2002).

Discussion

This study con®rms that in addition to a profound effect on

ovarian function, mifepristone in low daily doses has signi®-

cant suppressive effects on the endometrium. The commonest

histological appearance of proliferation was not unexpected,

as most of the women failed to ovulate throughout the study. A

signi®cant number of biopsies showed an unusual cystic

dilation of the glands surrounded by compact dense stroma.

The appearance super®cially resembled cystic glandular

hyperplasia which occurs as a consequence of prolonged

exposure of the endometrium to unopposed estrogen (Kurman

and Norris, 1994). However, in contrast to the latter condition,

the glands were mostly lined by a single layer of atrophic

glandular epithelium. A single subject (332), after 60 days of

treatment with 5 mg per day, showed some features of

hyperplasia that had reverted to inactive cystic glands after

120 days (Figure 3c and d). The cause of this unusual cystic

change in the endometrium is unknown. It is unlikely to be

solely due to the effect of high levels of unopposed estrogen

because it occurred in some women, e.g. in Shanghai where

there was complete suppression of ovarian follicular devel-

opment and estrogen levels were very low. As discussed in our

previous paper, the levels of estrogen both before and after

mifepristone were lower in women in Shanghai (Brown et al.,

2002).

A striking feature of the endometrium obtained from

women after treatment was the reduced indices of prolifer-

ation. There was a signi®cant reduction in both mitotic index

and Ki67 immunostaining on treatment as compared to

endometrium on day 12 of control cycles. In a previous

study we reported a reduction in mitotic index after 21 days of

treatment with mifepristone although the Ki67 immunostain-

ing was increased (Cameron et al., 1996). We suggested that

initially mifepristone may block completion of the cell cycle

so that Ki67 protein persists for some time after cell division

has been arrested. Our present observations are similar to

those reported in the experimental primate in which it was

shown that mifepristone and other antigestogens inhibit the

ability of estrogen to induce proliferation of the endometrium

(Ishwad et al., 1993; Heikinheimo et al., 1996; Slayden et al.,

1998). The molecular basis for this `antiproliferative' action of

antigestogens is not clear, but evidence from transfected cells

suggests that it is mediated through the progesterone receptor

(Chwalisz et al., 2000).

It is of interest that in a recent study (Slayden et al., 2001)

the androgen receptor was elevated by antiprogestin treatment,

particularly in the glandular epithelium. Such an elevation of

androgen receptor could result in enhanced androgen action in

Table II. Markers of endometrial proliferation in Edinburgh subjects

Mifepristone dose Glands Stroma

Control Day 60 Day 120 Control Day 60 Day 120

2 mg
Mitotic index 2 (0±3) 1 (0±3)* 2 (0±2)* 2 (0±3) 0 (0±2)** 0 (0±2)**
Ki67 2 (0±3) 1 (1±2)** 1 (1±2)** 2 (0±3) 1 (1±2)* 1 (0±2)**
5 mg
Mitotic index 2 (0±3) 1 (0±3)** 1 (0±3)** 2 (0±3) 0 (0±3)** 0 (0±2)**
Ki67 2 (0±3) 1 (0±3)** 1 (0±3)* 2 (0±3) 1 (0±1)** 1 (0±2)**

Values are median (range).
Signi®cantly different from control, *P < 0.01, **P < 0.001.
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the endometrium (Brenner et al., 2002). Androgens suppress

estrogen-dependent endometrial proliferation. Thus elevated

expression of the androgen receptor following antiprogestin

administration is a further candidate for mediation of the

proliferative effects of antiprogestin treatment.

Concern has been expressed previously that long-term use of

antigestogens may lead to the risk of endometrial hyperplasia

and possible malignancy due to the exposure of the

endometrium to the effects of unopposed estrogen (Murphy

et al., 1995). In a study in which women with pelvic

endometriosis were treated with 50 mg mifepristone per day

for 6 months, there was evidence of endometrial hyperplasia

and numerous mitotic features. In a case report of a young

woman treated with 400 mg mifepristone per day for 6 months

because of inoperable Cushings' syndrome, massive simple

hyperplasia of the endometrium developed, which reversed

after stopping therapy (New®eld et al., 2001).

In both these reports, the daily dose of mifepristone was

considerably higher than in our study and was suf®cient to

suppress ovarian function and ovarian E2 secretion. The

antiglucocorticoid action of mifepristone at this dose was

suf®cient to stimulate an increased secretion of adrenal

androgens such as androstenedione, which could be a precursor

for extraglandular synthesis of estrogen in peripheral tissues

including the endometrium (Kettel et al., 1991; Kettel

et al.,1996). Thus the absence of endometrial hyperplasia in

our study and others could be due to the absence of signi®cant

effect on the pituitary±adrenal axis of daily doses of <10 mg.

Although ovulation occurred in a minority of cycles, there

appeared to be asynchrony between the ovarian cycle and

endometrial development. Of the 15 women in Edinburgh who

showed biochemical evidence of ovulation at least once, only

four reported a menstrual bleed subsequent to the rise in

pregnanediol. In two subjects who had an endometrial sample

collected (fortuitously) in the apparent luteal phase following

an episode of presumed ovulation, there was no evidence of

secretory change (Figure 3e). Conversely, four subjects from

Shanghai who showed some evidence of secretory endo-

metrium did not have biochemical evidence of ovulation. It has

been previously reported in a study using 1 mg mifepristone

per day that secretory changes can occur without preceding

ovulation. It has been suggested that when endogenous

progesterone levels are low, as in post-menopausal women,

mifepristone can exert an agonist action (Gravanis et al., 1985).

These results demonstrate that mifepristone, in addition to

disturbing ovarian function, has a direct effect on the

endometrium which makes it unlikely that a pregnancy could

become established even if ovulation occurred.

The signi®cant increase in the thickness of the endometrium

as measured by pelvic ultrasound of women in Edinburgh is

similar to that reported after treatment of women in Chile with

mifepristone at a dose of 1 mg/day (Croxatto et al., 1998). It is

likely that much of this apparent thickness is due to the

collection of ¯uid within the lumen of dilated glands. However

some women who showed thickening of the endometrium on

ultrasound had no evidence of cystic glandular formation in the

biopsy. It seems unlikely therefore that the apparent thickening

of the endometrium is due to cystic glands in all women. In

Shanghai, where there was an overall reduction in endometrial

thickness during treatment, ovarian function and estrogen

excretion were profoundly suppressed. The fact that there was

no correlation between individual plasma E2 levels and

endometrial thickness makes it unlikely that hormonal factors

alone are responsible for the variation in endometrial structure.

Rather the interaction between dose, effect on ovarian

cyclicity, variation in individual and possible genetic sensitiv-

ity determine the response of the endometrium to mifepristone.

The basal excretion of E1G and concentration of E2 were

lower in women in Shanghai than in Edinburgh. As previously

discussed in detail, this difference is unlikely to be due to

methodological factors and re¯ects a genuine difference in

secretion and/or metabolism of estrogens between Chinese and

Caucasian women (Key et al., 1990; Aldercreutz et al., 1994;

Brown et al., 2002). Ovarian function and endometrial

development were more easily suppressed by low doses of

mifepristone in Shanghai women, suggesting that there may be

ethnic differences in the metabolism of steroid hormones such

as that suggested in men (Anderson and Wu, 1996). Whether

these differences are genetic or related to diet or other aspects

of life style is not known.

In conclusion, the present study demonstrates that mifepris-

tone in a dose of 2 or 5 mg per day for 120 days has effects that

are likely to be contraceptive. There is suppression of ovulation

and menstruation in the majority of cycles and asynchrony

between endometrial and ovarian activity. After 120 days of

treatment there are no features of endometrial hyperplasia and

markers of endometrial proliferation are suppressed.

Preliminary data con®rm that in 50 women the dose is

contraceptive. By inducing amenorrhoea, the method could

have considerable health bene®ts by reducing the considerable

morbidity associated with menstruation. Recent surveys sug-

gest that a pill that abolished periods would be popular with a

signi®cant number of women in Western Europe (Den

Tonkelaar and Oddens, 1999) and some developing countries

(A.F.Glasier et al., unpublished data). It is now time to mount a

long-term ef®cacy and safety study with the prospect of

realizing the potential of mifepristone as a novel `estrogen-

free' daily contraceptive pill.
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BACKGROUND: Determination of the mitotic index in sections of endometrium stained with haematoxylin and

eosin (H&E) is dif®cult and time-consuming. We assessed the value of two mitotic markers as immunocytochemical

reagents for measuring mitotic rates in endometrium. METHODS: Mitotic protein monoclonal antibody 2 (MPM-2)

and anti-phosphorylated histone H3 (Phospho H3) were applied to paraf®n sections of rhesus macaque and human

endometrium. RESULTS: In estrogen-treated macaque endometrium the mean 66 SEM mitotic indices were: H&E

1.5 66 0.25%, Phospho H3 antibody 1.02 66 0.23% and MPM-2 antibody 0.69 66 0.17%; these were not statistically

signi®cantly different, but the Phospho H3 antibody gave a stronger and cleaner signal than the MPM-2 antibody.

Comparisons were made between a computer-determined Phospho H3 index, the H&E-determined mitotic index

and the Ki-67 index in samples of human endometrium across the cycle. All revealed that the highest proliferative

rate occurred during the follicular phase, but the Phospho H3 and the mitotic indices were more highly correlated

(R2 = 0.89, P < 0.001) than the Ki-67 and mitotic indices (R2 = 0.74, P < 0.05). CONCLUSIONS: The exceptionally

high contrast staining and the excellent correlation between the Phospho H3 and mitotic indices validates the

speci®city of the Phospho H3 antibody as a new tool for the assessment of endometrial mitotic activity.

Key words: endometrium/Ki-67/mitotic index/mitotic protein monoclonal antibody 2/phosphorylated histone H3

Introduction

Accurate measurement of cell proliferation in histological

sections of endometrium is an important parameter in the

assessment of hormone action (Darj et al., 1991; Brenner and

Slayden, 1994; Darj et al., 1995), menstrual cycle stage (Noyes

et al., 1950) and neoplastic growth (Mora et al., 1999). Several

methods for assessing cell proliferation are in common use.

These include immunostaining for the Ki-67 antigen (Gerdes

et al., 1983), immunostaining for proliferating cell nuclear

antigen (PCNA), and in-vivo labelling with bromodeoxyur-

idine (Br-dU) or [3H]thymidine to measure DNA synthesis

(Ferenczy, 1983; Hall and Levison, 1990; Darj et al., 1995).

Most cells that synthesize DNA go on to mitosis, but some are

screened out by the DNA repair mechanism and are shifted to

the apoptotic rather than the mitotic pathway (Zhou and

Elledge, 2000). Because the Ki-67 antigen is expressed during

several phases of the cell cycle, e.g. G1, S, G2 and M (Gerdes

et al., 1984; Endl and Gerdes, 2000), counts of Ki-67 positive

nuclei in paraf®n sections are numerically far higher than the

mitotic counts in the same sections, though the Ki-67 index is

usually well correlated with the mitotic index. However, this

correlation does not always hold. For example, in endometria

of estrogenized macaques treated with either vehicle or

antiprogestin for 2 weeks, the antiprogestin caused a dramatic

suppression in the mitotic index but no suppression of the Ki-

67 index (Slayden et al., 2001). Therefore, counts of Ki-67-

stained cells failed to reveal that the antiprogestin treatment

had suppressed estrogen-dependent proliferation. Presumably,

the cells were blocked at a stage during which Ki-67 protein

was continually expressed, but from which cells could not

progress through mitosis. Other examples exist of treatments

(e.g. X-irradiation) that block cells in G2 but fail to suppress

Ki-67 expression. In such cases, only the mitotic index

accurately re¯ects the number of cells that complete the cell

cycle.

Direct counting of mitotic cells in haematoxylin and eosin

(H&E)-stained sections is a time-consuming process that

requires highly skilled observers (Hall and Levison, 1990). It

is especially dif®cult to distinguish between cells in prophase

and cells undergoing pycnosis or apoptosis in H&E-stained
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sections. Relatively high magni®cations have to be used to

distinguish the cycle phases and large numbers of cells must be

counted to obtain statistical validity.

The goal of the current work was to assess the value of two

antibodies, known to be markers of mitosis, for determining the

mitotic index by immunocytochemistry in paraf®n sections of

human and macaque endometrium, and to determine whether

such counts re¯ected the cyclic and hormonally induced

changes that occur in these tissues. These antibodies were:

mitotic protein monoclonal 2 (MPM-2) and anti-phosphoylated

histone H3 (Phospho H3), a rabbit polyclonal antibody.

MPM-2 recognizes several proteins that become phosphoryl-

ated during mitosis (Davis et al., 1983), including cdc25

(Kuang et al., 1994), microtubule-associated proteins (Vandre

et al., 1991) and an M phase-speci®c H1 kinase (Kuang et al.,

1991). The Phospho H3 antibody recognizes histone H3 after it

becomes phosphorylated on serine 10 when the chromosomes

condense during prophase (Chadee et al., 1999; Strahl and

Allis, 2000; Cunningham, 2002). Histone H3 remains phos-

phorylated until telophase, at which time it becomes dephos-

phorylated by speci®c phosphatases. The Phospho H3 antibody

has been used to identify chromosomes during mitosis in

cultured cells or whole mounts, but to our knowledge, has not

been used to identify mitotic ®gures in formalin-®xed, paraf®n-

embedded tissue sections of endometrium. The MPM-2

antibody has been used in paraf®n-embedded sections, but a

comparison with Phospho H3 has not been made, and the

suitability of either marker for computer-assisted counting in

sections of endometrium under different hormonal conditions

or during the human menstrual cycle has not been evaluated.

Materials and methods

Antibodies

Mouse monoclonal MPM-2 antibody was purchased from Dako Corp.

(USA; Cat. 05-368), rabbit polyclonal Phospho H3 from Upstate

Biotechnology (USA; Cat. 06-570) and mouse monoclonal MIB-1

(anti Ki-67 antigen) from Zymed Laboratories (USA; Cat. 08-0156).

All other reagents and materials were purchased from Sigma Chemical

Co. (USA) unless otherwise indicated.

Animals

Archived endometrial tissues in paraf®n blocks were available from

rhesus macaques (Macaca mulatta) used in studies at the Oregon

National Primate Research Center (ONPRC). These animals had been

ovariectomized and either treated with Silastic implants of estradiol

(E2) for 28 days to create an extended proliferative phase (n = 3), or

sequentially treated with E2 for 14 days followed by E2 + progesterone

to create an arti®cial secretory phase (Rudolph-Owen et al., 1998).

Secretory phase samples were collected on day 3, 7 and 14 of E2 +

progesterone treatment (n = 3/day). Animal care was provided by the

veterinary staff of the Division of Animal Resources in accordance

with the NIH Guide for the Care and Use of Laboratory Animals.

Human samples

Endometrial tissue was collected from 21 adult women (age range:

~38±48 years) undergoing hysterectomy. Written informed consent

was provided by all subjects and ethical approval for tissue collection

granted by the Lothian Research Ethics Committee. All women

reported regular menstrual cycles (25±35 days) and had not received

exogenous hormones or used an intrauterine device in the 3 months

prior to inclusion in the study. After the uterus had been removed, a

wedge of tissue from the lumen to the muscular myometrial layer that

included super®cial and basal endometrium as well as myometrium

was taken. These tissues were ®xed overnight at 4°C in 4%

paraformaldehyde (PFA), rinsed and stored in 70% ethanol before

routine processing into paraf®n wax. The stage of the menstrual cycle

was consistent with the patient's reported last menstrual period and

histological dating using the criteria of Noyes et al., (1950). Cases

with severe uterine pathology, e.g. polyps or ®broids, were excluded.

Serum samples taken at the time of hysterectomy were used for

determination of circulating progesterone and estradiol levels by

radioimmunoassay. All were found to be consistent with the

designated cycle stage based on morphological criteria and circulating

progesterone concentrations were signi®cantly lower in the late

secretory phase compared with the early and mid-secretory phases.

Proliferative and secretory endometrial samples were classi®ed as

early, mid or late. For statistical analysis, data from the early and mid-

proliferative phases were pooled as `early' and compared with all

other cycle stages. Paraf®n sections of human endometrial

adenocarcinoma were obtained from previously approved studies at

Oregon Health and Sciences University and had been archived as

formaldehyde-®xed, paraf®n-embedded blocks.

Antigen retrieval

All samples compared in this study were ®xed with 4% buffered

paraformaldehyde and embedded in paraf®n by standard methods.

Consecutive 5 mm sections were cut and mounted on Superfrost/Plus

(Fisher Scienti®c, USA) or poly-L-lysine-coated slides. The slides

were deparaf®nized in xylene and then rehydrated stepwise in ethanol

and rinsed brie¯y in deionized H2O. Antigen retrieval was performed

by heating sections in citrate buffer (BioGenex, USA) for 10 min (as

recommended by Biogenex) in a household-type pressure cooker. The

antigen-retrieved slides were allowed to cool to room temperature,

rinsed once in PBS and then immediately used for immunocytochem-

istry.

Immunocytochemistry

The slides bearing antigen-retrieved sections were incubated in 3%

hydrogen peroxide in methanol for 30 min to block endogenous

peroxidases, rinsed once in deionized H2O and then three times in

phosphate-buffered saline (PBS). Unless otherwise indicated all the

rinsing steps were three times for 3 min each. The sections were

incubated with the appropriate species' serum (Vector Laboratories

Inc., USA) for 20 min to block non-speci®c binding. As standard in

our laboratory, sections were incubated overnight with primary

antibody at room temperature in a moist chamber; shorter times at

moderately elevated temperatures would undoubtedly be appropriate

but these were not tested. Primary antibodies were diluted from stock

in 1% BSA:PBS and a variety of dilutions was assessed in preliminary

studies as follows: 0.05, 0.1 and 1 mg/ml of Phospho H3, and 5.2, 2.6,

1.3, 0.65, 0.325 and 0.16 mg/ml of MPM-2. The best compromise

between signal to noise (speci®c staining versus background) for

Phospho H3 was 0.1 mg/ml and for MPM-2 was 2.6 mg/ml. All

subsequent staining was done with these concentrations; antibodies

from other vendors were not tested. For Ki-67 staining, mouse MIB-1

primary antibody was used in prediluted form as provided by Zymed

(200 mg/ml) and incubated similarly overnight; subsequent steps were

similar for all antibodies. After overnight incubation with primary

antibody the slides were rinsed twice in PBS (10 min each). Sections

were incubated again with normal serum (20 min) and then with

biotinylated secondary antibody for 30 min. The slides were rinsed in

PBS, incubated in ABC solution (Vector Laboratories) for 60 min and
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then re-rinsed in PBS followed by Tris buffer (38 mmol/l Tris, pH

7.60). Slides were incubated in 0.025% diaminobenzidine (Dojindo

Inc.) in Tris buffer, for 10±15 min, and rinsed again in Tris buffer

followed by deionized H2O. Slides were then placed in 0.026%

osmium tetroxide for 60 s, and rinsed with deionized H2O. Sections

were lightly counterstained with Meyer's haematoxylin, dehydrated

and mounted with Permount. A set of consecutive sections was

strongly stained with H&E to facilitate identi®cation of mitotic cells,

dehydrated and mounted. Digital images were captured with an

Optronics DEI-750 CCD camera (Optronics, USA) and analysed with

Image Pro-plus (Media Cybernetics Inc., USA). Minor adjustments to

contrast and sharpness were made with Adobe Photoshop (Adobe

Systems Inc., USA) before printing.

Direct manual counting

Technique
Mitotic ®gures in sections stained only with H&E and immunopositive

cells stained with either MPM-2, Phospho H3 or MIB-1 were counted

through the microscope at a magni®cation of 3400 by a trained

technician with a mechanical tabulator. Non-overlapping ®elds were

selected with the aid of an ocular grid. Negative (unstained or non-

mitotic) background cells (1200±5000 cells per animal) were also

counted and the percentage of positive cells [(X positive/Y total

count)3100] was calculated for each stain. The abundance of positive

or mitotic cells stained by the methods above was assessed by analysis

of variance and mean values compared by Fisher's protected least

signi®cant difference test (Petersen, 1985).

Observer variation
Others have suggested that the major source of variation in direct

counting of stained nuclei in sections is inter-observer variation (Darj

et al., 1995). In order to assess whether counting error varied with the

different nuclear stains, four different observers counted the same

section on four separate days for H&E, MPM-2, Phospho H3 and

MIB-1. The counts made by each observer on each day were summed

and averaged, and both the within-observer coef®cient of variation

(CV) and between-observer CV were calculated. Also, counts from all

observers for all days were summed and averaged and the CV

calculated as a measure of overall precision.

Computer-assisted counting

The specimens stained with the Phospho H3 antibody, but not those

stained for MPM-2 (or MIB-1) were of suf®cient homogeneity, high

contrast and low background to allow computer-assisted thresholding

and subsequent computer-assisted counting. For this analysis, digital

images were captured at ~325 original magni®cation (32.5

objective). The images were imported into Image Pro-plus, the

endometrial glands were traced and de®ned as regions of interest

(ROI), their area was measured, and the number of Phospho H3

positive cells per unit area was determined and expressed as positive

cells per 10 000 mm2. To assess the precision of computer-assisted

counting, one section was counted six times and the CV calculated.

To assess the degree of correlation between the computer-assisted

counting of Phospho H3-labelled mitotic ®gures and the direct,

manual counting of H&E-stained mitotic ®gures, we plotted the

results of direct counting versus computer-assisted counting of the

functional layer from the same animals as a scatter plot, and analysed

the points by least squares linear regression (Origin Ver 5.0;

OriginLab Corp., USA). The macaque data included counts from

animals treated with E2 for 14 and 28 days and with E2 + progesterone

for 3, 7 and 14 days, which provided a range of high and low values for

the correlation analysis. A similar correlation analysis was performed

on data from the human endometrium samples taken throughout the

menstrual cycle.

Results

Immunostaining with MPM-2 and Phospho H3

The pattern of MPM-2 and Phospho H3 staining, along with

standard H&E staining, of macaque endometrium from

animals treated for 28 days with E2, is shown in Figure 1a±c.

Both MPM-2 and Phospho H3 antibodies produced speci®c

Figure 1. Mitotic cells in macaque epithelium. Immunostaining
with mitotic protein monoclonal antibody 2 (MPM-2) (a), anti-
phosphorylated histone H3 (Phospho H3) (b) and haematoxylin and
eosin (c). The strongest and cleanest staining was with Phospho H3.
Arrows indicate mitotic cells.
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nuclear staining with low background, but the Phospho H3

staining was much stronger, yielding a high signal-to-noise

ratio that produced very high contrast between stained and

unstained cells. MPM-2 staining was much weaker and lower

in contrast.

For these reasons, our efforts focused on the Phospho H3

antibody. Figure 2 illustrates that prophase, metaphase and

anaphase were all clearly revealed by Phospho H3 staining in

the macaque endometrium. Figure 2d (arrow) shows a

telophase ®gure that is not stained by Phospho H3 antibody

due to the dephosphorylation of histone H3 that occurs during

telophase. Apoptotic ®gures were also negative for Phospho

H3 staining (Figure 2b).

The Phospho H3 antibody also clearly revealed mitotic

®gures, but not apoptotic ®gures, in paraf®n-embedded

sections of proliferative human endometrium (Figure 3a,b).

Additionally, in the human (but not the macaque) MPM-2

stained a cytoplasmic component in the apical region of the

epithelial cells, indicating that this antibody lacked speci®city

for human nuclear components in the ®xed, sectioned material

that we used (see Figure 3c).

In a paraf®n section of human endometrial adenocarcinoma

stained with H&E (Figure 3d) some mitotic ®gures are evident,

but other nuclei cannot be distinctly de®ned as apoptotic,

pycnotic or mitotic. In Figure 3e, which is a close serial section

of Figure 3d stained with Phospho H3, several mitotic ®gures

are evident, including grazing sections of chromosomes, that

are not evident in the H&E-stained section. Because of the

speci®city of Phospho H3 for mitosis, no apoptotic or pycnotic

®gures are stained.

Direct manual counting

The direct counts of mitotic ®gures in endometrium of

macaques that had been treated with E2 for 28 days were as

follows: H&E (1.5 6 0.25%), Phospho H3 antibody (1.02 6
0.23%), and MPM-2 antibody (0.69 6 0.17%). The MIB-1

stained cells were, as expected, the most numerous (19.7%).

Aside from the MIB-1 data, which was signi®cantly higher

than any of the other endpoints, there were no statistically

signi®cant differences among the H+E, Phospho H3 and MPM-

2 indices; however, the MPM-2 positive cells were numerically

lowest. Consequently, the Phospho H3 index is a valid

equivalent to the mitotic index. The differences in direct

counting due to observer variation are shown in Table I.

Among the direct stains of mitotic ®gures (H+E, MPM-2 and

Phospho H3) the coef®cient of variation was lowest for the

Phospho H3 index.

Computer-assisted counting

Figure 4 illustrates the computer-assisted counting method.

Figure 4a shows a low power ®eld (32.5 objective) with

arrows pointing to many of the Phospho H3-stained mitotic

Figure 2. Mitotic cells in macaque epithelium. Illustrations of the phases of the mitotic cycle stained with anti-phosphorylated histone H3
(Phospho H3), speci®cally, prophase (a), metaphase (b) and anaphase (c). In (b), Phospho H3 antibody did not stain any apoptotic (Ap) cells.
Staining is lost during telophase (d) due to the dephosphorylation of histone H3. P = prophase; M = metaphase; A = anaphase; T = telophase
cells. In (c) a mitotic cell is evident in the stroma.
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®gures after thresholding by the software. Once the threshold

levels were set, the areas of the glands were traced to provide

regions of interest (ROI; Figure 4b). The software then labelled

each ROI alphanumerically (A1±A14 in Figure 4b), numbered

the thresholded cells in each ROI (1±23 in Figure 4b),

determined the total area of the ROI, and calculated the

number of positive cells/10 000 mm2. For example, the mean

number of thresholded mitotic ®gures in endometria treated for

14 days with E2 was 2.74 6 0.96 cells/10 000 mm2. Computer-

assisted counting was more rapid than manual counting and

had high reproducibility (CV = 4.2%). Time required to make

these counts was ~15 min/section which included calculating

the area of the ROI, compared to ~60 min by direct, manual

counting.

The least squares regression analysis between the computer-

assisted counting of Phospho H3-labelled mitotic ®gures and

direct counting of H&E-stained mitotic ®gures is shown

graphically in Figure 5. The correlation between the two

methods was very high (R2 = 0.90, P < 0.001), further

indicating that the computer-determined Phospho H3 index is a

valid estimate of the abundance of mitotic cells in the macaque

endometrium.

To further validate the computer-assisted Phospho H3 index,

we compared the Phospho H3 proliferative index of the

functionalis and basalis zones in the macaque endometrium

Figure 3. Mitotic cells in human tissues. (a, b) Human proliferative phase endometrium stained with anti-phosphorylated histone H3
(Phospho H3): P = prophase; A = anaphase; P¢ = prophase in stromal cell; M = metaphase; Ap = apoptosis. (c) Human proliferative
endometrium stained with mitotic protein monoclonal antibody 2 (MPM-2). `Mitotic' arrow points to a positive nucleus in the glandular
epithelium. Arrowheads point to non-speci®c staining in the apical regions of all glandular epithelial cells. This non-speci®c staining only
occurred in the human tissues. (d, e) Closely spaced serial sections of human endometrial adenocarcinoma stained with haematoxylin and
eosin (d) and Phospho H3 (e). In (d), short arrow labelled P points to a mitotic ®gure (prophase), long arrows point to equivocal ®gures
(apoptotic or pycnotic). In (e), long arrows point to de®nitive mitotic ®gures, and arrow labelled G points to a grazing section of positively
stained chromosomes.

Table I. Coef®cient of variation (CV, %) for counts of positive cells in
sections of macaque endometrium stained with haematoxylin and eosin
(H&E), and anti-phosphorylated Histone H3 (Phospho H3), mitotic protein
monoclonal antibody 2 (MPM-2) and mouse monoclonal MIB-1

H&E Phospho H3 MPM-2 MIB-1

Total CVa 13 10 17 5.3
Within-observer CVb 10 6 11 5.4
Between-observer CVc 13 10 16 1.9

aCV based on 16 counts of one slide by four different observers.
bCV based on 16 counts by one observer.
cCV based on single counts by four observers.
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during the arti®cial proliferative phase (14 days of E2) and on

days 3, 7 and 14 of the arti®cial luteal phase (E2 +

progesterone) of the cycle. These results are shown in

Figure 6. Phospho H3 positive cells were abundant in the

functionalis after E2 treatment. After 3, 7 and 14 days of E2 +

progesterone treatment the counts in the functionalis sharply

decreased, while mitotic activity in the basalis zone, which was

minimal during E2 treatment, signi®cantly increased on days 3

and 7 of progesterone treatment. These results are consistent

with previous reports that progesterone stimulates proliferation

in the basalis zone (Padykula et al., 1989) while suppressing

mitotic activity in the functionalis of the macaque endome-

trium (Brenner and Slayden, 1994).

Figure 4. Visualization of computer-assisted counting of anti-phosphorylated histone H3 (Phospho H3)-stained mitotic ®gures. (a) Digital
images at low magni®cation (32.5 objective) were imported into Image-Pro Plus, and the positive stained cells identi®ed by thresholding
show as intensely black cells; inset shows how the unthresholded cells appear at higher magni®cation (325 objective). (b) The glands were
traced as regions of interest (ROI) and identi®ed alphanumerically by the software (A1±A14). Thresholded cells were then automatically
counted and labelled in each ROI from 1±23 by the software. The software ®nally determined the number of positive cells/10 000 mm2,
which we de®ne as the Phospho H3 index.

Figure 5. Least squares analysis between direct, manual counting of
mitotic ®gures in haematoxylin and eosin (H&E)-stained sections
and computer-assisted counting of anti-phosphorylated histone H3
(Phospho H3)-stained cells in the functionalis zone of the rhesus
macaque endometrium. The analysis included data from all phases
of the arti®cial cycle. The analysis revealed a strong correlation (R2

= 0.90) between computer-assisted Phospho H3 index
determinations and direct, manual mitotic count in H&E-stained
sections, indicating that the computer-assisted Phospho H3 index
can be used to quantitatively determine mitotic cell abundance in
histological specimens.

Figure 6. Anti-phosphorylated histone H3 (Phospho H3) index
determinations (mean 6 SEM) in the functionalis and basalis zones
of the macaque endometrium at various time points of the arti®cial
menstrual cycle. Means within each zone with different superscripts
are statistically different.
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Data from the endometrium across the human menstrual

cycle are presented in Figure 7. The computer-assisted

Phospho H3 index showed a clear pattern of elevated mitotic

activity in the proliferative phase that signi®cantly decreased in

the secretory phase; this pattern was highly correlated with the

mitotic index as determined by H&E staining (R2 = 0.89, P <

0.001). A high, though lesser, correlation was also evident

between the Phospho H3 index and the Ki-67 index (R2 = 0.74,

P < 0.05) and between the H&E mitotic index and the Ki-67

index (R2 = 0.74, P < 0.05). The exceptionally high correlation

between the Phospho H3 index and the mitotic index validates

the Phospho H3 antibody as a useful, highly speci®c mitotic

marker for the human endometrium.

Discussion

General signi®cance

In this work, our goal was to develop and validate a new

method for detecting and counting mitotic ®gures in paraf®n

sections of the human endometrium. Toward this end, we

compared two known markers of phosphorylated proteins

associated with mitosis, MPM-2 and Phospho H3, which to our

knowledge had not been previously evaluated in paraf®n-

embedded sections of the endometrium. Of the two, only

Phospho H3 staining was intense enough and had low enough

background to allow thresholding of positive nuclei to facilitate

computerized analysis. The MPM-2 antibody is also known to

recognize phosphorylated RNA polymerase II during inter-

phase (Albert et al., 1999), and it stained cytoplasmic

components in the human, though not the macaque endome-

trium, so it is less useful for the current purpose than the

Phospho H3 marker. In sum we found that a computer-assisted

Phospho H3 index was highly correlated with the mitotic

index, that it could be used to assess hormonally induced

changes in mitotic activity in the macaque endometrium, and

that it provided a new tool to assess cyclic changes in

endometrial proliferation during the cycle or in histopatholo-

gical states. As such it complements other methods of assessing

proliferation, such as the Ki-67 index, by providing a speci®c

count of cells that actually divide.

There were a few initial concerns about the method. First,

because histone H3 is dephosphorylated during telophase, one

might expect direct counts of mitoses in Phospho H3-stained

sections to be lower than direct counts of mitotic ®gures in

H&E-stained sections, because a microscopist doing H&E

counts would count telophases. But the microscopist generally

misses many prophases, as these are dif®cult to discern in

H&E-stained sections, whereas prophases are easy to detect

with the Phospho H3 stain. In any event, when direct counts of

Phospho H3-stained cells were compared with direct counts of

H&E-stained mitotic ®gures there was no statistically signi®-

cant difference.

Second, during computer-assisted analysis of Phospho H3-

stained samples, image thresholding would identify cells

during late anaphase as two mitotic ®gures, because the

chromosomes are cleanly separated, while a microscopist

performing direct counts would count them as one cell in

anaphase. The computer-assisted Phospho H3 index could

therefore be higher than the directly counted mitotic index.

However, this difference is probably balanced by the lower

number of telophases that are included in the Phospho H3

index. The tendency to overcount anaphases is also counter-

balanced by the fact that late anaphase is a rapid component of

the mitotic cycle and tends to be rare in sections. In any event,

there was a very high correlation (R2 = 0.90; Figure 6) between

the computer-assisted, Phospho H3 index and the direct,

mitotic count (expressed as a percentage) in H&E-stained

samples of macaque endometrium. Consequently, the Phospho

Figure 7. Changes in anti-phosphorylated histone H3 (Phospho H3), mitotic and Ki-67 indices in the human endometrium during the natural
menstrual cycle. Bars with different letters are signi®cantly different (within each index). The number of patients sampled at each cycle stage
is indicated in the bars.
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H3 index is a valid equivalent of the mitotic index, whether

determined by direct or computer-assisted counting.

Because of the high contrast of the Phospho H3 stain, the

computerized technique can sample large ®elds at low

magni®cations (see Figure 5), while the higher magni®cations

that are required to precisely identify mitotic ®gures in H&E-

stained specimens necessarily limits the size of the microscopic

®eld. The larger sample size obtained during computer-assisted

counting reduces experimental error.

In addition to marking mitosis, phosphorylation of histone

H3 on serine 10 may occur during chromatin modi®cations

associated with cellular differentiation (Juan et al., 1999;

Salvador et al., 2001) and oncogene-induced transformation

(Chadee et al., 1999). For example, phosphorylation of histone

H3 at serine 10 is involved in FSH-stimulated differentiation of

rat ovarian granulosa cells and is mediated by protein kinase A

(Salvador et al., 2001). This phenomenon was observed in cell

culture under serum-free conditions in the absence of prolif-

eration. Whether this reaction would interfere with the use of a

Phospho H3 antibody to evaluate mitotic ®gures in the primate

ovary remains to be determined.

Additionally, the nuclei of human monocytes have relatively

high levels of phosphorylated histone H3 during interphase,

and differentiation of HL-60 (human myelogenous leukaemia)

cells along the monocytic lineage is accompanied by a rise in

H3 phosphorylation (Juan et al., 1999). The phosphorylated

sites are distributed in a speckled, punctate manner throughout

the monocyte nucleus. This punctate pattern is strikingly

different from the more homogeneous pattern seen throughout

the chromosomes in mitotic nuclei after Phospho H3 staining.

Although monocytes and macrophages are numerous in the

primate endometrium, no speckled nuclear staining was

observed in these cells with our current Phospho H3 staining

protocol. Therefore, interphase phosphorylation of histone H3

in monocytes should not interfere with the use of the Phospho

H3 antibody to evaluate mitotic indices in the glandular

epithelium of the primate endometrium.

During the early, pioneering work on the endometrium, the

proliferative state of endometrial specimens was assessed by

direct microscopic counting of mitotic cells in H&E-stained

sections (Noyes et al., 1950). More recently, detection of the

Ki-67 antigen (Gerdes et al., 1983), which is expressed in all

phases of the cell cycle (G1, S, G2 and M) has been extensively

used as a measure of proliferative activity in various tissues

(Scholzen and Gerdes, 2000; Brown and Gatter, 2002)

including endometrial biopsies (Jurgensen et al., 1996).

However, the time cells spend in G1 is highly variable, and

may be affected by the hormonal or neoplastic state of the

tissues (Hall and Levison, 1990). Also, staining for proteins

that are expressed throughout several phases of the cell cycle

cannot provide a precise measure of the rate of proliferation at

the time of sampling (Hall and Levison, 1990; Hall and Woods,

1990). For a staining technique to give the most accurate

estimate of proliferative rate, the period of time during which

the cells are positive should be short. Because mitosis is one of

the shortest and least variable phases of the cell cycle, the

mitotic index provides the most precise estimate of the

proliferative rate.

Consequently, although the Ki-67 antigen is a highly useful

marker to detect proliferating populations, a count of mitotic

®gures adds information on the number of cells that actually

complete the cell cycle, thus enhancing and complementing the

information obtained from the Ki-67 marker. In sum, the

Phospho H3 antibody adds a powerful new tool to our

armamentarium for the analysis of cell proliferation in archived

paraf®n-embedded sections.

Potential clinical relevance

There are various clinical situations in which analysis of the

endometrial Phospho H3 index would be valuable.

Endometrial biopsies are commonly performed in pre- and

post-menopausal women with abnormal uterine bleeding to

exclude neoplastic endometrial disease. One important

component of the pathological diagnosis of such biopsies is a

determination of the proliferative state of the tissue, typically

done by identifying mitotic ®gures in H&E-stained tissue

sections. However, in pathological endometrial tissues stained

with H&E, necrotic and apoptotic cells frequently resemble

prophase nuclei, complicating assessment of the mitotic index.

The Phospho H3 stain, because of its chromosomal speci®city

and high contrast, greatly facilitates such determinations and

also aids in identifying abnormal mitotic ®guresÐa patho-

logical feature associated with neoplastic disease.

Several common women's reproductive health disorders,

including endometriosis and polycystic ovary syndrome

(PCOS), are estrogen-dependent conditions. In PCOS there

may be overexpression of endometrial estrogen receptor co-

activators which would enhance estrogen sensitivity of this

tissue (Gregory et al., 2002). Androgen receptors are elevated

in PCOS endometria (Apparao et al., 2002) and these may act

to counteract such estrogenic effects. Women with PCOS are

therefore exposed to counteracting in¯uences that could affect

endometrial proliferative rates.

The management of women with PCOS with amenorrhoea

or oligomenorrhoea includes administration of cyclic progestin

therapy to induce endometrial withdrawal bleeding in order to

prevent endometrial hyperplasia (Balen, 2001). In addition,

clinical management of such cases includes a transvaginal

ultrasound scan to assess endometrial thickness as an aid to

predicting endometrial hyperplasia (Cheung, 2001). However,

those subjects with an increased endometrial thickness on

ultrasound require an endometrial biopsy to provide a de®ni-

tive assessment of the histological and proliferative aspects of

the tissues, because ¯uid content can affect the thickness

measurement obtained by ultrasound. Phospho H3 provides an

excellent additional marker to detect excessive mitotic activity

in such samples. Computer-assisted determinations of mitotic

activity in such non-neoplastic endometrial disease conditions

should permit a more precise assessment of the effect of steroid

hormone therapy on endometrial proliferation.

Because of the clinical importance of endometrial hyper-

plasia and adenocarcinoma, this paper has focused on the

endometrium, but the method should be applicable to quanti-

®cation of mitotic activity in clinical specimens from formalin-

®xed, paraf®n-embedded samples of other tissue types. Also,

the Phospho H3 antibody works well in cryosections (data not
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shown) and should work well in double-labelling studies with

any antibody that requires frozen sections. In sum, immuno-

cytochemical detection of the phosphorylated histone H3

marker should facilitate analysis of how steroid hormones,

steroid antagonists and antineoplastic drugs affect endometrial

mitotic activity. Phospho H3 is a valuable tool that should

improve our understanding of the mechanisms involved in the

pathogenesis of female reproductive disorders.
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BACKGROUND: The levonorgestrel-releasing intrauterine system (LNG-IUS) is a highly effective contraceptive.

However, unscheduled breakthrough bleeding (BTB), leads to discontinuation in a proportion of users. The

LNG-IUS down-regulates endometrial progesterone and estrogen receptors and this may play a role in the mechan-

ism responsible for BTB. LNG is an androgenic progestogen and so we examined the regulation of the androgen

receptor (AR) in endometrium exposed to intrauterine LNG. Furthermore, as the enzyme 17b-hydroxysteroid dehy-

drogenase type 2 (17bHSD2) regulates intracellular levels of estrogens, progestins and androgens, we evaluated the

changes in expression of 17bHSD2 in the same tissue endometrial samples. METHODS: Immunohistochemistry and

real time quantitative RT±PCR were used to compare protein and mRNA expression of AR and 17bHSD2 in endo-

metrial biopsies from women with normal menstrual cycles and those using a LNG-IUS. RESULTS:

Immunohistochemistry showed that AR and 17bHSD2, which were immunolocalized to the stroma and glands of

endometrium respectively, were both suppressed by LNG-IUS treatment, though moderate staining of 17bHSD2

was evident 1 month after insertion of the LNG-IUS. AR mRNA expression was down-regulated in LNG-exposed

endometrium when compared with the proliferative phase of the menstrual cycle. 17bHSD2 mRNA was signi®cantly

increased 3 months (but not 6±12 months) after LNG-IUS insertion. CONCLUSIONS: Endometrial intracellular

estradiol levels would have been suppressed by 17bHSD2 during the ®rst few, but not the later, months of LNG-IUS

action, and the lowered endometrial estradiol level may contribute to the frequent BTB evident in the early months

of LNG-IUS use. The subsequent decline in 17bHSD2 would lead to elevated local intracellular estradiol in the later

months, when the BTB tends to subside. The suppression of AR by the LNG-IUS may also play a role in BTB, as ele-

vated AR has been associated with amenorrhoea.

Key words: androgen receptor/endometrium/17b-hydroxysteroid dehydrogenase type 2/levonorgestrel

Introduction

Levonorgestrel (LNG) is a potent progestagen that also has

considerable binding af®nity for the androgen receptor (AR).

The levonorgestrel-releasing intrauterine system (LNG-IUS;

Schering HC, UK) releases 20 mg LNG locally to the

endometrium over 24 h (Luukkainen et al., 1990). Patient

acceptability is high but a proportion of patients will discon-

tinue therapy due to unscheduled breakthrough bleeding (BTB)

(Findlay, 1996). The mechanism responsible for BTB remains

poorly understood but is likely to involve angiogenic factors,

matrix metalloproteinase activation, and altered haemostatic

factors that result in increased endometrial vessel fragility

(Hickey et al., 2000). Such a pathogenesis may be directly

related to the high dose of local LNG exposure. Alternatively,

indirect actions of LNG may be responsible, such as its

in¯uence upon endometrial sex steroid receptor expression, or

ligand availability in the endometrium.

The temporal and spatial distributions of sex steroid

receptors such as estrogen receptor (ER), progestin receptor

(PR) and AR in endometrium have been established. AR has

been spatially localized to the endometrial stroma with up-

regulation in the estrogen-dominated proliferative phase

followed by down-regulation in the late secretory phase

(Mertens et al., 2001; Slayden et al., 2001). ER and PR are

also up-regulated in glandular and stromal cells in the

proliferative phase. In the secretory phase, a down-regulation

of ER is noted in both glands and stroma. PR is also down-

regulated in the glands but receptor expression persists in

stromal tissues (Garcia et al., 1988; Lessey et al., 1988;

Snijders et al., 1992; Critchley et al., 1993).

Human Reproduction Vol.18, No.12 pp. 2610±2617, 2003 DOI: 10.1093/humrep/deg510
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LNG, delivered locally by the LNG-IUS, is known to down-

regulate ER and PR expression in the human endometrium

(Critchley et al., 1998). This alteration in sex steroid receptor

expression may affect endometrial cytokine release (Jones

et al., 2000). The cellular and molecular expression of the

androgen receptor in LNG-IUS-treated endometrium has not

been previously reported and AR may play an important role in

endometrial physiology (Slayden et al., 2001; Brenner et al.,

2002).

In reproductive tissues, the local actions of sex steroids are

modulated by hydroxysteroid dehydrogenases (HSD). The

human 17bHSD family has six known members, each being a

separate gene from a different chromosome with distinct

properties in terms of substrates and redox direction. The type 2

isoform (17bHSD2) has a major role in the inactivation of

estradiol to estrone. 17bHSD2 is also the enzyme responsible

for converting androgens to less potent forms while also

activating progesterone. The 17bHSD2 isoform is expressed in

endometrial glandular epithelium, and is up-regulated by

progesterone (Maentausta et al., 1993). Its activity decreases

when progesterone concentrations decline pre-menstrually or

following antiprogestin administration (Maentausta et al.,

1993; Mustonen et al., 1998). LNG binds avidly to the AR

(Kloosterboer et al., 1988). The availability of other andro-

genic ligands to bind to the AR may be in¯uenced by the

availability of the enzyme 17bHSD2.

We have thus evaluated expression of both AR and

17bHSD2 in a longitudinal study of endometrial samples

from naturally cycling women and from women treated with

LNG-IUS over a 12 month time frame. The results provide new

data on the expression patterns of these two molecular

components that may be relevant to the bleeding patterns

seen during intrauterine treatment with the LNG-IUS.

Materials and methods

Human endometrial samples were obtained from three different

patient groups. Institutional ethical approval was obtained and all

women provided written informed consent.

The ®rst group (`control' group) consisted of fertile women (n = 24)

with regular menstrual cycles lasting between 25 and 35 days who had

not been using hormonal preparations for the preceding 3 months.

Samples were obtained at the time of hysterectomy for benign

indications. Subjects with signi®cant uterine pathology (for example,

®broids) were excluded. Endometrial tissue was collected from

women during the proliferative phase (n = 6), early secretory (n = 6),

mid secretory (n = 6) and late secretory phase (n = 6) of the menstrual

cycle. After the uterus had been removed, a full thickness biopsy of the

uterus was obtained, extending from the lumen to the myometrial

layer that included the super®cial and basal endometrium in addition

to the myometrium. The stage of the menstrual cycle was consistent

with the patient's reported last menstrual period and was con®rmed by

histological dating, according to the criteria of Noyes et al. (1950).

Furthermore, serum samples collected at the time of endometrial

tissue collection for determination of circulating estradiol and

progesterone concentrations by radioimmunoassay were consistent

with the designated cycle stage, and a signi®cant decline in

progesterone concentrations was apparent between biopsies taken in

the mid and late secretory phase of the cycle (P < 0.01).

Endometrial biopsies were ®xed overnight in 4% paraformalde-

hyde, then embedded in paraf®n for immunohistochemical analysis.

Additional biopsies from the endometrium of the same patients were

frozen immediately at the point of tissue collection in liquid nitrogen,

then stored at ±80°C. Frozen biopsies were later used to obtain RNA

(see below).

The second group consisted of fertile women (n = 12) with regular

menstrual cycles lasting between 25 and 35 days who had not been

using hormonal preparations for the preceding 6 months. The patients

were to have a LNG-IUS inserted as a method of long-term hormonal

contraception. All patients underwent a pre-insertion biopsy in either

the proliferative (n = 5) or secretory (n = 5) phase of the cycle,

immediately after which a LNG-IUS (Mirena; Schering HC, UK) was

inserted as an outpatient procedure. The stage of the cycle prior to

insertion of the LNG-IUS was determined by reference to serum sex

steroid concentrations and histological dating by the criteria of Noyes

et al. (1950). Further endometrial samples were collected at 1 (n = 2),

3 (n = 5), 6 (n = 5) and 12 months (n = 5) following insertion of the

LNG-IUS. All specimens were ®xed in 10% neutral-buffered formalin

at 4°C and embedded in paraf®n for immunohistochemical analysis.

The third patient group included women attending a menstrual

problems clinic for management of unscheduled bleeding with the

LNG-IUS. Endometrial samples were collected from patients attend-

ing the clinic with an LNG-IUS in utero for 3 months, 6 months, or >1

year. Samples were frozen immediately upon collection in liquid

nitrogen and stored at ±80°C.

RNA extraction and real time quantitative RT±PCR

Frozen samples of endometrium stored at ±80°C were ®rst

homogenized, and then total RNA was extracted using the commer-

cially available product Trizol (Invitrogen Life technologies Ltd, UK)

according to the manufacturer's instructions. Following extraction,

total RNA was resuspended in 50 ml of RNA storage buffer (Ambion,

USA) and stored at ±80°C.

Samples of total RNA to be used for quanti®cation of AR mRNA

required pre-treatment with RNase-free DNase (Invitrogen) as this

primer probe preparation did not span an intron. Samples of RNA to be

used for quanti®cation of 17bHSD2 mRNA did not require pre-

treatment with RNase-free DNase, as this primer probe preparation

spanned an intron.

The RT±PCR reaction was performed in a 10 ml volume of reaction

solution containing 13Taqman RT buffer, MgCl2 (5.5 mmol/l),

Table I. Design speci®cations for androgen receptor (AR) and 17b-hydroxysteroid dehydrogenase type 2 (17bHSD2) real time quantitative primers and probe
for use in the Perkin±Elmer ABI Prism 7700 analyser

Accession
number

Nucleotide numbers
of PCR sequence

Forward primer (5¢±3¢) Taqman probe (5¢-FAM±TAMRA-3¢) Reverse primer (5¢±3¢)

AR L29496 951±1016 GTACCCTGGCGGCATGGT AGCAGAGTGCCCTATCCCAGTCCCA CCCATTTCGCTTTTGACACA
17bHSD2 L11708 731±803 TGTCAGCAGCATGGGAGGA CCCCAATGGAAAGGCTGGCATCTT GGTCACAGCCGCCTTTGAT

Intrauterine LNG regulation of AR and 17bHSD in endometrium
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deoxyNTP, random hexamers (2.5 mmol/l), multiscribe reverse

transcriptase (1.25 IU/ml), RNase inhibitor (0.40 IU/ml), and

nuclease-free water (all reagents from Applied Biosystems, UK).

The mix was divided into aliquots in individual tubes (8 ml/tube) and

template RNA 200 ng (100 mg/l) was added. The samples were over-

layered with mineral oil and RT reaction was conducted at 25°C for

60 min, 48°C for 45 min, and 95°C for 5 min for 1 cycle. Thereafter

samples were stored at ±20°C.

Real time quantitative PCR was performed in an ABI 7700

Sequence Detection System (Perkin±Elmer, USA). Oligonucleotide

forward and reverse primers and oligonucleotide Taqman probes for

AR and 17bHSD2 were designed, with the use of Primer Express

version 1.0 (Perkin±Elmer Applied Biosystems, UK), from sequences

entered in the GenBank database.

The sequences for the AR and 17bHSD2 primers and probe are

shown in Table I. Quantitative PCR reaction mixtures were made

containing Sure Start Taq DNA polymerase (0.025 IU/ml; Stratagene,

UK), dNTP (all at 200 mmol/l) and speci®c forward and reverse

primers (300 nmol/l) and probe (200 nmol/l) for either AR or

17bHSD2. Primers and VIC-labelled probe (all at 50 nmol/l; Applied

Biosystems, UK) for ribosomal 18s RNA were also added to the same

reaction mixture.

All values are given relative to an internal standard endometrial

sample (comparator) within the Taqman run to show temporal

differences in mRNA expression across the menstrual cycle, i.e.

comparing endometrium with endometrium. To allow ease of

computation, the lowest 2±DDCt was used as a comparator and all

other values were relative to this.

Copy numbers were not used as we performed relative quanti®ca-

tion as described above and as outlined in the Perkin±Elmer

guidelines. No DNA or RNA standard was used.

The sizes of the amplicons that are generated by the primer probe

set for AR and 17bHSD2 are 65 and 72 bp respectively (see Table I).

The accuracy of the quantitative PCR was tested by serial dilution

(to 332 dilution) of a pool of AR cDNA and a pool of 17bHSD2

cDNA. The slope of the line plotting the cycle number at which the

curve crossed a threshold (Ct) against dilution had a gradient of <0.14

and 0.13 DCt units/332 dilution respectively. All menstrual cycle data

and LNG-IUS-treated endometrium data were obtained from separate

single PCR runs and related to standard AR cDNA and 17bHSD2

cDNA preparations using the formula 2±DDCt that relates the ratio of

18S and speci®c amplicon in the sample cDNA with that of the

standard preparation. Intra-assay variability for AR was calculated to

1% and for 17bHSD2 to 3.3%.

Statistical analysis

Numeric data from the real time quantitative RT±PCR were analysed

by one-way analysis of variance, followed by Fisher's protected least

signi®cant difference test.

Antibody speci®city

The properties of the antibodies for the immunolocalization of the AR

(F39.4; Slayden et al., 2001) and 17bHSD2 (Mab C2-12; Moghrabi

et al., 1997) have been previously described and validated.

Immunohistochemistry

Paraf®n sections (5 mm) were dewaxed and rehydrated through a

series of alcohols, then washed in distilled water and 0.01 mol/l

phosphate-buffered saline (PBS; Sigma±Aldrich Ltd, UK). The slides

were then subjected to antigen retrieval by pressure-cooking in 0.01

mol/l sodium citrate at pH 6 for 5 min. After cooling for 20 min, the

slides were washed in PBS. Endogenous peroxidase activity was

quenched with immersion in 3% hydrogen peroxide (Merck, UK) in

distilled water for 10 min at room temperature. Non-speci®c binding

of the antibodies was blocked by incubating the sections for 20±30

min at room temperature in non-immune horse serum (Vectastain;

Vector Laboratories, Inc., UK).

For localization of the AR, sections were incubated with the mouse

monoclonal antibody F39.4 (IgG1; Biogenex Laboratories, Inc., USA)

overnight at 4°C at a 1:480 dilution in PBS/bovine serum albumin

gelatin or similarly with a control mouse IgG1 antibody at a matched

IgG1 concentration to the F39.4 antibody (1:600 dilution). For

localization of 17bHSD2, sections were incubated with the mouse

monoclonal antibody C2-12 (gift from Dr Stefan Andersson)

overnight at 4°C at a 1:20 dilution in normal horse serum or similarly

with a control mouse IgG antibody at a matched IgG concentration to

the C2-12 antibody (1:400 dilution). Following a wash in PBS with

Tween 20, the slides were incubated in biotinylated horse anti-mouse

secondary antibody (Vectastain) in normal horse serum for 60 min at

room temperature, reacted with the avidin±biotin peroxidase complex

(Vectastain Elite) for 60 min at room temperature and visualized with

the substrate and chromagen 3,3¢-diaminobenzidine (Dako Liquid,

Dako Corp., USA).

Scoring and analysis of immunoreactivity

The immunostaining intensity of epitopes in all tissue sections was

assessed in a semi-quantitative manner on a 4-point scale: 0 = no

immunostaining, 1 = mild immunostaining, 2 = moderate immuno-

staining and 3 = intense immunostaining. All tissue sections were

scored blind by two observers. We had previously validated this

scoring system in a subset of tissue sections in which immuno-

reactivity was measured with a computerized image analysis system,

and a strong correlation between quantitative data derived from image

analysis and subjective scores by a trained observer was obtained

(Wang et al., 1998). Semi-quantitative scoring results were analysed

Figure 1. Quantitative evaluation of androgen receptor (AR) mRNA
in endometrium across the stages of the menstrual cycle and
following intrauterine delivery of levonorgestrel (LNG-IUS). All
endometrial tissue samples were compared with an internal control
(comparator) obtained during the early proliferative stage of the
menstrual cycle. AR mRNA levels were high in the early and mid
proliferative samples but fell signi®cantly in samples taken from the
late proliferative and early±late secretory samples (P < 0.01). Levels
of AR mRNA were again low in the LNG-IUS-treated samples
when compared with the (early and mid) proliferative stages of the
cycle (P < 0.01). EP = early proliferative; MP = mid proliferative;
LP = late proliferative; ES = early secretory; MS = mid secretory;
LS = late secretory.
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by a non-parametric method, the Kruskall±Wallis test, followed by

Dunn's post-hoc multiple comparison test.

Results

Temporal expression of AR mRNA in endometrium during
the menstrual cycle and following treatment with LNG-IUS

The menstrual cycle samples were divided into proliferative (n

= 12) and secretory (n = 15) phases with further classi®cation

of samples as early (n = 4), mid (n = 3), and late proliferative (n

= 5) and early (n = 5), mid (n = 5) and late secretory (n = 5)

phases.

Signi®cantly higher levels of AR mRNA were observed in

the early and mid proliferative phase endometrial tissue

samples compared with the remainder of the menstrual cycle

stages (Figure 1).

The LNG-IUS-treated endometrium samples were analysed

following 3, 6 or >12 months of intrauterine treatment. To

allow comparison with the menstrual cycle, samples were

compared statistically with an early proliferative phase sample

as a control.

Comparison revealed a signi®cantly greater production of

AR mRNA in the proliferative phase when compared with any

duration of treatment with the LNG-IUS (P < 0.01) (Figure 1).

No signi®cant differences were noted between the secretory

phase and the LNG-IUS-treated endometrium.

Temporal expression of 17bHSD2 messenger RNA in
endometrium through the menstrual cycle and following
treatment with LNG-IUS

The same samples analysed for AR were used for the 17bHSD2

assays. The highest levels of 17bHSD2 mRNA expression was

noted in the early proliferative phase, with the levels being

signi®cantly greater than the other stages of the menstrual

cycle apart from the late secretory phase (P < 0.008) (Figure 2).

17bHSD2 mRNA was also detected in endometrium

exposed to intrauterine LNG. Samples were again analysed

after 3, 6 or >12 months of in-vivo treatment with LNG-IUS.

Relatively higher levels of 17bHSD2 mRNA were detected

following 3 months treatment with LNG-IUS. This was

signi®cantly greater than levels noted during the menstrual

cycle stages and the other LNG-IUS treatment groups (P <

0.01; Figure 2).

AR immunostaining in levonorgestrel-treated endometrium

Presence of LNG-IUS resulted in a typically pseudo-decid-

ualized stroma with atrophic glands and these histological

features were observed in all post-insertion endometrial

biopsies, as previously shown (Silverberg et al., 1986). Prior

to insertion, all proliferative phase endometrial tissue samples

displayed strongly positive nuclear immunoreactivity for AR in

the endometrial stroma with minimal glandular nuclear

immunoreactivity. As we previously noted (Slayden et al.,

2001), AR immunoreactivity in secretory phase biopsies was

also localized to stromal nuclei and was clearly decreased

(Figure 3).

Intrauterine delivery of levonorgestrel via LNG-IUS was

associated with minimal AR immunoreactivity in the stromal

compartment (Figures 3 and 4).

17bHSD2 immunostaining in levonorgestrel-treated
endometrium

In full-thickness endometrial biopsies, 17bHSD2 was immu-

nolocalized to the cytoplasm of glandular epithelium with no

stromal immunoreactivity observed (Figure 5). Maximal

immunoreactivity was noted in the secretory phase, during

which both super®cial and basal layers displayed strong

Figure 2. Quantitative evaluation of 17b-hydroxysteroid
dehydrogenase type 2 (17bHSD2) mRNA in endometrium across
the stages of the menstrual cycle and following intrauterine delivery
of levonorgestrel (LNG-IUS). All endometrial tissue samples were
compared with an internal control (comparator) obtained during the
early proliferative stage of the cycle. 17bHSD2 mRNA levels were
signi®cantly higher in the early proliferative phase of the menstrual
cycle when compared with the mid±late proliferative and the early±
mid secretory phase samples (P < 0.008). In LNG-IUS-treated
samples, relatively higher levels of 17bHSD2 mRNA were detected
following 3 months. This was signi®cantly greater than levels noted
during the menstrual cycle and the other LNG-IUS-treated samples
(P < 0.01). EP = early proliferative; MP = mid proliferative; LP =
late proliferative; ES = early secretory; MS = mid secretory; LS =
late secretory.

Figure 3. Androgen receptor (AR) immunoreactivity scores in
endometrial stromal compartments throughout the menstrual cycle
and following high dose intrauterine levonorgestrel exposure (1±12
months). Box-and-whisker plots: box represents the 25th and 75th
percentiles and the heavy bar represents the median. Symbols (O)
represent outliers. P = proliferative; S = secretory.
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immunoreactivity. Basal layer immunoreactivity was ®rst

evident in the early secretory phase. Immunostaining in both

the early and mid secretory phase biopsies was signi®cantly

greater than in the proliferative phase (P < 0.05). Super®cial

layer immunoreactivity for 17bHSD2 was also ®rst evident in

the early secretory phase with the mid secretory phase biopsies

displaying signi®cantly greater levels of immunostaining than

the proliferative phase (P < 0.01). In the late secretory phase

following the mid secretory peak, there was persistent super-

®cial and basal immunoreactivity.

One month after insertion of the LNG-IUS there was still

detectable 17bHSD2 immunostaining, and the staining inten-

sity was greater than that normally found during the

proliferative phase. Thereafter, at 3 months after insertion

there was a signi®cant decline in 17bHSD2 expression

compared with the level of 17bHSD2 immunoreactivity in

the secretory phase (P < 0.01; Figures 5 and 6). This low level

of immunoreactivity was maintained in the 12 month biopsy

specimens. The low degree of immunostaining for 17bHSD2

between 3 and 12 months post-insertion was not signi®cantly

different from that seen during the proliferative phase

(Figure 6).

Discussion

The present studies have identi®ed high levels of endometrial

17bHSD2 protein in the ®rst month after insertion of the

LNG-IUS associated with high levels of 17bHSD2 mRNA

expression in endometrial tissue 3 months post-insertion. Since

17bHSD2 converts estradiol to the less potent estrogen,

estrone, the endometrial glands are exposed to more estrone

than estradiol during the ®rst 3 months after LNG-IUS

Figure 4. Immunohistochemical localization of androgen receptor (AR) in human endometrium before and after treatment with
levonorgestrel-releasing intrauterine system (LNG-IUS) at 340 magni®cation. (A) Proliferative phase: high level of stromal
immunoreactivity. (B) Secretory endometrium: decreased stromal immunostaining. (C) Negative: no immunoreactivity. Endometrial biopsies
at 3 months (D), 6 months (E) and 12 months (F) following insertion of LNG-IUS. Note persistent down-regulation of stromal
immunoreactivity. Scale bar = 50 mm.

Figure 5. Immunohistochemical localization of 17b-hydroxysteroid dehydrogenase type 2 (17bHSD2) in human endometrium before and
after high dose intrauterine levonorgestrel (LNG) exposure (320 magni®cation). (A) Proliferative endometrium: no immunoreactivity in
epithelial cells. Inset is negative control. (B) Secretory endometrium: immunoreactivity localized to glandular epithelium and absent stromal
immunoreactivity. (C) Biopsy performed 1 month after LNG±intrauterine system insertion: de®nite, though reduced glandular
immunoreactivity. Endometrium 3 months (D), 6 months (E) and 12 months (F) after exposure to high-dose intrauterine LNG. Negligible/
absent immunostaining observed at these time-points. Scale bar = 50 mm.

K.A.Burton et al.

2614

D
ow

nloaded from
 https://academ

ic.oup.com
/hum

rep/article-abstract/18/12/2610/2913536 by guest on 30 January 2020



insertion. Any estradiol-dependent products of the glands that

may have paracrine actions throughout the endometrium would

thus be suppressed or perturbed at this time. It is during the ®rst

months after LNG-IUS insertion that a proportion of users

report unscheduled BTB. We propose that the unscheduled

BTB reported may be due in part to an intracellular `estrogen

de®ciency' that either directly or indirectly leads to vascular

fragility. 17bHSD2 protein expression is signi®cantly reduced

following 3 months treatment, coincident with the onset in

improvement in menstrual bleeding patterns. However, the

decline in 17bHSD2 mRNA expression appears to be stag-

gered, as these mRNA levels do not become undetectable until

6 months of LNG-IUS treatment.

Further, the present data demonstrate that endometrium

exposed to high-dose intrauterine delivery of levonorgestrel

exhibits a signi®cant decrease in stromal AR protein

immunoreactivity when compared with control proliferative

endometrium. This signi®cant down-regulation is in keeping

with levels exhibited in the secretory phase and is maintained

for >12 months following insertion of the LNG-IUS. In

addition, there is a down-regulation of AR messenger RNA in

LNG-IUS-exposed endometrium, which, in this case, is closely

re¯ected by the pattern of expression of the AR protein.

Levonorgestrel binds to both the AR and PR (Kloosterboer

et al., 1988; Lemus et al., 1992). The role of androgens in the

regulation of the AR protein and mRNA is not yet known, with

some studies suggesting an up-regulation in response to

androgens and others suggesting a down-regulation (Chada

et al., 1994; Fujimoto et al., 1994; Iwai et al., 1995; Apparao

et al., 2002). In-situ hybridization studies in the primate uterus

suggested that testosterone can synergize with estradiol

to up-regulate AR (Adesanya-Famuyiwa et al., 1999).

Levonorgestrel has dual progestogenic and androgenic activity

shown by its relative binding af®nity for the PR when

compared with AR (Kloosterboer et al., 1988). It is therefore

unclear as to the mechanism of AR down-regulation in

levonorgestrel-exposed endometrium, but it could be a conse-

quence of both progestogenic and androgenic action.

In human endometrium, steroidal regulation of receptor

action is dependent upon ligand availability. The 17bHSD

enzyme family comprises eight members, of which six human

isoforms have been characterized. Its primary role is the

inactivation of estradiol to estrone as well as testosterone to

androstenedione, but in addition it converts the inactive 20a-

dihydroprogesterone to active progesterone (Peltoketo et al.,

1999; Labrie et al., 2000). Previous publications also report an

up-regulation of 17bHSD2 in the progesterone-dominated

secretory phase (Casey et al., 1994). With intrauterine delivery

of levonorgestrel, we found an increase in the expression of

17bHSD2 protein when compared with the proliferative phase

of the menstrual cycle followed by a down-regulation of the

17bHSD2 protein in glandular epithelium after 3 months of

treatment that was maintained up to the 12 month time-point. A

signi®cant up-regulation of the 17bHSD2 mRNA in the initial

3 months was also noted followed by a down-regulation in

patients treated for >6 months. This is consistent with the

down-regulation of the PR receptor over this same time frame

(Critchley et al., 1998).

Of interest, the decline in 17bHSD2 mRNA expression

appears to be staggered from that of the protein with a decrease

in protein expression being noted prior to mRNA decline. This

may be due to enhanced stability of 17bHSD2 mRNA possibly

resulting in a persistence of the mRNA for long periods without

translation into protein. It has been shown that mRNA can be

stable for days at a time and this may be regulated in some

cases by sex steroids (Day et al., 1998; Staton et al., 2000).

Analysis of 17bHSD2 mRNA through the menstrual cycle also

shows a lack of correlation with protein expression, because

the highest levels of mRNA noted in the early proliferative

phase occurred when no protein expression was noted. A

similar pattern of 17bHSD2 mRNA expression is seen in the

data reported by Casey et al. (1994), Mustonen et al. (1998)

and Kitawaki et al. (2000). Northern blot analysis revealed

17bHSD2 mRNA in the early proliferative phase (Casey et al.,

1994) and Kitawaki et al. found comparable levels of

17bHSD2 mRNA in proliferative and secretory phase tissue

specimens (Kitawaki et al., 2000). Quantitative analysis of

17bHSD2 mRNA in human endometrium reported by

Mustonen et al. (1998) also revealed a lack of correlation

with protein levels, higher levels of mRNA expression

occurring during the late secretory phase after the peaks in

both serum progesterone and 17bHSD2 protein expression.

Another consistent feature in the endometrium of long-term

progestin-only contraceptive users is the abnormalities re-

ported in the structure of endometrial microvessels (Hickey

et al., 2000). There is an associated increase in blood vessel

fragility that may contribute to the pathogenesis of endometrial

BTB. In the endometrium, progesterone receptors are absent in

the endothelium but prominent in the perivascular cells (Koji

et al., 1994; Critchley et al., 2001). Levonorgestrel is reported

to induce changes in vessel fragility that may be mediated

through perivascular cells rather than the endothelium (Roberts

et al., 1992).

In summary, exposure of the endometrium to intrauterine

LNG results in decidualization and atrophy. The BTB prob-

lems reported by a proportion of users with this method of

Figure 6. 17b-Hydroxysteroid dehydrogenase type 2 (17bHSD2)
immunoreactivity scores in endometrial glandular compartments of
super®cial endometrium across the menstrual cycle and following
levonorgestrel-releasing intrauterine system (LNG-IUS) exposure
(1±12 months). Box-and-whisker plots: boxes represent the 25th and
75th percentiles and the heavy bar represents the median. The
whiskers represent the 10th and 90th percentiles. P = proliferative;
S = secretory.
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long-term progestin delivery are maximal during the ®rst few

months following insertion of an LNG-IUS. During this period,

the 17bHSD2 enzyme is elevated and steroid receptors,

including AR, are suppressed. As a consequence, intracellular

levels of the estrone are raised while those of estradiol, the

more potent estrogen, are lowered. Problematic BTB usually

improves after 3±6 months of LNG-IUS usage. At that time,

levels of 17bHSD2 protein are low and thus intracellular

concentrations of estradiol would be raised and estrone

lowered. The levels of both AR mRNA and protein remain

suppressed. We suggest that these gradual changes in

endocrine relationships during treatment with the LNG-IUS

mitigate the tendency for vascular fragility in the LNG-IUS-

treated endometrium. However, it is likely that the mechanisms

underlying the BTB associated with the use of LNG-IUS, and

indeed other progestin-only contraceptive methods, are com-

plex and involve multiple factors. Hopefully, data such as those

presented here will contribute further to our understanding of

local progestin action and associated tendency for BTB.
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Low-Dose Mifepristone Inhibits Endometrial
Proliferation and Up-Regulates Androgen Receptor

NITISH NARVEKAR, SHARON CAMERON, HILARY O. D. CRITCHLEY, SUIQING LIN,
LINAN CHENG, AND DAVID T. BAIRD

Contraceptive Development Network, Center for Reproductive Biology (N.N., S.C., H.O.D.C., D.T.B.), Edinburgh, United
Kingdom EH16 4SB; and Shanghai Institute of Family Planning Technical Instruction, International Peace Maternity and
Child Health Hospital, China Welfare Institute (S.L., L.C.), Shanghai 200030, People’s Republic of China

Mifepristone in daily low doses has contraceptive potential by
inhibiting ovulation. Follicular development is maintained,
and although the endometrium is exposed to unopposed es-
trogen, there are no signs of hyperplasia or atypia. The mech-
anism of this antiestrogenic action is unknown. We have
investigated the effect of daily low-dose mifepristone on pro-
liferation markers and steroid receptors in surface epithe-
lium, glands, and stroma of the endometrium. Endometrial
biopsies were collected from 16 women before (late prolifer-
ative) and 60 and 120 d after taking 2 or 5 mg mifepristone
daily for 120 d . Endometrial proliferation (H3 mitosis marker)
and steroid (estrogen, progesterone, and androgen) receptor
content were studied using standard immunocyotchemistry
techniques. There was a significant decrease in the expression

of H3 mitosis marker (P < 0.001) and progesterone receptor
(P < 0.05) in endometrial glands and stroma by d 60 of treat-
ment. In contrast, the expression of androgen receptor in-
creased (P < 0.01) in glands, surface epithelium, and stroma
compared with the pretreatment sample. These changes were
maintained at 120 d of treatment. The expression of estrogen
receptor was unchanged in stroma and surface epithelium;
however, there was a significant decrease in expression after
120 d of treatment (P � 0.034). As androgens can antagonize
estrogen action, enhanced glandular androgen receptor ex-
pression induced by mifepristone could play a role in its an-
tiproliferative effects. (J Clin Endocrinol Metab 89: 2491–2497,
2004)

PROGESTERONE RECEPTOR (PR) antagonists have
many potential uses, including the treatment of endo-

metriosis, fibroids, breast cancer, and meningiomas (1). Mife-
pristone is now licensed in many countries for medical ter-
mination of pregnancy (2, 3). In low daily doses it can serve
as a novel, estrogen-free, contraceptive pill (4–6). Because
follicular development is maintained, the endometrium is
exposed to estrogen for prolonged periods unopposed by
progesterone, raising concerns about potential risks of en-
dometrial hyperplasia (7–9). It has been demonstrated in
studies in nonhuman primates (10–14) and women (5, 6, 15,
16) that mifepristone and other PR antagonists exert anti-
proliferative effects on the endometrium. Such antiprolifera-
tive properties carry enormous importance for the sustained
development of these promising compounds for long-term
use. As mifepristone has no direct effect on estrogen receptor
(ER), the mechanism of this noncompetitive, antiestrogenic
activity still remains largely unknown (10).

There is substantial evidence that exogenous androgen can
have inhibitory effects on the female reproductive tract (17–
20). It has been suggested that the androgen receptor (AR)
could play an important role in the noncompetitive anties-
trogenic actions of PR antagonists (21). Slayden et al. (21)
demonstrated a significant up-regulation of AR in endome-

trium after 21–30 d of treatment with PR antagonists. How-
ever, there are no data on the expression of AR after long-
term treatment with mifepristone.

We previously reported that daily doses of 2 and 5 mg
mifepristone for 120 d has contraceptive potential by sup-
pressing ovulation and endometrial cyclicity (4). A striking
feature of the endometrium after treatment with low dose
mifepristone was a significant reduction in mitotic count and
Ki67 immunostaining compared with endometrium on d 12
of control cycles (6). Because Ki67 protein is expressed during
several phases of the cell cycle, e.g. G1, S, G2, and M, counts
of Ki67-positive nuclei in paraffin sections are numerically
greater than mitotic counts, although the Ki67 is usually well
correlated with the mitotic index (22, 23). Mifepristone may
block completion of the cell cycle at G2-M interphase (24), so
that Ki67 protein persists for some time after cell division has
been arrested. Therefore, Ki67 counts may fail to reveal that
mifepristone treatment suppressed estrogen-dependent pro-
liferation (5). Direct counting of mitotic cells in hematoxylin/
eosin-stained sections is a time-consuming process that re-
quires highly skilled observers (25). We evaluated a new
marker of phosphorylated proteins associated with mitosis,
phospho-H3. This marker has been validated in paraffin-
embedded endometrial tissues and shows an excellent cor-
relation with the mitotic count (26). The aim of the present
study was to examine endometrial proliferation and steroid
receptor content and distribution in women after treatment
with low dose mifepristone, with particular emphasis on the
role of the AR in mediating endometrial antiproliferative
effects.

Abbreviations: AR, Androgen receptor; BMI, body mass index; DAB,
3,3�-diaminobenzidine; ER, estrogen receptor; NGS, nonimmune goat
serum; NHS, nonimmune horse serum; PCOS, polycystic ovarian syn-
drome; PR, progesterone receptor.
JCEM is published monthly by The Endocrine Society (http://www.
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Subjects and Methods

Human endometrial samples were obtained from three different pa-
tient groups. The local ethics committees (institutional review board)
approved each of the studies, and all women provided written informed
consent.

Mifepristone group

A subset of 16 women, aged 18–40 yr, with regular menstrual cycles
(25–35 d) were studied for one pretreatment, four treatment, and one
posttreatment cycles from 58 volunteer women from Edinburgh previ-
ously reported (4, 6). Subjects were randomly allocated to receive 2 and
5 mg mifepristone daily for the 120 treatment d. Subjects had a mean age
of 30.5 yr and a mean body mass index (BMI) of 24.5 kg/m2. Endometrial
biopsies were collected using a Pipelle endometrial sampling device
(Prodimed, Neuilly-en-Thelle, France) in the late follicular phase of the
pretreatment cycle (d 12), after 60 d of mifepristone treatment, and after
120 d of treatment. Specimens were fixed in normal buffered formalin,
processed, and embedded in paraffin wax. Endocrine and endometrial
findings have been reported previously (4, 6).

Control groups

Two groups of women whose endometrium was exposed to unop-
posed estrogen were chosen as controls. As unopposed estrogen gives
rise to persistent proliferative endometrium, the endometrium from
these women could be compared with that of subjects who remained
anovulatory with mifepristone.

A group of women (n � 6) with anovulatory infertility due to poly-
cystic ovarian syndrome (PCOS) participating in a study evaluating the
effects of low-dose mifepristone on endometrial maturation and pro-
liferation were recruited (5). Subjects had a mean age of 25 yr (range,
23–38 yr) and a mean BMI of 24.5 kg/m2 (range, 18.7–27.6 kg/m2), and
all had biochemical and ultrasound evidence of polycystic ovaries (27).
All women had an endometrial biopsy taken 21–23 d after a progesto-
gen-induced withdrawal bleed.

A second group of postmenopausal women (1 yr of amenorrhea or
using hormone replacement therapy for 2 yr; n � 5) participating in
a study evaluating effects of onapristone on postmenopausal endo-
metrium were recruited. The details of the study along with endo-
crine and endometrial findings have been reported separately (28).
Subjects had a mean age of 54.4 yr (range, 49 –54 yr) and a mean BMI
of 26.6 kg/m2 (range, 20.9 –33.8 kg/m2). None of the women had used
a hormone preparation within the preceding 6 wk. Women were
instructed to take daily 2 mg 17�-estradiol valerate (Schering UK,
Burgess Hill, West Sussex, UK) orally for 8 wk (56 d). Endometrial
biopsy was performed in the eighth week of treatment (n � 4). One
subject refused endometrial sampling. Endometrial histology was
reported as proliferative in all samples.

Immunocytochemistry

Immunocytochemistry was performed for the immunolocalization of
phospho-H3 (Upstate Biotechnology, Inc., Lake Placid, NY), Estrogen
receptor (ER clone ID5, DAKO, Glostrup Denmark), PR (Abbott-PR ICA,
Abbott Laboratories, Inc., North Chicago, IL) and AR (F39, BioGenex
Laboratories, San Ramon, CA). ER, PR, and AR immunostaining pro-
cedures followed the methods previously described (21, 29, 30). The
phospho-H3 immunostaining procedures followed those described by
Brenner et al. (26).

Phospho-H3 mitosis marker

Paraffin sections (5 �m) were dewaxed in Histoclear (National
Diagnostics, Atlanta, GA), rehydrated through a series of alcohols,
and washed with PBS. The slides were then subjected to pressure
cooker antigen retrieval in 0.01 m sodium citrate buffer at pH 6 for
5 min. Endogenous peroxidase activity was quenched by immersion
in 3% hydrogen peroxide (Merck & Co., Poole, UK) in distilled water
for 10 min at room temperature. Nonspecific binding of the primary
antibody was blocked by incubating the sections for 20 –30 min at
room temperature in nonimmune goat serum (NGS; Vector Labora-
tories, Inc., Peterborough, UK). A variety of dilutions (0.66, 1, and 2

�g/ml) of the primary antibody in NGS were assessed in preliminary
studies. The best compromise between signal to noise (specific stain-
ing vs. background) for phospo-H3 was 1 �g/ml (1:1000 dilution).
Slides were then incubated overnight at room temperature with rab-
bit polyclonal phopho-H3 antibody (1:1000 dilution in NGS) or sim-
ilarly with a control rabbit IgG antibody (1:1000 dilution in NGS). An
avidin-biotin peroxidase system was used as the detection system.
The slides were incubated in biotinylated horse antirabbit secondary
antibody (Vector Laboratories, Inc.) in NGS, followed by the avidin-
biotin peroxidase complex (Vectastain HRP, Vector Laboratories,
Inc.), for 60 min each at room temperature. The peroxidase substrate
3,3�-diaminobenzidine (DAB; Vector Laboratories, Inc.) was used to
visualize the reaction.

AR

Paraffin sections (5 �m) were dewaxed in Histoclear (National Di-
agnostics), rehydrated through a series of alcohols, and washed with
PBS. The slides were then subjected to pressure cooker antigen retrieval
in 0.01 m sodium citrate buffer at pH 6 for 5 min. Endogenous peroxidase
activity was quenched by immersion in 3% hydrogen peroxide (Merck
& Co.) in distilled water for 10 min at room temperature. Nonspecific
binding of the primary antibody was blocked by incubating the sections
for 20–30 min at room temperature in nonimmune horse serum (NHS;
Vector Laboratories, Inc.). Slides were then incubated at 4 C with mono-
clonal antihuman AR antibody F39.4 overnight (1:480 dilution in PBS/
BSA gel) or similarly with a control mouse IgG antibody (1:600 dilution
in PBS/BSA gel). An avidin-biotin peroxidase system was used as the
detection system. The slides were incubated in biotinylated horse an-
timouse secondary antibody (Vector Laboratories, Inc.) in NHS, fol-
lowed by avidin-biotin peroxidase complex (Vectastain Elite PK 6101,
Vector Laboratories, Inc.), for 60 min each at room temperature. The
peroxidase substrate DAB (Vector Laboratories, Inc.) was used to visu-
alize the reaction.

PR

Paraffin sections (5 �m) were dewaxed in Histoclear (National Di-
agnostics), rehydrated through a series of alcohols, and washed with
PBS. The slides were then subjected to microwave antigen retrieval in
0.01 m sodium citrate buffer at pH 6 for 10 min. Endogenous peroxidase
activity was quenched by immersion in 3% hydrogen peroxide (Merck
& Co.) in distilled water for 10 min at room temperature. Nonspecific
binding of the primary antibody was blocked by incubating the sections
for 20–30 min at room temperature in NHS (Vector Laboratories, Inc.).
Slides were then incubated at 37 C for 1 h with mouse monoclonal PR
antibody (1:40 dilution in NHS) or similarly with a control mouse IgG
antibody (1:6000 dilution in NHS). An avidin-biotin peroxidase system
was used as the detection system. The slides were incubated in biotin-
ylated horse antimouse secondary antibody (Vector Laboratories, Inc.)
in NHS, followed by avidin-biotin peroxidase complex (Vectastain Elite
PK 6101, Vector Laboratories, Inc.) for 30 min each at room temperature.
The peroxidase substrate DAB (Vector Laboratories, Inc.) was used to
visualize the reaction.

ER

Paraffin sections (5 �m) were dewaxed in Histoclear (National
Diagnostics), rehydrated through a series of alcohols, and washed
with PBS. The slides were then subjected to microwave antigen re-
trieval in 0.01 m sodium citrate buffer at pH 6 for 10 min. Endogenous
peroxidase activity was quenched by immersion in 3% hydrogen
peroxide (Merck & Co.) in distilled water for 10 min at room tem-
perature. Nonspecific binding of the primary antibody was blocked
by incubating the sections for 20 –30 min at room temperature in NHS
(Vector Laboratories, Inc.). Slides were then incubated at 37 C for 1 h
with mouse monoclonal ER antibody (1:25 dilution in NHS) or sim-
ilarly with a control mouse IgG subtype 1 antibody (1:150 dilution in
NHS). An avidin-biotin peroxidase system was used as the detection
system. The slides were incubated in biotinylated horse antimouse
secondary antibody (Vector Laboratories, Inc.) in NHS, followed by
avidin-biotin peroxidase complex (Vectastain Elite PK 6101, Vector
Laboratories, Inc.), for 60 min each at room temperature. The per-
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oxidase substrate DAB (Vector Laboratories, Inc.) was used to visu-
alize the reaction.

Immunocytochemistry score

Semiquantitative score. The location and intensity of immunostaining
were measured using a semiquantitative scoring system. Sections were
scored blind by two observers (blind to study groups and to the other’s
results). This scoring system is a standard method used in previous
studies (29, 30). A high correlation has been demonstrated between
objectively measured immunoreactivity (image analysis) and subjective
semiquantitative scoring of immunostaining patterns (29). Immuno-
staining intensity and distribution of epitopes in all tissue sections were
assessed on an arbitrary four-point scale: 0 � no staining, 1 � mild
staining, 2 � moderate staining, and 3 � intense staining. This method
of semiquantitative scoring has been previously validated in our labo-
ratory (29).

Quantitative score. Phospho-H3 mitosis marker immunoexpression was
assessed separately for glands and stroma using image analysis. The
system used a Axistop 2 microscope (�40 objective; Carl Zeiss, Inc., New
York, NY) connected to a MacIntosh G3 computer (Apple Computer,
Cupertino, CA), using Openab 2.08 image analysis software (Improvi-
sion, Coventry, UK). At least 12 fields of view were selected at random
from each tissue section. The glands and stroma from each digitized
image were interactively dissected. Using Openlab color discrimination
software, the total number of phospho-H3-expressing cells (brown prod-
uct) and the number of those not expressing phospho-H3 (blue hema-
toxylin) were measured separately for each digitized image. The number
of phospho-H3 expressing cells is reported as a percentage of total cells
(brown and blue) per sample. This method of image analysis has pre-
viously been described and validated in our laboratories (29, 31).

Statistical methods

Statistical analysis was performed using SPSS (SPSS, Inc., Chicago, IL)
and Excel 2002 (Microsoft Corp., Redmond, WA). Continuous data are
expressed as the mean � se, and categorical data are expressed as the
median and range. Nonparametric tests (Friedman’s test, Wilcoxon’s
signed rank test, and Mann-Whitney test), with and without Bonferroni
correction, were used to compare immunostaining scores at various time
points. Where there were significant differences in the conclusions, these
are noted.

Results
Phospho-H3 mitosis marker

Mitotic activity as indicated by antibody to phosphory-
lated histone H3 showed a highly significant decrease (P �
0.001) in the endometrium by d 60 of treatment (mean � sem;
glands, 0.89 � 0.14; stroma, 0.48 � 0.09; Fig. 1) compared with
pretreatment proliferative endometrium (glands, 3.48 � 0.42;
stroma, 1.57 � 0.16; Fig. 2, A and B). This decrease was
demonstrable in both glands and stroma and was maintained
at 120 d (glands, 0.96 � 0.13; stroma, 0.55 � 0.11; Fig. 2C).
Endometrium from PCOS women showed higher mitotic
activity in the glands (4.72 � 0.74; P � 0.168, not significant),
whereas postmenopausal women had a significantly lower
mitotic activity in the stroma (0.65 � 0.13; P � 0.011) com-
pared with proliferative d 12 pretreatment endometrium
(Figs. 1 and 2D). The mitotic activity in the stromal com-
partment (PCO group, 1.21 � 0.22) and glands (postmeno-
pausal group, 2.00 � 0.55) was not significantly different
from that in proliferative samples.

AR

Pretreatment proliferative phase endometrium showed a
strong expression of AR in the stroma and minimal or absent

expression in glands and surface epithelium (Table 1 and Fig.
2E). There was a significant increase in AR expression in
surface epithelium, glands, and stroma after treatment with
mifepristone compared with that seen in the proliferative
phase pretreatment sample. This increase occurred as early
as 60 d (P � 0.05; Fig. 2F) and was maintained on d 120 (Fig.
2G). The increase was most marked in the glandular com-
partment, where a virtual absence of expression in the pro-
liferative pretreatment sample (Fig. 2E) was replaced by in-
tense immunostaining in posttreatment samples (P � 0.01;
Fig. 2, F and G). There was no difference between women
treated with 2 or 5 mg mifepristone. Endometrium from
PCOS and estrogen-treated postmenopausal women showed
strong AR expression in the stroma, with minimal expression
in glands and surface epithelium (Fig. 2H). This pattern was
similar to that in d 12 pretreatment proliferative phase sam-
ples. Expression in glands was significantly greater in the

FIG. 1. Percentage of endometrial cells immunostaining for phos-
pho-H3 in glands (A) and stroma (B) before and after treatment with
daily mifepristone; comparison with control, polycystic ovary (PCO)
and postmenopausal (PM) groups. The values are expressed as me-
dian (horizontal bar), mean (square dot), and box plots showing 50%
of values (box) with range (whiskers). X, P � 0.001, significant de-
crease, mifepristone d 60 and 120 treatment endometrium vs. d 12
pretreatment by (Wilcoxon’s signed rank test). Y, P � 0.01, significant
decrease, d 56 estradiol-treated postmenopausal endometrium vs. d
12 proliferative (by Mann-Whitney U test).
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postmifepristone treatment samples than in samples from
both PCOS and postmenopausal women (P � 0.05).

PR

There was a reduction in PR expression in surface epithe-
lium, glands, and stroma by d 60, which was maintained on

120 d (Table 2 and Fig. 2, I–K). There was no difference
between women treated with 2 or 5 mg mifepristone. There
was strong PR staining in all three endometrial compart-
ments (surface epithelium, glands, and stroma) in PCOS and
postmenopausal groups (Fig. 2L). This pattern was similar to
that in d 12 pretreatment proliferative phase samples.

FIG. 2. Immunoexpression of phospho-H3 (A–C), AR (E–G), PR (I–K), and ER (M–O) in endometrial glands (Gl.) and stroma (Str.) of a woman
before and after daily treatment with 5 mg mifepristone; comparison with endometrium of a postmenopausal woman on 56 d of unopposed
estrogen (HRT; 2 mg 17�-estradiol; D, H, L, and P). Scale bar (D), 50 �m; brown, positive immunoexpression; blue, negative immunoexpression.
Significant reduction in immunoexpression of phospho-H3 mitosis marker (arrows) after 60 d (B) and 120 d (C) of treatment with mifepristone
compared with follicular pretreatment d 12 endometrium (A) or endometrium from postmenopausal woman receiving unopposed estrogen
showing ongoing mitosis (D). Significant increase in AR immunoexpression after 60 d (F) and 120 d (G) of treatment with mifepristone compared
with follicular pretreatment d 12 endometrium (E) and endometrium from postmenopausal woman receiving unopposed estrogen (HRT; H).
Significant decrease in PR immunoexpression after 60 d (J) and 120 d (K) of treatment with mifepristone compared with follicular pretreatment
d 12 endometrium (I) and endometrium from a postmenopausal woman receiving unopposed estrogen (HRT) showing a similar distribution as
the pretreatment sample (L). Immunoexpression of ER in follicular pretreatment d 12 endometrium (M) and after 60 d (N) and 120 d (O) of
treatment with mifepristone and in endometrium from a postmenopausal woman receiving unopposed estrogen (HRT; P).

TABLE 1. AR immunoexpression expressed as the mean (median) in endometrium before and after treatment with daily mifepristone;
comparison with control, polycystic ovary (PCO), and postmenopausal (PM) groups

Mifepristone group (n � 16)
PCO group (n � 6), d 21 PM group (n � 4), d 56

d 12 pretreatment d 60 mifepristone d 120 mifepristone

Surface 0.93 (1) 2.27 (2)a 2.14 (2)a 1.33 (2)b 1.50 (2)
Glands 0.44 (0) 2.25 (2)a 2.06 (2)a 1.00 (1)b 1.00 (1)b

Stroma 2.25 (3) 2.69 (3)a 2.44 (3) 2.83 (3) 2.00 (2)
a P � 0.01, significant increase, mifepristone d 60 and 120 treatment endometrium vs. d 12 pretreatment (Wilcoxon signed rank test).
b P � 0.05, significant increase, mifepristone d 60 treatment endometrium vs. PCO/PM controls (Mann-Whitney U test).
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ER

There was no significant change in ER expression in sur-
face epithelium and stroma after treatment with mifepristone
(Table 3 and Fig. 2, M–O). Expression in glands was de-
creased after 120 d (P � 0.034). This failed to reach signifi-
cance after using Bonferroni’s correction (P � 0.102). There
was no difference between women treated with 2 or 5 mg
mifepristone. The endometrium in both control groups dem-
onstrated strong ER staining in all three endometrial com-
partments (Fig. 2P). This pattern was similar to that in d 12
pretreatment proliferative phase samples.

Discussion

This study extends our previous report of the effects of
daily low-dose mifepristone on endometrial development
(4–6). We have confirmed antiproliferative effects of low
dose mifepristone with a new mitosis marker, phospho-H3,
along with a significant increase in glandular AR expression.
Our study shows for the first time that after prolonged treat-
ment with mifepristone (120 d), there is a significant down-
regulation of PR.

Concern has been expressed previously that long-term use
of PR antagonists may lead to endometrial hyperplasia and
possible malignancy due to exposure of the endometrium to
the effects of unopposed estrogen (7–9). Evidence of estro-
genic stimulation of the endometrium has been observed in
the rats receiving long-term PR antagonist treatment (32, 33).
The nonhuman primate endometrium, however, demon-
strates endometrial atrophy and evidence of antiestrogenic
activity (10, 34–38). In women, after high doses of mifepris-
tone (25 and 50 mg/d) variable effects, such as atypical cystic
changes, have been described in eutopic endometrium (8,
39). In a study in which women with pelvic endometriosis
were treated with 50 mg mifepristone/d for 6 months, there
was evidence of endometrial hyperplasia and numerous mi-
totic figures (8). The occurrence of endometrial gland dila-
tation in 34% of women receiving chronic treatment with
mifepristone (1 mg/d given for 150 d) has also been reported
(15). We reported previously that 18–23% of women treated
with 2 or 5 mg mifepristone/d developed cystic changes in

the endometrium, although the cysts were lined with inac-
tive glandular tissue (6). There is a case report of an adoles-
cent girl, aged 13 yr, with Cushingoid features and morbid
osteoporosis who was treated with high doses (400 mg/d) of
mifepristone for its antiglucocorticoid effect (7). However,
with each of the two 6-month courses of mifepristone, given
9 months apart, she developed massive simple endometrial
hyperplasia. There was no evidence of atypia, and ER and PR
concentrations were in the normal range. This abnormality
resolved on cessation of treatment. Eisenger et al. (9) inves-
tigating effects of 5 and 10 mg mifepristone daily for 6
months on uterine leiomyomata noted simple endometrial
hyperplasia in 28% of subjects. No atypical hyperplasia was
noted. Our findings using phospho-H3, a specific marker of
mitosis, confirm that at the doses tested, there is no evidence
of endometrial hyperplasia. Although a proportion of the
endometrial samples show cystic dilatation, the glands are
lined by atrophic inactive epithelium in contrast to the
pseudo-stratified appearance in typical cystic glandular hy-
perplasia (6).

In agreement with previous reports (21, 40, 41), prolifer-
ative phase control endometria demonstrated absent or min-
imal AR expression. Treatment with a PR antagonist en-
hances stromal and induces glandular AR expression (21).
Slayden et al. (21) used ligand binding, immunocytochem-
istry, and in situ hybridization on the same set of endometria
to ascertain the regulation of and localization of AR during
normal and hormonally regulated cycles and to evaluate
changes in AR in women and nonhuman primates treated
with PR antagonist (mifepristone or ZK 137 316). Treatment
of macaques with estradiol implants for 28 d significantly
increased AR mRNA in stromal cells, but not in the glands.
The highest levels of AR mRNA in both stroma and glands
were detected after combined treatment with estradiol and
PR antagonist (mifepristone or ZK 137 316) treatment. At all
stages of the human menstrual cycle, AR staining was lo-
calized predominantly in the endometrial stroma, with no or
barely detectable staining in the glands. After mifepristone
treatment (2 mg/d for 21–24 d), there were distinct and
notable increases in AR staining of the glands and surface

TABLE 3. ER immunoexpression expressed as the mean (median) in endometrium before and after treatment with daily mifepristone;
comparison with control, polycystic ovary (PCO), and postmenopausal (PM) groups

Mifepristone group (n � 16)
PCO group (n � 6), d 21 PM group (n � 4), d 56

d 12 pre-treatment d 60 mifepristone d 120 mifepristone

Surface 2.56 (2.5) 2.63 (3) 2.53 (3) 2.5 (2) 2.75 (3)
Glands 2.94 (3) 2.88 (3) 2.56 (3)a 3.00 (3) 3.00 (3)
Stroma 2.56 (3) 2.62 (3) 2.50 (3) 2.83 (3) 2.25 (2)

a P � 0.034, significant decrease, mifepristone d 120 treatment endometrium vs. d 12 pretreatment (Wilcoxon signed rank test).

TABLE 2. PR immunoexpression expressed as the mean (median) in endometrium before and after treatment with daily mifepristone;
comparison with control, polycystic ovary (PCO), and postmenopausal (PM) groups

Mifepristone group (n � 16)
PCO group (n � 6), d 21 PM group (n � 4), d 56

d 12 pretreatment d 60 mifepristone d 120 mifepristone

Surface 2.40 (2.5) 1.88 (2) 1.86 (2)a 2.00 (1) 2.25 (2)
Glands 2.81 (3) 2.13 (2)a 1.80 (2)a 2.50 (3) 2.70 (3)
Stroma 2.38 (2) 1.63 (2)a 1.60 (1)a 2.33 (2) 2.50 (3)

a P � 0.05, significant decrease, mifepristone d 60 and 120 treatment endometrium vs. d 12 pretreatment (Wilcoxon signed rank test).
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epithelium plus some enhancement of stromal AR staining
(21).

Short-term treatment with PR antagonist, either during the
menstrual cycle or with combined estrogen therapy, leads to
elevations of the two main uterine steroid receptors, ER and
PR (5, 42, 43). Expression after chronic treatment has been
shown to be increased, decreased, or unchanged depending
on the dose and duration of treatment (8, 38, 39, 44). We have
demonstrated a down-regulation of PR after 60 d of treat-
ment. ER expression decreased in glands, but remained un-
changed in surface epithelium and stroma. The mechanisms
involved are poorly understood, but could result from either
chronic antimitotic activity (24) affecting cellular protein syn-
thesis or androgen-AR interactions.

The endometrium is a target tissue for androgen action.
There is ample evidence of antiestrogenic effects of exoge-
nous androgens in vivo (17–20), and androstenedione can
inhibit human endometrial cell growth and secretory activity
in vitro (45). Currently, the role of endogenous androgens in
the endometrium is not clear, but stromal AR would mediate
any possible effects of normal levels of endogenous andro-
gens. Treatment with mifepristone up-regulates AR in
glands; hence, androgens could have direct effects on glands
in addition to stroma. An increase in AR levels in mifepris-
tone-treated tissues could lead to an increased binding of
androgens, which might antagonize the effects of estrogens
on endometrial growth. Treatment with flutamide, a pure
antiandrogen, blocked the antiproliferative effect of the PR
antagonist ZK 137 316 in the nonhuman primate, adding
strong support to the hypothesis that this effect of PR an-
tagonist is mediated through changes in AR (46). It is possible
that mifepristone itself directly mediates these effects by
interacting with AR, for which the relative binding affinity
is 13% (47).

The factors regulating the expression of AR in the endo-
metrium are not clear. In the normal cycle, AR is confined to
the stroma, with little or no expression in the glands (21, 40,
41). Our observations in postmenopausal women treated
with estrogen and in women with PCOS are in keeping with
reports in women and nonhuman primates that estrogen
stimulates AR expression in the endometrium (38, 48). In-
creased AR expression in both stroma and glands of endo-
metrium from women with PCO have been reported by
others (49). The expression was higher in those with persis-
tent proliferative endometrium and may merely reflect the
effect of prolonged exposure to unopposed estrogen. Al-
though this probably contributes to the changes in women
treated with long-term mifepristone, it is likely that the mas-
sive up-regulation of AR that occurs, especially in the glands,
as early as 21 d after starting treatment is a specific effect of
the PR antagonist (21). In our study the endometrial biopsy
from women with PCO, collected 21 d after progestagen-
induced menses, showed little, if any, AR expression in
glands and was similar to that observed in estrogen-treated
women.

Summary

In summary, we have shown that low dose mifepristone
treatment has a significant antiproliferative effect on the en-

dometrium. There is down-regulation of PR and ER and
up-regulation of AR. The mechanisms involved are poorly
understood. An increase in glandular AR content could me-
diate the antiestrogenic, antiproliferative effects of PR an-
tagonists. Whether androgens mediate all of these effects or
whether PR antagonists interact in concert with other factors
remains to be established.
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Leukocyte Populations and Steroid Receptor Expression
in Human First-Trimester Decidua; Regulation by
Antiprogestin and Prostaglandin E Analog
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Context: Progesterone acting via its cognate receptor is critical to
maintaining a viable endometrial environment for implantation and
pregnancy. During medical termination of pregnancy, the biological
effect of progesterone is pharmacologically withdrawn and prosta-
glandins administered exogenously. Leukocytes within the uterus are
the effector cells of an inflammatory response and play important
roles in both tissue breakdown and remodeling.

Objective: The aim of this study was to identify the separate and
combined effects of the antiprogestin Mifepristone (single dose, 200
mg) and the prostaglandin E (PGE) analog (gemeprost) on leukocyte
populations and steroid receptor expression in human first-trimester
decidua.

Patients: Eighty women were recruited from the termination of preg-
nancy service with a gestational age of between 35 and 65 d at the time
of surgical termination of pregnancy.

Main Outcome Measures: Immunohistochemistry was used to

measure macrophage (CD68 �ve), neutrophil (neutrophil elastase
�ve), and uterine natural killer cell (CD56 �ve) populations and
progesterone (PRA and PRB), estrogen (ER� and ER�), and androgen
receptor (AR) expression.

Results: After administration of both antiprogestin and the PGE
analog, macrophage and neutrophil numbers were significantly in-
creased, whereas natural killer cell numbers were unchanged. Anti-
progestin and PGE analog coadministration also significantly de-
creased PR and ER� immunoreactivity but had no effect on androgen
receptor or ER� receptor expression. PGE analog alone was also
capable of reducing PR expression.

Conclusions: In this study, we demonstrate that the inflammatory
response induced by antiprogestin in combination with PGE analog
is accompanied by both increases in macrophages and neutrophils
numbers and decreases in PR and ER� expression in human first-
trimester decidua. (J Clin Endocrinol Metab 90: 4315–4321, 2005)

THE ENDOMETRIUM IS a multicellular tissue that re-
sponds during the menstrual cycle to sequential expo-

sure of estrogen and progesterone (1). In addition to glan-
dular and stromal cells, leukocytes are present in the
endometrium of nonpregnant women. The populations of
leukocytes present in the uterine environment have been
characterized extensively and are outlined in many reviews
(most recently, see Ref. 2). Briefly, leukocytes of all types are
present in small numbers within the endometrium. After
ovulation, macrophage and NK cell numbers increase during
the secretory phase and peak premenstrually and at men-
struation, respectively. If implantation occurs and the endo-
metrial layer undergoes additional differentiation, resident
NK cells continue to proliferate, while, in parallel, there is a
continuation of the macrophage influx seen first after ovu-
lation. In decidua parietalis at the end of the first trimester,
uterine NK cells represent 30% of all stromal cells, and mac-
rophages represent approximately 20% (3). Leukocyte pop-
ulations were, until recently, thought to be directly con-

trolled by paracrine mediators and only indirectly by
hormones with no documented evidence of sex steroid re-
ceptor expression in macrophages, neutrophils, or NK cells
within the uterus (4, 5). A recent study, however, now dem-
onstrates estrogen receptor (ER�) and glucocorticoid recep-
tor expression in uterine NK cells (6).

Progesterone and estrogen are the principal steroid hor-
mones responsible for physiological changes in the endo-
metrium, and, although testosterone is present in the uterus
(7), its function has yet to be determined. Steroid hormones
mediate their responses via their cognate receptors that be-
long to the steroid receptor superfamily (8). Progesterone
acts via the progesterone receptor (PR) that exists as two
isoforms, PRA and PRB, encoded by the same gene and re-
sulting from two distinct estrogen-regulated promoters (9,
10). Estrogens can bind to two ERs, ER� and ER�, that are
encoded for by different genes (11, 12). Androgens, testos-
terone, and its derivative dihydrotestosterone act via the
androgen receptor (AR), for which only one family member
has been identified (13–15).

Mifepristone (RU486) is a PR antagonist developed in the
early 1980s (16) that binds to PR with five times greater
affinity than progesterone (17). Administered in combination
with a prostaglandin (PG) analog, Mifepristone is capable of
terminating more than 95% of first-trimester pregnancies and
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is licensed in the United Kingdom for the medical termina-
tion of pregnancy (18). After administration of Mifepristone,
there is an increase in macrophages in endometrium and
decidua and enhanced contractility of the myometrium (19).
In first-trimester decidua, Mifepristone induces increased
COX-2 expression and PG synthesis in decidua (20) and a
decrease in prostaglandin dehydrogenase, the enzyme re-
sponsible for PG metabolism (21). Studies investigating the
effects of Mifepristone on steroid receptor expression in an-
imal and human decidua show varied effects of Mifepristone
on the expression of both PR subtypes and ER� (21–25) and
often included the administration of prostaglandin E (PGE)
analogs (23).

During medical termination, when progesterone is phar-
macologically withdrawn and PGs are administered exog-
enously, the separate and combined effects of these treat-
ments on leukocyte populations and steroid receptor
expression has not been determined. In the present study, we
investigated the roles of both progesterone (using a model of
progesterone antagonism in vivo) and PGs (using a PGE
analog) in the recruitment of selected leukocyte subpopula-
tions and on expression patterns for the steroid receptors
(AR, ER�, ER�, PRA, and PRB) in early pregnancy decidua.

Patients and Methods
Patient recruitment and tissue collection

Eighty women were recruited from the termination of pregnancy
service at the Royal Infirmary, Edinburgh, Scotland, United Kingdom.
Only women with a first-trimester pregnancy were approached about
participation by a dedicated clinical research nurse. All participants
provided written informed consent before tissue collection, and ethical
approval was obtained from Lothian Research Ethics Committee (No.
94/6/1 and 96/6/18). The gestational age, dated from the reported first
day of last menstrual period, was between 35 and 65 d at the time of
surgical termination of pregnancy. Women were randomized into eight
groups to receive, at a fixed time, vaginal PG analog (Cervagem, 1 mg)
of 0, 1, 2, or 3 h either alone or after 24 h Mifepristone (200 mg). Treatment
group was randomized by use of random number tables to allocate
equally subjects to one of the possible eight treatment options. All
patients were entered into only one group, and no patient received
repeated biopsies. After control or Mifepristone treatment, the women
were administered a vaginal PGE analog pessary, and decidual tissue
was collected using curettage of the uterine wall before vacuum aspi-
ration of the products of conception at 0 (no PGE analog), 1, 2, or 3 h after
vaginal administration (n � 10 for each group). Biopsies were fixed
overnight in 4% paraformaldehyde/PBS before wax embedding. De-

cidual tissue sections were immunostained with cytokeratin to confirm
absence of trophoblast cells within the biopsy (data not shown).

Immunohistochemistry protocol

All immunohistochemical assays used techniques described previ-
ously in detail by this laboratory (26). Antibody sources and specific
experimental criteria are summarized in Table 1. In brief, sections were
dewaxed in Histoclear and hydrated in descending alcohol solutions
and washed in PBS, and endogenous peroxidase activity was quenched
with H2O2 (3% in distilled water). After antigen retrieval, where nec-
essary, nonimmune serum was applied for 20 min before overnight
incubation at 4 C with primary antibody. A species-specific secondary
antibody and avidin-biotin peroxidase detection system was applied
following the guidelines of the manufacturer (Vectastain ABC kits; Vec-
tor Laboratories, Burlingame, CA), and immunoreactivity was visual-
ized with 3,3�-diaminobenzidine (Vector Laboratories) as the chromo-
gen (appears brown). Sections were counterstained with Harris’s
hematoxylin (blue) before dehydrating and mounting.

IgG at the same concentration and from the same species as the
primary antibody (Vector Laboratories) was used as the negative con-
trol; no staining was detected in these controls (data not shown). Pro-
cedures were performed at room temperature unless otherwise
specified.

Quantitative analysis

Twelve separate digital images were photographed from each im-
munostained tissue section (pilot studies performed in-house identified
that, after about 8–10 fields, interimage variance was �5%). For each
digital image, Openlab software (Improvision, Coventry, UK) generated
a mask for each color (brown for 3,3�-diaminobenzidine and blue for
hematoxylin). Using these masks, a minimum object size was selected
by the user, and then the software generated a cell number for either
leukocytes (brown) or total cell number (taken as the number of blue
nuclei) from each image. These were averaged for each set of 12 images
to provide representative data for each tissue section.

Semiquantitative analysis

Immunohistochemical localization of steroid receptors was semi-
quantitatively assessed as described previously (27). In brief, two sep-
arate observers ranked the intensity of immunostaining on a scale of 0–3
(0, no staining; 3, intense staining). Once the slides had been indepen-
dently scored, the values were tabulated, and an overall score for each
section was determined after consultation between the two observers.
Results are presented as the mean � sem value for each sample group
in the range of 0–3.

Statistics

Quantitative data for leukocyte numbers was continuous, and the
parametric ANOVA test followed by Fisher’s post hoc test was used to

TABLE 1. Antibody sources and antigen retrieval procedures

Antibody Manufacturer/source Type and species Antigen retrieval step Positive control

Macrophage (CD68) Zymed (San Francisco, CA) Mouse monoclonal 0.1% trypsin (37 C for 15 min) Inflamed human tonsil
Neutrophil elastase Dako (High Wycombe, UK) Mouse monoclonal None Inflamed human tonsil
NK cells (CD56) Dako Mouse monoclonal 0.01 M Na citrate (microwave

5 min)
Secretory phase

endometrium
PR (A & B subtypes) Novocastra Laboratories

(Newcastle, UK)
Mouse monoclonal 0.01 M Na citrate (microwave

10 min)
Midproliferative phase

endometrium
PR (B subtype) Prof. R. W. Kelly (MRC HRSU,

Edinburgh, Scotland, UK)
Rabbit polyclonal None Midproliferative phase

endometrium
AR Biogenex (San Ramon, CA) Mouse monoclonal 0.01 M Na citrate (pressure cook

5 min)
Midproliferative phase

endometrium
ER� Dako Mouse monoclonal 0.01 M Na citrate (microwave

10 min)
Midproliferative

endometrium
ER� Dr. P. T. K. Saunders (MRC

HRSU)
Sheep polyclonal 0.05 M glycine 0.01% EDTA w/v

(microwave 7 min)
Late-proliferative

endometrium

MRC HRSU, Medical Research Council Human Reproductive Sciences Unit.
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determine statistical significance. Data from semiquantitative analysis of
steroid receptor expression was, however, noncontinuous, and statisti-
cal analysis used Kruskall-Wallis nonparametric analysis in conjunction
with Dunn’s multiple comparison post hoc test.

Statistical significance for both tests was accepted for P � 0.05.

Results
Leukocytes

Neutrophils. Negligible neutrophil numbers (0.31 � 0.07%
total cells) were observed in control decidua (Figs. 1A and
2A). After Mifepristone alone, there was no change in neu-
trophil numbers (0.36 � 0.11%) (Fig. 2A). Administration of
PGE analog produced a significant (P � 0.05) time-depen-
dent increase in neutrophil numbers for both control decidua
(0.68 � 0.14% after 3 h) (Figs. 1B and 2A) and decidua ex-
posed previously to Mifepristone (0.70 � 0.15% after 3 h)
(Figs. 1C and 2A).

Macrophages. In untreated biopsies, CD68-positive cells rep-
resented 5.1 � 1.2% of the total cell count (Figs. 1D and 2B).
After Mifepristone alone, the macrophage numbers in-
creased to 7.3 � 3.2% (Fig. 2B), and, after PGE analog alone
(3 h), macrophage numbers also increased to 10.5 � 4.3%
(Figs. 1E and 2B). Combination treatment with Mifepristone
and PGE analog produced a significant (P � 0.05) increase in
total macrophage numbers (19.8 � 4.8% after 3 h) (Figs. 1F
and 2B).

Uterine NK cells. CD56-positive cells represented about 15%
of total cells in first-trimester decidua (14.7 � 2.4%) (Figs. 1G
and 2C). Treatment of patients with Mifepristone alone had
no significant effect on CD56-positive cell numbers (14.1 �
2.6%) (Fig. 2C). No significant changes were observed in PGE
analog treatment samples (10.2 � 5.6% after 3 h) (Figs. 1H
and 2C) or tissue that had also been exposed to Mifepristone
(11.2 � 2.6% after 3 h) (Figs. 1I and 2C).

Steroid receptors

PR. Immunolocalization of PR with an antibody recognizing
both PRA�B isoforms demonstrated immunoreactivity mainly
localized to nuclei of stromal cells (Figs. 3A and 4A). Occa-
sional expression of PRA�B was also seen in glandular epi-
thelial and perivascular stromal cells but not in endothelial
cells (Figs. 3A, arrow, and 5A). Mifepristone treatment alone
for 24 h had no significant effect on PRA�B expression (Figs.
4A and 5A), whereas, after local treatment with PGE analog
alone, there was a significant time-dependent decrease of
PRA�B expression in all tissue compartments (P � 0.05) (Figs.
4A and 5A). Treatment with Mifepristone 24 h before local
administration of PGE analog also resulted in a significant
time-dependent decrease in PRA�B expression (P � 0.05)
(Figs. 3B, 4A, and 5A).

Expression of the PRB subtype was observed principally in
the stromal and perivascular compartments of first-trimester
decidua (Figs. 3C and 4B). Only slight glandular epithelial
cell staining was observed, and no PRB immunoreactivity
was identified in endothelial cells (Figs. 3C, arrow, and 5B),
suggesting that the PRA�B expression observed in glandular
epithelial cells is due to PRA expression. Treatment with
antiprogestin produced no significant effects on PRB expres-
sion (Figs. 4B and 5B). However, a combination of 24 h
previous exposure to Mifepristone and PGE analog admin-
istered 3 h before collection of decidua produced a significant
(P � 0.05) decrease in stromal cell immunoreactivity (Figs.
3D and 4B). Vaginal administration of PGE analog alone also
produced an apparent decrease in stromal PRB immunore-
activity (Fig. 4B).

ER. ER� protein expression was minimal in first-trimester
decidua and, when expressed, was primarily located in nu-
clei of stromal and epithelial cells (Fig. 3E). ER� protein was
not detected in endothelial cells (Fig 3E, arrow), consistent
with a previous report from our group (28). Treatment with

FIG. 1. Immunohistochemical staining
in human first-trimester decidua for
neutrophil elastase (A–C), CD68 (D–F),
and CD56 (G–I) after treatment with
vehicle alone, PGE analog for 3 h, or
antiprogestin plus PGE analog for 3 h.
Note the increased staining for neutro-
phils and macrophage (CD68) cells 3 h
after the treatment with PGE analog.
Scale bar, 50 �m.
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Mifepristone for 24 h before termination or exposure to PGE
analog alone had no significant effect on ER� expression
patterns (Figs. 4C and 5C). However, after administration of
Mifepristone for 24 h plus PGE analog for 3 h, a significant
reduction in the ER� immunoreactivity was observed in
stromal cells (P � 0.05) (Figs. 3F and 4C).

ER� protein, in contrast to ER� protein, was expressed in

the cell nucleus in all compartments of first-trimester decid-
uas, including endothelial cells (Fig. 3G, arrow). Adminis-
tration of only Mifepristone, only PGE analog, or both Mife-
pristone and PGE analog had no significant effect on ER�
immunoreactivity (Figs. 3H, 4D, and 5D).

AR. AR immunoreactivity was localized primarily to the
stromal compartment of first-trimester deciduas, with little
perivascular but pronounced endothelial nuclear immuno-
reactivity (Fig. 3I, arrow). In contrast, glandular epithelial
cells were only occasionally immunopositive for AR (Figs. 3I
and 5E). Administration of only Mifepristone, only PGE an-

FIG. 2. Quantitative cell counts for neutrophils [neutrophil elastase
(NE); A], macrophages (CD68; B), and uterine natural killer (CD56;
C) cells in first-trimester decidua treated with PGE analog (ge-
meprost) for 0 (control), 1, 2, and 3 h alone (open bars) or after
antiprogestin (filled bars). *, P � 0.05 compared with control (no
antiprogestin).

FIG. 3. Positive immunoreactivity (brown) in human first-trimester
decidua for PRA�B (A, B), PRB (C, D), ER� (E, F), ER� (G, H), and AR
(I, J). Sections are nontreated control decidua (A, C, E, G, I) and
decidua exposed to antiprogestin and PGE analog for 3 h (B, D, F, H,
J). Glandular epithelium (G) and endothelial cells (arrows) are indi-
cated. Note the decrease in staining for PRA�B, PRB, and ER� in
stroma and glands (P � 0.05) after 3 h treatment with PGE analog
but no change in ER� or AR. Scale bar, 50 �m.
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alog, or both Mifepristone and PGE analog had no significant
effect on AR immunoreactivity (Figs. 3J, 4E, and 5E).

Discussion

Administration of a PG analog in conjunction with the
antiprogestin Mifepristone is an effective abortifacient reg-
imen (18). The exact local cellular mechanisms evoked with
the addition a PGE analog to the antiprogestin-“primed”
uterus have not been studied in depth. Although the ad-
ministration of a PGE analog alone is capable of increasing
local decidual macrophage numbers, only the administration
to an Mifepristone-primed uterine environment induced a
statistical increase in both neutrophil and macrophage cell
numbers. The PGE analog gemeprost, in combination with
Mifepristone, decreased expression of both isoforms of the
PR, thereby potentially producing a “hormone-insensitive”
state in the decidua.

The presence in the endometrium of increased numbers of
leukocytes, specifically neutrophils and macrophages, only
3 h after vaginal administration of a PGE analog suggest a
direct chemotactic effect. PGE2 acts via four G protein-cou-
pled receptors termed EP1–EP4. PGE2 has been documented
to enhance chemotaxis in neutrophils and macrophages,

with this response being mediated via the EP3 receptor sub-
type (29, 30), and the PGE analog, gemeprost, has been dem-
onstrated to possess EP3 receptor agonist activity (31). Ad-
ditionally, PGE2 can enhance ingress of neutrophils into
tissues by a synergistic action with chemotactic agents, such
as IL-8 (32–34). Such effects are likely mediated through the
EP2/EP4 pathway, which is implicated in the vasoactive,
rather than chemotactic, actions of PGE2 (35).

A previous study has reported that PG treatment during
termination of pregnancy induces loss of fetal heart rate, an
effect not seen with antiprogestin (36). The loss of fetal heart
rate was attributed to loss of maternal blood supply as a
result of profound vasoconstriction. Hypoxia has been
shown to induce chemokine and cytokine expression (37),
and hypoxia has been hypothesized to induce the tissue
breakdown and shedding at menstruation (38). Myometrial
tissue from many species express EP3 receptors, and PGE2
induces myometrial contractility via this receptor. The po-
tential physiological processes induced after vaginal admin-
istration of a PGE analog include a hypoxic insult to the
decidua via myometrial contraction, resulting in chemokine
and cytokine release that are then synergistically enhanced
by the PGE analog.

Chemokine and cytokine release from the stromal and

FIG. 4. Semiquantitative assessment of stromal immunoreactivity
for PRA�B, PRB, ER�, ER�, and AR in first-trimester decidua treated
with PGE analog (gemeprost) for 0 (control), 1, 2, and 3 h alone (open
bars) or after antiprogestin (filled bars). *, P � 0.05 compared with
control (no antiprogestin).

FIG. 5. Semiquantitative assessment of glandular immunoreactivity
for PRA�B, PRB, ER�, ER�, and AR in first-trimester decidua treated
with PGE analog (gemeprost) for 0 (control), 1, 2, and 3 h alone (open
bars) or after antiprogestin (filled bars). *, P � 0.05 compared with
control (no antiprogestin).
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vascular cells in the endometrium and decidua are important
for the regulation of leukocyte influx. Decreases in circulat-
ing progesterone levels premenstrually stimulate high levels
of chemokine and cytokine expression, which leads to leu-
kocyte influx and an associated inflammatory reaction (39).
Administration of progesterone antagonist together with de-
creases in PR expression results in withdrawal of a proges-
terone-dominated environment and might be another way in
which a hormone-insensitive state is induced within the
uterus. Down-regulation of PR after progesterone binding
has been suggested already as a method by which a cell can
reset its response to progesterone (40). Moreover, in PR
knock-out mice, there is a dramatic influx of leukocytes that
cannot be prevented by administration of exogenous pro-
gesterone (41). The observed decrease in expression of PR
after exposure to a PGE analog demonstrates that this same
hormone-insensitive state may exist in the deciduas, al-
though progesterone levels remain unaffected.

A recent publication describes a modification of PR re-
ceptor ratio by PGE2 and PGF2� (42), but, to date, no pub-
lications describe only PG-induced down-regulation in PR
expression occurring in vivo. Other groups have, however,
observed ER subtype modulation by G protein-coupled hep-
tahelical receptor ligands. Human chorionic gonadotrophin
and GnRH can both down-regulate expression of ER� and
ER� mRNA and protein in rat and human ovaries (43–45).
Additional support for the findings presented here is a study
by Hill and colleagues (23) demonstrating a decrease in PR
concentrations in human decidua after both Mifepristone
and PGE analog administration. Although the authors con-
clude that antiprogestin mediated the observed decrease in
PR, the data obtained during the current study would sug-
gest that the administration of PG, and not Mifepristone, was
responsible for the decrease in PR expression.

PR proteins are synthesized via ribosomes situated on the
endoplasmic reticulum and released into the cytoplasm be-
fore being transported into the nucleus. The transport of PR
through the nuclear pore complex is an active process re-
quiring ATP (46, 47). One explanation for the observed de-
crease in nuclear PR that occurred after administration of the
PGE analog is that the cells were unable to transport PR into
the nuclei. The net result would be reduced nuclear immu-
noreactivity for each receptor but a net increase in cytoplas-
mic immunoreactivity. In this study, however, no cyto-
plasmic immunoreactivity was observed with either PR
antibody.

Another explanation for the decrease in PR immunoreac-
tivity after PGE analog is increased degradation of the PR.
The PR is continuously trafficked from the cell nucleus and
degraded via the ubiquitin/26S proteasome pathway. R2050
(a progesterone analog) has been shown to induce ERK-
mediated PR phosphorylation and enhance proteasome deg-
radation of PR (40). PGE2 alone can also directly phosphor-
ylate ERK (48), and, in this study, gemeprost may be acting
synergistically with endogenous progesterone to enhance PR
degradation.

AR and ER� immunoreactivity in human first-trimester
decidua is reported here, to our knowledge, for the first time.
The immunohistochemical data in this study have identified
that both stromal and endothelial cells express AR and ER�

in human decidua. Previous studies have identified expres-
sion of AR in stromal and endothelial cells within the en-
dometrium (28, 49–51), with recent data suggesting an an-
tiproliferative role for the AR in the uterus (52). ER� has also
been identified in endothelial cells within the endometrium
(28) and more recently in uterine NK cells (6). Additional
studies need to be performed to identify the specific role of
ER� in the human uterine environment during early
pregnancy.

In conclusion, we reported an increase in the numbers of
neutrophils and macrophages and a loss of PR and ER�
expression in human first-trimester decidua after systemic
antiprogestin and local (vaginal) administration of a PGE
analog. Additional investigations are required to elucidate
the exact signal transduction pathways linking PG receptor
activation to steroid receptor down-regulation and to deter-
mine whether PR down-regulation alters progesterone sig-
naling in vivo.
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Prostacyclin Receptor Up-Regulates the Expression of
Angiogenic Genes in Human Endometrium via Cross
Talk with Epidermal Growth Factor Receptor and the
Extracellular Signaling Receptor Kinase 1/2 Pathway
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Prostacyclin (PGI) is a member of the prostanoid family of
lipid mediators that mediates its effects through a seven-
transmembrane G protein-coupled receptor (IP receptor). Re-
cent studies have ascertained a role for prostanoid-receptor
signaling in angiogenesis. In this study we examined the tem-
poral-spatial expression of the IP receptor within normal hu-
man endometrium and additionally explored the signaling
pathways mediating the role of IP receptor in activation of
target angiogenic genes. Quantitative RT-PCR analysis dem-
onstrated the highest endometrial expression of the IP recep-
tor during the menstrual phase compared with all other
stages of the menstrual cycle. Immunohistochemical analysis
localized the site of IP receptor expression to the glandular
epithelial compartment with stromal and perivascular cell
immunoreactivity. Expression of the immunoreactive IP re-

ceptor protein was greatest during the proliferative and early
secretory phases of the menstrual cycle. To explore the role of
the IP receptor in glandular epithelial cells, we used the Ish-
ikawa endometrial epithelial cell line. Stimulation of Ish-
ikawa cells and human endometrial biopsy explants with 100
nM iloprost (a PGI analog) rapidly activated ERK1/2 signaling
and induced the expression of proangiogenic genes, basic fi-
broblast growth factor, angiopoietin-1, and angiopoietin-2, in
an epidermal growth factor receptor (EGFR)-dependent man-
ner. Furthermore, EGFR colocalized with IP receptor in the
glandular epithelial compartment. These data suggest that
PGI-IP interaction within glandular epithelial cells can pro-
mote the expression of proangiogenic genes in human endo-
metrium via cross talk with the EGFR. (Endocrinology 147:
1697–1705, 2006)

ARACHIDONIC ACID (AA) is released from plasma
membrane phospholipids and is cyclized, oxygen-

ated, and reduced to the unstable intermediary prostaglan-
din (PG), prostaglandin H2 (PGH2) by cyclooxygenase (COX)
enzymes (1, 2). This intermediary serves as a substrate for
terminal PG synthase enzymes, such as prostacyclin (PGI)
synthase (PGIS), which completes the synthesis of PGI. PGI
is a member of the PG family and has a mode of action via
coupling to the heptahelical G protein-coupled PGI receptor
(IP receptor) (3, 4). PGI is best known for its effect on the
vascular endothelium, where its expression is found in abun-
dance (5).

The IP receptor is known to mediate a cAMP rise and has
been termed a relaxant receptor (1), with routine activation
of the IP receptor activating adenylate cyclase via the Gs
subunit in a dose-dependent manner. Knockout studies dis-
rupting the IP gene in mice have demonstrated thrombotic
tendencies and decreased inflammatory responses (6, 7). The

cyclical regeneration and repair undergone by the human
endometrium during the menstrual cycle necessarily in-
volves physiological processes involving clotting and in-
flammation. Uterine PGI production may be involved in
myometrial smooth muscle relaxation, vasodilation, and pre-
vention of clot formation. These physiological actions are all
involved in the process of menstruation, and a role for PGI
in menstruation and menstrual disturbances is likely. In-
deed, endometrium collected from women with excessive
menstrual blood loss has a greater capability of enhancing
myometrial PGI production than endometrium collected
from women with normal menstrual blood loss (8). Previous
studies have also demonstrated an increase in the expression
of PGIS and IP receptor mRNA during the menstrual stage
compared with the proliferative and secretory stages of the
cycle (4).

The cyclical remodeling of the human endometrium re-
quires tight control of angiogenic growth factors to coordi-
nate the growth of new vessel formation. Previous studies
have demonstrated that COX enzymes, in particular COX-2
(9), and PGs such as PGE2 (10) and PGF2� (11) can modulate
the expression of target angiogenic genes within the human
endometrium.

This study was designed to investigate the expression of
the IP receptor and its role within the human endometrium.
Using an endometrial epithelial cell line (Ishikawa) and hu-
man endometrial tissue, we investigated the intracellular
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signaling transduction pathways activated after PGI-IP li-
gand-receptor interaction. We found that the IP receptor is
spatio-temporally regulated within the glandular epithelial
compartment of human endometrium and is colocalized
with the epidermal growth factor receptor (EGFR) in human
endometrial glandular epithelial cells. Investigation of IP
receptor signal transduction pathways using Ishikawa cells
and human endometrial tissue showed rapid activation of
the ERK1/2 signaling pathway in an EGFR-dependent man-
ner. Moreover, activation of the IP receptor was shown to
promote changes in the expression of proangiogenic genes,
basic fibroblast growth factor (bFGF), angiopoietin-1 (Ang-
1), and Ang-2.

Materials and Methods
Patients and tissue collection

Endometrial biopsies were collected at different stages of the men-
strual cycle with an endometrial suction curette (Pipelle, Laboratoire
CCD, Paris, France) from women attending the gynecological outpatient
setting. In addition, full-thickness endometrial biopsies at all stages of
the menstrual cycle were collected from women undergoing hysterec-
tomy for benign gynecological indications. Immediately after collection,
tissue was divided, transferred into RNA Later (Ambion, Inc., Hunt-
ingdon, UK), stored at �70 C (for RNA extraction), fixed in neutral
buffered formalin, wax embedded (for immunohistochemical analysis)
or placed in RPMI 1640 medium (containing 2 mm l-glutamine, 100 U
penicillin, and 100 �g/ml streptomycin), and transported to the labo-
ratory for in vitro culture. All subjects were 18–50 yr of age and reported
regular menstrual cycles (cycle length, 21–35 d). No woman had received
hormonal preparation in the 3 months preceding biopsy collection.
Biopsies were dated according to stated last menstrual period and were
confirmed by histological assessment according to criteria of Noyes and
co-workers (12). Furthermore, circulating estradiol and progesterone
serum levels were measured at the time of biopsy collection and were
consistent for both last menstrual period and histological assignment of
menstrual cycle stage. Ethical approval was obtained from Lothian
research ethics committee, and written informed consent was obtained
from all subjects before tissue collection.

Tissue culture

Tissue samples were finely minced using sterile forceps and scissors
before overnight incubation in serum-free RPMI medium (as described
above) and 3 �g/ml indomethacin (a dual COX enzyme inhibitor to
inhibit endogenous prostanoid production). The next day, tissue was
pretreated with a specific chemical inhibitor of EGFR kinase (AG1478;
100 nm) for 1 h before stimulation with 100 nm iloprost for the time
period stated in the figure legends. After stimulation, tissue was either
snap-frozen in dry ice and stored at �20 C for subsequent protein
extraction or stored at �70 C for RNA extraction. Protein was harvested
by homogenization of tissue in protein lysis buffer. Protein content was
determined using a protein assay kit (Bio-Rad Laboratories, Inc., Hemel
Hempstead, UK).

Cell culture

Ishikawa human endometrial epithelial cells (European Collection of
Cell Culture, Wiltshire, UK) were maintained as previously described
(10, 13). The cells were grown on monolayer in 6-cm dishes to 60–80%
confluence, after which the culture medium was replaced with serum-
free DMEM containing 3 �g/ml indomethacin for overnight incubation.
The next day, cells were pretreated with specific inhibitors of EGFR
kinase (AG1478; 100 nm) or MAPK kinase (MEK; PD98059; 50 �m) for
1 h before stimulation with 100 nm iloprost or 100% (vol/vol) ethanol
as a vehicle control for the time period specified in the figure legends.
After stimulation with iloprost, proteins were harvested and extracted
as described previously (10), and the protein content in the supernatant
fraction was determined using a protein assay kit (Bio-Rad Laboratories,
Inc.).

TaqMan quantitative RT-PCR

The expression of IP receptor across the menstrual cycle and the
effects of iloprost on proangiogenic gene expression in Ishikawa cells or
endometrial tissue were investigated by TaqMan quantitative RT-PCR
analysis. Total RNA was extracted from endometrial biopsies using an
RNeasy Midi Kit (Qiagen, Sussex, UK) according to the manufacturer’s
instructions. Samples were treated for DNA contamination by DNA
digestion during RNA purification. RNA was extracted from Ishikawa
cells as described previously (10, 13). Once extracted and quantified,
RNA samples were reverse transcribed and subjected to real-time quan-
titative PCR using an ABI PRISM 7700 Sequence Detection System
(Applied Biosystems, Warrington, UK) as previously described (10, 13).
All primers and probes were designed using the PRIMER express pro-
gram (Applied Biosystems; Table 1); IP primers and probes have been
previously described (4).

Data were analyzed and processed using Sequence Detector version
1.6.3 (Applied Biosystems) according to the manufacturer’s instructions.
The expression of IP receptor and proangiogenic genes was normalized
to RNA loading for each sample using 18S RNA as an internal standard.
Results were expressed relative to an internal positive standard of
pooled human endometrial cDNA, which was included in all reactions.
The fold increase was determined by dividing the relative expression in
PGI-treated cells/tissues by the relative expression of the vehicle control.

Transient transfections and immunoprecipitation

To confirm the role of EGFR in iloprost-mediated ERK1/2 phosphor-
ylation, we used a dominant negative (DN) mutant EGFR. Ishikawa cells
were seeded to a density of 5 � 105/well in 6-cm dishes, then transfected
with a c-Myc-tagged ERK1/2 cDNA construct together with either
empty vector cDNA (pcDNA3; Invitrogen Life Technologies, Inc., de
Schelp, The Netherlands) or DN-EGFR cDNA using Superfect (Qiagen,
Crawley, UK) according to the manufacturer’s protocol (DN-EGFR and
c-Myc tagged ERK constructs were gifts from Dr. Zvi Naor, Tel-Aviv
University, Tel-Aviv, Israel). Optimal concentrations of cDNA for trans-
fection were determined by titration, and the transfection efficiency of
the Ishikawa cell line was determined by transfection with a pcDNA6/
V5/His/lacZ cDNA construct (Invitrogen Life Technologies, Inc.) and
a �-galactosidase assay. Transfection efficiency, as reported previously
for this cell line using standard procedures according to the manufac-
turer protocol, is 45 � 5% (11). The following day, cells were starved by
overnight incubation in serum-free medium containing 3 �g/ml indo-
methacin, then treated with 100 nm iloprost or vehicle for 10 min. Cells
were lysed, and protein was quantified as described above. The tagged
ERK1/2 was immunoprecipitated from whole-cell lysate. For immuno-
precipitation, equal amounts of protein were incubated with specific
c-Myc antibody preconjugated to protein A Sepharose overnight at 4 C
with gentle rotation. Beads were washed extensively with lysis buffer,
and immune complexes were eluted and solubilized in Laemmli buffer
[125 mm Tris-HCl (pH 6.8), 4% sodium dodecyl sulfate, 5% 2-mercap-

TABLE 1. Sequences of primers and probes used for TaqMan
RT-PCR analysis

Sequence (5�–3�)

Ang-1
Forward CTT GTG GCC CCT CCA ATC TA
Reverse TAG TGC CAC TTT ATC CCA TTC AGT T
Probe TGG TTT TGT CCC GCA GTA TAG AAC ATT CCA T

Ang-2
Forward GCC GCT CGA ATA CGA TGA CT
Reverse ATT AGC CAC TTG CAG CCT CTG CA
Probe TTC TCC AGC ACT TGC AGC CTC TGC A

FGF
Forward CCG ACG GCC GCG TTG AC
Reverse GAC ACA ACT CCT CTC TCT T
Probe AGA AGA GCG ACC CTC ACA

18S
Forward CGT CTA CCA CAT CCA AGG AA
Reverse GCT GGA ATT ACG GGG GCT
Probe TCG TGG CAC CAG ACT TGC CCT C
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toethanol, 20% glycerol, and 0.05% bromophenol blue], boiled for 5 min,
and subjected to Western blot analysis.

Western blot analysis

Western blot analysis was conducted to investigate ERK1/2 expres-
sion in Ishikawa cells and human endometrial tissue. A total of 50 �g
protein from whole-cell lysate was resuspended in 20 �l Laemmli buffer.
Proteins were resolved on 4–20% Tris-glycine gels (NOVEX, Invitrogen
Life Technologies, Inc.), transferred onto a polyvinylidene difluoride
membrane (Millipore Corp., Watford, UK), and subjected to immuno-
blot analysis as previously described (14). Blots were incubated with
anti-phospho-p42/p44 ERK (9101, Cell Signaling Technologies/New
England Biolabs, Hertfordshire, UK) and alkaline-phosphatase conju-
gated secondary antibodies (Sigma-Aldrich Corp., Ayrshire, UK). Im-
munoblots were stripped and reprobed with antibody recognizing total
ERK (sc-93, Santa Cruz Biotechnology/Autogen-Bioclear, Wiltshire,
UK). Immunoreactive proteins were visualized by the enhanced chemi-
luminescence system according to the manufacturer’s instructions (Am-
ersham Biosciences, Little Chalfont, UK). Proteins were revealed and
quantified by PhosphorImager analysis using a Typhoon 9400 Phos-
phorImager (Molecular Dynamics, part of Amersham Biosciences). Rel-
ative density in immunoblots was calculated by dividing the value
obtained from the phosphorylated immunoblots by the value obtained
from the total immunoblots in the same experiment and was expressed
as the fold increase above the vehicle control value.

Immunohistochemistry

To investigate the expression of the IP receptor in human endome-
trium, endometrial sections (5 �m) from across the menstrual cycle were
dewaxed in xylene and rehydrated using decreasing grades of ethanol,
followed by water. All washes were carried out in 0.01 m PBS (Sigma-
Aldrich Corp.). Antigen retrieval was performed by pressure-cooking in
0.01 m sodium citrate (pH 6.0) for 5 min. Thereafter, slides were se-
quentially incubated with 3% hydrogen peroxide (VWR, Inc., Poole, UK)
in distilled water for 10 min (to quench endogenous peroxidase activity),
followed by a 15-min incubation with avidin and biotin solutions (Vector
Laboratories, Inc., Peterborough, UK) to block endogenous streptavidin
activity. Nonspecific binding was further reduced by 20-min incubation
with nonimmune horse serum (Vector Laboratories, Inc.) in a humidi-
fied chamber at room temperature before overnight incubation with the
primary antibody at 4 C. For localization of IP receptor, slides were
incubated with a goat polyclonal antibody raised against a peptide
mapping near the carboxyl terminus of IP receptor of human origin
(sc-20436, Santa Cruz Biotechnology, Inc.) at a 1:30 dilution in normal
horse serum. Preabsorption of the antibody with a specific blocking
peptide (Santa Cruz Biotechnology, Inc.) was used as the negative con-
trol in addition to a control goat IgG antibody at a matched protein
concentration to the IP antibody. After a wash in PBS with 0.01% Tween
20, the slides were incubated in biotinylated horse antigoat secondary
antibody (Vector Laboratories, Inc.) in normal horse serum at a 1:200
dilution for 60 min at room temperature. Tertiary detection was carried
out using an avidin-biotin-peroxidase complex (Vectastain Elite, Vector
Laboratories, Inc.) for 60 min at room temperature, and visualization
was carried out with the substrate and chromagen 3,3�-diaminobenzi-
dine (DakoCytomation, Carpinteria, CA). Sections were counterstained
with hematoxylin, dehydrated in xylene, and mounted.

Scoring and analysis of immunoreactivity

The immunostaining intensity of the IP receptor epitope in all tissue
sections was assessed in a semiquantitative manner on a 4-point scale:
0, no immunostaining; 1, mild immunostaining; 2, moderate immuno-
staining; and 3, intense immunostaining. All tissue sections were scored
blind by two observers. This scoring system has been previously vali-
dated in a subset of tissue sections in which immunoreactivity was
measured with a computerized image analysis system; a strong corre-
lation between quantitative data derived from the image analysis and
subjective scores determined by a trained observer was obtained (15).

Immunofluorescent confocal laser microscopy

Colocalization of the site of expression of the IP receptor with EGFR or
the endothelial cell marker CD31 was performed in human endometrium
by dual-immunofluorescence immunohistochemistry and confocal laser
microscopy. Human endometrial sections (5 �m) were dewaxed, rehy-
drated, and washed as described above. The immunohistochemical meth-
odology was repeated for antigen retrieval by pressure cooking, quenching
of hydrogen peroxidase activity, and blocking of endogenous streptavidin
activity. Nonspecific binding was further reduced by 20-min incubation
with 5% nonimmune rabbit serum diluted in PBS before overnight incu-
bation at 4 C with the polyclonal mouse anti-EGFR primary antibody
(NCL-EGFR-384; Nova-Castra, Newcastle-upon-Tyne, UK) at a dilution of
1:25. For colocalization of the IP receptor with CD31, a monoclonal mouse
anti-CD31 antibody (DakoCytomation) was used at a dilution of 1:20.
Control sections were incubated with polyclonal goat anti-IP primary an-
tibody at a dilution of 1:100 to demonstrate the specificity of the secondary
antibody for the mouse primary antibodies. The following day, sections
were washed with PBS Tween 20 and incubated with a 1:500 dilution of
biotinylated rabbit antimouse IgG for 1 h. An additional 1-h incubation with
the fluorochrome streptavidin AlexiFluor 488 (Molecular Probes, Inc., Cam-
bridge Bioscience, Cambridge, UK) diluted at 1:200 in PBS was performed.
Next, sections were incubated for 20 min in a PBS solution containing biotin
to enhance fluorescent signal before reblocking with 5% nonimmune rabbit
serum. Incubation with the goat anti-IP antibody (Santa Cruz Biotechnol-
ogy, Inc.) at a 1:100 dilution at 4 C overnight was then performed. A second
control slide was incubated with mouse anti-EGFR or mouse anti-CD31
primary antibody. Incubation with a 1:200 dilution of rabbit antigoat per-
oxidase (Vector Laboratories, Inc.) secondary antibody was performed for
30 min. Tertiary detection was performed with an 8-min incubation with
tyramide Cy3 solution (PerkinElmer Life Sciences, Boston, MA) at a 1:50
dilution according to the manufacturer’s instructions. Slides were coun-
terstained with To Pro (Molecular Probes, Inc.) at a 1:2000 dilution for 2 min,
then mounted in Permafluor (Immunotech-Coulter, Buckinghamshire,
UK).

Statistics

Unless otherwise stated and where appropriate, data were subjected
to statistical analysis with ANOVA and Fisher’s protected least signif-
icant difference tests (StatView 4.0; Abacus Concepts, Inc., Piscataway,
NJ), and statistical significance was accepted at P � 0.05. Semiquanti-
tative scoring results for immunohistochemical staining were analyzed
by a nonparametric method, the Kruskal-Wallis test, followed by Dunn’s
post hoc multiple comparison test.

Results
IP receptor mRNA and protein expression within human
endometrium

IP receptor mRNA expression in human endometrium
across the menstrual cycle was determined by TaqMan quan-
titative RT-PCR analysis (Fig. 1). IP receptor mRNA was
significantly up-regulated during the menstrual stage of the
cycle compared with all other stages in the cycle (P � 0.05).

This rise in RNA expression was found to precede the
expression of the IP receptor protein, as detected by immu-
nohistochemistry. The temporal spatial expression of the IP
receptor was examined in human endometrium across the
menstrual cycle (Fig. 2A). Subjective scoring of IP receptor
immunoreactivity showed a significant variation of tempo-
ral-spatial expression across the menstrual cycle within the
glandular epithelium of the functional layer of human en-
dometrium (Fig. 3; P � 0.05). IP receptor immunostaining
was greatest during the proliferative (Fig. 2Ai) and early
secretory (Fig. 2Aii) phases within the glandular compart-
ment of the functional layer and was observed to decrease
during the late secretory stages (Fig. 2Aiii). High magnifi-
cation views (Fig. 2B) of a representative endometrial section
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show the plasma membrane localization of the IP receptor,
with some cytoplasmic immunoreactivity also present. Min-
imal basal layer stromal immunostaining was observed in all
tissue sections across the menstrual cycle compared with the
functional stroma.

In addition, IP receptor immunoreactivity appeared prom-
inent in vessel endothelium throughout the full thickness of

endometrial tissue sections, involving vessels within the en-
dometrial and muscularis layers. To establish this immuno-
staining as being vascular in location, dual-confocal immu-
nofluorescence immunohistochemistry was used to
colocalize the IP receptor with the endothelial cell marker,
CD 31 (Fig. 2C). IP receptor (red) was observed to colocalize
(yellow) with CD31 (green) in the blood vessels of all tissue
sections investigated, indicating that IP receptor was present
in the vascular compartment.

Iloprost activation of the IP receptor in Ishikawa cells

Treatment of Ishikawa cells with 100 nm iloprost elicited
a significant time-dependent increase in phosphorylation of
the ERK1/2 pathway, with maximal phosphorylation de-
tected at 5 min (Fig. 4A; P � 0.05). Previous studies in our
laboratory have demonstrated that prostanoid (including
PGE2 and PGF2�) signaling to downstream MAPK pathways
involves transactivation of the EGFR (10, 11, 13). To inves-
tigate the potential involvement of the EGFR in transducing
the PGI-IP receptor signal to ERK1/2, we used the selective
EGFR tyrosine kinase inhibitor, AG1478. Preincubation of
cells for 1 h with the EGFR kinase inhibitor (AG1478; 100 nm)
or inhibitor of MEK (PD98059; 50 �m) abolished the phos-
phorylation of ERK1/2 in response to a 5-min 100-nm ilo-
prost treatment (Fig. 4B). No significant alteration in basal
levels of ERK phosphorylation was observed in cells treated
with chemical inhibitor alone (data not shown).

To confirm a role for the EGFR in mediating the signaling

FIG. 1. Relative mRNA expression of the IP receptor in the human
endometrium across the menstrual cycle as determined by real-time
quantitative RT-PCR. Results are expressed as the mean � SEM rel-
ative mRNA expression levels. b is significantly elevated from a (P �
0.05). Tissue sample numbers are: n � 7 proliferative, n � 6 early
secretory, n � 5 midsecretory, n � 6 late secretory, and n � 4 men-
strual.

FIG. 2. A, Immunohistochemical localization of the IP re-
ceptor within the human endometrium across the men-
strual cycle. Variation in temporal/spatial localization of
the IP receptor is demonstrated. Glandular epithelial im-
munostaining (g) was present in both basal (b) and func-
tional (f) layers. Some stromal immunostaining was dem-
onstrated in the functional layer only. Representative
sections from i) proliferative, ii) early secretory, iii) late
secretory, and iv) menstrual (inset shows control staining
with primary antibody after specific peptide preabsorption)
stages are shown. Scale bar, 10 �m. B, High magnification
(�100) view of immunohistochemical staining for IP recep-
tor within epithelial gland and blood vessel of the functional
layer of early secretory endometrium. Scale bar, 10 �m. C,
Endothelial staining is confirmed by confocal immunoflu-
orescent colocalization (merged; yellow) of the site of ex-
pression of IP receptor (red; ii and v) with the endothelial
cell marker, CD31 (green; i and iv) in early secretory en-
dometrium. Colocalization of IP receptor with CD31 (yellow;
iii and vi) is demonstrated in vascular endothelium. Scale
bar, 10 �m.
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of the IP receptor to ERK1/2, we cotransfected Ishikawa cells
with a c-Myc-tagged ERK cDNA construct with either a DN
mutant cDNA isoform of the epidermal growth factor re-
ceptor (DN-EGFR) or empty vector cDNA (pcDNA3). Ish-
ikawa cells were then treated with either vehicle or 100 nm
iloprost for 5 min. The tagged ERK was immunoprecipitated
with anti-c-Myc antibody, and the ERK activity of the tagged
construct was determined by Western blotting as described
in Materials and Methods. Iloprost treatment of Ishikawa cells
resulted in a significant phosphorylation of ERK1/2 in cells
transfected with the empty vector (Fig. 4C, lane 2). This
elevation in ERK1/2 phosphorylation by iloprost was abol-
ished by cotransfection of cells with the DN-EGFR cDNA
(Fig. 4C, lane 3).

PGI-IP receptor signaling in Ishikawa cells promotes the
expression of proangiogenic genes

Iloprost stimulation of Ishikawa cells caused a significant
fold increase in mRNA expression of the proangiogenic
genes, bFGF, Ang-1, and Ang-2, at 24 h compared with earlier
time points (Fig. 5A). Cotreatment of the cells with the EGFR
kinase inhibitor (AG1478; 100 nm) significantly reduced IP
receptor-induced mRNA expression of all target genes (Fig.
5B; P � 0.05).

IP receptor signaling in human endometrium

To correlate our findings using the Ishikawa cell line to IP
receptor signaling in human endometrium in situ, we used
human endometrial biopsy explants. Initially we investi-
gated whether IP signaling in the human endometrium in-
volves cross talk with EGFR and examined the colocalization

of IP receptor with EGFR by confocal immunofluorescence
microscopy. Dual-immunofluorescence immunohistochem-
istry (Fig. 6) confirmed colocalization (merged; yellow) of the
IP receptor (Fig. 6, A and D, red) with the EGFR (Fig. 6, B and
E, green). Colocalization was most evident within the glan-
dular epithelial compartments in both basal (Fig. 6, A–C) and
functional (Fig. 6, D–F) layers of the endometrium, with
minimal stromal cell colocalization.

Subsequently, we assessed the effect of PGI-IP receptor
signaling on ERK1/2 phosphorylation and proangiogenic
gene expression in human endometrial tissue. Treatment of
human endometrial tissue explants with 100 nm iloprost (Fig.
7A) caused a significant phosphorylation of ERK1/2 after 10
min. Preincubation of the tissue with 100 nm AG1478 for 1 h
abolished the iloprost-induced phosphorylation of ERK1/2.

As observed in Ishikawa cells, treatment of human endo-
metrial tissue with 100 nm iloprost for 24 h resulted in a
significant increase in bFGF mRNA expression compared
with vehicle control (P � 0.05). Preincubation of the tissue
with 100 nm AG1478 for 1 h abolished the iloprost-induced
elevation of bFGF (Fig. 7B). A similar trend in expression of
the two angiopoietin genes, Ang-1 and Ang-2, was observed
in response to treatment with 100 nm iloprost. Preincubation
of endometrial tissue with 100 nm AG1478 reduced the ilo-
prost-mediated elevation of Ang-1 and Ang-2 expression;
however, the reduction was not statistically significant (Fig.
7B).

Discussion

During the reproductive years, in the absence of preg-
nancy, the human endometrium undergoes a series of cy-
clical changes, culminating in the process of menstruation.
This process of physiological injury and repair requires con-
tinuous remodeling of the superficial layers of the endome-
trium together with a concurrent control of vessel remodel-
ing and formation. Studies of angiogenesis in the endometrium
have confirmed continuous cycles of angiogenic activity,
with a number of peaks of activity demonstrated throughout
the menstrual cycle (reviewed in Ref. 16). The roles of COX
enzymes, prostanoids, and prostanoid receptors in the re-
productive tract have been well documented (8, 14, 17, 18).
In particular, menstrual problems, such as excessive blood
loss, are linked to PG signaling. Indeed, first-line treatment
for such complaints involves the use of nonsteroidal antiin-
flammatory drugs, which inhibit COX, the rate-limiting en-
zyme in prostanoid production (19, 20).

The data presented in this manuscript demonstrate the
expression and localization of the IP receptor in epithelial,
endothelial, and stromal cells of the human endometrium
across the menstrual cycle. IP receptor mRNA is dramatically
elevated in human endometrium during the menstrual phase
of the cycle and precedes the glandular expression of IP
receptor protein, which is highest in the proliferative phase
of the menstrual cycle. The IP receptor is a Gs-coupled hep-
tahelical transmembrane receptor that has been shown to
activate the protein kinase A pathway, resulting in the pro-
duction of cAMP (4). Activation of prostanoid receptors,
such as E- and F-series prostanoid receptors, results in ini-
tiation of numerous effector signaling pathways, including

FIG. 3. Box plot demonstrating results of subjective scoring of IP
receptor immunostaining within the glandular epithelium of the func-
tional layer of human endometrium. Statistical analysis using the
nonparametric ANOVA Kruskal-Wallis test indicated that variation
in immunostaining intensity was significantly different across the
menstrual cycle (P � 0.05). The data are presented as box and whisker
plots; the box represents the 25th and 75th percentiles, and the heavy
bar represents the median. The whiskers are the 10th and 90th per-
centiles. Tissue sample numbers for each stage of the cycle are pre-
sented.
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the MAPK pathway (10, 13, 21). The MAPK pathway is a key
signaling mechanism that regulates many cellular functions,
such as growth, differentiation, and transformation (22, 23).
The data presented in this report also demonstrate that ac-
tivation of the IP receptor induces a rapid increase in p42 ERK
phosphorylation in Ishikawa cells and of p42/p44 ERK phos-
phorylation in endometrial tissue. Interestingly, the differ-
ential phosphorylation of ERK between Ishikawa cells and

FIG. 4. ERK1/2 phosphorylation after treatment of Ishikawa cells
with 100 nM iloprost. A, Western blot analysis of time course for
ERK1/2 phosphorylation. A representative blot demonstrates phos-
phorylated ERK1/2 (upper panel). Total ERK1/2 was identified by
reprobing the same blot with antibody directed against total ERK
protein (lower panel). Graph shows semiquantitative analysis of four
experiments, as described in Materials and Methods. Superscripts

FIG. 5. (A) Time course demonstrating bFGF, Ang-1 and Ang-2 gene
expression in Ishikawa cells in response to 100 nM Iloprost stimula-
tion. Results are expressed as the mean � SEM (n � 4 experiments).
b is significantly different from a (P � 0.05). B, mRNA expression of
bFGF, Ang-1 and Ang-2 in Ishikawa cells following stimulation with
100 nM Iloprost for 24 h in the absence or presence of EGFR tyrosine
kinase inhibitor (AG1478, 100 nM) as determined by real-time quan-
titative RT-PCR. Results are expressed as the mean � SEM (n � 3
experiments). b is significantly different from a (P � 0.05).

indicate significant differences (P � 0.05). B, Western blot analysis of
the effects of chemical inhibitors on ERK1/2 phosphorylation.
PD98059 is a MEK inhibitor (inhibitor of ERK phosphorylation);
AG1478 is an inhibitor of EGFR tyrosine kinase. For each, a repre-
sentative blot is shown. The graph shows semiquantitative analysis
of three experiments as described in Materials and Methods. b is
significantly different from a (P � 0.05). C, Ishikawa cells were co-
transfected with a c-Myc-tagged ERK cDNA construct together with
either a DN cDNA isoform targeted against the EGFR (lane 3) or
empty vector pcDNA (lanes 1 and 2) and subsequently stimulated
with vehicle (lane 1) or 100 nM iloprost (lanes 2 and 3) for 10 min. The
tagged ERK construct was immunoprecipitated (IP) and ERK phos-
phorylation of the tagged construct determined by Western blot anal-
ysis (WB). The graph represents semiquantitative analysis of four
experiments, as described in Materials and Methods. �, Absence of
agent; �, presence of agent. b is significantly different from a (P �
0.05).
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endometrial biopsy tissue may be due to the presence of
other cells types (stromal and endothelial) within the biopsy
tissue compared with the homogeneity of the Ishikawa cell
line. Alternatively, Ishikawa cells originate from an endo-
metrial carcinoma and may respond differently from normal
endometrial epithelial cells. This phosphorylation of ERK in
Ishikawa cells and endometrial tissues is inhibited with the
specific chemical inhibitor of EGFR kinase or by transfection
of Ishikawa cells with a DN mutant isoform of the EGFR.
Moreover the expression of EGFR colocalized with IP recep-
tor in the glandular epithelial compartment of the human
endometrium. Thus, as observed with prostanoid receptor
signaling to downstream ERK1/2 in other model systems
(10, 11, 24–26), in the present study, EGFR is in close prox-
imity with the IP receptor, and EGFR transactivation is re-
quired for the PGI-IP-induced activation of the ERK1/2 sig-
naling pathway within human endometrium. Whether the
EGFR is held in a complex of protein-protein interactions
with the IP receptor in the glandular epithelial compartment,
or transactivation of the EGFR is mediated by intermediary
scaffold adapter molecules to facilitate ERK1/2 signaling
remains to be determined.

Our data also demonstrate that IP receptor activation by
PGI leads to an increase in mRNA expression of several
proangiogenic genes, including bFGF, Ang-1, and Ang-2, in
both Ishikawa cells and normal human endometrium. bFGF
is potent growth factor, which is known to promote the
growth and proliferation of numerous cell types by activa-
tion of membrane FGF receptor tyrosine kinases. Moreover,
bFGF is known to have potent proangiogenic effects in sev-
eral model systems (27, 28) and has been implicated in pro-
moting tumor angiogenesis (29, 30) and angiogenesis in pro-
liferative lesions of endometriosis (31). The angiopoietins are
a family of growth factors that act as ligands for the largely
endothelial-restricted Tie-2 receptor tyrosine kinase, which is
essential for vascular development. Ang-1 is a Tie-2 receptor
agonist that is required for recruitment of perivascular cells,
leading to the formation and stabilization of capillaries, ves-
sel maturation, and endothelial cell survival. Ang-1 and
other angiogenic factors, such as vascular endothelial growth

factor (VEGF) and bFGF, may act synergistically to increase
vascular sprouting and branching. In addition, the Ang-1/
Tie-2 interaction enhances the mitogenic effect of angiogenic
factors, such as VEGF, on endothelial cell growth (reviewed
in Ref. 32). By contrast, Ang-2 is a natural Tie-2 receptor
antagonist, destabilizing cell contacts and thus allowing ac-
cess to angiogenic factors, such as VEGF. The process of
angiogenesis is thus a fine balance among the expressions of
numerous proangiogenic factors, all of which may be present
concurrently in the cell to regulate vascularization in re-
sponse to PGI-IP receptor interaction.

Furthermore, in the present study we have demonstrated
that the actions of PGI, via the IP receptor, on target angio-
genic gene expression are dependent upon the presence of
the EGFR. It is also possible that this up-regulation of ex-
pression is mediated by ERK1/2 phosphorylation. This
mechanism of target gene regulation in reproductive cells
and tissues via prostanoid-receptor interaction is in agree-
ment with previous studies. Transactivation of EGFR and
ERK1/2 phosphorylation, leading to increased expression of
angiogenic genes, including VEGF, have previously been
shown for PGE2-E-series prostanoid receptor 2 (10) and
PGF2�-F-series prostanoid receptor interaction (11), suggest-
ing that EGFR transactivation is a central theme for the pro-
motion of vascular function in the human endometrium by
prostanoids. In the present study we have focused on the role
of PGI-IP receptor signaling to angiogenic genes using the
Ishikawa endometrial epithelial cell line as a model system;
however, it is possible that PGI-IP receptor signaling in stro-
mal and endothelial cells may act in a synergistic manner
with epithelial cells in the endometrium to favor angiogen-
esis, because our parallel studies of whole tissue endometrial
biopsy explants are in agreement with our data derived from
the Ishikawa cell line.

The precise role of PGI in human endometrium remains to
be fully explored; however, PGI has been implicated in men-
struation (33) and menstrual disturbances, where levels are
elevated in endometrial pathologies such as menorrhagia
(excessive menstrual blood loss) (8). It is thus possible that
vascular disturbances in the endometrium of women with

FIG. 6. Confocal immunofluorescent localization of the
site of expression of IP receptor (red; A and D) with
EGFR (green; B and E) and colocalization of IP with
EGFR (merged; yellow; C and F). Expression is demon-
strated in the epithelial cells of the basal (A–C) and
functional (D–F) human proliferative endometrium. In-
serts are shown for negative control sections as de-
scribed in the methods. (Scale bar, 10 �m.)
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menstrual pathologies such as menorrhagia may be exacer-
bated by the elevation of proangiogenic genes, such as bFGF,
Ang-1, and Ang-2, brought about by enhanced PGI-IP re-
ceptor signaling. In other studies, an aberration of expression
levels of angiogenic growth factors has been demonstrated in
endometrium from women with menorrhagia, such that a
decrease in the expression of Ang-1 mRNA (34) and an in-
crease in Ang-2 protein (35) were reported in endometrium
collected from women with heavy menstrual blood loss com-
pared with control endometrium. These alterations in Ang
expression are coincident with an increase in the expression
of bFGF receptor in the endometrium of women with ex-
cessive menstrual blood loss compared with control endo-
metrium (36).

Taken together, we have demonstrated a potential role for
PGI-IP receptor signaling in the Ishikawa endometrial epi-
thelial cell line and whole human endometrial biopsy ex-
plants in regulating the mRNA expression of several proan-
giogenic genes. These genes can influence angiogenesis by
acting on adjacent endothelial cells in an autocrine/paracrine
manner. Moreover, these studies have demonstrated a role
for PGI-EGFR cross talk in promoting angiogenic gene ex-
pression in the endometrium. Blockade of EGFR signaling
with an orally active EGFR tyrosine kinase inhibitor has been
used successfully in inhibiting angiogenesis in nude mice
(37). Additionally, in a mouse model of colorectal cancer,
studies have demonstrated that a combinatorial approach
using a nonselective COX enzyme inhibitor in combination
with an inhibitor of EGFR kinase is of greater therapeutic
benefit than either compound alone (38). These observations
of EGFR inhibition and ours reported in the present study
suggest that targeted inhibition of EGFR function with small
molecule chemical inhibitors alone or in combination with a
COX enzyme inhibitor may modulate angiogenic activity in
the endometrium, with possible benefits for menstrual pa-
thologies that are associated with aberrant expression and
signaling of prostanoids and altered angiogenesis or vascular
function (39–42).
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The menstrual cycle is a complex interaction of sex steroids,
prostanoids, and cytokines that lead to coordinated tissue
degradation, regeneration and repair. The transcription fac-
tor hypoxia-inducible factor (HIF-1) plays critical roles in cel-
lular responses to hypoxia, the generation of an inflammatory
response and vasculogenesis through transcriptional activa-
tion of angiogenic genes. We hypothesize that HIF-1 is ex-
pressed in human endometrium and that locally synthesized
prostaglandins (PGE2 and PGF2�) regulate HIF-1 activity.
Here we demonstrate that PGE2 up-regulates HIF-1� mRNA
and protein via the E-series prostanoid receptor 2 (EP2), and
this up-regulation is dependent on epidermal growth factor
receptor kinase activity. We show the tight temporal-spatial
confinement of HIF-1� protein expression in endometrium

across the cycle. HIF-1� is expressed exclusively during the
secretory and menstrual phases. Protein expression is maxi-
mal at progesterone withdrawal during the late secretory and
menstrual phase. HIF-1� protein colocalizes with prostaglan-
din EP2 receptor in glandular cells. In contrast, HIF-1�/aryl
receptor nuclear translocator 1 expression occurs throughout
the cycle but is maximal in glandular cells during the prolif-
erative phase. This provides evidence for a role for HIF-1 in
the menstrual cycle and demonstrates that HIF-1 activation in
human endometrium may occur via a PGE2-regulated path-
way and provides a coordinated pathway from progesterone
withdrawal through to angiogenic gene expression via HIF-1.
(Endocrinology 147: 744–753, 2006)

AUNIQUE FEATURE of the primate endometrium is the
cycle-specific change in vascularization. Its response

to progesterone withdrawal, which occurs at the end of a
cycle in the absence of a pregnancy, results in menstruation
in humans and a few Old World primates. The sequential
effect of endogenous steroids, estrogen and progesterone,
and withdrawal of progesterone on the human endome-
trium, have been extensively studied and reviewed (1, 2). The
precise local mechanisms involved in the induction of men-
struation have yet to be fully elucidated.

The classical experiments that resulted in the initial hy-
pothesis regarding the mechanism of menstruation were
conducted in rhesus monkeys. The direct observation of
changes in intraocular implants of endometrium lead to the
suggestion that the initiating events in menstruation were
vasoconstriction of the spiral arterioles and a decrease in
blood flow, resulting in tissue hypoxia followed by necrosis

(3). However, there is evidence that menstrual bleeding in
women is not merely due to a passive response to an ischemic
injury but rather an active process of tissue fragmentation.

Hypoxia in endometrial tissues has since been considered
a physiologic event in the premenstrual period and is a likely
stimulus for angiogenesis. It has been demonstrated in vitro,
in human endometrial stromal cells, that hypoxia and cAMP
can induce production of the angiogenic factor, vascular
endothelial growth factor (VEGF) (4).

Menstruation has been described as an inflammatory
event with a complex interaction of sex steroids, prostanoids
and cytokines leading to tissue degradation followed by a
coordinated process of tissue regeneration and repair. Our
studies, and those of others, of human endometrial tissue
have shown that progesterone withdrawal leads to up-reg-
ulation of cyclooxygenase-2 (COX-2) and subsequent gen-
eration of the potent vasoactive prostaglandins PGE2 (a va-
sodilator) and PGF2� (a vasoconstrictor) (5, 6). Hypoxia-
inducible factor (HIF)-1 is a heterodimeric nuclear
transcription factor that mediates the effects of hypoxia (7).
Under normoxic conditions the HIF-1 �-subunit is hydroxy-
lated at Pro402 or Pro564 by prolyl hydroxylases, polyu-
biquinated, and rapidly degraded in proteosomes. Under
hypoxic conditions, the lack of hydroxylation prevents
HIF-1� degradation allowing dimerization with HIF-1�/
ARNT1 (aryl receptor nuclear translocator 1) (8, 9) and nu-
clear translocation. In contrast to HIF-1�, cytoplasmic HIF-
1�/ARNT1 is stable in normoxia and hypoxia. Downstream
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HIF-1 target genes include those encoding extracellular ma-
trix remodeling/digesting proteinases (10) and angiogenic/
tissue repair genes such as VEGF, connective tissue growth
factor, endothelin and angiopoietin 2 (7, 11, 12). The role of
angiogenesis, in particular, is of major significance in the
cyclical repair and regeneration of the endometrium (11).
VEGF expression in endometrial epithelium and stroma var-
ies according to the stage of the menstrual cycle and may be
regulated, at least in vitro, by steroids and hypoxia (4, 13).

Although hypoxia is the archetypal stimulus, HIF-1� gene
and protein expression can also be induced through a num-
ber of inflammatory stimuli including TNF-�, prostaglan-
dins, and endotoxin (14–16). Recently, a series of studies
performed in cancer cell lines indicated that the vasodilator
PGE2, acting through specific prostanoid G protein-coupled
receptors such as the EP2 receptor, generates VEGF expres-
sion via HIF-1 activation (15, 17–19). Hence, we hypothesize
that there are potentially two pathways that link COX-2
up-regulation with downstream angiogenic gene expression;
increased PGF2� expression leading to local ischemia/hyp-
oxia and thus HIF-1� expression, and increased PGE2 ex-
pression directly inducing HIF-1� expression (Fig. 1). Be-
cause little is known with regard to its expression and
regulation in healthy endometrium, the aims of this study
were 1) to observe the expression of HIF-1� and HIF-1�/

ARNT1 in human endometrium across the endometrial cycle
and 2) to define the regulation of HIF-1� expression in en-
dometrial cells by PGE2. We have herein shown, for the first
time, tight temporal-spatial confinement of HIF-1� protein
expression across the cycle. HIF-1�/ARNT1 protein expres-
sion was maximal in the glandular component during the
proliferative phase at a time of postmenstrual repair. HIF-1�
was expressed exclusively in the secretory and menstrual
phases, with increasing intensity during progesterone with-
drawal from the mid to late secretory phase with maximal
expression at menstruation. HIF-1� expression was largely
localized to the glandular epithelium, particularly in the
uppermost subepithelial zones. We demonstrate colocaliza-
tion of HIF-1� protein with the EP2 receptor in endometrial
tissue. Finally, we show that PGE2 up-regulated HIF-1�
mRNA and protein via the EP2 receptor and that this up-
regulation was dependent upon epidermal growth factor
receptor (EGFR) kinase activity. These observations suggest
a role for HIF-1 in the menstrual cycle and demonstrate that
endometrial HIF-1 activation may occur via a PGE2-regu-
lated pathway.

Materials and Methods
Materials

All cell culture medium was purchased from Life Technologies (Pais-
ley, Scotland, UK). Penicillin-streptomycin and fetal calf serum were
purchased from PAA Laboratories Ltd. (Middlesex, UK). B-Actin mouse
monoclonal antibody was purchased from Santa Cruz Biotechnology
(Autogen-Bioclear, Wiltshire, UK). The polyclonal rabbit anti-EP2 re-
ceptor antibody was purchased from Cayman Chemical Co. (Alexis
Corp., Nottingham, UK). The monoclonal mouse anti-HIF-1� and
HIF-1� antibodies were purchased from Abcam Ltd. (Cambridge, UK).
The antimouse alkaline phosphatase secondary antibodies, indometh-
acin, PBS, BSA, and PGE2 were purchased from Sigma Chemical Co.
(Dorset, UK). The goat antimouse secondary antibody was purchased
from Dako Corp. (Carpinteria, CA). The biotinylated horse antimouse
IgG, biotinylated goat-antirabbit IgG, avidin and biotin were purchased
from Vector Laboratories, Inc., (Peterborough, UK). ECF chemilumi-
nescent system was purchased from Amersham Biosciences (Little Chal-
font, Buckinghamshire, UK). AH 6809 (30 mm Stock in dimethylsulf-
oxide) and AG1478 (10 mm stock in dimethylsulfoxide) were purchased
from Calbiochem (Nottingham, UK) and stored at �20 C.

Human endometrial tissue collection

Human endometrial biopsies were collected from patients undergo-
ing hysterectomy or endometrial investigation for benign gynecological
conditions (n � 54) that included pelvic pain, heavy bleeding, prolapse,
and sterilization. Patients with endometriosis were excluded. Ethical
approval was granted by the Lothian Research Ethics Committee, and
written informed consent was obtained from each patient. All women
reported regular menstrual cycles (25–35 d length) and had not taken
any exogenous hormones or used an intrauterine device during the 3
months before obtaining the biopsy. At hysterectomy, a full thickness
endometrial biopsy was taken from the uterine cavity of 33 of the above
patients for immunohistochemical studies, including the functional and
basal layer of the endometrium and adjacent myometrium. Endometrial
biopsies were fixed in 4% neutral buffered formalin overnight at 4 C
before routinely wax embedding using an 18-h cycle on a TP1050 pro-
cessing machine (Leica Corp., Knowlhill, Milton Keynes, UK). In addi-
tion, endometrial tissue was collected from 23 of the above patients (with
an endometrial tissue sampler (Pipelle, Laboratoire CCD, Paris, France);
and either snap frozen in liquid nitrogen or placed in RNA Later, RNA
stabilization solution [Ambion (Europe) Ltd., Cambridgeshire, UK]
overnight at 4 C for subsequent RNA extraction. The biopsies were dated
according to the criteria of Noyes et al. (20) based on the histological
appearance, which was found to be consistent with the patient’s re-

FIG. 1. Hypothesis: dual regulation of HIF-1� in endometrium may
be present and is effected by both a hypoxia-independent, PGE2-
dependent mechanism as well as via a classical hypoxia-dependent
pathway. Progesterone withdrawal results in expression of COX-2
and subsequent generation of the potent vasoactive prostaglandins
PGE2 and PGF2�. PGE2 is a vasodilator and inducer of vascular leak,
PGF2� is a potent vasoconstrictor. Although the latter may induce
HIF-1� expression through local tissue ischemia, we demonstrate
that endometrial HIF-1� expression may be regulated directly by
PGE2. PGE2 promoted HIF-1� mRNA and protein expression via the
EP2 receptor in normoxic conditions. I-R, Ischemia reperfusion.

Critchley et al. • Endometrial HIF-1� and Regulation by EP2 Endocrinology, February 2006, 147(2):744–753 745

D
ow

nloaded from
 https://academ

ic.oup.com
/endo/article-abstract/147/2/744/2500251 by Edinburgh U

niversity user on 30 January 2020



ported last menstrual period. Serum samples were collected from each
patient at the time of endometrial biopsy collection for the determination
of circulating serum progesterone and estradiol levels by RIA. A sig-
nificant reduction in serum progesterone levels was detected in the late
vs. the mid secretory phase (P � 0.01; see Table 1). Endometrial biopsies
were classified as early proliferative (EP) (n � 5), mid proliferative (MP)
(n � 5), late proliferative (LP) (n � 5), early secretory (ES) (n � 6), mid
secretory (MS) (n � 5), late secretory (LS) (n � 5) or menstrual (M) (n �
2) for the immunohistochemical studies and proliferative (P) (n � 5), ES
(n � 5), MS (n � 5), LS (n � 4), and M (n � 4) for the analysis of HIF-1�
mRNA across the menstrual cycle.

HIF-1� and HIF-1�/ARNT1 immunohistochemistry

Five-micrometer paraffin sections were dewaxed in Histoclear (Na-
tional Diagnostics, Atlanta, GA) for 10 min before rehydration in de-
scending grades of alcohol. Sections were washed with 0.01 m PBS (pH
7.4; Sigma) before pressure cooking in 0.01 m sodium citrate (pH 6) for
5 min at setting 2/high (Tefal, Clipso, Nottingham, UK) for antigen
retrieval. After cooling for 20 min, the sections were again washed in PBS
before blocking endogenous peroxidase activity by immersion in 3%
hydrogen peroxide for 10 min at room temperature. After washing in
PBS, the sections were incubated in avidin (Vector Laboratories) for 15
min, rinsed in PBS and then incubated in biotin (Vector Laboratories) for
a further 15 min, all at room temperature. Slides were incubated in
nonimmune rabbit serum (NRS) (where subsequent incubation was with
the anti-HIF-1� antibody) or in nonimmune horse serum (NHS) (where
subsequent incubation was with the anti-HIF-1� antibody) (NRS; Di-
agnostics Scotland, Carluke, Lanark, UK; NHS, Vector Laboratories) in
PBS for 20 min at room temperature to block nonspecific binding of the
primary antibody. The primary antibody, either monoclonal mouse
anti-HIF-1� antibody (1:1000 dilution in NRS/PBS; IgG2b ab1) or mono-
clonal mouse anti-HIF-1� antibody (1:1000 dilution in NHS/PBS; IgG1
ab2771) was added to the slides and incubated overnight at 4 C. For the
negative controls, the primary antibody was replaced with either non-
immune mouse IgG2b antibody (HIF-1�) or IgG1 antibody (HIF-1�) at
a matched antibody concentration to the HIF-1� (1:40) or HIF-1� (1:1000)
antibody. Subsequently, the sections were washed in PBS with added
Tween 20 (PBST) before incubating in biotinylated horse antimouse
antibody (Vector Laboratories) for 60 min at room temperature. After
washing in PBST, an avidin-biotin-peroxidase complex (ABC-Elite; Vec-
tor Laboratories) was then applied for 60 min at room temperature. After
a final wash with PBST, the chromagen 3, 3�-diaminobenzidine (Dako)
was added and the reaction stopped with distilled H2O when nuclear
staining was detected by inspection under the microscope. The sections
were then counterstained with Harris’s hematoxylin, dehydrated, and
finally mounted with Pertex (Cellpath plc, Hemel Hempstead, UK).

Scoring of immunoreactivity

Localization and intensity of immunostaining was evaluated blind by
two independent observers using a semiquantitative scoring system
with a three-point scale (0 � no staining, 1 � mild staining, 2 � strong
staining for HIF-1�) and a four-point scale (0 � no staining, 1 � mild
staining, 2 � moderate staining and 3 �strong staining for HIF-1�). This
was applied to the glands and stromal cells in the functional and basal
endometrial layers, respectively, as well as the surface epithelium. This

scoring system has previously been validated (21) in a subset of tissue
sections in which immunoreactivity was measured with a computerized
image analysis system. A strong correlation between quantitative data
derived from image analysis and subjective scores by trained observers was
obtained. Statistical significance was determined using the Kruskal-Wallis
nonparametric test (Instat, GraphPad Software, Inc., San Diego, CA).
Dunn’s multiple comparison test was used for post hoc comparisons.

HIF-1�-EP2 dual immunofluorescence

Paraffin tissue sections were dewaxed, pressure cooked, and endog-
enous peroxidase and biotin blocked as described above. Nonspecific
binding of the primary antibody was blocked by incubating the sections
for 20 min at room temperature in a 1:5 dilution of nonimmune goat
serum (Diagnostics Scotland) with 5% BSA. The sections were then
incubated with mouse monoclonal anti HIF-1� antibody (1:4000 dilu-
tion, IgG2b, ab1) and polyclonal rabbit anti-EP2 receptor antibody (1:50
dilution) at 4 C overnight. Negative controls were performed by incu-
bating sections with a control mouse IgG2b antibody at a matched IgG
concentration to the HIF-1� antibody (1:1300 dilution) and a control
rabbit IgG at a matched concentration to the EP2 receptor antibody (1:100
dilution), or with the EP2 antibody preabsorbed overnight at 4 C with
the peptide against which it had been raised (1:50 dilution). The sections
were then washed in PBST before the addition of biotinylated goat-
antirabbit IgG (1:200 dilution) and goat antimouse antibody (1:200 di-
lution) conjugated to horseradish peroxidase for 60 min at room tem-
perature. After a further wash in PBST, the sections were incubated with
tyramide cyanine 5 fluorescent complex (1:50 dilution, to detect HIF-1�)
for 10 min at room temperature (PerkinElmer Life Sciences, Boston, MA),
washed in PBST, then incubated in a solution of avidin alexafluor 488
(1:200 dilution, Molecular Probes, Inc., Leiden, The Netherlands) to
detect EP2 for 60 min at room temperature. The sections were then
washed in PBST and incubated in a solution of biotin/ PBS for 20 min
at room temperature (Vector Laboratories). Sections were then washed
in PBST, and mounted in permafluor (Immunotech, Marseilles, France)
and left to dry in the dark. The fluorescent images were collected on a
Zeiss LSM 510 confocal laser scanning microscope (Carl Zeiss, Thorn-
wood, NY). The avidin alexafluor 488 (EP2) was visualized using an
argon laser with an excitation beam of 496nm, emitting at 519 nm and
detected using a band pass filter from 505–550 nm. The cyanine 5 (HIF-
1�) was visualized using a Helium/neon 2 laser with an excitation beam
of 649 nm, emitting at 670 nm and detected using a long pass filter of
650 nm.

Cell culture

Human Ishikawa endometrial adenocarcinoma cells (European Col-
lection of Cell Culture, Centre for Applied Microbiology, Wiltshire, UK)
were maintained in DMEM nutrient mixture F-12 with glutamax-1 and
pyridoxine, supplemented with 10% fetal calf serum, and 1% antibiotics
(stock 500 IU/ml penicillin and 500 �g/ml streptomycin) at 37 C and 5%
CO2 (vol/vol). Stable EP2 transfectant cells were maintained under the
same conditions with the addition of 200 �g/ml G418.

Transfection

The EP2 receptor sense (EP2S) stable cell line was constructed as
described previously (19). Briefly, the EP2 receptor was isolated from
proliferative phase human endometrial tissue and cloned into the eu-
karyotic expression vector pcDNA3.1 (Invitrogen, De Schelp, The Neth-
erlands) containing a neomycin resistance gene expression cassette for
G418 selection. The expression vector was transfected into Ishikawa cells
and three independent clones, demonstrating elevated expression of EP2
receptor isolated and expanded for further investigation. We charac-
terized all three clones and found that they all exhibited identical phe-
notypic and biochemical alterations. Therefore, the results of our studies
reported here focused on one of these clones (clone S33).

Protein extraction

For HIF-1� studies, 2 � 106 cells were seeded in 10-cm dishes. The
following day, cells were washed with PBS and incubated in serum-free
culture medium containing penicillin/streptomycin and 8.4 �m indo-

TABLE 1. Circulating estradiol and progesterone levels at the
time of collection of endometrial samples

Histological stage of cycle

Estradiol
(pmol/liter)

median
(range)

Progesterone
(nmol/liter)

median
(range)

Proliferative (n � 19) 544 (43–1233) 3 (1–7)
Early secretory (n � 11) 368 (124–699) 17 (5–43)
Mid secretory (n � 10) 450 (120–680) 49 (31–106)a

Late secretory (n � 8) 280 (129–602) 7 (3–15)a

Menstrual (n � 6) 151 (118–167) 3 (2–4)
a P � 0.01 significant difference between mid and late secretory

stages for progesterone concentration.
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methacin (a dual COX-enzyme inhibitor used to inhibit endogenous
prostanoid biosynthesis) for at least 16 h. The next day, cells were
pretreated with vehicle, 100 nm AG1478 (a specific inhibitor of EGFR
kinase), 10 �m AH6809 (a specific EP2 receptor antagonist) for 1 h before
stimulation with vehicle, 100 nm PGE2 or 200 �m desferrioxamine (DFO)
for 48 h. After stimulation, cells were washed with ice-cold PBS. Cyto-
solic proteins were extracted with a cytosolic protein lysis buffer [10 mm
HEPES (pH 7.8), 10 mm KCl, 2 mm MgCl2, 1 mm dithiothreitol, 0.1 mm
EDTA, 1% Nonidet P-40] containing protease inhibitors (Complete mini
protease inhibitor cocktail; Roche Diagnostics Ltd., Lewes, UK). There-
after, the membrane fraction was pelleted by centrifugation at 14,000 �
g for 2 min at 4 C. The clarified lysate was removed and stored and the
nuclear fraction extracted with a nuclear protein lysis buffer [50 mm
HEPES (pH 7.8), 50 mm KCl, 300 mm NaCl, 0.1 mm EDTA, 1 mm
dithiothreitol, 10% glycerol] containing protease inhibitors (Roche) fol-
lowed by brief sonication. The protein content in the nuclear fraction was
determined using protein assay kits (Bio-Rad, Hemel Hempstead, UK).

Immunoprecipitation and Western blot analysis

For HIF-1� and B-actin expression, a total of 50 �g of protein was
resuspended in 20 �l of Laemmli buffer [125 mm Tris-HCl (pH 6.8), 4%
SDS, 5% 2-mercaptoethanol, 20% glycerol and 0.05% bromophenol blue]
and boiled for 5 min. Proteins were resolved on 4–12% Tris-glycine gels
(NOVEX, Invitrogen), transferred onto polyvinylidene difluoride mem-
brane (Millipore, Watford, UK) and subjected to immunoblot analysis.
Membranes were blocked for 1 h at 25 C in 4% BSA diluted in TBST (50
mm Tris-HCl, 150 mm NaCl and 0.05% vol/vol Tween 20) and incubated
with specific HIF-1� (1:200) and B-actin (1:500) primary antibody. After
washing and incubating with alkaline-phosphatase-conjugated second-
ary antibodies (Sigma), immunoreactive proteins were visualized by the
ECF chemiluminescent system according to the manufacturer’s instruc-
tions. HIF-1� proteins were revealed and quantified by, and normalized
to, B-actin protein expression using a Typhoon PhosphorImager 9400
(Molecular Dynamics, Amersham Biosciences). Fold increase was cal-
culated by dividing the relative expression of HIF-1� by the relative
expression of B-actin. All data are presented as mean � sem.

Quantitative RT-PCR (Q-RT-PCR)

HIF-1� expression in Ishikawa cells and in endometrial tissue was mea-
sured by Q-RT-PCR (Taqman) analysis. Approximately 5 � 105 cells were
seeded in 5-cm dishes and allowed to attach and grow overnight. The
following day, cells were synchronized by serum withdrawal for at least
16 h in serum-free medium containing 8.4 �m indomethacin. The next day,
cells were pretreated with vehicle, 100 nm AG1478, or 10 �m AH6809 for
1 h before stimulation with vehicle or 100 nm PGE2 for 48 h. After stim-
ulation, cells were washed with ice-cold PBS. RNA was extracted from cells
using Tri-reagent (Sigma) and from endometrium using either Tri-reagent
or QIAGEN RNeasy columns (QIAGEN Ltd., West Sussex, UK) following
the manufacturers’ guidelines. Once extracted and quantified, RNA sam-
ples were reverse transcribed using MgCl2 (5.5 mm), deoxy (d) nucleotide
triphosphates (0.5 mm each), random hexamers (2.5 �m), ribonuclease
inhibitor (0.4 U/�l) and multiscribe reverse transcriptase (1.25 U/�l; all
from PE Biosystems, Warrington, UK). The mix was aliquoted into indi-
vidual tubes, and 200–400 ng of RNA were added. After mixing, samples
were incubated for 60–90 min at 25 C, 45 min at 48 C, and 95 C for 5 min.
Thereafter, cDNA samples were stored at �20 C. A tube with no reverse
transcriptase was included to control for DNA contamination. To measure
cDNA expression, a reaction mix was prepared containing Taqman buffer
(5.5 mm MgCl2, 200 �m dATP, 200 �m dCTP, 200 �m dGTP, 400 �m
deoxyuridine triphosphate), ribosomal 18S forward, and reverse primers
and probe (50 nm), forward and reverse primers for HIF-1� (300 nm),
HIF-1� probe (100 nm), AmpErase Uracil N-glycosylase (Roche Diagnos-
tics, Lewes, Suffolk, UK) (0.01 U/�l) and AmpliTaq Gold DNA Polymerase
(0.025 U/�l; PE Biosystems). After mixing, 48 �l were aliquoted into sep-
arate tubes and 2 �l/replicate of cDNA added and mixed before placing
duplicate 24-�l samples into a PCR plate. A no template control (containing
water) was included in triplicate. PCR was carried out using an ABI Prism
7700 (Applied Biosystems, Warrington, UK). HIF-1� primers and probe for
quantitative PCR were designed using the PRIMER express program (PE
Biosystems). The sequence of the HIF-1� primers and probe were: forward,
5�-CGCATCTTGATAAGGCCTC-3�; reverse, 5�-AATCACCAGCATCCA-

GAAG-3�; probe (FAM labeled, 6-carboxyfluorescein) 5�-TCACACG-
CAAATAGCTGAT-3�. The ribosomal 18S primers and probe sequences
were: forward, 5�-CGG CTA CCA CAT CCA AGG AA-3�; reverse, 5�-GCT
GGA ATT ACC GCG GCT-3�; probe, (VIC-labeled, PE Biosystems) 5�-TGC
TGG CAC CAG ACT TGC CCT C-3�. Data were analyzed and processed
using Sequence Detector version 1.6.3 (PE Biosystems). Expression of
HIF-1� was normalized to RNA loading for each sample using the 18S
ribosomal RNA as an internal standard.

For HIF-1� expression in Ishikawa cells results are expressed as fold
increase where relative expression of HIF-1� in cells treated with PGE2
was divided by the relative expression in vehicle-treated cells. Data are
presented as mean � sem. For endometrial tissue, results were expressed
as quantity relative to a comparator, which was a sample of RNA taken
from the proliferative stage of the menstrual cycle. Significant difference
was determined using one-way ANOVA, and individual differences
were described using the least significant difference post hoc multiple
comparison (SPSS, Inc., Chicago, IL).

Results
Spatial and temporal distribution of HIF-1� protein
expression (Figs. 2, a–c, and 3)

Immunostaining for HIF-1� was exclusively detected in
cell nuclei consistent with the fact that stable HIF-1� is rap-
idly translocated to the nucleus (Fig. 2, b and c). There was
no immunostaining in the negative controls (Fig. 2c, inset).
During the proliferative phase, immunostaining was absent
in all glands and stromal cells and negligible immunoreac-
tivity was observed in the surface epithelium (Fig. 2a).Glan-
dular cells and stromal cells in the functional layer (F) stained
most intensely in samples collected from the menstrual stage
of the cycle (Fig. 2c). HIF-1� was detected in the glands of the
basal layer (B) only in the late secretory and menstrual phase
(Fig. 2c). In none of the samples was there any immuno-
staining of the stromal cells in the basal layer (Fig. 2, a–c).

After semiquantitative evaluation and statistical analysis,
the Kruskal-Wallis test, showed a significant difference (P �
0.01) in the intensity of nuclear staining in samples from
different stages of the menstrual cycle (Fig. 3, a and b). The
difference in intensity across the cycle stages was significant
for both the glands (P � 0.01; Fig. 3a) and the stromal cells
(P � 0.01; Fig. 3b). Using Dunn’s multiple comparison test,
there was a significant difference in staining of the stromal
cells in the functional layer in the menstrual phase when
compared with the proliferative, early and mid secretory
phases (Fig. 3b; P � 0.05). Glands in the basal layer in the
menstrual phase also exhibited positive immunoreactivity
(Fig. 3d; P � 0.05).

Spatial and temporal distribution of HIF-1�/ARNT1
protein expression (Figs. 2, d–f, and 4)

In the functional layer (F) of endometrium, HIF-1�/
ARNT1 protein was observed in the nuclei of surface and
glandular epithelial cells and stroma. Protein expression in
the functional layer was greater in the proliferative com-
pared with mid and late secretory phases of the cycle (Fig.
4, a–c; P � 0.05). In the basal region (B) of endometrium
HIF-1�/ARNT1 protein was greater in glandular cells in the
proliferative phase (Fig. 4d; P � 0.05). Stromal cell expression
of HIF-1� protein in the functional layer was also greater in
the proliferative phase (Fig. 4c). Thus, overall HIF-1�/
ARNT1 protein immunoreactivity was maximally intense in
the proliferative phase. Furthermore, HIF-1�/ARNT1 pro-
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tein was expressed in stromal cells at this cycle stage when
HIF-1� immunoreactivity was negligible.

Expression of HIF-1� mRNA in human endometrium by
Q-RT-PCR (Fig. 5)

HIF-1� mRNA was present at low levels in the prolifer-
ative and early secretory stages of the menstrual cycle. By the
mid secretory phase, levels of HIF-1� had risen significantly
when compared with both the proliferative (P � 0.05) and
early secretory phase samples (P � 0.01). Moderate levels of
HIF-1� were also present in the late secretory and menstrual
phases of the cycle.

HIF-1� expression is up-regulated by PGE2-EP2 receptor
interaction in endometrial epithelial cells

The role of PGE2-EP2 receptor signaling on the expression
of HIF-1� mRNA was investigated by Q-RT-PCR analysis
after stimulation of wild-type and EP2S Ishikawa cells with
100 nm PGE2 or vehicle (48 h). As shown in Fig. 6, PGE2
stimulation resulted in a 1.6 � 0.03-fold increase in the ex-
pression of HIF-1� mRNA in Ishikawa EP2S cells (P � 0.05).
No increase in HIF-1� expression was observed in wild-type
cells treated with PGE2. Cotreatment of cells with the selec-
tive EP2 receptor antagonist (AH6809) and the EGFR kinase
inhibitor AG1478 abolished the EP2 receptor-mediated ele-
vation in HIF-1� mRNA expression (P � 0.05).

To determine whether PGE2 activation of the EP2 receptor
promoted the expression of HIF-1� protein, we treated Ish-
ikawa wild-type and EP2S cells with 100 nm PGE2 or vehicle
in the presence or absence of the selective EP2 receptor an-
tagonist (AH6809) and EGFR kinase inhibitor (AG1478) for
48 h and measured HIF-1� expression by Western blot anal-
ysis. In parallel, cells were treated with DFO, an iron chelator
that inactivates prolyl hydroxylases, hence conferring
HIF-1� stabilization. An increase in content of HIF-1� was
observed in Ishikawa EP2S cells (Fig. 7, lane 7, P � 0.001) after
treatment with PGE2 compared with cells stimulated with
vehicle alone (Fig. 7, lane 6). No such increase in the expres-
sion of HIF-1� protein was observed in wild-type cells in
response to PGE2 (Fig. 7, lane 2). Preincubation of cells with
AH6809 (Fig. 7, lane 8) and AG1478 (Fig. 7, lane 9) abolished
the PGE2-mediated elevation in HIF-1� protein expression in
EP2S cells. Stimulation of Ishikawa cells with DFO resulted
in a 4.8 � 1.1 (Fig. 7, lane 5, P � 0.001) and 3.5 � 0.2 (Fig. 7,
lane 10, P � 0.001)-fold increase in the expression of HIF-1�
in wild-type and EP2S cells, respectively.

Colocalization of HIF-1� protein and EP2 receptor protein
in human endometrium

Dual immunofluorescence has demonstrated colocaliza-
tion of HIF-1� and EP2 receptor proteins to the glandular
epithelial cells (Fig. 8). The EP2 receptor protein is expressed

FIG. 2. Photomicrograph of HIF-1� and HIF-
1�/ARNT1 immunoreactivity in human endo-
metrium across the menstrual cycle. HIF-1�:
no HIF-1� immunoreactivity is observed dur-
ing the proliferative phase (a). Nuclei in the
functional layer (F) of the endometrium and
particularly near the surface are more in-
tensely stained than in the basal layer (B) (b
and c). The intensity of staining increased over
the course of the secretory phases. Glandular
and stromal cells in the functional layer (F)
immunostain more strongly in samples from
the menstrual stage of the cycle (c); HIF-1�/
ARNT1 protein is expressed in nuclei of sur-
face and glandular epithelial cells and stromal
cells (d–f). Protein expression is greater in the
proliferative (d) compared with late-secretory
menstrual phases (e and f). Panels c and f
(small inset): negative control. Scale bar, 100
�m for panels a, b, c, e, and all insets. Scale bar,
100 �m for panels d and f, note change in scale
bar length indicating lower magnification.
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at all stages of the menstrual cycle in the cytoplasm of the
glandular epithelium and vascular endothelium (22). As de-
scribed earlier HIF-1� protein is expressed particularly in the
late secretory and menstrual phases in the nuclei of glandular
cells.

Discussion

In this study, we have demonstrated tight temporal and
spatial confinement of HIF-1� expression across the men-

strual cycle. HIF-1� protein was expressed with increasing
intensity from premenstrual (secretory) through to men-
strual phase human endometrium. No HIF-1� immunore-
activity was detected in endometrial biopsies from the pro-
liferative phase. Within the endometrial layers, the strongest
immunoreactivity observed was in the uppermost endome-
trial zones (functional layer), with staining localized to glan-
dular epithelium, surface epithelium and some stromal cells.
HIF-1� mRNA expression peaked in the mid secretory

FIG. 3. HIF-1� immunoreactivity across the menstrual cycle. The data are presented as box-and-whisker plots. EP, Early proliferative; MP,
mid proliferative; LP, late proliferative; ES, early secretory; MS, mid secretory; LS, late secretory; M, menstrual phases of the cycle. A, Glands
in the functional layer; B, stroma in the functional layer; C, surface epithelium; and D, glands in the basal layer.
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phase, before maximal HIF-1� protein expression. The tem-
poral and spatial distribution of HIF-1� protein and mRNA
detected in this study would thus seem to be related to the
process of menstruation. HIF-1� appears to be most strongly
expressed during the perimenstrual phase in those endome-

trial layers that will be sloughed off at menstruation. In
contrast, HIF-1�/ARNT1 protein expression was maximal in
the glandular component during the proliferative phase, that
is, at a time of postmenstrual repair. Endometrial tissue col-
lection at the time of hysterectomy permits for maintenance

FIG. 4. HIF-1�/ARNT1 immunoreac-
tivity across the menstrual cycle. The
data are presented as box-and-whisker
plots. EP, Early proliferative; MP, mid
proliferative; LP, late proliferative; ES,
early secretory; MS, mid secretory; LS,
late secretory; M, menstrual phases of
the cycle. A, Surface epithelium; B,
glands in the functional layer; C,
stroma in the functional layer; D,
glands in the basal layer; and E, stroma
in the basal layer.
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of the spatial orientation of the tissue. This is not possible
with endometrial curettage sampling.

One previous study has also reported on the expression of
HIF-1 proteins in human endometrium (23). The authors
failed to detect HIF-1� nuclear staining in any endometrial
samples, finding only fairly minor cytoplasmic staining with-
out a specific temporal or spatial pattern. HIF-1� expression
was also reported and found to be predominantly epithelial
and strongest after ovulation, similar to our observations
herein. The discrepancies in findings of HIF-1� expression
may reflect the use of different primary antibodies and dif-
ferent methods of tissue collection.

The presence of HIF-1� protein in the glandular epithe-
lium may be responsible for the up-regulation of VEGF that
has been reported at the time of progesterone withdrawal in
the uppermost zones of the endometrium (13, 24).

HIF-1� is recognized as a critical mediator of hypoxic re-
sponses, and hypoxia is certainly the best studied and probably
the most potent stimulus for HIF-1� induction. Virtually all cell
types appear to express stable HIF-1� protein under conditions

FIG. 6. EP2 receptor activation induces HIF-1� mRNA expression in
endometrial epithelial cells. HIF-1� mRNA expression in Ishikawa
wild-type (WT) and EP2S cells was measured by real-time Q-RT-PCR
analysis after treatment of cells for 48 h with vehicle or 100 nM PGE2.
In parallel, cells were treated with PGE2 and AH6809 or PGE2 and
AG1478. Data are shown as mean � SEM from three independent
experiments (b is significantly different from a, P � 0.05).

FIG. 8. Colocalization of HIF-1� protein and EP2 receptor protein in
human endometrium. Dual immunofluorescence colocalization of
HIF-1� and EP2 receptor to the glandular epithelial cells. The EP2
receptor protein is expressed at all stages of the menstrual cycle in the
cytoplasm of the glandular epithelium and vascular endothelium
(green immunostaining). HIF-1� protein is expressed particularly in
the late secretory and menstrual phases in the nuclei of glandular
cells (blue immunostaining). Phases of the cycle: a, mid proliferative;
b, early secretory; c, late secretory; d, menstrual—complete image; e,
menstrual HIF-1�—split image; f, menstrual phase EP2—split im-
age; g, negative control, preabsorbed peptide.

FIG. 5. Relative expression of HIF-1� mRNA in human endometrium
by Q-RT-PCR. Low levels of HIF-1� mRNA in the proliferative and
early secretory stages of the menstrual cycle. By the mid secretory
phase, levels of HIF-1� significantly rise when compared with both
the proliferative (P � 0.05) and early secretory phase samples (P �
0.01). Moderate levels of HIF-1� present in the late secretory and
menstrual phases of the cycle.

FIG. 7. Activation of EP2 receptor promotes expression of HIF-1� pro-
tein. Expression of HIF-1� protein in Ishikawa wild-type (WT) and EP2S
cells was measured by Western blot analysis after treatment of cells for
48 h with vehicle or 100 nM PGE2. In parallel, cells were treated with
PGE2 and AH6809 or PGE2 and AG1478 or DFO (positive control). After
lysis, cells were subjected to immunoblot analysis as described earlier.
Semiquantitative analysis of HIF-1 protein expression was determined
from four independent experiments by determining the ratio between
HIF-1 expression and expression of B-actin on the same blot. Data are
presented as mean � SEM (b is significantly different from a, P � 0.001;
�, absence of agent; �, presence of agent).
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of reduced oxygen tension, implying that the oxygen-sensing
apparatus is ubiquitous. For this reason, the detection of HIF-1�
in vitro or in animal models is often considered to be an indicator
of cell or tissue hypoxia. However, the observations in the
present study suggest that within the endometrium, hypoxia
may not be the only or indeed the most important stimulus for
HIF-1� expression. During the premenstrual and menstrual
phase, HIF-1� was found to be strongly expressed in glandular
epithelium, whereas adjacent stromal cells stained weakly or
not at all. Because adjacent cells are unlikely to be exposed to
significantly different oxygen tensions, this observation implies
an alternative receptor-specific pathway to HIF-1� induction.
We have shown that the temporal expression of HIF-1� in the
endometrium coincides with progesterone withdrawal (see Ta-
ble 1). We have previously shown that this latter event results
in expression of COX-2 and subsequent generation of the potent
vasoactive prostaglandins PGE2 and PGF2� (1, 25). PGE2 is a
vasodilator and inducer of vascular leak, whereas PGF2� is a
potent vasoconstrictor. Although the latter may induce HIF-1�
expression through local tissue ischemia, we here have shown
that endometrial HIF-1� expression may be regulated directly
by PGE2 as HIF-1� protein colocalized with the EP2 receptor
and PGE2 promoted HIF-1� mRNA and protein expression via
the EP2 receptor in normoxic conditions.

PGE2 couples to four pharmacologically classified subtypes of
Gprotein-coupledreceptor (EP1-EP4) (26).Thesesubtypesmaybe
coexpressed on the same cell or on adjacent cells, indicating an
autocrine/paracrine control of an autocoid biosynthesized and
released in close proximity to the site of its action (27). Thus, the
signal transduction from PGE2-EP ligand-receptor binding to ac-
tivation of HIF-1� and VEGF expression is likely to be complex. In
the present study, we have demonstrated that HIF-1� mRNA and
protein expression are induced in endometrial epithelial cells by
PGE2 via the EP2 receptor. These findings are in agreement with
a similar study by Liu et al. (28), where HIF-1� expression in
human prostate cancer cells was induced, with EP2 and EP4 (not
EP3) receptor-selective agonists, demonstrating a role for specific
EP receptors in the PGE2-regulation of HIF-1� expression. Inhi-
bition of EGFR kinase activity abolished the PGE2-induced ex-
pressionofHIF, indicatingthattrans-phosphorylationoftheEGFR
is also a requirement for the PGE2-induced expression of HIF via
the EP2 receptor in endometrial epithelial cells. In a recent study,
we have shown that EP2 receptor localizes to glandular epithelial
cells and no variation in expression is detected in endometrial
biopsiescollectedacrossthemenstrualcycle(22).Moreover,PGE2-
EP2 receptor signaling promotes the expression and release of
VEGF from endometrial epithelial cells via the intracellular trans-
phosphorylation of the EGFR and activation of the ERK1/2 sig-
naling pathways (19). Our data herein, by inference from the
above, strongly suggests this pathway is dependent on HIF-1�.
PGE2 is also synthesized across the menstrual cycle, albeit its
pattern of synthesis may vary depending on the stage of the men-
strual cycle. Hence, it is our belief that the EP receptors can be
activated during the late secretory phase to affect HIF expression.
Recent studies of human colonic cancers have demonstrated a
correlation between the expression of the COX-2 enzyme, and its
biosynthesized product prostaglandin E2 with VEGF expression
and angiogenesis (29, 30) and inhibition of HIF-1� expression by
RNA interference blocked the induction of VEGF mRNA (15).
Further studies elucidating the relationship between EP2 receptor

signaling, HIF and VEGF in endometrial epithelial cells may pro-
vide insight into some of the complex processes that occurs in the
endometrium during menstruation, such as neovascularization
and endometrial regeneration.

HIF-1�/ARNT1 is considered to be a constitutively ex-
pressed cytoplasmic protein and nuclear HIF-1� translocation
is dependent upon its dimerization with HIF-1�/ARNT1.
Therefore, the observation that HIF-1�/ARNT expression var-
ied in a specific temporal and spatial distribution during the
menstrual cycle, and that the temporal pattern of expression
was reciprocal to that seen with HIF-1�, was unexpected. For
example, HIF-1� expression in glandular epithelium was stron-
gest during the proliferative phase when HIF-1� expression
was absent. HIF-1�/ARNT1 is a basic helix-loop-helix/PER-
ARNT-SIM-harboring protein and is also expressed as two
further isoforms, ARNT2 and ARNT3. All three ARNT proteins
may dimerize with HIF-1� (7). The monoclonal antibody used
in our current studies is specific for HIF-1�/ARNT1 and does
not detect ARNT2 or ARNT3. Further studies are required to
determine the expression and role of ARNT2 and 3 in human
endometrium. However, recent data on HIF expression in the
preimplantation mouse uterus supports the notion that specific
ARNT family members are differentially expressed in uterine
tissue and may only dimerize with HIF-1� at specific stages of
implantation (31). In addition to a role in HIF-1mediated path-
ways, the ARNT family is a critical component of the xenobiotic
detoxification pathway. The aryl hydrocarbon (Ahr) receptor
binds to nuclear ARNTs and induces the transcription of genes
encoding xenobiotic-metabolizing enzymes. Little is known
about the functional relevance of this pathway in endometrium
However, AhR-deficient mice have a complex reproductive
deficit and abnormal uterine physiology (32, 33–35), suggesting
that the Ahr pathway may play an integral part in the normal
reproductive physiology and not just in xenobiotic biology.
Interestingly, the pattern of HIF-1�/ARNT1 expression ob-
served in our studies, that is, epithelial zone and predominantly
proliferative phase, is broadly similar to the pattern of AhR
expression described in human endometrium (36). The impli-
cation is that in human endometrium, ARNT1 may play a
functional role in the AhR-mediated pathway rather than HIF-
1mediated pathways.

Our finding that HIF-1� expression occurred maximally at the
menstrual stage is open to interpretation. It is possible that its
expressionisofparticularsignificanceininitiatingtheregeneration
and repair of the endometrium at the beginning of the subsequent
cycle. VEGF and a number of other angiogenic genes have been
observed in several model systems to be transcriptionally regu-
lated by HIF-1 (7). A positive correlation between HIF-1 expres-
sion, VEGF expression and increased tissue microvessel density in
human endometrial carcinoma has been established (37). In ad-
dition, vasculoprotective genes such as hemoxygenase-1 and in-
ducible nitric oxide synthase are also HIF-1 regulated and may
serve to limit tissue injury during ischemia/reperfusion in the
endometrium. Although our studies demonstrate that HIF-1� ex-
pression may be induced in an endometrial cell line after PGE2
stimulation under normoxic conditions, this does not imply that
hypoxia is not relevant to HIF-1� signaling in intact endometrial
tissue. We hypothesize that dual regulation of HIF-1� in endo-
metrium may be present through both a hypoxia-independent,
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PGE2-dependent mechanism and a classical hypoxia-dependent
mechanism (see Fig. 1).

In conclusion, this study demonstrates the cell- and stage-
specific expression of HIF-1 across the human menstrual cycle
and implicates a mechanism for HIF-1� generation through
PGE2 stimulation via the EP2 receptor. Further studies are
required to determine the additional role of tissue hypoxia in
HIF-1 regulation and to clarify the precise functional role of this
transcription factor in initiating menstruation or in the subse-
quent regeneration and repair of the endometrium.
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Abstract

Key reproductive events, such as menstruation and implantation, are considered to be inflammatory processes and glucocorticoids act as anti-
inflammatory agents. The balance of expression of types 1 and 2 11�-hydroxysteroid dehydrogenases (11�HSD) controls the availability of cortisol
to bind to the glucocorticoid receptor (GR) and mineralocorticoid receptor (MR). Expression profiles of glucocorticoid-metabolising enzymes and
their cognate receptors have been characterized in the reproductive tract. We propose that factors that peripherally promote glucocorticoid action
are part of an anti-inflammatory response to tissue remodelling in human endometrium. Protein and mRNA expression in endometrium were
investigated using immunohistochemistry and quantitative real-time PCR. There was up-regulated expression of 11�HSD-1 at menstruation and
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n first trimester decidua. 11�HSD-2 and GR were expressed across the cycle. The MR expression pattern across the cycle and in decidua implies
rogesterone may also play a regulatory role. The precise roles and interactions of these proteins require further investigation.

2005 Elsevier Ireland Ltd. All rights reserved.

eywords: 11�-Hydroxysteroid dehydrogenase; Endometrium; Decidua; Cortisol

. Introduction

Ovulation, implantation and menstruation are pivotal repro-
uctive events, all of which involve extensive tissue remodelling
nd subsequent repair. A number of factors mediate this remod-
lling, and these factors are regulated by steroids and cytokines.
teroids involved in the reproductive system include androgens,
strogens and glucocorticoids. Prereceptor signalling events and
etabolism associated with these steroids are likely to be key in

he regulation of such tissue remodelling.
The 11�-hydroxysteroid dehydrogenase family (11�HSDs)

re enzymes that catalyze glucocorticoid metabolism, regulat-
ng the availability of active glucocorticoid (cortisol in humans
nd corticosterone in rats) and their inactive metabolites (corti-
one and dehydrocorticosterone, respectively.) Glucocorticoids
re crucial in the inflammatory response that accompanies tis-
ue remodelling. Pro-inflammatory cytokines elicit an increased
ctivation of cortisol from cortisone in many tissues, suggesting
ocal cortisol activation, by 11�HSDs. This was first shown by
scher et al. (1997), in renal glomerular mesangial cells. Studies

on up- and down-regulation of cortisol levels by 11�HSD-1 and
-2 in inflammatory responses have been conducted at ovulation
(Hillier and Tetsuka, 1998), in kidney, liver and fat (Seckl et al.,
2004), and in bone (Cooper et al., 2001). Deficiencies in the reg-
ulation of 11�HSD can cause problems including liver failure,
obesity, and metabolic and cardiac disorders. Thus it is likely
that 11�HSDs play a similar role in the reproductive tract.

There are two characterized 11�HSDs in humans, encoded
by two separate genes, located on different chromosomes, and
with only 14% homology (Albiston et al., 1994). 11�HSD-1 was
first identified in liver (Lakshmi and Monder, 1988) and acts pre-
dominantly as an NADPH-dependent reductase, although in the
presence of NADP+ it can also act as a dehydrogenase convert-
ing cortisol to cortisone. Human 11�HSD-2 was cloned in 1994
by Albiston et al. (1994) and was first identified in kidney. This
enzyme is a unidirectional NAD+-dependent dehydrogenase.

Studies have been carried out on the expression patterns
of these enzymes in the female reproductive tract. The signal
work on the expression of 11�HSDs in the endometrium, was
conducted by Smith et al. (1997). They performed immunohisto-
chemistry on endometrial tissue samples, collected at curettage
∗ Corresponding author. Tel.: +44 131 242 6442; fax: +44 131 242 6440.
E-mail address: j.i.mason@ed.ac.uk (J.I. Mason).

from women with regular menstrual cycles, supported by west-
ern immunoblotting and activity assays to build an expression
profile. It was found that 11�HSD-2 protein was expressed in

303-7207/$ – see front matter © 2005 Elsevier Ireland Ltd. All rights reserved.
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the luminal and glandular epithelia, with heterogeneous expres-
sion in some tissue sections. Levels of 11�HSD-2 activity were
found to be higher in the secretory phase than in proliferative
phase endometrium. The activity of 11�HSD-1 in endometrium
was also assayed with constant levels of activity found across
the cycle; however, the overall level of 11�HSD-1 activity was
lower than that of 11�HSD-2.

There has been no definitive study of the expression profile
of 11�HSD-1 protein in endometrium, due to the current lack of
an antibody (commercial or academic) proven suitable for west-
ern immunoblotting and immunohistochemistry of endometrial
samples. Arcuri et al. (1996) studied the effects of various steroid
treatments on endometrial stromal cells, and found progesterone
increased expression of 11�HSD-1, estrogen alone had no effect
while the combination of estrogen and progesterone potenti-
ated the effect of progesterone. They also found 11�HSD-1
up-regulation to be a feature of decidualisation in these cultured
cells. Koyama and Krozowski (2001) assayed the enzymic activ-
ity of Ishikawa cells, an endometrial carcinoma cell line. They
found 11�HSD activity increased in a dose-dependent manner
when measured with cortisol as substrate. NAD+ was preferred
to NADP+ as a cofactor, suggesting predominant 11�HSD-2
activity.

Real-time PCR (QRT-PCR) was used to study 11�HSD-1
and -2 transcripts in murine placenta and uterus (Thompson et
al., 2002). 11�HSD-1 and -2 were detected in the stroma of
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collected and stored in RNAlater (Ambion, Huntingdon, UK), an RNA stabili-
sation reagent used to obtain RNA.

Uterine natural killer cells were isolated as previously described. (Henderson
et al., 2003). Briefly, 1 × 108 decidual cells were suspended in 300 �l buffer
(PBS/2 mM EDTA/1% human AB serum). After the addition of 0.5% human �-
globulins in PBS and 100 �l CD56 magnetic cell sorting microbeads (Miltenyl
Biotech, Bergisch Gladbach, Germany), the suspension was incubated at 4 ◦C
for 20 min. The cells were washed, resuspended in buffer, and applied to a Var-
ioMACS magnet (Miltenyl Biotech). The column was washed, and the CD56+

cells were eluted and resuspended in RPMI/10% fetal calf serum. The purity of
the decidual NK cells was greater than 97%, as confirmed by flow cytometry.

2.2. RNA extraction and reverse-transcriptase PCR

To obtain RNA, endometrial samples frozen at −70 ◦C in RNAlater were
extracted using the Qiagen RNeasy Midi Kit (Qiagen, Crawley, UK) according
to the manufacturer’s instructions. Tissue was homogenised using a hand-held
homogeniser, and extraction was performed using the kit. During the extraction
process the samples were treated with DNase I (Qiagen) in order to remove
any contaminating genomic DNA. After extraction the RNA concentration and
quality were assessed using an Agilent bioanalyzer (Agilent Technologies, South
Queensferry, West Lothian, UK). The RT-PCR reaction was performed in a
10 �l volume of reaction solution containing the following: 1× Taqman RT
buffer, 25 mM magnesium chloride, deoxyNTPs, random hexamers, Multiscribe
reverse transcriptase, RNase inhibitor and nuclease-free water (reagents from
Applied Biosystems, Cheshire, UK), and 200 ng of template RNA was added.
The RT reaction was conducted at 25 ◦C for 60 min, 48 ◦C for 45 min and 95 ◦C
for 5 min for one cycle. Samples were then stored at −20 ◦C.

2.3. Quantitative real-time PCR (QRT-PCR)
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ecidua, 11�HSD-1 mRNA was expressed in the epithelial cells
f the endometrium, whereas type 2 was in the stroma. 11�HSD-
was observed in human decidua by western immunoblotting

Ricketts et al., 1998).
The expression pattern of the receptors for cortisol is also

elevant. The primary receptor for cortisol is the glucocorticoid
eceptor (GR), but cortisol also has a high affinity for the miner-
locorticoid receptor (MR). Excess cortisol binding to MR can
ause disorders such as apparent mineralocorticoid excess. For
his reason, 11�HSD-1 is normally found co-localised with GR,
hile 11�HSD-2 is commonly found in MR-expressing tissues.
he tissue distribution of GR in endometrium has been reported

Bamberger et al., 2001; Henderson et al., 2003). Both studies
howed GR to be expressed in the stroma and endothelial cells of
lood vessels of the endometrium. Henderson et al. (2003) also
ound GR in the glandular epithelium of first trimester decidua.
ittle is currently known about the expression profile of MR in
uman endometrium.

. Materials and methods

.1. Tissue collection

Informed consent and ethical approval was obtained on all tissue sam-
les. Full thickness endometrial tissue was collected from a number of patients
ndergoing hysterectomy or laparoscopic sterilisation procedures, and the stage
f the cycle estimated by histological dating, reported date of last menstrual
eriod (LMP) and serum estradiol and progesterone levels. Decidual tissue
as collected from women in the first trimester of pregnancy undergoing elec-

ive termination of pregnancy. The tissue samples were fixed overnight in
0% neutral-buffered formalin at 4 ◦C, rinsed and stored in 70% ethanol and
outinely wax-embedded. 5 �m sections were cut for immunohistochemical
taining. Additional biopsies from the endometrium of the same patients were
Oligonucleotide forward and reverse primers, and oligonucleotide Taqman
robes were used to detect the sequences of interest. The probes used were
ommercially available, from ABI UK (Assay-on-demand), or designed as
reviously described (Henderson et al., 2003). Reaction mixtures were made
ontaining ABI Taqman Master Mix, specific forward and reverse primers and
robe for the gene of interest, and primers and VIC-labelled probe for riboso-
al 18S RNA (Applied Biosystems). This reaction mix was then transferred to

n optical plate, and the QRT-PCR reaction was performed using an ABI 7900
equence Detection System (Perkin-Elmer Applied Biosystems, USA).

In the analysis of data, all values are given relative to an internal control of
8S ribosomal RNA. All samples were then compared to a proliferative endome-
rial sample.

Data from QRT-PCR were analysed by one-way analysis of variance.

.4. Immunohistochemistry

Immunohistochemistry was performed by standard methods using
orseradish-peroxidase-conjugated secondary antibodies, and ABC-Elite avidin
iotin peroxidase complex (Vector Laboratories Inc., Peterborough, UK).
mmunoreactivity was detected using the chromagen, 3,3′-diaminobenzidine
DAB). The commercially obtained primary antibodies used were against
1�HSD-2 (PC545, The Binding Site, Birmingham, UK) and GR (NCL-
CR, Novo Castra, Newcastle-upon-Tyne, UK). The MR monoclonal antibody

MRN2-2D6) was one of a series produced by immunizing mice with a pep-
ide corresponding to aminoacids 64–82 of the rat mineralocorticoid receptor
SKEKHELLPYIQQDNSRSG-C) conjugated to keyhole limpet hemocyanin.
esulting lymphocytes were fused with SP-2-mIL6 myeloma cells. This anti-
ody is an IgG2b isotype and cross-reacts with the human mineralocorticoid
eceptor.

.5. Scoring and analysis of immunohistochemistry

Immunostaining in tissue sections was analysed semi-quantitatively on a
our-point scale, where 0 = no staining, 1 = some staining, 2 = moderate staining
nd 3 = intense staining. All sections were scored blind by two investigators.
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Fig. 1. Expression of 11�HSD-1 mRNA across the cycle, in first-trimester
decidua, and uNK cells, mean ± S.E. M, menstrual; P, proliferative; ES, early
secretory; MS, mid-secretory; LS, late-secretory; D, deciduas; uNK, uterine
natural killer cells. *P < 0.05.

These results were analysed by a non-parametric method, the Kruskal–Wallis
test, followed Dunn’s post hoc multiple comparison test.

2.6. Western immunoblotting

Tissue was weighed, chopped roughly, placed in four volumes of homogenis-
ing buffer (10 mM Tris, 0.3 M sucrose and 1 mM EDTA, pH 7.4), then
homogenised using an electric homogeniser. Tissue homogenate was aliquoted
and frozen at −80 ◦C for later use. Protein concentration of the tissue
homogenate was determined (Bradford, 1976) using a Cobas Fara centrifugal
analyser and BSA as standard. The homogenate sample was diluted 2:1 with
sample loading buffer containing SDS, �-mercaptoethanol, bromophenol blue
and glycerol. The protein was resolved on a 10% SDS-PAGE gel and transferred
to an Immobilon-P membrane (Millipore, Watford, UK). The blot was probed
with the mouse monoclonal anti-MR primary antibody, followed by blocking
overnight in a 3% milk solution, then horseradish peroxidase-conjugated rabbit
anti-mouse IgG was applied as the secondary antibody, followed by chemilu-
minescence detection (Perbio Science UK Ltd., Cramlington, Northumberland,
UK).

3. Results

3.1. Expression of 11βHSD-1 in human endometrium

Levels of 11�HSD-1 mRNA were measured and validated
using specific Taqman primers and probes. There were very
low levels of 11�HSD-1 mRNA in normal endometrium,
and this did not differ significantly between proliferative and
s
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Fig. 2. Expression of 11�HSD-2 mRNA across the cycle, in first-trimester
decidua, and uNK cells, mean ± S.E. M, menstrual; P, proliferative; ES, early
secretory; MS, mid-secretory; LS, late-secretory; D, deciduas; uNK, uterine
natural killer cells. P > 0.05.

of 11�HSD-2 mRNA in first trimester decidua did not differ
significantly from those in normal endometrium. 11�HSD-2
mRNA was not present in uNK cells. These data are shown in
Fig. 2.

11�HSD-2 protein expression and localisation was stud-
ied across the menstrual cycle and in first trimester decidua.
11�HSD-2 was expressed in the cytoplasm. 11�HSD-2 protein
was localised in the glandular epithelium in both the functional
and basal layer of the endometrium across the cycle, and at a
higher level in first trimester decidua. Low levels of the protein
were seen in the stroma of the functional layer, with an increase
in first trimester decidua compared to normal endometrium.
11�HSD-2 protein was not present in the stroma of the basal
layer. There was negligible expression in the endothelial cells
of blood vessels of the both layers across the cycle, but some
expression was seen in these cells in the functional layer of first
trimester decidua. There was moderate expression of 11�HSD-
2 protein in the surface epithelium of normal endometrium,
and higher levels in first trimester decidua. Expression did
not vary in any part of the endometrium across the normal
menstrual cycle. Fig. 3 illustrates 11�HSD-2 immunoreactivity
studies.

3.3. Expression of the glucocorticoid receptor (GR) in
human endometrium
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ecretory phases. The levels of 11�HSD-1 mRNA in men-
trual endometrium were significantly increased in compari-
on to in the rest of the cycle (P < 0.05). Levels of mRNA
ere also increased in first trimester decidua. There was also

ome increase in 11�HSD-1 mRNA levels in uterine natu-
al killer cells (uNK cells), a group of phenotypically unique
ells that increase in number prior to pregnancy, in compar-
son to non-pregnant endometrium. These data are shown in
ig. 1.

.2. Expression of 11βHSD-2 in human endometrium

11�HSD-2 was expressed in normal endometrium through-
ut the menstrual cycle at higher levels than 11�HSD-1. There
as no increase in 11�HSD-2 mRNA levels in menstrual
hase endometrium, unlike that seen with 11�HSD-1. Levels
Expression of GR mRNA was also assessed by Taqman QRT-
CR (Fig. 4). It was found that the mRNA was present in
ormal endometrium at low levels across the cycle, and in first
rimester decidua, at levels that did not differ significantly. How-
ver, expression levels were higher in menstrual endometrium
nd uNK cells. This observation supports our previous findings
Henderson et al., 2003). Fig. 5 illustrates this expression pattern
f GR immunoreactivity in endometrium and decidua.

GR protein was expressed in the stroma at fairly high lev-
ls. There was no significant difference in expression across the
ycle or in first trimester decidua. Expression of GR was low in
landular epithelium across the cycle. There was a significant
ncrease in expression in decidual glands. (P < 0.001) There was
igh expression of GR in the endothelial in both functional and
asal layers of the endometrium, and in first trimester decidua,
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Fig. 3. Immunohistochemical staining showing expression of 11�HSD-2 in the
functional layer of human endometrium and first trimester decidua brown stain-
ing represents positive 11�HSD-2 immunoreactivity, blue stain is a negative
counterstain. (A) Proliferative phase endometrium, top left inset shows human
kidney as a positive control, (B) Secretory phase endometrium and (C) first
trimester decidua, bottom right inset shows human endometrium as a negative
control. G, glandular epithelium.

with no significant difference across the cycle. Expression of
GR protein increased across the cycle in the surface epithelium,
from negligible expression in the proliferative and early secre-
tory phases to weak expression in the late secretory phase. There
was high expression of the protein in first trimester decidua.
Fig. 5 illustrates patterns of immunoreactivity in the functional
layer of the endometrium. These data again support our previous
data (Henderson et al., 2003).

Fig. 4. Expression of GR mRNA across the menstrual cycle, in first trimester
decidua and uNK cells, mean ± S.E. M, menstrual; P, proliferative; ES, early
secretory; MS, mid-secretory; LS, late-secretory; D, decidua, uNK, uterine nat-
ural killer cells. *P < 0.05.

3.4. Expression of the mineralocorticoid receptor in human
endometrium

MR mRNA was expressed throughout the menstrual cycle
in non-pregnant endometrium. It was also expressed in first-
trimester decidua and in an isolated population of uNK cells.
Expression levels are significantly higher in mid-secretory phase
endometrium than in the proliferative phase, corresponding to
an increase in circulating progesterone. MR mRNA levels then
fell significantly in the late secretory phase, at the time of pro-
gesterone withdrawal. There was an increase in the level of MR
mRNA expression in first trimester decidua, again correspond-
ing to increased progesterone concentrations, but this result was
not found to be statistically significant. Negligible MR mRNA
was present in uNK cells. These data are shown in Fig. 6.

Preliminary immunohistochemical studies have shown that
MR protein is expressed variably in both the nucleus and cyto-
plasm in different tissues. In human kidney there was MR
expression in the cytoplasm, and punctate nuclear staining was
also seen. In human endometrium there seemed to be predomi-
nantly cytoplasmic staining in the mid-secretory phase; however,
nuclear staining was prominent in first trimester decidua. These
observations are illustrated in Fig. 7. The fidelity of the anti-
body was confirmed by western immunoblotting of endometrial
and placental samples as shown in panel D of Fig. 7 (MR has a
molecular weight of 107 kDa).
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The expression patterns of 11�HSD-1 and -2 enzymes, GR
nd MR throughout the menstrual cycle are summarised in the
chematic diagram in Fig. 8.

. Discussion

We have shown here that 11�HSD-2 enzyme is expressed
n the cytoplasm of the glands in both the functional and basal
ayers of normal human endometrium, and also at low levels
n the stroma of the functional layer. The level of expression
emains constant across the menstrual cycle. Levels of 11�HSD-
protein are increased in first trimester decidua, suggestive that
1�HSD-2 may well be involved in trophoblast invasion at the
nset of pregnancy, by regulating ligand access to the GR and
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Fig. 5. Immunohistochemical staining showing expression of GR in the func-
tional layer of human endometrium and first trimester decidua. Brown staining
indicates positive GR immunoreactivity, blue stain is a negative counterstain. (A)
Proliferative phase endometrium, (B) secretory phase endometrium and (C) first
trimester decidua. Bottom right inset shows human endometrium as a negative
control. G, glandular epithelium.

thereby preventing cortisol-mediated inhibition of matrix met-
alloproteinases (MMPs).

There was a large increase in 11�HSD-1 mRNA levels in
endometrium at the time of menstruation in comparison to
endometrium at other stages of the menstrual cycle. This may
reflect an anti-inflammatory response, as both decidualisation
and menstruation involve extensive remodelling of tissue. Cor-
respondingly, levels of GR mRNA are also increased at men-
struation. There may also be a link between 11�HSD-1 activity
and MMP action, as proposed by Arcuri et al. (1996). It has

Fig. 6. Expression of MR mRNA across the menstrual cycle, in first trimester
decidua and uNK cells. M, menstrual; P, proliferative; ES, early secretory; MS,
mid-secretory; LS, late-secretory; D, deciduas; uNK, uterine natural killer cells.
*P < 0.05.

also been shown that MMP levels are modulated by activation
of the hypothalamic–pituitary–adrenal axis, of which cortisol is
a product (Yang et al., 2002). Glucocorticoids are potent regula-
tors of extracellular matrix degrading enzymes, of which MMPs
are a large group. 11�HSD-1 mRNA levels were also greatly
increased in uNK cells. These are a phenotypically unique cell
type that increase in number in response to progesterone in
the non-pregnant secretory phase. The uNK population further
increases in the first trimester of pregnancy. The increase in
11�HSD-1 mRNA expression in first trimester decidua may be
due in part to expression of the mRNA in these uNK cells, a
major component of the leukocyte population in first trimester
decidua.

Other roles have been proposed for 11�HSDs in the
endometrium and decidua. It is widely documented that
11�HSD-2 levels are high in placenta, in order to protect the
fetus from high levels of circulating maternal glucocorticoids.
Within the placenta, 11�HSD-2 has been localised to the syn-
cytiotrophoblast (Krozowski et al., 1995). This is the same cell
type that invades decidua in the first trimester of pregnancy, and
thus may contribute to the increased levels of 11�HSD-2 seen
in first trimester decidua.

11�HSDs may also be involved in the regulation of var-
ious cellular events, by modulating glucocorticoid availabil-
ity, including proliferation (Bigsby and Young, 1993), apop-
tosis (Terada et al., 1991; Jo et al., 1993), and biosynthe-
s
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is of hormones, growth factors and enzymes such as MMPs
Makrigiannakis et al., 1992; Salamonsen and Woolley, 1996).
offman et al. (1984) also suggested glucocorticoids may be

nvolved in inhibition of implantation. This could explain the
ncrease in 11�HSD-2 seen in first trimester decidua, to increase
he synthesis of cortisone, and thus decrease cortisol levels,
emoving the inhibitory effect.

GR was expressed in the stroma across the menstrual cycle
nd in decidualised endometrium. Levels in the endometrial
lands were up-regulated in first trimester decidua. This con-
rms data previously published (Henderson et al., 2003). GR

s predicted to be co-localised with 11�HSD-1, thus both the
igand (cortisol) and the receptor are present in the same cells.
oth GR and 11�HSD-1 mRNA levels are up-regulated in first
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Fig. 7. Immunohistochemical staining showing expression of MR in the func-
tional layer of human endometrium and human kidney. Brown staining illustrates
positive MR immunoreactivity, blue stain is a negative counterstain. (A) Secre-
tory phase endometrium, (B) first trimester decidua and (C) human kidney.
Bottom right inset shows human endometrium as a negative control. (D) Western
immunoblot showing MR (molecular weight 107 kDa) in human endometrium
(50 �g protein) and placenta (20 �g protein). Endo, endometrium; Plac, pla-
centa, G, glandular epithelium.

Fig. 8. Schematic diagram summarising expression patterns of 11�HSD-1 and
-2 enzymes, GR and MR across the menstrual cycle.

trimester decidua, and also in menstrual endometrium. Corti-
sol binding to GR is a vital step in the pathway that elicits an
anti-inflammatory response to tissue remodelling.

Cortisol has a greater affinity for MR than for GR, and can
act as a potent mineralocorticoid when it binds to MR. Excess
binding of cortisol to MR can cause a number of disorders, in
particular apparent mineralocorticoid excess and hypertension.
(Wilson et al., 1995, cited by Smith et al., 1997) In order to
prevent this, 11�HSD-2 is normally co-localised with MR. MR
mRNA studies have shown that this indeed seems to be the case.
MR is expressed across the normal menstrual cycle, and in first
trimester decidua, with an increase at the time of increased ovu-
latory progesterone concentrations, and a drop in expression
when progesterone is withdrawn, suggesting MR is directly reg-
ulated by progesterone. Preliminary immunohistochemical data
shows that MR expression in human endometrium is primar-
ily cytoplasmic; however in first trimester decidua expression is
both cytoplasmic and nuclear. This corresponds with the pattern
of 11�HSD-1 expression, regulating the availability of ligand
to bind MR. When 11�HSD-1 levels, and thus cortisol levels,
are low, MR expression is predominantly cytoplasmic. In first
trimester decidua, when 11�HSD-1 levels (and thus cortisol lev-
els) are elevated, MR is seen in nuclei also. This suggests that
MR translocates to the nucleus when ligand is bound, as also
reported (Sartorato et al., 2004).

Interestingly, mRNA studies in uterine natural killer cells
h
h
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ave shown that these cells express 11�HSD-1 and GR, however
ave negligible 11�HSD-2 or MR expression. There is currently
ittle known about the precise role of these cells; however, it
ppears that glucocorticoid function is required whereas min-
ralocorticoid action is not. As there is very little MR present,
1�HSD-2 is not required to protect from excess cortisol bind-
ng. Previous studies have shown 11�HSD-1 mRNA and pro-
ein to be expressed in murine splenic lymphocytes (Zhang
t al., 2005), and in human monocytes upon differentiation to
acrophages (Thieringer et al., 2001). 11�HSD-2 was not seen

o be present in either cell type.
Expression patterns of these steroid metabolising enzymes

nd their cognate receptors are vital in understanding pivotal
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reproductive events, such as menstruation and implantation, as
this information will allow development of new treatments for
reproductive disorders.

Acknowledgements

This work was supported in part by MRC Programme Grant
G0500047 (HODC, JIM) and a MRC Postgraduate Studentship
Award (SEM). We also thank Catherine Murray and Sharon
Donaldson for assistance in sample collection.

References

Albiston, A.L., Obeyesekere, V.R., Smith, R.E., Krozowski, Z.S., 1994.
Cloning and tissue distribution of the human 11�-hydroxysteroid
dehydrogenase type 2 enzyme. Mol. Cell. Endocrinol. 105, R11–
R17.

Arcuri, F., Monder, C., Lockwood, C.J., Schatz, F., 1996. Expression of 11�-
hydroxysteroid dehydrogenase during decidualisation of human endome-
trial stromal cells. Endocrinology 137, 595–600.

Bamberger, A-M., Milde-Langhosch, K., Loning, T., Bamberger, C.M., 2001.
The glucocorticoid receptor is specifically expressed in the stromal com-
partment of the human endometrium. J. Clin. Endocrinol. Metab. 86,
5071–5074.

Bigsby, R.M., Young, P.C., 1993. Progesterone and dexamethasone inhibi-
tion of uterine epithelial cell proliferation: studies with antiprogesterone
compounds in the neonatal mouse. J. Steroid Biochem. Mol. Biol. 46,

B

C

E

H

H

H

J

Koyama, K., Krozowski, Z., 2001. Modulation of 11�-hydroxysteroid dehy-
drogenase type 2 activity in Ishikawa cells is associated with changes in
cellular proliferation. Mol. Cell. Endocrinol. 183, 165–170.

Krozowski, Z., MaGuire, J.A., Stein-Oakley, A.N., Dowling, J., Smith, R.E.,
Andrews, R.K., 1995. Immunohistochemical localisation of the 11�-
hydroxysteroid dehydrogenase type II enzyme in human kidney and
placenta. J. Clin. Endocrinol. Metab. 80, 2203–2209.

Lakshmi, V., Monder, C., 1988. Purification and characterization of the
corticosteroid 11�-dehydrogenase component of the rat liver 11�-
hydroxysteroid dehydrogenase complex. Endocrinology 123, 2390–2398.

Makrigiannakis, A., Margioris, A., Markogiannakis, E., Stournaras, C., Gra-
vanis, A., 1992. Steroid hormones regulate the release of immunoreactive
beta-endorphin from the Ishikawa human endometrial cell line. J. Clin.
Endocrinol. Metab. 75, 584–589.

Ricketts, M., Shoesmith, K.J., Hewison, M., Strain, A., Eggo, M.C., Stew-
art, P.M., 1998. Regulation of 11�-hydroxysteroid dehydrogenase type 1
in primary cultures of rat and human hepatocytes. J. Endocrinol. 156,
159–168.

Salamonsen, L.A., Woolley, D.E., 1996. Matrix metalloproteinases in normal
menstruation. Hum. Reprod. 11 (Suppl. 2), 124–133.

Sartorato, P., Cluzeaud, F., Fagart, J., Viengchareun, S., Lombes, M., Zen-
naro, M.-C., 2004. New naturally occurring missense mutations of the
human mineralocorticoid receptor disclose important residues involved in
dynamic interactions with deoxyribonucleic acid, intracellular trafficking
and ligand binding. Mol. Endocrinol. 18, 2151–2165.

Seckl, J.R., Morton, N.M., Chapman, K.E., Walker, B.R., 2004. Glucocorti-
coids and 11�-hydroxysteroid dehydrogenase in adipose tissue. Rec. Prog.
Horm. Res. 59, 359–393.

Smith, R., Salamonsen, L.A., Komesaroff, P.A., Li, K.X.Z., Myles, K.M.,
Lawrence, M., Krozowski, Z., 1997. 11�-hydroxysteroid dehydrogenase
type II in the human endometrium: localisation and activity during the

T

T

T

W

Y

Z

253–257.
radford, M.M., 1976. A rapid and sensitive method for the quantitation

of microgram quantities of protein utilizing the principle of protein-dye
binding. Anal. Biochem. 72, 248–254.

ooper, M.S., Bujalska, I., Rabbitt, E., Walker, E.A., Bland, R., Shep-
pard, M.C., Hewison, M., Stewart, P.M., 2001. Modulation of 11�-
hydroxysteroid dehydrogenase isozymes by proinflammatory cytokines
in osteoblasts: an autocrine switch from glucocorticoid inactivation to
activation. J. Bone Min. Res. 16, 1037–1044.

scher, G., Galli, I., Vishwanath, B.S., Frey, B.M., Frey, F.J., 1997. Tumor
necrosis factor � and interleukin-1� enhance the cortisone/cortisol shuttle.
J. Exp. Med. 186, 189–198.

enderson, T., Saunders, P.T.K., Moffett-King, A., Groome, N.P., Critchley,
H.O.D., 2003. Steroid receptor expression in uterine natural killer cells.
J. Clin. Endocrinol. Metab. 88, 440–449.

illier, S.G., Tetsuka, M., 1998. An anti-inflammatory role for glucocorticoids
in the ovaries? J. Reprod. Immunol. 39, 21–27.

offman, L.H., Davenport, G.R., Brash, A.R., 1984. Endometrial
prostaglandins and phospholipase activity related to implantation in rab-
bits: effects of dexamethasone. Biol. Reprod. 30, 544–555.

o, T., Terada, N., Saji, F., Tanizawa, O., 1993. Inhibitory effects of estro-
gen, progesterone, androgen and glucocorticoid on death of neonatal
mouse uterine epithelial cells induced to proliferate by estrogen. J. Steroid
Biochem. Mol. Biol. 46, 25–32.
menstrual cycle. J. Clin. Endocrinol. Metab. 82, 4252–4257.
erada, N., Yamamoto, R., Yamamoto, T., Nishizawa, Y., Taniguchi, H., Ter-

akawa, N., Kitamura, Y., Matsumoto, K., 1991. Effect of dexamethasone
on uterine cell death. J. Steroid Biochem. Mol. Biol. 38, 111–115.

hieringer, R., Le Grand, S.B., Carbin, L., Cai, T.-Q., Wong, B., Wright, S.D.,
Hermanowski-Vosatka, A., 2001. 11�-hydroxysteroid dehydrogenase type
1 is induced in human monocytes upon differentiation to macrophages.
J. Immunol. 167, 30–35.

hompson, A., Han, V.K.M., Yang, K., 2002. Spatial and temporal patterns of
expression of 11�-hydroxysteriod dehydrogenase types 1 and 2 mRNA
and glucocorticoid receptor protein in the murine placenta and uterus
during late pregnancy. Biol. Reprod. 67, 1708–1718.

ilson, R.C., Krozowski, Z.S., Li, K., Obeyesekere, V.R., Razzaghy-Azar,
M., Harbison, M.D., Wei, J.Q., Shackleton, C.H., Funder, J.W., New,
M.I., 1995. A mutation in the HSD11B2 gene in a family with apparent
mineralocorticoid excess. J. Clin. Endocrinol. Metab. 80, 2263–2266.

ang, E.V., Bane, C.M., MacCallum, R.C., Kiecolt-Glaser, J.K., Malarkey,
W.B., Glaser, R., 2002. Stress-related modulation of matrix metallopro-
teinase expression. J. Neuroimmunol. 133, 144–150.

hang, T.Y., Ding, X., Daynes, R.A., 2005. The expression of 11�-
hydroxysteroid dehydrogenase type 1 by lymphocytes provides a novel
means for intracrine regulation of glucocorticoid activities. J. Immunol.
174, 879–889.



Human Reproduction Vol.21, No.9 pp. 2312–2318, 2006 doi:10.1093/humrep/del182

Advance Access publication June 28, 2006.

2312 © The Author 2006. Published by Oxford University Press on behalf of the European Society of Human Reproduction and Embryology. All rights reserved.
For Permissions, please email: journals.permissions@oxfordjournals.org 

Mifepristone-induced amenorrhoea is associated with an 
increase in microvessel density and glucocorticoid receptor 
and a decrease in stromal vascular endothelial growth factor
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BACKGROUND: We have previously shown that the progesterone antagonist mifepristone is a contraceptive when
given in a dose of 2 or 5 mg per day. The majority of women experience amenorrhoea rather than the irregular break
through bleeding usually occurring with other estrogen-free contraceptive pills, such as progestogen-only pill (POP).
We investigated the effects of low-dose mifepristone on endometrial parameters which may be associated with
changes in endometrial function, such as microvasculature, vascular endothelial growth factor (VEGF) and glucocor-
ticoid receptor (GR) content. METHODS AND RESULTS: Endometrial biopsies were collected from 16 women
before (late proliferative phase) and 60 and 120 days after taking 2 or 5 mg mifepristone daily for 120 days. Seven of
the eight women who received 2 mg mifepristone and all eight women who received 5 mg were amenorrhoeic during
the study. Mean estradiol (E2) concentrations remained in the mid-proliferative range, and the majority (9/16) of
women showed proliferative endometrial histology at 60 and 120 days following treatment. There was a significant
increase in the density of the endometrial stroma (P < 0.05) and microvessels (P < 0.01) following 120 days of treat-
ment. Immunocytochemistry showed that GR, hitherto localized specifically in endometrial stroma, was up-regulated
in the nuclei of glands (P < 0.05) and surface (luminal) epithelium (P < 0.01) by 60 days and maintained at 120 days.
There was a significant reduction in stromal VEGF protein expression by day 120 of treatment (P £ 0.01). CONCLUSION:
The high incidence of amenorrhoea in women taking mifepristone may be related to changes in the regulation of
vascular function.

Key words: contraception/endometrium/glucocorticoid receptor/mifepristone/vascular endothelial growth factor

Introduction

Mifepristone is a potent antagonist of both progesterone and
glucocorticoids. In daily low doses, it acts as a contracep-
tive by inhibiting ovulation and by altering endometrial
function (Brown et al., 2002; Baird et al., 2003a,b). Cur-
rently used estrogen-free contraceptive methods such as
progestogen-only pill (POP) are often discontinued because
of a high incidence of troublesome side effects, such as
break through bleeding (Belsey and Farley, 1988). In con-
trast, the majority of women who take mifepristone have no
periods. Although traditionally amenorrhoea has been clas-
sified as a disadvantage, many women now regard the
absence of periods as a desirable side benefit (Glasier et al.,
2003). The mechanisms underlying these disturbances in
endometrial function are poorly understood and not clearly
related to levels of endogenous or exogenous steroid hor-
mones (Fraser et al., 1996).

Locally produced vasoactive substances probably play a key
role in regulating endometrial angiogenesis, although these are
influenced substantially by different dosage regimens and
routes of administration of contraceptive steroids (Smith,
2001). Vascular endothelial growth factor (VEGF) promotes
microvascular endothelial cell proliferation, migration and
assembly into new vessels (Ferrara and Davis-Smyth, 1997),
and estrogen has been shown to promote angiogenesis by regu-
lating the expression of VEGF (Albrecht et al., 2003). Prostag-
landins (PGs) influence contractility of endometrial vessels
and their permeability (Albrecht et al., 2003). An increase in
the local concentration of PGs in the endometrium is involved
in the mechanism of mifepristone-induced vaginal bleeding in
the luteal phase (Hapangama et al., 2002). Glucocorticoids
modulate PG production in endometrial stromal cells and
fibroblasts (Pakrasi et al., 1983; Schatz et al., 1986; Neulen et al.,
1989; Delvin et al., 1990; Illouz et al., 2000). Glucocorticoid
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receptor (GR) is strongly expressed in the nuclei of endome-
trial cells in the stromal compartment of human endometrium
during the menstrual cycle (Bamberger et al., 2001; Henderson
et al., 2003). Although the exact physiological role of gluco-
corticoids and GR in the human endometrium is unknown, it
has been suggested that they have an angiostatic role (Small
et al., 2005).

We have previously reported the effects of daily low-dose
mifepristone on the histology of the endometrium, sex hor-
mone receptors and various proliferation markers (Baird et al.,
2003a,b; Narvekar et al., 2004). Mifepristone treatment is
associated with a striking up-regulation of the expression of
androgen receptors (ARs) in the glands and with an increase in
stromal density. The aim of this study was to look at the effects
of low-dose mifepristone on endometrial microvessel density,
VEGF and GR protein expression and correlate with endome-
trial histology and bleeding patterns.

Materials and methods
Human endometrial samples were obtained from 16 women with
regular menstrual cycles (25–35 days), who were a subset of 58 vol-
unteer women from Edinburgh, as previously reported (Brown et al.,
2002; Baird et al., 2003a; Narvekar et al., 2004). The local ethics
committees (Institutional Review Board) approved the studies, and all
the women provided written informed consent. Subjects were ran-
domly allocated to receive 2 (n = 8) or 5 mg (n = 8) of mifepristone
daily for the 120 treatment days. Subjects had a mean age of 30.5
years (range 24–40) and a mean BMI of 24.5 kg/m2 (range 21–34).
Endometrial biopsies were collected using a Pipelle endometrial sam-
pling device (Prodimed, Neuilly-en-Thelle, France) in the late follicu-
lar phase of the pretreatment cycle (day 12), after 60 days of
mifepristone treatment and after 120 days of treatment. Specimens
were fixed in normal buffered formalin, processed and embedded in
paraffin wax. Endocrine and endometrial findings have been reported
previously (Brown et al., 2002; Baird et al., 2003a; Narvekar et al.,
2004).

Immunocytochemistry

Immunocytochemistry was performed for the immunolocalization of
VEGF, CD31 (endothelial marker) and GR. Immunostaining procedures
followed those previously published (Nayak et al., 2000; Bamberger
et al., 2001). All antibodies were tested individually at a range of
dilutions and different antigen retrieval conditions to determine the
protocol which gave the least background and highest specific stain-
ing (Table I). Positive and negative controls were included. All tissue
sections were initially prepared in a similar manner. Five-micrometre
paraffin-embedded tissue sections were dewaxed in Histoclear
(National Diagnostics, UK) and rehydrated in descending grades of

alcohol to distilled water. The tissue sections were subjected to anti-
gen retrieval in a pressure cooker (5 min) or microwave (10 min)
using 0.01 M sodium citrate at pH 6 (Table I) and were then allowed
to cool for 20 min. Endogenous peroxidase activity was quenched by
immersion in 3% hydrogen peroxide (BDH, Poole, UK) in methanol
for 30 min at room temperature. Non-specific binding of the primary
antibody was blocked by incubating the sections for 20 min at room
temperature in a 1:5 dilution of normal immune serum (Autogen Bio-
clear, Holly Ditch Farm, Wilts, UK) in buffer containing 5% bovine
serum albumin. Sections were incubated at 4°C with primary and con-
trol antibodies overnight. An avidin–biotin–peroxidase system was
used as the detection system. The sections were incubated with bioti-
nylated secondary antibody (Vector Laboratories, Peterborough, UK)
in normal immune serum followed by avidin–biotin–peroxidase com-
plex (Vectastain horse-radish peroxidase and Vectastain Elite PK
6101, Vector Laboratories) for 30–60 min each at room temperature.
All tissue sections underwent an identical epitope visualization step.
The peroxidase substrate 3,3′-diaminobenzidine (DAKO) was used as
chromogen. Sections were then counterstained with haematoxylin,
dehydrated in ascending grades of alcohol to xylene and mounted
using Pertex (Cellpath plc., Hemel Hempstead, UK).

CD31

Sections were incubated at 4°C either with mouse anti-human CD31
(Novacastra Laboratories, Newcastle upon Tyne, UK) overnight at a
1:800 dilution in normal horse serum (NHS) or similarly with a con-
trol mouse immunoglobulin (Ig)G1 antibody at 1:8000 dilution in
NHS.

VEGF

Sections were incubated overnight at 4°C either with polyclonal rabbit
anti-human VEGF (SantaCruz Biotechnology, CA, USA) antibody at
1:600 dilution in normal goat serum (NGS) or similarly with a control
VEGF preabsorbed antibody at 1:60 dilution in NGS.

GR

Non-specific binding of avidin and biotin was blocked by incubating
with avidin and biotin for 15 min each followed by non-immune rab-
bit serum (NRS) for 20–30 min at room temperature. Sections were
incubated at 4°C either with monoclonal mouse anti-human GR IgG2a
(Novocastra Laboratories, Newcastle upon Tyne, UK) at a dilution of
1:40 in NRS or similarly with a control mouse IgG2a antibody at
1:320 dilution in NRS.

Semi-quantitative immunocytochemistry score

Location and intensity of immunostaining were measured for VEGF
and GR using a semi-quantitative scoring system. Sections were scored
blind by two observers (blind to study groups and to other’s results).
This scoring system is a standard method used in previous studies
(Wang et al., 1998; Critchley et al., 2001; Narvekar et al., 2004), and a

Table I. Immunochemistry protocols for vascular endothelial growth factor (VEGF), glucocorticoid receptor (GR) and the endothelial marker CD31

HRP, horse-radish peroxidase; Ig, immunoglobulin; PBS, phosphate-buffered saline; PBST, phosphate-buffered saline with added Tween; TBS, Tris-buffered 
saline; TBST, Tris-buffered saline with added Tween.

Receptor Buffer Antigen retrieval Non-immune serum Antibodies Stock solution (mg/ml) Dilution Detection system

VEGF TBS/TBST Microwave Normal goat serum VEGF 0.2 1:600 ABC-Elite 30 min
VEGF pre-absorbed 0.02 1:60

GR PBS/PBST Pressure cook Normal rabbit serum GR 0.124 1:40 ABC-HRP 60 min
Mouse IgG2a 1.0 1:320

CD31 PBS/PBST Pressure cook Normal horse serum CD31 0.1 1:800 ABC-Elite 30 min
Mouse IgG1 1.0 1:8000
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high correlation has been demonstrated between objectively measured
immunoreactivity (image analysis) and subjective semi-quantitative
scoring of immunostaining patterns (Wang et al., 1998). Immunostain-
ing intensity and distribution of epitopes in all tissue sections were
assessed on an arbitrary four-point scale: 0 = no staining, 1 = mild
staining, 2 = moderate staining and 3 = intense staining.

Vessel counts and stromal density

Vessel counts and stromal density were measured using image ana-
lysis. The system used a Carl Zeiss Axistop 2 microscope (×40 objec-
tive) connected to a MacIntosh G3 computer, using Openlab 2.08
image analysis software (Improvision, Coventry, UK). At least 12
fields of view were selected at random from each tissue section at a
magnification of × 40. The glands and stroma from each digitized
image were interactively dissected.

CD31 immunoexpression was used to identify endothelial cells
(Rees et al., 1993). All immunostained (brown) structures were con-
sidered positive and counted for each digitized image, even if lumen
was not identified. A similar methodology has been described to study
changes in vessel density following Norplant use (Hickey et al.,
1999). The results were averaged and expressed as vessels per square
millimetre. Endometrial stromal density appears to be increased fol-
lowing daily low-dose mifepristone (Baird et al., 2003a). To compen-
sate for this, the total number of cells not expressing CD31 (blue
haematoxylin) was measured separately for each digitized image
using Openlab colour discrimination software, and the results are also
expressed as vessels per 1000 stromal nuclei. This method of image
analysis has previously been described and validated in our laborato-
ries (Critchley et al., 1996; Wang et al., 1998).

Stromal density was expressed as the total number of stromal nuclei
(brown CD31 and blue haematoxylin) per square millimetre of
endometrial tissue.

Statistical methods

Statistical analysis was performed using the Statistical Package for the
Social Sciences (SPSS, Chicago, IL, USA) and Excel 2002 (Microsoft
Corporation). Continuous data are expressed as mean with SE and cat-
egorical data as median with range. Non-parametric tests (Friedman
test, Wilcoxon-signed rank test and Mann–Whitney test), with and
without Bonferroni correction, were used to compare study variables
at various time points.

Results

Endometrial histology, serum estradiol and bleeding patterns

All 16 pretreatment endometria were sampled in the prolifera-
tive phase. Following treatment, 9/16 endometria were still
proliferative at 60 and 120 days. Four endometria showed
cystic dilatation of the glands and five inactive epithelium at
60 and 120 days of treatment, respectively. Serum estradiol
(E2) levels remained in the mid-proliferative range follow-
ing treatment (511 ± 70.21 pmol/l, pretreatment; 459 ±
90.94 pmol/l, mifepristone 60 days; 290 ± 63.39 pmol/l,
mifepristone 120 days). There was no significant change in
the level of E2 following treatment (P > 0.05, Bonferroni
correction). Seven of the eight women on 2 mg mifepristone
and all eight women on 5 mg of mifepristone were completely
amenorrhoeic during treatment. Detailed description of menstrual
physiology, endocrinology and endometrial histology has been
reported previously (Brown et al., 2002; Baird et al., 2003a).
There was no significant difference (P > 0.05, Mann–Whitney

test) between women treated with 2 or 5 mg mifepristone for
any parameters studied except for the degree of GR protein
expression in the vascular endothelium at 60 days of treatment
[median (range) at 60 days = 3 (3), 2-mg group; 2 (2–3), 5-mg

Figure 1. Density of endometrial stroma (a) and microvessel (b and
c) in women before and after treatment with mifepristone. The values
are expressed as median (horizontal bar), mean (square dot) and
box plots showing 50% of values (box) with range (whiskers). (a)
P ≤ 0.01 (Wilcoxon test), significant increase, mifepristone treatment
versus pretreatment; (b) P < 0.05 (Wilcoxon test), significant
increase, mifepristone treatment versus pretreatment.
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group; P = 0.012, Bonferroni correction, Mann–Whitney test].
As the GR expression was identical by 120 days in the two
groups and there were no differences in any of the other 36
parameters tested, it was considered that this difference could
have occurred by chance. Therefore, the 2- and 5-mg data sets
were combined, and results reported are for all 16 subjects.

Stromal density

An average of 0.5 mm2 (SE = 0.05) of endometrial stroma was
examined in the pretreatment samples and 0.37 mm2 (SE = 0.04)
in the treatment samples. Stromal density, expressed as nuclei per
square millimetre of endometrial tissue, increased significantly
(24%) by day 60 of treatment (P < 0.001), and the increase (18%)
was maintained at 120 days (P < 0.05, Figure 1a; 8057 ± 355,
pretreatment; 10 003 ± 355, day 60; 9510 ± 351, day 120).

Microvessel density

Vessel density per square millimetre of endometrial tissue
increased (47%) by day 60 of treatment (P ≤ 0.01, Figures 1b
and 2). This increase was highly significant and was maintained
(49%) at 120 days (P < 0.01, Figure 1b; 267 ± 18, pretreatment;

392 ± 32, day 60; 398 ± 37, day 120). To compensate for an
increase in stromal density, microvessel density was calculated
per total nuclei in each endometrial sample. There was a mod-
est (P = 0.08, ns) increase (15%) by day 60 and a significant
(P < 0.01) increase (34%) by day 120 of treatment (Figure 1c;
and Figure 2b and c; 33 ± 1.9, pretreatment; 38 ± 2.1, day 60;
42 ± 2.75, day 120).

VEGF

VEGF protein was strongly expressed in the cytoplasm of
endometrial glands and surface epithelium. Expression in the
stroma was patchy and faint (Table II, Figure 2e). VEGF expres-
sion remained unchanged in the glandular [median (range) = 2
(1–3) pretreatment, 1 (1–3) day 60 and 1 (0–2) day 120], surface
epithelium [median (range) = 1 (0–3) pretreatment, 1 (0–3) day
60 and 1 (0–2) day 120] and endothelial cells [median (range) =
1 (0–2) pretreatment, 0.5 (0–2) day 60 and 1 (0–1) day 120] fol-
lowing treatment with mifepristone. There was a decrease (P ≤
0.01) in the stromal expression [median (range) = 1 (0–2) pre-
treatment, 0 (0–2) day 60 and 0 (0–1) day 120] of VEGF follow-
ing 120 days of treatment (Table II, Figure 2f and g).

Figure 2. Immunoexpression of the endothelial marker CD31, vascular endothelial growth factor (VEGF) and glucocorticoid receptor (GR) in
endometrial glands (Gl.), stroma (Str.), surface epithelium (surf.) and vascular endothelium (Ves.) before and after treatment with mifepristone.
Scale bar (a, j and p) = 50 μm; positive immunoexpression = brown. Significant increase in microvessel (arrows) density following treatment
(b and c), significant decrease in stromal VEGF following treatment for 120 days (g) and significant increase of GR immunoexpression following
treatment for 60 (k and l) and 120 days (m and n) compared to follicular pretreatment day 12 endometrium; note the absence of GR immunoexpres-
sion in glands during pretreatment day 12 endometrium (j) and significant expression following treatment (l and n); also note the strong expression
of GR in vascular endothelium (p, q and r); negative controls are included.
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GR

The pretreatment proliferative phase endometrial samples
showed strong GR immunoexpression in the nuclei of stromal
[median (range) = 2 (0–3)] and endothelial [median (range) = 3
(1–3); Table III, Figure 2p] cells and a complete absence of
expression in the surface epithelium [median (range) = 0 (0–0);
Figure 2i] and glands [median (range) = 0 (0–0); Table III,
Figure 2i and j]. Following treatment with mifepristone, nuc-
lear immunoexpression was induced in glands [median (range)
= 0 (0–2) day 60 and 1 (0–2) day 120, P < 0.05] and surface
epithelium [median (range) = 1 (0–3) day 60 and 1 (1–3) day
120, P < 0.01]. This was evident by 60 days and maintained at
120 days (Table III, Figure 2k–n). Immunoexpression in the
stroma [median (range) = 2 (1–3) day 60 and 2 (1–3) day 120]
and endothelial cells [median (range) = 3 (2–3) day 60 and 3
(2–3) day 120; Figure 2q and r] was unchanged.

Discussion

This study extends our previous report of the effects of daily
low-dose mifepristone on endometrial development (Brown
et al., 2002; Baird et al., 2003a,b; Narvekar et al., 2004). Here,
we show that mifepristone-induced amenorrhoea is associated
with an increase in glandular GR and microvessel density and a
decrease in stromal VEGF.

Histological appearance of the endometrium does not corre-
late well with menstrual patterns, except with the development
of extreme histological atrophy, which typically predicts amen-
orrhoea. In the primate model, continuous mifepristone

induces marked endometrial atrophy, and the spiral arteries are
the primary targets that are damaged or inhibited by progester-
one antagonists such as mifepristone (Chwalisz et al., 2000).
Microvessel density increases in conditions of spontaneous
(post-menopausal) and induced (Norplant, danazol and gosere-
lin) endometrial atrophy, and the mechanisms involved may
vary according to the nature of the atrophic stimulus (Hickey
et al., 1996, 1999). In women exposed to high- and medium-
dose progestogens and long-term users of levonorgestrel-
releasing intrauterine system (Mirena), a decrease in endome-
trial vascular density has been observed (Song et al., 1995;
Oliveira-Ribeiro et al., 2004). In this study, over 90% women
were amenorrhoeic. The endometrium was proliferative, and
there was a significant increase in microvessel density. We
used CD31 to identify the vessels because preliminary studies
with the alternative immunohistochemical marker CD34 were
unsatisfactory. The use of CD31 may explain the discrepancy
in the numerical count of vessels per area of endometrium
between our study and that by other investigators (Hickey et al.,
1996; Lau et al., 1999; Schindl et al., 2001). A study that used
CD31 to identify vessels in endometrial samples of 16 norm-
ally menstruating premenopausal women showed wide indi-
vidual variation in vessel density and no clear trend or
difference over the menstrual cycle (Moller et al., 2001).

VEGF is a major regulator of endothelial cell proliferation,
angiogenesis, vasculogenesis and capillary hyperpermeability
(Ferrara and Davis-Smyth, 1997; Ferrara, 1999a,b; Smith,
2001). The presence of VEGF mRNA, protein and its receptors
has been demonstrated in the human and primate endometrium
throughout the menstrual cycle (Torry et al., 1996; Ferrara and
Davis-Smyth, 1997; Meduri et al., 2000; Nayak et al., 2000;
Moller et al., 2002; Nayak and Brenner, 2002; Sugino et al.,
2002), and proliferative endometrium demonstrates prominent
glandular immunoreactivity and faint, inconsistent staining in
stromal cells, similar to observations in this study (Sugino
et al., 2002). Mifepristone abolished VEGF expression in the
endometrial glandular epithelium of cynomolgous monkeys
(Greb et al., 1997), and this might represent a mechanism for
the suppression of angiogenesis and severe endometrial atro-
phy observed following mifepristone treatment in the primate
model. In this study, VEGF immunoexpression was signifi-
cantly reduced in the stroma following mifepristone treatment.
There was a non-significant reduction in glandular VEGF
immunoexpression, whereas microvessel density was signifi-
cantly increased following treatment. It has been suggested that
VEGF may not be the primary regulator of endothelial cell pro-
liferation in the human endometrium (Gargett et al., 1999).
Besides VEGF, other factors such as angiopoetin and fibroblast
growth factor also regulate endometrial angiogenesis (Smith,
2001). VEGF regulates vascular permeability, and the decrease
in stromal VEGF may explain the increase in stromal density
following treatment with mifepristone (Ferrara, 1999a,b).

The most striking observation in this study was the change in
the expression of GR protein and its location. In the normal men-
strual cycle, GR is located only in the nuclei of endometrial stro-
mal and endovascular cells and is absent in the glands (Bamberger
et al., 2001). In this study, the pretreatment proliferative phase
samples showed a strong nuclear receptor expression in the

Table II. Vascular endothelial growth factor immunoexpression expressed as 
mean (median) in endometrium before and after treatment with daily 
mifepristone

*P = 0.004 (Wilcoxon test), significant decrease, day 120 mifepristone 
treatment versus day 12 pretreatment.

Mifepristone group (n = 16)

Day 12 
pretreatment

Day 60 
mifepristone

Day 120 
mifepristone

Surface 1.43 (1) 1.40 (1) 1.40 (1)
Glands 1.63 (2) 1.40 (1) 1.25 (1)
Stroma 0.94 (1) 0.33 (0) 0.31 (0)*
Endothelium 0.69 (1) 0.64 (0.5) 0.44 (0)

Table III. Glucocorticoid receptor immunoexpression expressed as mean 
(median) in endometrium before and after treatment with daily mifepristone

*P < 0.01, significant increase (Wilcoxon test), mifepristone treatment versus 
pretreatment; **P < 0.05, significant increase (Wilcoxon test), mifepristone 
treatment versus pretreatment.

Mifepristone group (n = 16)

Day 12 
pretreatment

Day 60 
mifepristone

Day 120 
mifepristone

Surface 0 (0) 1.13 (1)* 1.47 (1)*
Glands 0 (0) 0.44 (0)** 0.69 (1)*
Stroma 1.75 (2) 2.13 (2) 1.94 (2)
Endothelium 2.47 (3) 2.63 (3) 2.56 (3)
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stroma and a complete absence in the glands and surface epi-
thelium. Following treatment with low-dose mifepristone,
there was a significant induction of nuclear GR protein expres-
sion in both glands and surface epithelium. Although the pres-
ence of GR has been reported in the luminal (surface)
epithelium of rat uterus (Korgun et al., 2003), this is the first
study to report the presence of nuclear GRs in endometrial
gland cells. Mifepristone binds strongly to GR and progester-
one receptor but more weakly to AR (Spitz and Bardin, 1993),
and we have previously reported that chronic treatment with
low-dose mifepristone up-regulates AR and down-regulates
progesterone receptor in the endometrium (Narvekar et al.,
2004). The underlying cellular mechanisms are poorly under-
stood, but the striking temporo-spatial up-regulation of AR and
GR in the glands and surface epithelium suggests that they
share common mechanistic pathways. However, it is unlikely
that the changes described in this study are the result of a
change in the levels of cortisol because this dose of mifepris-
tone has no demonstrable effect on the pituitary–adrenal axis
(Brown et al., 2002).

The exact physiological role of GR and glucocorticoids in
the human endometrium is not clear. The expression pattern
points to a functional role in the complex process of deciduali-
zation (Bamberger et al., 2001). Several effects of glucocorti-
coids on endometrial cells have been reported. Uterine events
such as menstruation, implantation, cervical softening and par-
turition share similarity with non-reproductive inflammatory
situations (Kelly, 1996). At high concentrations, glucocorti-
coids inhibit most immunological responses and are well-
known anti-inflammatory agents. PGs have a pivotal role in
menstruation and endometrial bleeding (Baird et al., 1996),
and glucocorticoids have been shown to suppress PGF2 alpha
production (Schatz et al., 1986; Neulen et al., 1989; Delvin
et al., 1990; Illouz et al., 2000) and phospholipase A2 (Pakrasi
et al., 1983), one of the enzymes considered to be rate-limiting
in generating free arachidonic acid for PG synthesis. An
increase in the local concentration of PGs in the endometrium
has been postulated in the mechanism of bleeding observed
following administration of mifepristone in the mid-luteal
phase (Hapangama et al., 2002). The expression of GR in
endothelial cells suggests a role for glucocorticoids in modula-
tion of angiogenesis in the endometrium as has been reported
in the rat aorta (Small et al., 2005). Endogenous and exoge-
nous glucocorticoids exert tonic inhibition, whereas treatment
with a GR antagonist enhances angiogenesis in the mouse
model (Small et al., 2005). An increase in GR expression could
potentiate the effects of circulating glucocorticoids on the
endometrium, thereby suppressing local PG concentrations and
inhibiting angiogenesis. Contrary to theoretical expectations,
we have demonstrated a small increase in microvessel density.
This increase may represent a counting artefact in endometrial
sections following stromal compaction and gland dilatation. A
better understanding of the role of glucocorticoids and andro-
gens and their receptors in the endometrium is needed to recon-
cile the different endometrial effects into a working hypothesis.

Glucocorticoids may also modulate human fertility. Ele-
vated levels of glucocorticoids disrupt normal uterine develop-
ment and implantation (Campbell, 1978; Monheit and Resnik,

1981; Bigsby, 1993; Hicks et al., 1994). Mechanisms by which
glucocorticoids may influence implantation include their
known effects on actin polymerization, lysosomal activity, PG
synthase, PGE nitric oxide synthase and matrix metalloprotein-
ases (Salamonsen, 1996), all of which have known roles in
implantation. Excess glucocorticoid exposure can disturb the
normal pattern of growth and differentiation of the primate
fetus (Arcuri et al., 1997). On the other hand, cortisol may
modulate local immunosuppressive activity within the decidua
by inhibiting the production of anti-inflammatory cytokines,
such as interleukin-1 (Snyder and Unanue, 1982), thus protect-
ing the developing blastocyst from maternal immune rejection
(Ricketts et al., 1998). Although low-dose mifepristone acts as
a contraceptive by inhibiting ovulation in up to 90% subjects
(Brown et al., 2002), an increase in surface (luminal) and glan-
dular GR expression may play a role in the endometrial anti-
fertility effects of mifepristone.

Summary

The most striking observation in this study was the change in
the expression of GR protein and its location. Glucocorticoids
and GR modulate angiogenesis. We have demonstrated an
increase in endometrial vessel density and VEGF. The high
incidence of amenorrhoea in women taking mifepristone may
be related to the regulation of vascular function.
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Objective: The purpose of this study was to test whether a quantitative high-throughput molec-
ular screen can be used to probe human endometrium and initiate the development of molecular

diagnostic tools with potential for identification of therapeutic targets in women with menstrual
complaints.
Study design: Endometrium was collected from 10 patients with complaint of heavy bleeding,

classified into mid or late secretory phase of the menstrual cycle by histologic dating and serum
progesterone concentration. Total RNA was extracted and gene activity assessed using high-
density oligonucleotide arrays.
Results: Statistical testing identified 83 ‘signature’ genes whose expression levels differentiated

the mid and late secretory phases of the menstrual cycle.
Conclusion: The results show that the endometrium, a complex heterogeneous tissue, is amenable
to high-throughput molecular analyses and this work provides further support for the future

application of molecular profiling to clinical diagnosis.
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It has been over 50 years since Noyes et al described
the histologic features of the endometrium across the
menstrual cycle.1 This classic paper is the standard
for diagnostic menstrual cycle staging and is used world-
wide by gynecologic pathologists. It is a qualitative
description based upon tissue architecture and morpho-
logic changes of the endometrial compartments (glands,
stroma, vessels, and leukocytes) over a 28-day cycle and
reflects the sequential exposure to the sex steroids, estra-
diol and progesterone. Endometrial dating has, there-
fore, been described as a bioassay providing ‘‘a rough
idea of quantitative progesterone exposure.’’2,3

The clinical utility of histologic dating of the endome-
trium in reproductive medicine has recently been called
into question3,4 and the observation made that ‘‘the stage
is now set for molecular dating of the endometrium.’’2 In
the past half-century there have been no major advances
in establishing an equivalent molecular diagnostic tool
for use in routine gynecologic practice. With our new
knowledge of the human genome and the advent of quan-
titative technologies for molecular profiling, the opportu-
nity exists to apply a post-genomic approach to the
assessment of benign and disease states of the human
endometrium.5 In a recent detailed whole genome molec-
ular phenotyping study of endometrium collected from
across the menstrual cycle, tissue samples self-clustered
into 4 groups consistent with histologic cycle stages.5

This study demonstrated that endometrial tissue collected
both by biopsy and from sampling at hysterectomy could
be classified according to a molecular signature.5

In recent years, the clinical advantages of microarray
profiling and molecular staging have been demonstrated
on numerous occasions in the classification of cancer.6,7

It should be noted, however, that tumors often arise as
a result of a clonal cellular expansion. It remains to be
seen whether these approaches can be applied to hetero-
geneous tissue samples that have been exposed to a
variety of dynamic physiologic stimuli such as progester-
one withdrawal.

Menstrual disorders are an excellent example of a
benign gynecologic complaint, are a significant problem
for healthy women, have a considerable impact on
quality of life,8 and are a common reason for consulta-
tion with a family doctor. A third of women are referred
onward to secondary care within a year,9 and 72,000
hysterectomies are performed each year with an esti-
mated 3.5 million work days lost annually in the UK
at huge social cost.10

With each menstrual cycle, in the absence of preg-
nancy and with the demise of the corpus luteum, it is the
physiologic withdrawal of progesterone that initiates
breakdown of the endometrium and menstruation. The
molecular mechanisms by which sex steroids induce
these events involve complex interactions between the
endocrine and immune system and the process is still far
from fully understood.11
In this study, we aimed to explore practical methods
for the comparison of a relevant group of heterogenous
endometrial samples collected in a clinical setting. A
specific RNA ‘signature’ of differentially expressed genes
was identified in the premenstrual endometrium at the
time of physiologic progesterone withdrawalda critical
event for menstruation. A functional analysis of these
signature genes reinforced previous studies which have
demonstrated that ‘‘injury and repair’’ in the endome-
trium represents a physiologic model for repetitive
wound healing.

As postgenomic medicine is a future goal, unique
molecular signatures such as the one defined in this
study may facilitate optimal patient management. This
study represents a preliminary step towards the identi-
fication of molecular biomarkers of significance during
physiologic progesterone withdrawal. The pattern of
these differentially expressed genes may provide insights
into the mechanisms leading to endometrial remodeling,
shedding, and repair events involved in menstruation. In
the future, this type of information will be exploited in
the identification of diagnostic markers in women with
aberrant menstruation.

Material and methods

Ten women undergoing investigation (outpatient bi-
opsy; n = 3) or treatment (hysterectomy; n = 7) for a
complaint of heavy menstrual bleeding and pelvic pain
were recruited to the study. All women provided written
informed consent for biopsy collection and there was
institutional ethical approval. Subjects were aged be-
tween 30 and 48 years and all described regular men-
strual cycles (25-35 days length). No subject had taken a
sex steroid hormonal preparation during the 3 months
before biopsy collection. Two women had a fibroid
uterus. Endometrial tissue was fixed in 4% neutral
buffered formalin overnight at 4(C before being rou-
tinely wax embedded for histologic assessment. In
addition, endometrial tissue was either snap frozen in
liquid nitrogen or placed in RNA Later (Ambion
[Europe] Ltd, Cambridgeshire, UK) overnight at 4(C
for subsequent RNA extraction.

For the purposes of this study, histologic dating of
the samples according to the criteria of Noyes et al1 was
undertaken on 2 separate occasions (Table I). It is note-
worthy that discrepancies were apparent between the
2 subjective assessments. For example, 2 samples (H2
and H10) were classified as mid-secretory on 1 occasion
and late-secretory in the other (Table I). Serum samples
collected at the time of endometrial biopsy for determi-
nation of circulating estradiol and progesterone concen-
trations (by radioimmunoassay) were consistent with the
patient’s reported last menstrual period and histologic
dating assessment. Serum progesterone concentrations
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Table I Menstrual cycle staging: comparison between ‘gold standard’ histologic description of Noyes et al. and serum progesterone
concentration

Patient H1 H2 H3 H4 H5 H6 H7 H8 H9 H10

Pathology staging
assessment 1

M L M E-M E L L L M-L L

Pathology staging
assessment 2

E-M M M M E L L L M M

Serum progesterone (nmol/L) M (55.1) M (39.38) M (42.1) M (78.9) E-M (106.25) L (5.7) L (14.7) L (5.4) L (22.9) L (29.4)
Combined classification M M M M M L L L L L

Tissue samples from 10 patients (H1 to H10) were classified into mid (M) or late (L) menstrual cycle stage on 2 occasions according to Noyes et al.

The output from this exercise is compared in the table with classifications according to serum progesterone concentration.
in the 5 samples taken in the histologic staged late secre-
tory phase (L; premenstrual, mean [progesterone] =
15.94 nmol/L, range 5.4 to 29.4 nmol/L)were significantly
lower (P ! .01) than those in the 5 samples collected dur-
ing the histologic staged mid secretory phase (M, mean
[progesterone] = 64.3 nmol/L, range 39.38 to 106.25).

Five mid and 5 late secretory phase anonymized
endometrial biopsies, classified according to histologic
appearance, and consistent with circulating progester-
one concentration, were selected for GeneChip experi-
mentation. Intact total RNA was extracted from the
samples using a Qiagen RNeasy kit (Qiagen Europe Ltd,
Crawley, UK) and quality was assessed with an Agilent
Bioanalyser (Agilent Technologies, Palo Alto, CA).
Anonymized samples were labelled and hybridized
‘blind’ to HG-U133A GeneChip arrays according to
standard Affymetrix protocols. In brief, 5 mg of total
RNA from each sample was used to generate double
stranded cDNA using an oligodT primer containing a
T7 promoter. This template was used to generate ampli-
fied, biotinylated cRNA using a Bioarray High Yield
RNA Transcription Labeling Kit (Enzo Diagnostics,
Farmingdale, NY). After confirming that all cRNA
samples were of good quality using the Agilent Bioana-
lyser, 10 mg of labelled cRNA was hybridized to Affyme-
trix Human U133A GeneChip arrays for 16 hours at
45(C. Arrays were then washed in an Affymetrix Fluid-
ics Station 400 (Affymetrix, High Wycombe, UK)
stained with streptavidin-R phycoerythrin (Molecular
Probes, Eugene, OR) and biotinylated goat anti-strepta-
vidin antibody (Sigma Chemical, St Louis, MO) and
scanned according to standard protocols.

After scanning and data capture, open-source R
based software ‘Bioconductor’ was used to implement
the RMA method for normalization, background cor-
rection, and probe set summation.12 To ensure quality
and consistency of the sample labelling process and
array hybridizations, control information from all 10
arrayswas collated and reviewed before the data analy-
sis. In brief, scaling factors (range 0.82-1.21), Raw Q
values (range 1.97-4.24) and GAPDH 30/50 ratios (range
0.85-2.17) were all consistent with Affymetrix recom-
mendations. To further investigate the performance of
the array hybridizations, scatter plots comparing each
array with every other were produced in SPLUS (In-
sightful, Seattle, WA). These plots confirmed a linear
distribution between arrays and showed a dynamic un-
interrupted range of expression values from low to

Figure 1 Explorative hierarchical clustering of a filtered sub-
set of 1034 variable genes The dendrogram relates samples by
their expression pattern with branch length indicating similar-

ity (shorter more related). Each column represents 1 sample
(dark blue = MS, light blue = LS as defined by histologic
appearance and progesterone concentration in the serum) and

each row 1 gene. To aid in visualization of the data, gene
expression is shown as a pseudo-color representation where
the raw signal value of each gene was divided by the median
of its measurements in all samples. If the median of the raw

values was below 1 then each measurement for that gene was
divided by 1 if the numerator was above 1, otherwise the mea-
surement was excluded. Green represents a decrease in expres-

sion from the median while red represents an increase. The
asterisk indicates several clusters in which gene expression is
increased in the majority of the late secretory samples.
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high signal values. Box and whisker visualizations also
confirmed that the data had comparable distributions
and were of sufficient quality for further analysis (see
supplemental data available online). Data and protocols
are available to download from the publicly accessible
MIAME compliant database ‘GPX’ (www.gti.ed.ac.uk/
GPX, accession number GPX-000001).

At the outset of the analysis, a coefficient of variation
(CV) value for the signal values (log2) was calculated for
each gene across all 10 arrays. This calculation was used
to isolate the most variable genes in the dataset and
remove invariant transcripts which would contribute
to multiple testing errors in the subsequent statistical
analysis.

Hierarchical clustering (using Pearson correlation
as a distance measure) of the filtered subset of 1034
variable genes was undertaken in GeneSpring (Agien
Technologies) (Figure 1).

Following the explorative analysis, a rigorous statis-
tical approach was exploited to identify a subset of
differentially expressed genes. In brief, a robust empir-
ical Bayes ‘moderated’ t test13 was used to identify genes
with a significant difference in expression (P ! .01).
This method identified 83 genes, all of which had a no-
table alteration in expression (fold change O2) between
mid (M) and late secretory phase (L) sample groups.

To confirm the results of this statistical analysis and
the validity of the gene list, quantitative real-time
polymerase chain reaction (Q-RT-PCR) of a subset of

Figure 2 Quantitative real-time PCR validation of signature

genes. Taqman Q-RT-PCR was used to confirm the differential
expression of transcripts for matrix metalloproteinase 10,
endothelin receptor B (EDNRB), coagulation factor II (throm-
bin) receptor (F2R), superoxide dismutase 2 (SOD2), insulin-

like growth factor 1 (IGF-1), and matrix metalloproteinase
26. To improve the reliability of the validation exercise, sample
sizes were increased according to the availability of 5 addi-

tional mid luteal phase endometrial samples fulfilling the
same criteria for inclusion. The additional samples were col-
lected and processed in an identical fashion to those included

in the array analysis.
the progesterone withdrawal genes was undertaken
(Figure 2). RNA was reverse transcribed using Applied
Biosystems RT kit (Applied Biosystems, Cheshire,

Figure 3 Differentially expressed genes in the endometrium

during the transition from mid secretory to late secretory phase
of the menstrual cycle. Eighty-three genes identified via statisti-
cal analysis (outlined inMaterial andmethods) were defined as a
signature set and were then subject to a hierarchical clustering

analysis using Pearson correlation as a distance measure. The
dendrogram relates samples by their expression pattern with
branch length indicating similarity (shorter more related).

Each column represents 1 sample (dark blue=MS, light blue=
LS as defined by histologic appearance and progesterone
concentration in the serum) and each row 1 gene. To aid in visu-

alization of the data, gene expression is shown as a pseudo-color
representation where the raw signal value of each gene was di-
vided by the median of its measurements in all samples. If the

median of the raw values was below 1 then each measurement
for that gene was divided by 1 if the numerator was above 1, oth-
erwise the measurement was excluded. Green represents a de-
crease in expression from the median while red represents an

increase. Log fold change values were calculated by subtracting
themean signal value for the 5mid samples from themean signal
value for the 5 late samples.

http://www.gti.ed.ac.uk/GPX
http://www.gti.ed.ac.uk/GPX
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Table II Differentially expressed genes in the endometrium during the transition from mid secretory to late secretory phase of the
menstrual cycle

Gene Probe set ID
Mean mid secretory
expression value Mid SD

Mean late secretory
expression value Late SD

Log fold
change

MMP10 205680_at 4.54 0.86 7.67 3.10 3.13
SOX9 202935_s_at 4.60 0.74 6.79 1.03 2.19
EFEMP1 201843_s_at 5.77 1.49 7.91 1.38 2.14
G0S2 213524_s_at 7.73 1.18 9.80 1.05 2.08
NID2 204114_at 7.01 1.15 9.08 1.44 2.07
EFEMP1 201842_s_at 8.11 1.91 10.09 1.30 1.97
LRRC15 213909_at 5.68 0.57 7.65 1.96 1.97
EDNRB 204273_at 5.33 0.70 7.30 0.20 1.97
ITM2A 202746_at 5.07 0.53 7.03 1.09 1.96
IGFBP3 210095_s_at 10.00 1.24 11.84 0.92 1.84
KAL1 205206_at 5.45 0.94 7.21 1.57 1.77
HTR2B 206638_at 6.41 1.03 8.16 1.63 1.76
GADD45G 204121_at 6.31 0.76 8.04 1.13 1.73
LOX 215446_s_at 6.00 0.75 7.67 1.66 1.67
THBD 203887_s_at 6.55 1.07 8.21 0.80 1.65
RASGRP2 214369_s_at 5.12 0.80 6.74 1.38 1.61
CDKN1C 213348_at 8.06 0.98 9.66 1.43 1.61
PLAGL1 207002_s_at 5.41 0.94 7.01 1.30 1.60
PAPSS2 203060_s_at 6.79 1.32 8.38 0.62 1.58
RBP4 219140_s_at 5.26 0.95 6.79 0.90 1.54
DKFZP586H2123 213661_at 7.63 0.74 9.16 1.03 1.53
LYN 202626_s_at 7.02 0.78 8.51 0.81 1.48
LOC388650 213689_x_at 6.83 0.87 8.31 0.92 1.47
PCDH17 205656_at 7.66 1.25 9.13 0.75 1.47
FAM69A 216044_x_at 6.09 1.02 7.55 0.97 1.46
KIR2DS2 211532_x_at 6.19 0.32 7.64 1.22 1.45
F2R 203989_x_at 4.43 0.36 5.86 0.83 1.42
AQP3 39248_at 8.01 0.88 9.40 0.90 1.40
PAPSS2 203058_s_at 6.66 1.15 8.05 0.67 1.39
COTL1 221059_s_at 7.88 0.90 9.26 0.96 1.38
SOD2 215078_at 3.86 0.51 5.24 0.87 1.38
MFAP4 212713_at 6.18 0.74 7.52 0.92 1.34
ASPN 219087_at 4.70 0.42 6.00 0.93 1.30
ADORA2B 205891_at 4.66 0.54 5.95 1.03 1.29
HLA-DRB4 209728_at 6.52 0.56 7.81 1.00 1.29
TMEM35 219685_at 4.72 0.23 5.94 0.95 1.23
PSD3 203354_s_at 6.05 0.52 7.24 0.54 1.18
UGCG 221765_at 5.63 0.45 6.76 0.28 1.12
CYP51A1 216607_s_at 7.40 0.62 6.28 0.24 �1.12
ALDH6A1 221589_s_at 8.36 0.65 7.23 0.42 �1.13
SCAMP1 206667_s_at 5.67 0.65 4.51 0.15 �1.16
ALDH6A1 204290_s_at 9.13 0.83 7.96 0.32 �1.17
STX16 221638_s_at 5.23 0.84 4.01 0.24 �1.22
MBNL2 205018_s_at 6.57 1.00 5.33 0.27 �1.24
RAB5A 206113_s_at 6.58 0.93 5.33 0.52 �1.25
VIL2 208621_s_at 8.55 0.69 7.29 0.16 �1.25
DDX3X 201211_s_at 7.45 0.83 6.19 0.48 �1.26
DKFZP586A0522 207761_s_at 8.85 0.61 7.58 0.77 �1.27
PAFAH1B1 211547_s_at 6.50 0.99 5.21 0.44 �1.29
PTGDS 211663_x_at 10.28 0.75 8.97 0.72 �1.32
PGRMC1 201120_s_at 9.42 0.79 8.09 0.26 �1.32
TPD52 201688_s_at 7.76 1.02 6.42 0.24 �1.34

Mid (5) and late (5) secretory total RNA samples from the endometrium were labeled and hybridized to Affymetrix HG-U133A GeneChip arrays.

An empirical Bayes moderated t test was then used to identify statistically significant differences in expression in 1034 variable genes (CV O0.1) from

the mid and late samples. Using this approach, 83 genes were identified with a P value of ! .01.
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Table II (Continued)

Gene Probe set ID
Mean mid secretory
expression value Mid SD

Mean late secretory
expression value Late SD

Log fold
change

REV3L 208070_s_at 9.46 0.43 8.08 1.03 �1.38
CYB5 209366_x_at 9.47 1.05 8.07 0.47 �1.40
HMGCR 202539_s_at 8.76 0.62 7.35 0.41 �1.41
CYB5 207843_x_at 9.36 1.02 7.94 0.38 �1.42
MME 203435_s_at 9.14 0.48 7.71 1.16 �1.43
EVA1 203779_s_at 7.23 1.39 5.79 0.16 �1.44
CDH1 201130_s_at 7.20 0.89 5.75 0.37 �1.45
PSAT1 220892_s_at 8.35 0.77 6.83 0.41 �1.52
GALNT4 220442_at 7.14 1.26 5.60 0.20 �1.53
PTGS1 205128_x_at 8.87 1.54 7.32 0.39 �1.55
COL6A1 212940_at 7.99 1.37 6.43 0.62 �1.56
MCL1 200796_s_at 6.69 1.26 5.12 0.66 �1.57
RIS1 213338_at 7.84 0.38 6.27 1.02 �1.57
LRRC1 218816_at 7.02 1.63 5.45 0.24 �1.57
SLC39A14 212110_at 9.96 1.33 8.38 0.32 �1.58
HSD11B2 204130_at 7.59 1.38 5.97 0.54 �1.62
SNAI2 213139_at 9.28 0.49 7.64 1.28 �1.64
CYB5 215726_s_at 7.35 1.15 5.70 0.54 �1.65
IGF1 209541_at 10.74 0.90 9.09 0.61 �1.65
COPA 214336_s_at 6.93 1.41 5.27 0.53 �1.65
TPD52L1 210372_s_at 8.58 1.27 6.89 0.68 �1.68
PTGS1 215813_s_at 8.41 1.67 6.72 0.52 �1.69
FKBP5 204560_at 7.25 1.52 5.47 0.32 �1.77
MME 203434_s_at 9.12 0.66 7.19 1.13 �1.93
IL6ST 204864_s_at 8.20 1.73 6.07 0.53 �2.13
DKFZp434L142 219872_at 6.69 1.42 4.53 0.29 �2.16
CD36 206488_s_at 7.70 1.09 5.53 0.76 �2.17
TFPI2 209278_s_at 8.94 1.76 6.65 1.13 �2.28
CXCL13 205242_at 8.20 2.09 5.48 2.29 �2.72
MMP26 220541_at 8.53 2.82 5.59 0.33 �2.94
SCGB1D2 206799_at 10.68 2.35 7.17 0.72 �3.51

Mid (5) and late (5) secretory total RNA samples from the endometrium were labeled and hybridized to Affymetrix HG-U133A GeneChip arrays.

An empirical Bayes moderated t test was then used to identify statistically significant differences in expression in 1034 variable genes (CV O0.1) from

the mid and late samples. Using this approach, 83 genes were identified with a P value of ! .01.
UK) following manufacturer’s instructions. Taqman
Q-RT-PCR was then used to measure levels of MMP-
10, EDNRB, F2R, SOD2, IGF-1, and MMP-26 using
Applied Biosystems prevalidated ‘assay-on-demand’ 20X
Taqman primers and probe and a standard Taqman reac-
tion mix (including ribosomal 18S primers and probe as
an internal standard for RNA loading). Samples were an-
alyzed on an ABI Prism 7900 using standard conditions.
Results are expressed as quantity relative to a comparator
that was the same mid secretory phase endometrial sample
for every run. A one-way analysis of variance (ANOVA)
and a least significant difference post hoc multiple com-
parisons were then used to determine if differences in
expression were significant (SPSS, Inc, Chicago, IL).

In order to obtain further insight into the functional
and clinical significance of the 83 signature genes iden-
tified above, hyper-geometric tests were performed
using GOHyperG in Bioconductor package GOstats
1.4.0.14,15 This approach was applied in order to
investigate if there was any statistical over-representa-
tion of particular functional, process or component
types in the current annotation of the signature gene
list (when compared to what could be expected by ran-
dom chance). A known and as yet unresolved limitation
in the interpretation of significant GO terms occurs as
a result of the hierarchical structure of the GO annota-
tion. This structure causes problems with common mul-
tiple testing corrections and statistical independency
assumptions. Results from this approach are, therefore,
not necessarily conclusive but provide interesting
pointers for future investigation. In this study, GO
terms with P values % .05 and with 10 or more genes
linked to them were considered informative.

Results

To begin the microarray data analysis, the entire
normalized (log2) dataset was filtered on the basis of
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In order to obtain further insight into the functional and clinical significance of the 83 signature genes identified above, hyper-
geometric tests were performed using GOHyperG in Bioconductor package GOstats 1.4.0.15,16 This approach was applied in order to in-
vestigate if there was any statistical over-representation of particular functional, process, or component types in the current annotation
of the signature gene list (when compared to what could be expected by random chance). In this study, GO terms with a P value % .05
and with 10 or more genes linked to them were considered informative and are presented below

GO Reference ID p HyperG Counts LLAnnotated Terms

GO Bioprocess
GO:0007275 0.008918276 1632 18 development
GO:0050896 0.007597264 1607 18 response to stimulus
GO:0050874 0.00264413 1581 19 organismal physiologic process
GO:0009653 0.00228999 1088 15 morphogenesis
GO:0009605 0.007026628 988 13 response to external stimulus
GO:0007242 0.03803957 856 10 intracellular signaling cascade
GO:0007155 0.012590357 504 8 cell adhesion
GO:0006629 0.025391873 466 7 lipid metabolism
GO:0048518 0.024361204 462 7 positive regulation of biological process
GO:0009581 0.028319184 373 6 detection of external stimulus
GO:0044255 0.026422228 367 6 cellular lipid metabolism
GO:0006082 0.023453846 357 6 organic acid metabolism
GO:0019752 0.022888612 355 6 carboxylic acid metabolism
GO:0009611 0.005641283 347 7 response to wounding
GO:0007600 0.020201179 345 6 sensory perception
GO:0009628 0.058156162 336 5 response to abiotic stimulus
GO:0030154 0.049566213 321 5 cell differentiation
GO:0007610 0.004109738 245 6 behavior
GO:0007243 0.058867076 235 4 protein kinase cascade
GO:0007626 0.005968541 186 5 locomotory behavior
GO:0006928 0.00532496 181 5 cell motility
GO:0040011 0.00532496 181 5 locomotion
GO:0050790 0.005202428 180 5 regulation of enzyme activity
GO:0019932 0.024013695 176 4 second-messenger-mediated signaling
GO:0008610 0.003884344 168 5 lipid biosynthesis
GO:0016337 0.053036315 136 3 cell-cell adhesion
GO:0009888 0.052090992 135 3 histogenesis
GO:0045045 0.046595733 129 3 secretory pathway
GO:0006631 0.040573413 122 3 fatty acid metabolism
GO:0001501 0.032712221 112 3 skeletal development
GO:0009582 0.029815935 108 3 detection of abiotic stimulus
GO:0050878 0.003334435 99 4 regulation of body fluids
GO:0045859 0.020233147 93 3 regulation of protein kinase activity
GO:0051338 0.020233147 93 3 regulation of transferase activity
GO:0043085 0.018559361 90 3 positive regulation of enzyme activity
GO:0007599 0.002265212 89 4 hemostasis
GO:0042060 0.002173448 88 4 wound healing
GO:0050817 0.002084288 87 4 coagulation
GO:0007596 0.00183204 84 4 blood coagulation
GO:0050982 0.014020576 81 3 detection of mechanical stimulus
GO:0050954 0.013560622 80 3 sensory perception of mechanical stimulus
GO:0007605 0.013560622 80 3 perception of sound
GO:0048015 0.013109466 79 3 phosphoinositide-mediated signaling
GO:0007200 0.012667084 78 3 G-protein signaling, coupled to IP3 second messenger

(phospholipase C activating)
GO:0007156 0.010585814 73 3 homophilic cell adhesion
GO:0006694 0.05394983 60 2 steroid biosynthesis
GO:0019933 0.052357073 59 2 cAMP-mediated signaling
GO:0007188 0.050781737 58 2 G-protein signaling, coupled to cAMP nucleotide

second messenger
GO:0048193 0.005084573 56 3 Golgi vesicle transport
GO:0016053 0.046162998 55 2 organic acid biosynthesis
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(Continued)

GO Reference ID p HyperG Counts LLAnnotated Terms

GO:0007050 0.046162998 55 2 cell cycle arrest
GO:0046394 0.046162998 55 2 carboxylic acid biosynthesis
GO:0006790 0.043176029 53 2 sulfur metabolism
GO:0006633 0.036048019 48 2 fatty acid biosynthesis
GO:0045860 0.03468296 47 2 positive regulation of protein kinase activity
GO:0051347 0.03468296 47 2 positive regulation of transferase activity
GO:0008632 0.030714315 44 2 apoptotic program
GO:0007588 0.029434643 43 2 excretion
GO:0045761 0.01589796 31 2 regulation of adenylate cyclase activity
GO:0051339 0.01589796 31 2 regulation of lyase activity
GO:0031279 0.01589796 31 2 regulation of cyclase activity
GO:0006690 0.01589796 31 2 icosanoid metabolism
GO:0007265 0.012193445 27 2 Ras protein signal transduction
GO:0046456 0.008186764 22 2 icosanoid biosynthesis
GO:0006891 0.006133583 19 2 intra-Golgi transport
GO:0030574 0.004917444 17 2 collagen catabolism
GO:0006692 0.003330207 14 2 prostanoid metabolism
GO:0006693 0.003330207 14 2 prostaglandin metabolism

GO Cellular Components
GO:0016020 0.004002 3456 35 membrane
GO:0031224 0.035989 2695 26 intrinsic to membrane
GO:0016021 0.03536 2691 26 integral to membrane
GO:0005576 0.000479 926 16 extracellular region
GO:0000267 0.010142 716 11 cell fraction
GO:0005624 0.003689 534 10 membrane fraction
GO:0005783 0.025264 415 7 endoplasmic reticulum
GO:0005794 0.031875 342 6 Golgi apparatus
GO:0031012 0.000149 285 9 extracellular matrix
GO:0005578 0.000141 283 9 extracellular matrix (sensu Metazoa)
GO:0005615 0.04641 281 5 extracellular space
GO:0012505 0.047401 195 4 endomembrane system
GO:0042598 0.000741 103 5 vesicular fraction
GO:0005792 0.000678 101 5 microsome

GO Molecular Functions
GO:0043167 0.058075 1765 16 ion binding
GO:0046872 0.058075 1765 16 metal ion binding
GO:0043169 0.042739 1559 15 cation binding
GO:0005509 0.035813 516 7 calcium ion binding
GO:0016491 0.035493 515 7 oxidoreductase activity
GO:0008237 0.053936 141 3 metallopeptidase activity
GO:0004222 0.013849 83 3 metalloendopeptidase activity
GO:0005201 0.010531 75 3 extracellular matrix structural constituent
GO:0004867 0.055859 63 2 serine-type endopeptidase inhibitor activity
GO:0019838 0.034171 48 2 growth factor binding
GO:0005501 0.00158 10 2 retinoid binding
GO:0019840 0.00158 10 2 isoprenoid binding
CV(asdescribed inMaterial andmethods).This resulted in
the identification of 1034 ‘variable’ genes (CV O0.1) for
further analysis and the removal of 21,249 ‘invariant’ genes
from the 22,283 represented on the HG-U133A array.

The ‘variable’ data from all patients were then
evaluated blind using explorative hierarchical clustering
(Figure 1). Interestingly, this unsupervised analysis of
the patient RNA phenotype clustered 7/10 of the
samples in accordance with the previous histologic
assessment and hormonal classification. Two of the
samples (H1 and H9), however, clustered together, and
sample H3 (previously classified as mid secretory) had
an expression pattern more similar to the late secretory
samples H6, H7, H8, and H10. These results indicate
that pattern recognition from quantitative gene expres-
sion analyses may in the future be applicable to the
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classification of heterogeneous clinical samples such as
endometrial biopsies. When the constituent members
of the gene clusters were identified, it was clear that
the expression data reflected the marked cytophysiologic
alterations occurring at this stage of the menstrual cycle.
For example, within the clusters marked with an asterisk
several well-known local mediators of endometrial func-
tion are up-regulated in the premenstrual tissue, includ-
ing: markers of decidualization (IGFBP-1, prolactin,
prolactin receptor); matrix metalloproteinase family
(MMP-10, MMP-7, TIMP-2, -3), endometrial bleeding
associated factor (ebaf), endothelin (ET-1), and ETB
receptor.16,17

From a practical perspective, it is likely that large-
scale global molecular profiling assays will in the future
be too time-consuming and costly for regular clinical
use. Accordingly, we employed a rigorous statistical
approach to identify genes whose expression profiles
might be employed to differentiate the mid and late
secretory phases of the menstrual cycle, thereby identi-
fying a ‘‘premenstrual gene signature.’’ An empirical
Bayes moderated t test was used to identify statistically
significant differences in expression between the mid and
late samples in the 1034 variable transcripts (CV O0.1).
Using this approach, 83 genes were identified with a
P value of less than .01. All of these transcripts had a
fold change of O2 (Figure 3 and Table II). Despite
the inherent patient variability and mixed cellularity of
the experimental samples analyzed in this study, the
analysis clearly identified at a time of progesterone with-
drawal an up-regulation of known local mediators of
endometrial function including: endothelin receptor B
(EDNRB) and matrix metalloproteinases (MMP-10)
alongside several unknown or novel candidates that
warrant further investigation. In particular, F2R (more
commonly known as Protease activated receptor type 1)
and Lysyl oxidase (LOX) represent particularly interest-
ing candidates for future study (see Comment). The dif-
ferential expression of a subset of genes was confirmed
by Q-RT-PCR (Figure 2).

Interestingly, statistical testing for over-representation
of GO terms identified 68 ‘Bioprocesses’ and 12
‘Molecular Functions’ with a P value of less than .05
and a count of O10 associated with the 83 ‘signature’
genes identified in this study (see supplemental data
available online for the output from this analysis). As
expected, many of the Bioprocesses identified were con-
cerned with physiologic events commonly associated
with progesterone withdrawal such as the ‘response to
wounding.’ These included: hemostasis, blood coagu-
lation, steroid biosynthesis, and prostaglandin meta-
bolism. Notably, several prominent Bioprocesses
identified in this analysis were associated with intracellu-
lar signalling (GO:0007242–‘intracellular signalling
cascade,’ GO:0007243–‘Protein Kinase Cascade,’ and
GO:0019932–‘second-messenger-mediated-signalling’).
This reinforces the view that analyses of this type are likely
to yield novel therapeutic molecular targets. From a mo-
lecular function perspective, the GOHyperG analysis
confirmed functional metallopeptidase activity (among
other classifications including ion binding). This is a
known consequence of progesterone withdrawal and is
associated with subsequent menstrual bleeding.11,18

Comment

At the time of physiologic progesterone withdrawal, the
premenstrual endometrium (L) displayed a measurable
and well-defined pattern of gene expression changes
despite samples being derived from a heterogeneous
patient population and representing a heterogeneous
tissue. The recent endometrial molecular phenotyping
study from Talbi et al5 pointed out that endometrial
samples obtained by different sampling methods and
derived from women who are as close to normal as is
possible for a human study, notably including those
with undetermined histology, could be classified by
molecular signature. This recently published study5

included normo-ovulatory subjects (cycles between 24-35
days) undergoing hysterectomy, among whom several
were reported to have fibroids.

Insight into local mechanisms responsible for the
regulation of menstruation and its disorders may be
gained by detailed investigation of the endometrial gene
pattern in the premenstrual phase. Several genes in our
current signature have already been described as playing
roles in the menstrual process and are potentially
aberrant in women complaining of excessive or prob-
lematic menstruation (eg, matrix metalloproteinase
enzymes and the endothelin system16,17). Two genes of
particular interest in this context are F2R (PAR-1)
and LOX. The thrombin receptor PAR-1 is responsible
for mediating many of the functions of thrombin within
the cardiovascular system and is found on the surface of
endothelial cells and platelets. Activation of this mole-
cule can lead to platelet activation/aggregation, vascular
smooth muscle mitogenesis, and vasoconstriction. Fur-
ther, it is known that progesterone regulates PAR-1 in
the endometrium19 and thrombin itself stimulates endo-
thelin release.20 It is likely, therefore, that PAR-1 plays
a key role in signaling events preceding and (at least
partly) responsible for menstrual bleeding. The LOX
gene encodes an amine oxidase, which is critical in the
process of collagen deposition and has been shown to
have diverse functions relating to wound-healing.21 It
is, therefore, likely to play a role in endometrial repair.
This interpretation is reinforced by evidence from Rae
et al, who demonstrated that LOX plays a role in wound
repair in the ovarian surface epithelium.22

Over the past 6 years, numerous studies have ex-
plored a wide variety of methods for the classification of
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clinical samples on the basis of microarray-defined gene
expression patterns. Broadly, these studies have been in
the field of oncology where the accurate molecular
classification of malignancies may lead to enhanced
therapeutic planning and improved clinical treatment
or intervention.6 The objective of this study was to apply
microarray technology to the analysis of molecular
events in the endometrium during the physiologic with-
drawal of progesterone. This is a critical event in the
menstrual cycle leading to menstrual bleeding and
subsequent tissue reconstruction. Studies such as this
enhance understanding of molecular events critical to
this process and provide an opportunity for the identifi-
cation of novel targets that may lend themselves to local
therapeutic intervention.23 From a more general per-
spective, it has been argued that the menstrual cycle rep-
resents a model for repetitive, physiologic injury and
repair. It is likely, therefore, that molecular insights
gained in the study of this system will enhance our gen-
eral understanding of other pathologic repair events
elsewhere in the body.

It is hoped this study will serve as a foundation for
future investigations into methods for defining genes
whose expression profiles can be used to discriminate
between phases of the menstrual cycle. Significantly, the
clinical utility of endometrial dating is the subject of
much current debate.3,4 In a randomized observational
study3 involving 130 fertile women with reported regular
cycles, there was substantial variability in the histologic
characteristics of the secretory phase. The study con-
cluded that histologic endometrial dating had neither ac-
curacy nor precision as a solid method of diagnosis of
defective luteal phase defective development.3 Coutifaris
et al4 have also questioned the utility of histologic dating
in the evaluation of the infertile couple.

In support of a role for molecular profiling of the
human endometrium, Ponnampalam et al24 have ex-
ploited a cDNA microarray to analyze the expression
of around 10,500 genes in endometrial curette samples
throughout the complete menstrual cycle. This study
identified 425 transcripts that had significant temporal
expression across the complete menstrual cycle (313 of
which were known to be associated with the biological
processes involved in implantation). Interestingly,
Ponnampalam et al also employed the software GeneR-
aVE to identify a set of 6 predictor genes which, in their
system, could be used to accurately classify samples into
their exact molecular cycle stage. Five of the 6 ‘predic-
tor’ genes (PP, CD46, ENTPD3, D6S2654E, and
CDF2) were represented on the HG-U133A array em-
ployed in this study; however, only CD46 (Membrane
Cofactor Protein) was found to be significantly altered
(P ! .01) between the mid and late secretory samples in-
vestigated. In the present study, a rigorous statistical
method was used to define a signature of 83 genes that
were differentially expressed during the transition from
mid to late secretory phase of the menstrual cycle. It is
likely that discrepancies between this study and that of
Ponnampalam et al are attributable to the variable
nature of the samples, the performance of the differing
array platforms, laboratory-specific variability, and the
distinct analysis methods used. The impact of these
sources of variability on microarray results has recently
been considered in some detail.25

In the future, it is hoped significantly larger studies
will enable the development of methods for the classi-
fication of patients with complaints such as abnormal
uterine bleeding. It is anticipated that genes identified in
this study with functions such as the regulation of
extracellular matrix breakdown and vasoconstriction
may in the future serve as useful pharmacologic targets.

In conclusion, we have undertaken a molecular
analysis of gene expression changes in endometrium
during the transition from the mid to late secretory
(premenstrual) phase of the menstrual cycle. A consid-
erably larger study is required for the development of
accurate classification methods; however, our results
provide a foundation for the future development of
multi-parameter molecular diagnostics with clinical
utility.
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Supplementary Figure 1 To investigate the performance of the array hybridisations, scatter plots comparing each array with every
other were produced in SPLUS (Insightful, USA). These Plots confirmed a linear distribution between arrays and showed a dynamic

uninterrupted range of expression values from low to high signal values.
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Supplementary Figure 2 Box and whisker visualisations [Pre-Normalisation] confirmed that the data had comparable distributions
and were of sufficient quality for further analysis.
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Supplementary Figure 3 Box and whisker visualisations [Post-Normalisation] also confirmed that the data had comparable distri-
butions and were of sufficient quality for further analysis.
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Supplementary Figure 4 RNA digestion plots enable the comparison of hybridized RNA integrity on a per array basis. Figure
shows that all arrays show a similar trend with increased degradation (lower mean intensity) occurring as probes move towards

the 50 end of the transcript.
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Supplementary Figure 5 Histograms of Perfect Match (PM) and Mismatch (MM) intensities across each array. All arrays have

similar distributions with the PM probes having a generally higher level of intensity (as expected).



Endocrine Regulation of Menstruation

Henry N. Jabbour, Rodney W. Kelly, Hamish M. Fraser, and Hilary O. D. Critchley

Medical Research Council Human Reproductive Sciences Unit (H.N.J., R.W.K., H.M.F.), and Reproductive and
Developmental Sciences (H.O.D.C.), University of Edinburgh, Centre for Reproductive Biology, The Queen’s Medical
Research Institute, Edinburgh EH16 4TJ, United Kingdom

In women, endometrial morphology and function undergo
characteristic changes every menstrual cycle. These changes
are crucial for perpetuation of the species and are orches-
trated to prepare the endometrium for implantation of a con-
ceptus. In the absence of pregnancy, the human endometrium
is sloughed off at menstruation over a period of a few days.
Tissue repair, growth, angiogenesis, differentiation, and re-
ceptivity ensue to prepare the endometrium for implantation
in the next cycle. Ovarian sex steroids through interaction
with different cognate nuclear receptors regulate the expres-
sion of a cascade of local factors within the endometrium that
act in an autocrine/paracrine and even intracrine manner.
Such interactions initiate complex events within the endo-

metrium that are crucial for implantation and, in the absence
thereof, normal menstruation. A clearer understanding of reg-
ulation of normal endometrial function will provide an insight
into causes of menstrual dysfunction such as menorrhagia
(heavy menstrual bleeding) and dysmenorrhea (painful peri-
ods). The molecular pathways that precipitate these pathol-
ogies remain largely undefined. Future research efforts to
provide greater insight into these pathways will lead to the
development of novel drugs that would target identified ab-
errations in expression and/or of local uterine factors that are
crucial for normal endometrial function. (Endocrine Reviews
27: 17–46, 2006)

I. Introduction
II. Endometrial Morphology

A. Endometrial structure
B. Structure of vessels
C. Endometrial leukocyte populations

III. Steroid Control in Endometrium
A. Endometrial steroid receptor expression
B. Endometrial paracrinology
C. Endometrial intracrinology
D. Progesterone and progesterone receptors
E. Estrogen and estrogen receptors
F. Androgens and the androgen receptor
G. Glucocorticoids and the glucocorticoid receptor

IV. Progesterone Withdrawal and the Mechanisms of Men-
strual Bleeding
A. Progesterone action in the endometrium
B. Decidual changes preceding menstruation
C. Physiological withdrawal of progesterone

D. Menstruation, the sequence
E. Origin and control of MMPs—the final effectors
F. Animal models of menstruation

V. Repair and Vessel Regrowth
A. Epithelial growth
B. Pattern of angiogenesis during the cycle
C. Angiogenic factors and their receptors in the uterus
D. Localization and changes in angiogenic factors through-

out the cycle
E. Regulation of endometrial angiogenic factors
F. Effects of manipulation of angiogenic factors: in vivo

models
VI. Disorders of Menstruation

A. Parameters of normal menstruation
B. Menstrual dysfunction
C. Menorrhagia
D. Dysmenorrhea

VII. Local Mediators Associated with Menstrual Dysfunction
A. Prostanoids
B. Other angiogenic/permeability factors

VIII. Perspective and Future Direction

I. Introduction

THE UTERUS PLAYS a crucial role in survival of the
species in all viviparous animals. Implantation of the

fertilized egg is a critical event common to all species, but
humans and old-world primates differ from most other an-
imals in that they shed a significant proportion of their en-
dometrium if pregnancy is not established at the opportune
time. Human endometrium is thus a dynamic tissue that, to
prepare for implantation, undergoes well-defined cycles of
proliferation, differentiation, and shedding (menstruation)
in response to the prevailing endocrine and paracrine envi-
ronment. However, the process of menstruation may be ac-
companied by distressing symptoms such as menorrhagia
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(excessive menstrual blood loss) and dysmenorrhea (painful
periods) that are still little understood.

Regular menstrual bleeding is the outward manifestation
of cyclical ovarian function. The average woman today in
developed countries may expect to menstruate over 400
times during her reproductive life span. In contrast, in less
well-developed countries and before the availability of reli-
able contraception, which has allowed women to regulate
their own fertility, the majority of women were amenorrheic
for most of their lives. This feature was due to later puberty,
high numbers of pregnancies, and prolonged lactation.

It is essential to have a detailed knowledge of the mech-
anisms regulating endometrial events involved in implan-
tation and menstruation if we are to understand the mech-
anisms responsible for abnormal menstrual bleeding, early
pregnancy failure, and infertility. Indeed, only with a better
understanding of the local mechanisms involved in endo-
metrial function will progress be made to modulate sex ste-
roid interactions in target cells. This review will focus on
endocrine and paracrine regulation of menstruation and the
local molecular aberrations associated with menstrual
dysfunction.

II. Endometrial Morphology

The human endometrium is a dynamic tissue that, in re-
sponse to the prevailing steroid environment of sequential
ovarian estrogen and progesterone exposure, undergoes

well-characterized cycles of proliferation, differentiation,
and tissue breakdown on a monthly basis. If pregnancy fails
to be established, then the endometrium is shed and regen-
erates. Menstruation is the reproductive process whereby the
upper two thirds of the endometrium (functional layer) is
shed and regenerated on a repetitive basis. The endometrium
is consequently a site of recurrent physiological injury and
repair (1).

Studies undertaken by Markee (2) and Corner and Allen
(3) established the role for ovarian steroids, estradiol, and
progesterone in regulating the changes in endometrial con-
formation across the menstrual cycle. Progesterone is essen-
tial for the establishment and maintenance of pregnancy
consequent upon the transformation of an estrogen-primed
endometrium. Sex steroids, acting via their cognate recep-
tors, initiate a cascade of gene expression and events crucial
for successful implantation and early stages of pregnancy.
Application of knowledge from the human genome, utilizing
microarray technologies, has allowed several groups to con-
tribute to a rapidly expanding literature on gene profiles
during the “putative window” of implantation (4–6).

Menstruation is the response of the endometrium to the
withdrawal of progesterone (and estrogen) that occurs with
the demise of the corpus luteum in the absence of pregnancy
(Fig. 1). The molecular mechanisms by which sex steroids
induce these events within the endometrium at the time of
menstruation, involves complex interactions between the en-
docrine and immune system (1). Crucial structural compo-

FIG. 1. Illustration of the alternatives for a progesterone-primed endometrium. The progesterone induced changes that characterize the
endometrium primed for implantation also bring about progesterone dependency of the tissue. On the demise of the corpus luteum, falling
progesterone levels initiate an inflammatory process that starts in the stromal compartment but involves leukocyte immigration and metal-
loproteinase (MMP) activation. Eventual shedding of the functional layer of the endometrium opens the way for estrogen-dependent regrowth
of the tissue.
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nents in the endometrium during the menstrual process are
the component blood vessels and the dynamic population of
leukocytes that influx at this time (Fig. 2). Only with a better
understanding of the local mechanisms involved in the reg-
ulation of endometrial structure and function will there be
the potential to pharmacologically modulate endometrial
function in a way that would offer new strategies in the
management of female reproductive health.

A. Endometrial structure

There are three classic phases of the menstrual cycle: an
estrogen-dominated preovulatory phase, a postovulatory
and progesterone-dominated secretory phase, and a men-
strual phase following progesterone withdrawal that accom-
panies demise of the corpus luteum. The series of classic
morphological changes that occur in response to cyclical
ovarian activity are described and have been reviewed in
detail (7, 8). The endometrium is composed of two layers and
is a target tissue for steroid hormones. The upper functional
layer is shed at menstruation. The endometrium regenerates
after menstrual shedding from an underlying basal layer.
Estrogen is the steroid responsible for proliferative changes
during the follicular phase of the ovarian cycle, and exposure
of the endometrium to ovarian progesterone results in dif-
ferentiation during the secretory phase.

The progesterone-dominated latter half of the menstrual
cycle is constituted by an early, mid, and late secretory phase.
The pattern of sex steroid receptor expression in the endo-
metrium across the secretory phase reflects the fact that the
early secretory phase is regulated by both estrogen and pro-
gesterone; the mid secretory phase is regulated by proges-
terone alone as estrogen receptor (ER) � is down-regulated
in the glands and stroma at this time (9); and the late secre-
tory phase is associated with progesterone withdrawal and,
consequently, menstruation. Evidence that endometrial
genes are regulated has been demonstrated by the observed
changes in gene expression from late proliferative to mid
secretory (5) and early to mid secretory phase (4) in microar-
ray studies. Interestingly, the failure to make a transition in

gene expression has been demonstrated in endometriosis
(10) with dysregulation of specific genes during the mid
secretory phase in this condition.

It is notable that the exogenous administration of sex ste-
roids produces a marked modulation of the classic histolog-
ical features such as the glandular structure, mitotic status of
glandular cells, and secretions in the lumen of the glands (7)
when compared with accurately dated endometrium col-
lected during a physiological cycle (11). Description of the
morphological features of the endometrium may be related
to the timing of ovulation. It has become widely accepted that
when histological dating is in excess of 2 d ahead of classical
anticipated histological features, the endometrium is ad-
vanced; if greater than 2 d delayed, then it is histologically
described as delayed (12). Much controversy over endome-
trial dating exists (13, 14). It is likely that better methods for
evaluating endometrial dating are now available and that a
consistency across a set of parameters, such as date of last
menstrual period in the context of regular cycles, histological
dating, and serum endocrine profile on the day of biopsy, are
important for accurate dating. Precision can also be obtained
if chronological dating is based on determination of the LH
surge (15) or timing of ovulation as defined with pelvic
ultrasound (16). A morphometric analysis that provides a
quantitative description of endometrial structure may also be
used (12, 17). Li and Cooke (12) described five measure-
ments, from a total of 17 morphometric parameters that are
necessary to achieve a reliable correlation. These features are
the volume fraction of the gland occupied by glandular cells,
predecidual reaction, luminal secretion, pseudo stratifica-
tion, and glandular mitoses.

Recently, the utility of histological dating of endometrium
in the evaluation of infertile couples has been questioned.
Coutifaris et al. (13) have reported on a prospective multi-
center study where the out-of-phase biopsy results failed to
provide good discrimination between fertile and infertile
couples. Furthermore, a randomized observational study by
Murray et al. (14) using histological features identified by
both objective and systematic analyses failed to reliably dis-
tinguish a specific menstrual cycle day or narrow interval of
days. This latter study concluded that histological dating had
neither the accuracy nor the precision to provide a guide for
clinical management. Additional criteria may emerge fol-
lowing studies such as endometrial stage prediction based on
global gene expression (18). In this study, analysis was made
of some 10,000 genes in endometrium, collected from across
the cycle and histologically divided into seven stages: early,
mid, and late proliferative; early, mid, and late secretory; and
menstrual, according to criteria of Noyes et al. (7).

Classic histological criteria may consequently be inappro-
priate for the assessment of endometrium exposed to exog-
enous steroids, for example progestogens; or novel steroid
receptor modulators. Indeed, it is likely that the endometrial
features exhibited after exposure to steroid receptors mod-
ulators will require new descriptors to aid interpretation of
possible unique and previously unreported effects upon en-
dometrial cellular components. The endometrial features dis-
played in an endometrial biopsy will be indicative of the
timing in the cycle of administration, route of steroid deliv-

FIG. 2. Distribution of CD56�ve uNK cells in endometrium during
the secretory phase of the cycle. This shows the close clustering of the
uNK cells (solid arrow). The spiral vessels are indicated by open
arrows.
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ery and formulation, dose of compound administered, and
the duration of therapy (19–21).

B. Structure of vessels

The blood vessels of the endometrium are critical to men-
struation. The spiral form of the arterioles in the upper two
thirds of the functional layer (2) are characteristic of men-
struating species. Such vessels are involved in both leukocyte
entry and vasoconstriction and clearly involved in menstru-
ation. The strength of the small arterial blood vessels in
endometrium is derived from a combination of endothelial
cells, basement membrane, and cells with smooth muscle
character that surround this membrane. By the late secretory
phase, the spiral arterioles are surrounded by a characteristic
cuff of cells that resemble the decidual cells of pregnancy
(22). These cells possess smooth muscle character (e.g., actin
expression) as do all decidual cells (23). However, despite the
similarities between the perivascular and decidual cell, a
distinction can be clearly seen when progesterone is with-
drawn from decidua. Immunohistochemical studies show
the distinctive cuff, expressing inflammatory agents such as
prostaglandins and cytokines, clearly defined against a back-
ground of decidual cells (24, 25). These perivascular cells
appear to differ from the pericyte (the smooth-muscle cell
that wraps around normal blood vessels) because they form
a thicker layer, but they may still have processes that reach
through the basement membrane and interact with endo-
thelial cells.

The basement membrane, comprised of collagen type 4,
fibronectin, and glycoseaminoglycans, varies from 50 to 350
nm in thickness, with an increase occurring during the luteal
phase of the cycle. Certain components such as heparin sul-
fate proteoglycan show a decrease in the menstrual phase of
the cycle (26) which may reflect destabilization of the vessels.
The basement membrane can be broken down by various
matrix metalloproteinases (MMPs) and it is the control of
these MMPs by steroid hormones that is one conduit for
progesterone action. The matrix components of the basement
membrane are synthesized by neighboring (perivascular)
stromal cells under the influence of progesterone. In partic-
ular, progesterone stimulates synthesis of fibronectin (27)
and thrombospondin (28). Tenascin expression appears to
reflect areas of proliferating cells (29) and thus, although
global levels fall during the secretory phase of the cycle, they
increase in cells immediately surrounding the blood vessels
(30) where there is also an increase in proliferation markers
such as Ki67 (31). Moreover, studies in the rat suggest that
tenascin is clearly evident in the mesometrial gland region
where it may interact with the uterine natural killer (uNK)
cells in that area. These findings underline the potential for
stromal cell–uNK cell interactions in women.

Some components of the membrane such as heparin sul-
fate proteoglycan decrease during the menstrual phase of the
cycle (26). Because of the overall negative charge on many
components of the extracellular matrix, these molecules can
act as tethering points for growth factors. Thus, loss of mol-
ecules such as heparin sulfate proteoglycan during the men-
strual process may lead to an increase in growth factor avail-

ability that will induce the regrowth of endometrial tissue
(26).

C. Endometrial leukocyte populations

A dynamic leukocyte population exists within the endo-
metrial stroma, the numbers and types of which vary across
the menstrual cycle and throughout pregnancy. Endometrial
leukocytes include T and B cells, mast cells, macrophages,
and neutrophils. It is the phenotypically unique uNK cells
that make up the majority of the leukocyte population in the
late secretory phase and early pregnancy (32, 33). uNK cells
are the major leukocyte population present in the endome-
trial stroma at the time when implantation, placentation, and
decidualization occur. In the absence of pregnancy, uNK
cells may be important in the initiation of menstruation. The
observed cyclical increases in uNK cell numbers in the en-
dometrium implicate direct or indirect regulation by endo-
crine signals, these being estrogen and/or progesterone.
uNK cells have a unique phenotype (CD56 bright, CD16-,
CD3-), which distinguishes them from peripheral blood NK
cells (CD56 dim, CD16 bright, CD3-).

In the proliferative phase, few uNK cells are apparent but
their numbers increase from day LH�3 and particularly so
in the mid to late secretory phase (day LH�11–13) where
they are located in close contact with endometrial glands and
spiral blood vessels (32, 34). It remains to be established
whether the increase in cell number is solely the result of in
situ proliferation or whether there is also de novo migration
from the peripheral circulation. A precursor cell type might
be selectively recruited into the endometrium, where it dif-
ferentiates to become the uterine-specific NK cell. In support
of this theory is the existence of a subset of peripheral NK
cells (around 1% of total circulating NK cells) that express a
similar antigenic phenotype to uNK cells (35). On the other
hand, proliferation of uNK cells in the endometrium has been
described using the proliferation marker Ki67 (36, 37).

Quantitative real time RT-PCR studies have demonstrated
an absence of ER� and progesterone receptor (PR) mRNA in
purified uNK cells (33). In contrast, mRNA for ER� isoforms
(ER�cx/�2, ER�1) and the glucocorticoid receptor (GR) have
been localized in these cells (33). Colocalization using specific
monoclonal antibodies has confirmed that uNK cells are
immunonegative for ER� and PR protein (33, 38, 39). uNK
cells are also immunonegative for ER�cx/�2 but do express
ER�1 and GR proteins. These recent data have raised the
possibility that estrogens and glucocorticoids could be acting
directly on uNK cells through ER� and GR, respectively, to
influence gene transcription in the endometrium and de-
cidua (33).

Estrogen and progesterone may exert their effects on uNK
cells indirectly via cytokines such as IL-15 and prolactin or
other soluble factors (40–42). Because these factors are
mainly secreted by the uterine stromal cell (USC) and be-
cause it is this cell that maintains PR, this is the likely conduit
for progesterone action on uNK cells. Indeed, uNK cells and
the endometrial stromal cell may have a special relationship
as King (32) has commented that ectopic decidua is always
associated with NK cells. Moreover, class I human leukocyte
antigen (HLA; specifically HLA-B7) mRNA was increased on
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the surface of endometrial stromal cells when these cells were
decidualized (43). HLA would interact with the killer inhib-
itory receptors on the NK cells and prevent lysis of the
stromal cell by the NK cell. Additional interactions between
the uNK cell and the stromal cell may involve prolactin.
Prolactin is a 23-kDa neuroendocrine pituitary hormone that
is also secreted by other cells such as the decidualized stro-
mal cell (44). Prolactin stimulates proliferation of lympho-
cytes by stimulating IL-2 (45) and may have growth-pro-
moting effects on other cells (46). Prolactin secretion may be
under the influence of cytokines produced by hematopoietic
cells, which include the uNK cells (47). Because the uNK cells
have the prolactin receptor (42), a two-way interaction be-
tween stromal and uNK cell may contribute to homeostasis
with first-trimester decidua. Although the uNK cells have no
conventional PRs, it is possible that they respond to proges-
terone via nongenomic membrane receptors. Membrane re-
ceptors for progesterone have been reported in fish, and
human counterparts of the �, �, and � forms have been
identified (48). However, although mRNA for these proteins
has been found in several cell types, including endometrial
cells (O. Harding, H. O. D. Critchley, H. N. Jabbour, R. W.
Kelly, and T. A. Bramley, unpublished observations), there
have been no confirming reports that these molecules play
any role in progesterone signaling.

The processes of endometrial differentiation, menstrua-
tion, and placentation involve the remodeling of the endo-
metrial vasculature. The angiogenic factor, vascular endo-
thelial growth factor (VEGF)-A plays an important role in
regulation of vascular permeability and the establishment of
new blood vessel formation and induces endothelial cell
proliferation, migration, and differentiation in the endome-
trium (49). Of the VEGF family, VEGF-A has also been lo-
calized to individual cells, presumed to be leukocytes, dis-
tributed throughout the endometrial stroma. These cells
have been identified as neutrophils through dual immuno-
histochemical staining by Mueller et al. (50). VEGF-A ex-
pression has also been reported in uterine macrophages in
the secretory phase of the cycle (51). VEGF-C and other
angiogenic factors, placental growth factor, and angiopoietin
(Ang)-2 mRNA are expressed in uNK cells (52). VEGF-C was
originally characterized as a growth factor for lymphatic
vessels, but it can also stimulate endothelial cell proliferation
and migration (53). These patterns of angiogenic growth
factor expression and the intimate spatial association of uNK
cells with spiral arterioles implicate a role for these cells in
endometrial angiogenesis.

There are few data pertaining to mechanisms of neutrophil
recruitment into the human uterus. Small numbers are
present in endometrium during the majority of the menstrual
cycle, except immediately premenstrually and during men-
ses (54). The withdrawal of progesterone in the late secretory
phase of the cycle may be the trigger for neutrophil influx
because in the sheep, the withdrawal of progesterone results
in a rapid influx of polymorphonuclear leukocytes into the
uterus (55). Neutrophils synthesize and release a wide range
of immunoregulatory cytokines and thereby initiate and aug-
ment cellular and humoral immune responses. One recent
observation relating to the role for neutrophils in mucosal
defense as well as in the mechanism of menstruation is the

expression in human endometrial neutrophils of the anti-
proteinase and antimicrobial molecule elafin in a menstru-
ation-dependent manner (56).

Macrophages contribute approximately 20% of the total
leukocyte population in late secretory (premenstrual) endo-
metrium (57, 58). These cells are present throughout the
menstrual phase but increase in number in the mid to late
secretory phase and in decidua (59). Although macrophages
show a cyclical pattern of expression across the cycle, they do
not express classic ER� or PR (38, 39). Control of their ap-
pearance by the ovarian sex steroids is, therefore, likely to be
indirect. Endometrial macrophages display phenotypic dif-
ferences, and subtypes have been described that express
MMP-9 (60) and the membrane-bound MMP, MT1-MMP
(61). Both these enzymes are involved in the breakdown of
extracellular matrix and have been proposed to play a role
in menstruation. Macrophages also produce a wide variety
of regulatory molecules (58) that could stimulate the pro-
duction of MMPs and proinflammatory cytokines from ad-
jacent cells. Furthermore, macrophages are also a source of
VEGF (62). Production of VEGF and the up-regulation of
macrophage numbers premenstrually may implicate these
cells in the menstrual process, where hypoxia and VEGF
could lead to an induction of MMPs (63), and also in the
revascularization of the endometrium after menstruation.

Another uterine leukocyte, the mast cell, has been iden-
tified in the endometrium in small numbers, mainly in the
stromal compartment (64, 65). Human mast cells are hemo-
poietic cells that are characterized by their content of neutral
protease and contain either tryptase alone or tryptase and
chymase (66). Mast cell distribution and numbers are not
altered during the menstrual cycle, but the cells are activated
before menstruation when a diffuse pattern of immunore-
activity is observed. In vitro data have implicated a role for
mast cells in the up-regulation of MMPs before the onset of
menstruation (67, 68). Endometrial mast cells do coexpress
the enzyme mast cell tryptase and MMP-1 in the same gran-
ules (69). Human endometrial mast cells do not express the
genomic PR (H. Critchley, S. Milne, and S. Brechin, unpub-
lished observation) and so progesterone is unlikely to be
acting directly to regulate mast cell traffic in the endome-
trium across the cycle. Progesterone does, however, regulate
MMP expression (including MMP-1) by other cell types that
in turn may influence mast cell activation (67, 70).

III. Steroid Control in Endometrium

A. Endometrial steroid receptor expression

Steroids interact with their target organs via specific nu-
clear receptors. Members of the nuclear receptor superfamily
include PR, ER, GR, and androgen receptors (ARs). At least
two isoforms of the human PR have been described (71, 72).
PRA and PRB derive from a single gene and function as
interactive transcriptional regulators of progestin-respon-
sive genes. Two structurally related subtypes of ER, known
as alpha (ER�) and beta (ER�) have now been identified in
the human and are derived from separate genes (73–75). The
actions of steroids may also involve membrane as well as
nuclear receptors. Some actions of estrogens are mediated via
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intracellular second messengers or other signal transduction
pathways through nongenomic action (76). Recently, non-
genomic (membrane bound) PRs have been characterized
with no sequence homology to the nuclear receptor (48, 77).

The nuclear steroid receptors share common structure and
functional domains, denoted A/B, C, D, E, and F (78). The
A/B region is located at the N-terminal end and is not well
conserved. This region (A/B) contains a transactivation do-
main (AF1). The C domain contains a highly-conserved
DNA-binding domain consisting of two “zinc” fingers. Se-
quences within the C domain determine the specificity of the
different receptors for specific hormone response elements.
Aberrations in DNA and mutations in this region can result
in receptor dysfunction. Next to the DNA-binding domain is
the variable hinge region (D). The ligand-binding domain
(LBD), region E, has a dimerization region and two trans-
activation domains (AF-2 and AF-2a). The LBD determines
whether or not the receptor is activated. There are also ac-
cessory proteins involved in the stabilization or destabiliza-
tion of the transcriptional complex necessary for steroid hor-
mone action (79, 80). Further detailed discussion of the
mechanisms of steroid receptor function lies beyond the
scope of this review. However, it is worth noting that al-
though most genes that respond to progesterone can be iden-
tified by progesterone response elements in their promoter
region, this is not invariably so. A recent review highlights
mechanisms by which progesterone sensitizes key kinase
cascades to growth factors such as epidermal growth factor
(EGF) and deals with synergistic up-regulation of growth
genes such cyclin-D1 (81). Thus, although progesterone may
restrict estradiol-driven endometrial growth in general, there
are areas of growth in the progesterone-dominated uterus:
for example, in cells surrounding the spiral arterioles (31).
Moreover, the growth rate of endometrial stromal cells in
culture is enhanced by a combination of progesterone and
growth factors such as basic fibroblast growth factor (FGF)
(82).

Estrogen is the steroid responsible for endometrial prolif-
eration. Progesterone (and progestogens) will only result in
differentiation if PRs are present in endometrial cells. PR
expression requires previous exposure to estrogen. Proges-
togens exert an antiestrogenic effect with inhibition of en-
dometrial growth and induction of maturation and differ-
entiation of the glandular and stromal cells.

The expression of endometrial sex steroid receptors (PR,
ER� and �, AR) varies temporally and spatially across the
menstrual cycle (1, 9, 83–85). The expression of ER� and PR
is under dual control by estradiol and progesterone. Both
endometrial ER� and PR are up-regulated during the pro-
liferative phase by ovarian estradiol and subsequently down-
regulated in the secretory phase by progesterone acting at
both the transcriptional and posttranscriptional level (86).
The presence of PR is considered evidence of a functional
ER-mediated pathway. The administration of a PR antago-
nist, mifepristone (RU486), in the early secretory phase
(LH�2) has been demonstrated to block the progesterone-
induced down-regulation of PR (and ER�) in nonpregnant
human endometrium (87, 88).

B. Endometrial paracrinology

Progesterone is at a maximum concentration in peripheral
blood at the mid secretory phase of the cycle when PR in the
epithelial cells is waning. PR is absent in leukocytes through-
out the menstrual cycle, and therefore the action of proges-
terone, both prolonged, heralding pregnancy, or falling, in
the absence of pregnancy, will be mediated by the USC. The
distinct relationship between the USC and the uNK cell has
been described above, and the interactions between the USC
and the epithelial cell that are necessary to maintain tissue
integrity are detailed below. Critically, it is clear that many
epithelial functions are controlled by progesterone in a para-
crine manner. Not least among these functions is the ability
to synthesize and release natural antimicrobial agents that
contribute to the normally sterile nature of the uterus (89, 90).
Sterility is partly maintained in the uterus by the many innate
defenses of the cervix (91), but also by the ability of the
endometrium to express a range of natural antimicrobial
agents, specific to different phases of the menstrual cycle (89).

A series of experiments by Cunha’s group (92–94), using
knockout mice and tissue recombination, have elegantly
shown that both growth and PR expression in epithelial cells
is dependent on stromal-epithelial interaction. Estrogen ac-
tion on the ER� receptor in the stromal cells is responsible for
the down-regulation of the PR in the epithelial cells (92–94).
Moreover, many of the implantation-permissive changes in
murine endometrium have been attributed to optimum es-
trogen levels (95). Translation of these findings into women
needs caution, and evidence from in vitro fertilization pro-
grams suggests that estrogen levels in women may not be so
critical (95).

C. Endometrial intracrinology

Modification or catabolism of steroids at the level of the
target tissue has been described as intracrinology (96). In
human endometrium, steroidal regulation of receptor action
is dependent on ligand availability. Hence, in reproductive
tissues the local actions of sex steroids, estrogens, progesto-
gens, and androgens, is modulated by hydroxysteroid de-
hydrogenase (HSD) enzymes. The various dehydrogenases
are multigene families. The human 17� HSD family has at
least six known members, each being a separate gene product
from a different chromosome with distinct properties in
terms of substrates and redox direction (96, 97). The type 2
enzyme (17� HSD-2) plays a major role in inactivation of
estradiol to estrone (98). The enzyme 17� HSD-2 also inac-
tivates testosterone to androstenedione and converts inactive
20�-dihydroprogesterone to active progesterone (96, 97). 17�
HSD-2 is expressed in the endometrial glandular epithelium
and is up-regulated by progesterone (87). Its activity de-
creases when progesterone concentrations decrease (as with
luteal regression) or after antiprogestogen administration
(87, 98).

D. Progesterone and progesterone receptors

Progesterone is essential for the transformation of an es-
trogen-primed endometrium in preparation for implanta-
tion. The molecular and cellular mechanisms by which the
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sex steroid hormones promote uterine receptivity remain
poorly understood. It is, however, recognized that sex ste-
roids, acting via their cognate receptors, initiate a pattern of
gene expression essential for implantation and the early
stages of pregnancy.

There are two main isoforms of the human PR (71): PRA
(Mr 94,000) and PRB (Mr 120,000) arising from a single gene
with specific promoters for the two isoforms (99). These
function as specific transcriptional regulators of progestin-
responsive genes. A third, truncated form (PR-C) (Mr 60,000)
can also migrate to the nucleus after steroid activation and
may act as a repressor of PRA and PRB (100). PR-C was
identified in the breast cancer cell line T47D but has also been
reported in the uterus (100). Another molecule (PR-M) with
homology to the nuclear receptors mentioned above, lacks a
DNA binding domain and therefore may function as a mem-
brane-associated receptor (101).

PRA is the shorter subtype, devoid of 164 amino acids
present at the N terminus of the B subtype. It is otherwise
identical to the B subtype (102). A significant decline in PR
expression in the glands of the functional layer of the endo-
metrium (the upper two thirds of endometrium region that
is shed at menstruation) with the transition from the prolif-
erative to the secretory phase of the cycle is well described
(9, 84). In contrast, PR expression persists in the stroma in the
upper functional region, being particularly highly expressed
in stromal cells in close proximity to the uterine vasculature.
The basal layer is differentially regulated in that the glands
and stroma of the deeper zones express PR throughout the
cycle (9). These differences between the superficial and basal
layers of the endometrium are likely to be functionally im-
portant because only the upper functional zone is shed at
menstruation. Localization studies utilizing antibodies that
recognize both PR subtypes have described differential reg-
ulation of PR in the endometrial epithelium and stromal cells
(103–105). In the secretory phase, the PRB subtype appears
to decline in both the stroma and glands, and there is agree-
ment that PRA is the predominant isoform in stroma
throughout the cycle (103–106).

Study of PRA- and PRB-null mice (72) has provided insight
into the roles of PR isoforms. In the PRA knockout mouse,
estrogen treatment induces uterine epithelial hyperplasia
that progesterone treatment cannot suppress. This indicates
that the progesterone-mediated suppression of epithelial
growth stimulated by estrogen depends on PRA, not PRB.
Furthermore, in the PRA�PRB-null mouse, there is a dra-
matic traffic of inflammatory leukocytes into the uterus,
which cannot be prevented by progesterone (107). This im-
plicates a role for progesterone in the suppression of the
influx of inflammatory cells into the uterus in wild-type
animals. Furthermore, by selective ablation of PRA in mice,
it has also been shown that the PRB isoform modulates a
subset of reproductive functions of progesterone, by regu-
lation of a subset of progesterone-responsive target genes
(108). PRA and PRB are therefore functionally distinct me-
diators of progesterone action in vivo. It is still not known if
these observations in mice can be extrapolated to reproduc-
tive function in the human.

A valuable insight about progesterone (and exogenous
progestogen) action in human endometrial function may be

derived from the observations of pharmacological with-
drawal of progesterone from the endometrium (109). Con-
sequently, studies that address the actions of PR antagonists
have informed the knowledge base about the local mecha-
nisms that may be targeted to maximize the contragestive
and abortifacient properties of these compounds. For exam-
ple, the antiprogestogen, mifepristone (RU486), is known to
exert its inhibitory effects by impairing the gene regulatory
activity of the PR (110). Administration of the antiprogesto-
gen, mifepristone, has become a useful model to study local
events in both nonpregnant endometrium and early preg-
nancy decidua in vivo. Examples include studies on the an-
tagonism of progesterone action at the level of its receptor
that result in an up-regulation of key local inflammatory
mediators (chemokines and prostaglandins) and an influx of
leukocytes (24, 111).

Evidence for those functions in the nonpregnant endome-
trium regulated by progesterone may be derived from in vivo
studies where antiprogestogens have been administered
acutely in the secretory phase of the cycle or chronically at
a low dose. Administration of an antiprogestogen in the early
secretory phase will adversely affect local factors of potential
importance to implantation, whereas administration in the
mid secretory phase will influence factors implicated in en-
dometrial bleeding (109). An increase in steroid receptors
(ER�, PR, and AR) in both the glandular and stromal com-
partments in mid secretory phase endometrium after early
secretory phase (on day LH�2) administration of antipro-
gestogens has been described by several authors (85, 87, 88,
112); whether this is due to a failure to down-regulate these
receptors has yet to be determined. The endometrial changes
(including marked alterations in the endometrial vascula-
ture, Ref. 113) associated with withdrawal of progesterone
and menstrual bleeding supports the involvement of vaso-
active local mediators in this process.

The chronic administration of low-dose oral mifepristone
inhibits ovulation and induces amenorrhea or a marked re-
duction in endometrial bleeding (114), revealing the sensi-
tivity of endometrial morphology to antiprogestogen expo-
sure. Chronic antiprogestogen administration inhibits both
endometrial secretion and proliferation and has some in-
triguing “endometrial antiproliferative effects” (115) that
likely involve the AR.

E. Estrogen and estrogen receptors

The precise molecular mechanisms regulated by estrogen
in the uterus have not yet been fully defined. Two structur-
ally related subtypes of ER, commonly known as ER� and
ER�, have been identified in the human, as well as in other
mammals (73, 74), and reviewed by Saunders and Critchley
(116). The ER� gene, like ER�, is encoded by eight exons with
maximum levels of homology between ER� and ER� present
in the DNA and LBDs (75). The function of ER� in the uterus
is still not fully elucidated. In both the human and nonhuman
primate endometrium, ER�, like ER�, is expressed in the
nuclei of glandular epithelial and stromal cells and has been
reported to decline in the late secretory phase in the func-
tionalis layer (1). However, unlike ER�, ER� has been de-
tected with both polyclonal and monoclonal anti-ER� anti-
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bodies in the nuclei of the vascular endothelial cells. The
presence of ER� in endometrial endothelial cells indicates
that estrogen may act directly on endometrial blood vessels
(117, 118). Estrogen may therefore have direct effects on
endometrial angiogenesis and vascular permeability
changes during the cycle. Thus far, PR is reportedly absent
from the vascular endothelium (117, 119) of the spiral arter-
ies. The effect of progesterone withdrawal on these vessels,
which plays a key role in menstrual induction, is likely to be
indirectly mediated by the PR-positive perivascular stromal
cells.

In vitro studies have recently demonstrated that ho-
modimers (ER�-ER� or ER�-ER�) or heterodimers (ER�-
ER�) may be formed when both isoforms are expressed in the
same cell (120, 121). The amount and pattern of expression
of each ER subtype is likely to influence gene transcription
within that cell. It has been reported that mRNAs encoding
isoforms of human ER� formed by alternative splicing of the
last (eighth coding) exon are expressed in human tissues (122,
123). Both the mRNA and protein corresponding to one of
these splice variants (ER�cx/�2) are expressed in human
endometrium (124). This splice variant lacks the ligand bind-
ing site and may act as a negative inhibitor of ER� action
(122).

A detailed and thorough inclusive investigation of the
nuclear receptor and cofactor mRNA levels in human en-
dometrium and myometrium has recently been conducted
by Vienonen et al. (125) and accompanying editorial (126).
This study utilizing real-time quantitative PCR has con-
firmed previous reports describing the menstrual cycle-de-
pendent regulation of expression of endometrial sex steroid
receptors. The expression of coactivators was not observed to
be regulated.

Retinoic acid receptor (RAR) isoforms may be implicated
in the action of progesterone during the secretory phase of
the cycle (127). RAR� mRNA expression has been reported
as more abundant in the proliferative phase of the menstrual
cycle, and this follows the cycle-dependent regulation pat-
tern of other sex steroid receptors (ER�, ER�, and PR). At the
protein level, all isoforms of the RAR, �, �, and �, have been
described as maximal in the late proliferative phase and to
decline in the secretory phase (128). The role of the RAR in
human endometrium is yet to be determined.

F. Androgens and the androgen receptor

The AR is expressed in human endometrium (85, 129). This
reproductive tissue is a target for androgen action either
directly via the AR or indirectly via the ER after aromatiza-
tion to estrogen (130). Circulating concentrations of testos-
terone have been reported to show little if any changes
throughout the menstrual cycle (in contrast to the cyclical
variations in estradiol and progesterone). Testosterone levels
are, however, approximately 10 times greater than those of
estradiol (131, 132). During the menstrual cycle, the AR is
expressed predominantly in the endometrial stroma, and
there is considerably higher intensity of AR immunostaining
during the proliferative compared with the secretory phase
(85). Treatment with androgen will suppress estrogen action
in the endometrium, and this effect is most likely mediated

by endometrial AR. The physiological role, if any, for AR in
the menstrual process is yet to be ascertained. Furthermore,
the regulation of AR expression is unknown.

In a clinical situation of chronic hyperandrogenism asso-
ciated with poor reproductive outcome, polycystic ovarian
syndrome (PCOS), there is an elevation of expression of
endometrial AR (133). The increase in AR expression was
observed in the glandular and luminal epithelium. It is of
note that the endometrium from women with PCOS also
displays aberrant expression of a proposed biomarker for
uterine receptivity, �v�3. The expression of this integrin is
modified by estrogen and androgens (133, 134). Endometrial
epithelial AR is up-regulated by estrogens and androgens in
vitro. Expression in vitro is inhibited by progestins and EGF
(133).

There is also an intriguing up-regulation of the AR in both
glandular and stromal cells after administration of antipro-
gestogen in both human and nonhuman primate endome-
trium (85). Androgens do suppress estrogen-dependent en-
dometrial proliferation, and Brenner et al. (115, 135)
hypothesized that the endometrial AR is involved with the
antiproliferative effects induced by antiprogestogens. In-
deed, Brenner’s group (136) has demonstrated in the rhesus
macaque that the administration of an antiandrogen, flut-
amide, will counteract the suppressive effects produced by
antiprogestogens on endometrial thickness, stromal compac-
tion, and mitotic index. The endometrial AR may be a critical
component of the mechanism by which antiprogestogens
suppress endometrial proliferation in the presence of circu-
lating estrogens. Chronic antiprogestogen administration in-
hibits both endometrial secretion and proliferation (anties-
trogen effects). This effect has been described as a “functional
noncompetitive antiestrogenic action” of an antiprogestin
(137). Because only the endometrial epithelium demonstrates
this phenomenon, it has been termed an “endometrial anti-
proliferative effect” of antiprogestogens (115, 135).

G. Glucocorticoids and the glucocorticoid receptor

Glucocorticoids have been shown to exert specific effects
on endometrial cells (138–141), but their role in endometrial
physiology is not defined. Bamberger et al. (142) have briefly
described the localization of GR across the menstrual cycle.
The GR is almost exclusively expressed in the stromal com-
partment including endothelial and lymphoid cells (33, 142).
Confirmation for an absence of cycle-dependent expression
of GR mRNA expression is provided in the recent data on
endometrial mRNA levels across the cycle (125). It has been
demonstrated both at the mRNA and protein levels that uNK
cells express GR (33). The role of glucocorticoids in endo-
metrial immune function remains to be extensively studied.
Elsewhere in the body, the immunosuppressive effects of
glucocorticoids have led to their wide application in the
treatment of inflammatory states. Suggested roles in the
uterus for glucocorticoids include effects on implantation
(138), endometrial cellular proliferation (139), apoptosis
(140), and endometrial remodeling (70). Glucocorticoids
have also been shown to repress the decidual prolactin pro-
moter (143) and corticotropin-releasing hormone promoter
(144), both of which are markers of decidualization. This and
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the expression of GR in the endometrium (142) may implicate
glucocorticoids in the process of decidualization.

Glucocorticoid function is regulated not only by GR ex-
pression but also by the expression of steroid-metabolizing
enzymes (which determine the availability of the ligand). The
11� HSD family modulates the action of glucocorticoids by
converting either cortisone (inactive) to cortisol (11� HSD-1)
or cortisol (active) to cortisone (11� HSD-2). Smith (62) re-
ported that levels of the 11� HSD-2 are higher across the
nonpregnant menstrual cycle than 11� HSD-1 and that 11�
HSD-2 was present in the luminal and glandular epithelium
with raised levels in the secretory phase. Hence, it was sug-
gested that the balance of expression of 11� HSD isoforms
could facilitate trophoblast invasion by removing the glu-
cocorticoid-mediated inhibition of MMPs. In this context,
data have been reported on the expression of 11�-HSDs
during in vitro decidualization of human endometrial stro-
mal cells (145). Decidualization was observed to involve an
enhancement of the corticosteroid-metabolizing capacity of
stromal cells, thereby implicating a mechanism by which
stromal cells might influence the health and invasiveness of
the implanting trophoblast.

Detailed in vivo studies of 11� HSD-1 mRNA and protein
levels in very early pregnancy tissues have not to our knowl-
edge been reported. To date, there is no commercially avail-
able antibody for the immunolocalization of the 11� HSD-1
enzyme. It is therefore of particular interest that uNK cells
that express GR mRNA and protein are found aggregated
close to the glandular epithelium and also have proposed
roles in the control of early trophoblast invasion (146).

IV. Progesterone Withdrawal and the Mechanisms of
Menstrual Bleeding

A. Progesterone action in the endometrium

Several array-based studies have examined the changes in
gene expression associated with the mid secretory phase of
the menstrual cycle (5, 6, 147), and these have recently been
reviewed by Dey et al. (148). The mid secretory phase of the
cycle is a critical time because it represents the height of
progesterone priming, providing both the implantation win-
dow and heightened sensitivity to progesterone withdrawal.
Thus, changes induced at this time will be critical to effective
implantation of the blastocyst and, in the absence of preg-
nancy, to menstruation. These studies have shown good
agreement in reporting important gene changes around this
time. These investigations of the implantation window have
been supported by studies on the induction of the decidu-
alized phenotype in endometrial stromal cells (149, 150).
Because this system is more readily manipulable, time
courses of gene expression have been possible (149), and
these show very rapid increases in well-identified markers of
decidualization such as IGF binding protein (IGFBP)-1.

Some changes seen in the mid secretory phase of the cycle
such as the expression of Dickkopf-1 (Dkk-I) (5, 147, 151) are
novel and revealing. Dkk-I has been established as an in-
hibitor of the WNT signaling pathway, which is active in
human endometrium (152). Although most WNT gene ex-
pression does not change through the cycle, the inhibitor

Dkk-I in stromal tissue is progesterone dependent (152).
WNT-3 was the one gene modulated, with elevated expres-
sion during the proliferative phase of the cycle, and it is
WNT-3 that is implicated in increased cyclooxygenase
(COX)-2 expression and prostaglandin E2 (PGE2) synthesis in
mammary epithelial cells (153).

Dkk-I inhibits a coreceptor for the Frizzled receptor low-
density lipoprotein associated receptor-6, and thus a poten-
tial new pathway of progesterone control of endometrial
differentiation is apparent (152). Frizzled in turn is impli-
cated in HOX gene control. HOX genes are best characterized
as developmental signals, with HOX-10 playing an impor-
tant role in uterine differentiation (154), but HOX-10 in par-
ticular is essential for implantation (155, 156), and patholo-
gies such as endometriosis, polycystic ovarian disease, and
the presence of an hydrosalpinx are all associated with ab-
errant HOX-10 expression (157–159). One role for HOX-10
has been identified as the mediator of progesterone-con-
trolled expression of the prostaglandin receptors E-series
prostanoid (EP)3 and EP4 (160).

Additional examples of endometrial genes that are regulated
by progesterone include glandular secretion of glycodelin (oth-
erwise known as pregnancy protein 14, progestagen-dependent
endometrial protein, or �2 pregnancy-associated endome-
trial globulin) (161), 15-hydroxyprostaglandin dehydroge-
nase (PGDH) (162–164), 17� HSD-2 (87), prolactin (46), and
calcitonin. The secretion of glycodelin is of interest because
endometrial and blood levels are maximal 10 to 15 d after the
LH surge (165). Thus, levels remain high (or even increase)
after the levels of progesterone begin to fall; explanations for
this are made more difficult because of the pleiotropic nature
of glycodelin. However, the most likely role for glycodelin in
endometrium is as an epithelial morphogen (166, 167), and
as such the effect of progesterone is likely to be indirect
through the influence of stromal cells. It is thus possible that
further differentiation of glandular epithelium is a prereq-
uisite to menstruation.

Expression of calcitonin mRNA has been demonstrated to
be temporally restricted to the mid secretory phase of the
cycle, a period that coincides with the putative window of
implantation (168). The site of postovulatory synthesis of
calcitonin mRNA and protein is the glandular epithelium.
Evidence for regulation of this gene by progesterone has been
derived from examination of endometrium collected from
women treated with an antiprogestogen, mifepristone. Cal-
citonin expression was dramatically reduced in women ex-
posed to acute administration of mifepristone in the early
secretory phase (administered day LH�2).

The cellular interactions and progesterone target genes
involved in the decidualization process are complex. Mul-
tiple growth factors, cytokines, and protein hormones have
been recognized as important signals for initiation and main-
tenance of decidualization (reviewed in Refs. 46 and 169).
Gene array techniques have helped our understanding of the
uterine changes in the implantation window and their pro-
gesterone dependence. Most importantly, the decidualized
stromal cell, by virtue of its retained PR, is likely to be a cell
that is critically affected by falling progesterone, signaling
the onset of menstruation.

The disturbed bleeding patterns reported by women with
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the use of progestogen-only contraceptives are likely to re-
flect modifications in the endometrial vessels from which
bleeding arises, including changes in vessel integrity and/or
hemostasis. Furthermore, the aberrant bleeding may arise
from a different vascular source than normal menstrual
bleeding (170). Breakthrough bleeding arises mainly from
capillaries and veins adjacent to the uterine lumen and con-
sidered to be related to increased vessel fragility (171–173).

The levonorgestrel (LNG)-releasing intrauterine system
(LNG-IUS) is now widely used for the management of heavy
uterine bleeding, although its principal indication for use is
contraception (174). The intrauterine delivery of LNG in-
duces a rapid and dramatic transformation of the endome-
trium, characterized by extensive decidualization (175, 176).
The observed morphological changes are consistent with
progesterone-mediated differentiation as observed during
the progesterone-dominated secretory phase and during
pregnancy (32). With local intrauterine LNG administration,
there is no longer cyclical activity within the endometrium
and there is a general thinning of the functional layer of the
endometrium. The features of atrophy and decidualization
are evident within 1 month of insertion of the LNG-IUS.
Importantly, the morphology of the endometrium returns to
normal within 1–3 months of the removal of the device, and
there is a complete return of previous fertility (177). Initially,
after LNG-IUS insertion, sex steroid receptor content is de-
creased with consequent altered expression of local media-
tors that may play a role in aberrant bleeding episodes. It is
disappointing that no single factor has as yet been identified
to explain the mechanism(s) of abnormal bleeding patterns
associated with the use of this or indeed any other proges-
togen-only contraceptive. The endometrial responses to local
LNG exposure have been documented and in summary in-
clude (reviewed in Ref. 178): down-regulation of ER, PR, and
AR; expression of prolactin (stroma) and prolactin receptors
(epithelium and isolated leukocytes in stroma) and IGFBP-1;
elevation of leukocyte infiltrate after insertion (uNK cells,
macrophages); enhanced expression of local inflammatory
mediators (cytokines and prostaglandins); evidence for ab-
errant angiogenesis; changes in vessel integrity and/or he-
mostasis; and abnormally fragile superficial endometrial
vessels.

The sc delivery of LNG (Norplant) also has a marked effect
on the endometrial vasculature. A decreased expression of a
number of components of the endothelial cell basement
membrane is evident with Norplant administration (172).
These architectural changes are highly likely to play a role in
endometrial vessel integrity and fragility. The processes that
lead to increased vessel fragility and changes in vessel den-
sity are, however, yet to be determined. Indeed, modulation
of the vascular basement membrane is likely to be part of a
cascade of events that results in aberrant angiogenesis.

B. Decidual changes preceding menstruation

The primary purpose of decidualization is to prepare the
endometrium for the implanting blastocyst, but at the same
time preparation has to be made for a failed implantation.
The depth of the implantation in humans is a characteristic
that may necessitate sloughing off a large proportion of the

endometrial surface. The changes seen in USCs during the
secretory phase will be relevant to the onset of menstruation,
particularly as these cells retain the PR. Decidualization of
stromal cells can be viewed as differentiation with a con-
comitant reduction in growth factors induced by an early
appearance of agents such as IGFBP-1 and -3 and spermi-
dine/spermine N-acetyl transferase (149, 150, 179). Although
IGFBP-1 may have other, non-IGF-related functions (180), it
is likely that this binding protein restricts IGF levels in the
immediate environment of the secreting cell. IGF is an es-
trogen-induced growth factor prominent in the proliferative
phase (180), and polyamines are also growth factors for en-
dometrial stromal cells (181) whose action is restricted
through acetylation by acetyl transferase.

Decidualization is also accompanied by an increase in the
secretion of matrix components, particularly such as colla-
gen, fibronectin, and laminin (169). Moreover, agents that
degrade matrix such as MMP-3 have to be maintained at low
levels by a progesterone and IL-1-mediated mechanism to
allow decidualization (182). Cytokine changes that suggest
paracrine actions of the decidual cell also occur during de-
cidualization; the decidual cell secretes IL-15, which is an
essential growth and differentiation factor for the uNK cell
(40, 41, 183) (also see Section II.C).

C. Physiological withdrawal of progesterone

The withdrawal of progesterone prevents implantation
and converts the refractory pregnant uterus once again into
a spontaneously steroid responsive organ (184, 185). The
physiological withdrawal of progesterone from an estrogen-
progesterone primed endometrium (that occurs with demise
of the corpus luteum due to the absence of pregnancy) is also
the triggering event for the cascade of molecular and cellular
interactions that result in menstrual bleeding. A current hy-
pothesis for menstruation (described below) is based on lines
of evidence derived from studies on local endometrial re-
sponse to progesterone withdrawal (1).

The withdrawal of progesterone up-regulates key inflam-
matory mediators, many of which have a key perivascular
location (25, 186, 187), underlining the role of the stromal cell.
Among the agents stimulated are chemokines: the �-chemo-
kine CXCL8 (neutrophil chemotactic factor, IL-8) and the
�-chemokine CCL-2 (monocyte chemotactic peptide-1, MCP-
1), as well as the inducible enzyme responsible for synthesis
of prostaglandins, COX-2 (111, 188).

Early studies of menstruation implicated prostaglandins
(189) and accord with both increases in prostaglandin syn-
thesis and decreases in metabolism in response to falling
progesterone levels (190). Prostaglandin synthesis via COX-2
is particularly relevant in the vascular compartment because
this provides an explanation for the action of nonsteroidal
antiinflammatory drugs (which inhibit COX enzyme activ-
ity) in menstrual pathology. Moreover, the actions of pros-
taglandins on blood vessels and surrounding cells is under-
lined by the significant distribution of prostaglandin
receptors in this locus (Fig. 3) (191, 192). PGDH, the enzyme
responsible for conversion of prostaglandins to inactive me-
tabolites, is a progesterone-dependent enzyme (163, 164).
Antagonism of progesterone action results in an inhibition of
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PGDH expression, and progesterone withdrawal from de-
cidua clearly demonstrates a perivascular locus for this en-
zyme (193).

Taken together, these early local responses to progesterone
withdrawal result in an elevation of prostaglandin concen-
trations (PGE2) and prostaglandin F (PGF2�) and potential
synergism with the chemokine, CXCL-8 (194, 195). This syn-
ergism has been supported by studies in the prostaglandin
E synthase knockout mouse, which shows reduced influx of
macrophages in mice with ablated microsomal prostaglan-
din E synthase when compared with the wild type (196).
There is a marked perimenstrual influx of leukocytes con-
sisting of neutrophils, macrophages, and other hematopoi-
etic cells, and before menstruation the neutrophils constitute
15% of the USC population (58). Whether CXCL8, which is
widely expressed in human endometrium (25, 186, 197), is
the primary chemotactic signal for neutrophil entry in en-
dometrium is uncertain because many other CXC (�-chemo-
kine) ligands such as CXCL1 [GRO� (198], CXCL2 [GRO�
(199)], CXCL5 [ENA-78 (200)], CXCL6 [GCP-2 (199)], and
CXCL10 [IP10 (201)] have been reported.

It has long been accepted that myometrial contractions and
vasoconstriction are a consequence of an increased produc-
tion of PGF2�, consequent upon progesterone withdrawal
(190). Coincident vascoconstriction of the endometrial spiral
arteries takes place (2), and so the uppermost endometrial
zones are presumed to become hypoxic. Hypoxia is a potent
inducer of angiogenic and vascular permeability factors such
as VEGF (202), and a hypoxia-dependent mechanism to ini-
tiate menstruation is attractive, but there is however contro-
versy concerning the role for hypoxia (if any) in the men-
strual process (203).

The angiogenic factor, VEGF is a local mediator stimulated
by hypoxia in endometrial stromal cells (63). Progesterone
withdrawal has been reported to up-regulate the endome-
trial stromal expression of the VEGF type 2 receptor, kinase
domain receptor (KDR), in women and nonhuman primates
(204). This stromal but not vascular endothelial expression of
KDR is blocked by adding back progesterone 24 h after
progesterone withdrawal. Pro-MMP-1 is also up-regulated
in a coordinate manner in the same stromal cell population
by withdrawal of progesterone. Furthermore, Nayak and
Brenner (205) have described the up-regulation of VEGF-A
mRNA in the glands and stroma of the same superficial
endometrial zones. Hence, given that VEGF-A, KDR, and
MMPs are coordinately expressed by stromal cells of the
upper zones of premenstrual stage endometrium at the time
of progesterone withdrawal, the conclusion is that a VEGF-

KDR-MMP link is an important component of the premen-
strual/menstrual process (115, 117, 204).

D. Menstruation, the sequence

Thus, early events occurring in PR-positive cells herald the
onset of menstruation but may be inhibited by “add back” of
progesterone. In the rhesus macaque monkey, the adding
back of progesterone before 36 h following progesterone
withdrawal prevented menstrual bleeding (206). However,
add back of progesterone after 36 h was ineffective in pre-
venting the onset of menstruation. Thus, the withdrawal of
progesterone will initially affect cells expressing the PR in a
reversible manner. These early, progesterone withdrawal
events in menstruation involve vasoconstriction and cyto-
kine changes (207). Subsequent events are likely to be irre-
versible and include the activation of lytic mechanisms in a
cascade of activation of pro-MMPs and accentuation by hyp-
oxia. Hence, the latter phase of menstruation is progesterone
independent and will involve cells that may not express the
PR. These changes will involve the disruption of the pro-
gesterone-dominated epithelial-stromal interaction that sup-
presses key mediators such as IL-1, MMP-1 (208), and
MMP-7 (209). IL-1 may be particularly important because
this cytokine has far-reaching effects needing tight control by
the multiple pathways that include posttranslational modi-
fications, decoy receptors, and the receptor antagonist (IL-1
receptor antagonist) (Fig. 4).

E. Origin and control of MMPs—the final effectors

Currently, there is no certainty as to the origin of the
MMPs, which starts the process of menstruation. These could
arise from the stromal cells, particularly those surrounding
the blood vessels, or they could arise from invading leuko-
cytes, prominent among which are neutrophils. Progesterone
suppresses several stromal cell-derived, lytic enzymes such
as urokinase-type plasminogen activator (uPA), MMP-1, and
MMP-3 (210). Moreover, as described above, progesterone
inhibits neutrophil entry into endometrium, a process con-
trolled by the stromal cells which, during the critical secre-
tory phase, is the main cell type retaining the nuclear PRs in
the functional layer of the endometrium. Immediately before
the onset of menstruation, the phenotypical change charac-
teristic of decidualization has already occurred in many stro-
mal cells. Thus, the cell that would have facilitated implan-
tation in the event of pregnancy will be the cell that responds
to continuously falling progesterone levels and initiates men-
struation. This will result in either activation of MMPs or the
release of chemotactic agents that recruit neutrophils.

The roles of the leukocyte and the resident stromal cell
scenarios are not mutually exclusive because early proges-
terone-related events are dependent on the PR, which is
absent from leukocytes. Moreover, local release of agents
such as MMP-1 and MMP-3 from the stromal cell (210) may
activate other proteases released from the invading neutro-
phils. This is supported by the presence of substantially more
latent MMP-9 than active MMP-9 before menstruation (211).

1. MMPs from stromal cells. In general, MMPs in uterine cells
are repressed by progesterone, but this is not always direct

FIG. 3. Localization of EP2 (A), EP4 (B), and FP (C) receptors in the
vascular compartment (arrowhead) of human endometrium.
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and may involve interaction with the stromal cell. Indirect
action is likely to affect MMPs from both epithelial and
endothelial cells. In epithelial cells, MMP-7 is suppressed at
a time of high progesterone concentrations because of the
release of TGF-� from stromal cells in response to proges-
terone (209). The endothelial cell may also respond to TGF�-1
signaling because it does not possess the nuclear PR at any
stage in the cycle. These interactions underline the critical
role of the stromal cell in the initiation of menstruation. By
the late secretory phase, the spiral arterioles are surrounded
by a characteristic cuff of distinct cells expressing smooth
muscle characteristics (e.g., smooth muscle actin expression)
in common with decidual cells (23). Withdrawal of proges-
terone from decidua shows that these distinctive cells release
proinflammatory agents in a manner that is clearly different
from surrounding decidual cells (24, 25).

Observation of changes in vivo suggests progesterone-de-
pendent suppression of collagenase and other lytic enzymes
in the uterus (212) and in particular the suppression of
MMP-1 and MMP-3 (213) and MMP-9 (214). The effects of
progesterone on the lytic enzymes may be enhanced by pro-
gesterone-stimulating synthesis of tissue inhibitors of MMPs
(TIMPs), such as TIMP-3 (215). Although mRNA for MMP-1
and MMP-3 can be detected in proliferative phase endome-
trium by in situ analysis, this disappears during the secretory
phase. Moreover, when progesterone levels decline in the
late secretory phase, expression of MMP-1 and MMP-3 is
reinitiated. These findings are supported by evidence from
culture studies showing that MMP-1 expression and protein
release were inhibited in the presence of progesterone (216).

Initial steps in the degradation of collagen are ascribed to
MMP-1, and thus this enzyme is critical to the stability of the
basement membrane of the blood vessels. After initial cleav-

age by MMP-1, other MMPs will contribute including
MMP-2, which, although expressed throughout the men-
strual cycle in stromal cells (217), rises in response to the
withdrawal of progesterone (218).

Because MMP-1 plays a key role in extracellular matrix
breakdown, tight control of the protein is necessary. This is
achieved by transcriptional control as well as control of the
stability of the mRNA. The coding region for MMP-1 con-
tains both activator protein-1 and nuclear factor �B (NF�B)
response elements (219) that allow stimulation not only by
inflammatory agents such as IL-1 and TNF� but also by
progesterone.

MMP-1 and MMP-3 have similar promoter regions and in
this respect differ from MMP-2 (220). NF�B is important in
control of MMP-1, MMP-3, and MMP-9 and, when activated
along with other transcription factors, can stimulate many
other proinflammatory genes such as inducible nitric oxide
synthase, TNF�, IL-1�, toll-like receptor-4, and COX-2 (221,
222). NF�B may be controlled by progesterone in several
ways: progesterone may stimulate inhibitor of �B�, the pro-
tein that retains NF�B outside the nucleus (223), or the PR
may compete with binding sites for NF�B on promoter re-
gions of the gene (224). However, the real key to the impor-
tance of NF�B is the finding that TGF�-1 and progesterone
may have a coordinate suppressive effect (225) that may be
through NF�B because of the interactions of both with this
pathway.

Suppression of MMP-1 production is affected by TGF�-1
through a SMAD3/4-dependent mechanism (226) acting on
NF�B. This inhibition occurs by competition between
SMAD3 and the NF�B complex for P300, which is a tran-
scriptional coactivator for both (226). This results in an in-
hibition of the acetylation of key lysine residues that would

FIG. 4. Progesterone withdrawal activates many pathways; prominent among these are those releasing vasoactive agents. Chemotactic agents,
which synergize with vasoactive agents, are also expressed. There is no doubt that MMPs, which degrade the interstitial matrix of the
endometrium, play a major role in the menstruation process, but their origin is uncertain. MMPs can be released from both resident endometrium
stromal cells and invading leukocytes.
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normally render the NF�B complex immune to inhibition by
inhibitor of �B� (226).

In addition, apart from suppressing MMP activity, TGF�-1
is also responsible for the stimulation of expression of TIMPs
(227) and increasing the synthesis of major matrix proteins
such as collagen and fibronectin (228). The other function of
TGF� is the control of cell growth, and epithelial cell growth
is inhibited by TGF� (229). Thus, TGF�-1 stabilizes tissue by
limiting MMP activity, which accords with the cyclical ex-
pression of TGF� with the highest levels in the secretory
phase stromal cell (230, 231). Moreover, TGF�-1 has to be
activated in a proteolytic step, although little is known about
the physiological agents involved. One candidate lytic en-
zyme is uPA, which is reduced in the mid secretory phase
(231) but is expressed when progesterone levels fall before
menstruation. uPA activity in turn is inhibited by tissue
factor (TF), which is progesterone dependent (232) and ap-
pears in stromal cells in the secretory phase of the cycle and
in decidua (233). Expression of TF, which in decidualized
endometrial stromal cells is both delayed and chronic (234),
is largely controlled by the specificity protein (SP)1 tran-
scription factor (235). In vitro studies show that progesterone
stimulates SP1 and inhibits SP3, which antagonizes SP1, and
that SP1 is enhanced and SP3 ablated in perivascular cells in
the secretory phase of the menstrual cycle (235). Because TF
is a major hemostatic agent (236), it is beneficial in perivas-
cular cells in that potential bleeding will be limited around
the time of implantation and later when extravillous tropho-
blast cells invade the maternal arteries. However, TF levels
fall before menstruation to allow menstrual-associated hem-
orrhage (237).

Another relevant gene with an SP1 response element is
plasminogen activator inhibitor-1 (PAI-1) which inhibits the
fibrinolytic pathway. Thus, progesterone stimulates PAI-1
expression in endometrial stromal cells, possibly moderating
decidual cell migration within tissue. Trophoblast certainly
expresses plasminogen activator that is inhibited by a PAI-
1-vitronectin complex, and thus the expression of PAI-1 by
decidua may be a mechanism for the restriction of tropho-
blast invasion. With the decline of progesterone, PAI-1 ex-
pression will be restricted, and thus fibrinolytic activity will
be present at the time of menstruation, which will account for
the reduced clotting in menstrual blood.

2. MMPs from leukocytes. Invasion of the endometrium by
leukocytes is an integral part of the process of menstruation,
both contributing to tissue breakdown and repair (see Section
I.C). Leukocytes that are attracted into the uterus before
menstruation are a major source of lytic enzymes. The neu-
trophil in particular represents an almost unlimited source of
MMP-8 (neutrophil collagenase) and MMP-9 (gelatinase B).
The neutrophil characteristically has a high turnover rate and
a high production rate of 1011 cells per day with any defi-
ciency quickly replenished by the bone marrow (238). Al-
though neutrophils usually have a lifetime of only a few
hours, their lifetime is increased in inflammatory situations.
The role of the neutrophil may have been underestimated
because current views maintain that an excess of MMPs over
TIMPs is necessary for lytic activity. However, a surface-
bound form of MMP-8 has been identified on the neutrophil

membrane, and this is not affected by TIMPs (239). The other
major cell type to invade the endometrium before menstru-
ation is the monocyte, which is a source of MMP-1, MMP-3,
and MMP-9 as well as TIMPs. Macrophages and neutrophils
represent the two major groups of phagocytic cells, and clear-
ing debris that is not discharged into the lumen may be an
important function of these cells.

F. Animal models of menstruation

A mouse model of menstruation was first reported by Finn
and Pope (240). Mouse uteri, in an animal treated with pro-
gesterone, were induced to decidualize with mineral oil. In
this model, progesterone withdrawal results in an influx of
leukocyte and tissue shedding. To this extent, the mechanism
of menstruation is reproduced. This study found that “men-
strual” shedding induced by progesterone withdrawal only
occurred if the uterus had been decidualized with the oil.
This was a key finding implicating the decidual cell in the
initiation of menstruation. Thus, in women, the predecidu-
alization of cells in the normal secretory phase is sufficient
to prime these cells to progesterone withdrawal, which in
turn suggests that defects in decidualization may lead to
menstrual pathology. This study has recently been reevalu-
ated (241) and refined using silastic implants which, on re-
moval, will give a more rapid and predictable decline in
progesterone levels. This new technique allows a better as-
sessment of leukocyte dynamics and the role of apoptosis in
menstrual shedding and thus allows the delineation of very
early events after progesterone withdrawal. The limitation is
that mouse leukocytes respond differently from human leu-
kocytes, and chemotactic agents such as IL-8 have no direct
equivalent in the mouse. However, such a model may well
answer the critical question: what is the initial site of MMP
expression upon progesterone withdrawal?

V. Repair and Vessel Regrowth

After menstruation, the endometrium is programmed to
regrow under the influence of estradiol. The restructuring of
the functional layer is critical to the development of a tissue
ready for implantation or for menstruation. Vessel growth is
particularly important in the endometrium of menstruating
species where the spiral arterioles are a characteristic feature.
Indeed, early studies in a primate model show that straight
arteries growing into the functional zone acquire a coiled
structure (2). The growth of these vessels is clearly important
but poorly understood. Early studies of intraocular endo-
metrial explants in the rhesus monkey (2) showed that the
degree of bleeding was related to the vascular growth within
the preceding cycle.

A. Epithelial growth

After separation of the functional layer of the endome-
trium, the regeneration of all cell types, epithelial, endothe-
lial, and stromal, occurs rapidly. The remaining basal layer
acts as a germinal compartment from which the different cell
types grow and differentiate (242). Slow-growing pluripo-
tent stem cells have been reported in primate endometrium
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(243) where they are resident in the basal layer nearest to the
myometrium. These cells differentiate into committed pro-
genitor cells with increased growth in the adluminal half of
the basal layer. These progenitor cells are responsive to ap-
propriate growth factors that ensure a very rapid growth of
tissue.

Regrowth is estrogen dominated, and for epithelial cells
EGF, TGF�, and EGF receptor are all likely to be involved.
Both TGF� and EGF compete for the EGF receptor, and both,
along with platelet-derived growth factor (PDGF), are mi-
togens for epithelial cells from the basal layer (242). Although
endothelins are found in endometrial epithelial cells (244)
and are potent mitogens for these cells, their receptors are
maximally present in the secretory phase of the cycle (245).
However, the contribution of endothelins to early epithelial
growth should not be fully discounted because endothelin
receptor subtypes termed ETA and ETB are present (246) and
the critical question is whether receptors will be sufficiently
expressed in the residual epithelial cells after tissue
shedding.

The best evidence of early endometrial growth is pre-
sented in a scanning electron microscopic study of human
endometrium by Ludwig and Spornitz (247). After the shed-
ding of the functional layer, the exposed surface is covered
by fibronectin and leukocytes. This fibronectin is rapidly
removed once epithelialization occurs. Regrowth of the ep-
ithelium occurs soon after shedding: growth from the stumps
of the glands starting on menstrual d 2, and surface epithe-
lium grows out of cone-shaped edges to the glands, rapidly
covering the luminal surface (248), two thirds of which is
covered by d 4 and which is fully covered by epithelium at
least by d 6 of the cycle (249).

B. Pattern of angiogenesis during the cycle

The uterus and the ovary are the principal sites of active
cyclical angiogenesis in the adult. Changes in angiogenesis
and the process of vascular development in the endometrium
have been quantified in the human, nonhuman primate, and
rodent models. During the last few years, many of the factors
regulating angiogenesis have been identified, but their role
in regulation of endometrial angiogenesis remains to be elu-
cidated. The field is being aided by the development of
specific antagonists to angiogenic factors, providing power-
ful tools by which the functional role of a factor in tissues
such as the endometrium can be established by in vivo ex-
perimentation in suitable animal models.

It is generally agreed that angiogenesis occurs in at least
three different stages during the menstrual cycle. The first
stage is at menstruation to repair ruptured blood vessels; the
second, during the proliferative phase during the period of
rapid growth of the endometrium; and the third, during the
secretory phase with development of the spiral arterioles and
growth of the subepithelial capillary plexus (250, 251). Pat-
terns of angiogenesis throughout the cycle in the human
endometrium have been studied using proliferating cell nu-
clear antigen (PCNA) or Ki67 to identify proliferating cells,
together with dual staining by an endothelial cell marker.
During the last 20 yr, numerous determinations of changes
in angiogenesis throughout the menstrual cycle been re-

ported. Recent reviews of these studies have led to the con-
clusion that although there was a tendency for angiogenesis
to be highest during the proliferative phase, no significant
peaks of endothelial cell proliferation at the various stages of
the human cycle were apparent (252). However, it is pointed
out that quantification is made particularly challenging be-
cause endometrial cell proliferation rates can be extremely
variable at the same stage of the cycle.

Nayak and Brenner (205) suggested that lack of clarity in
the pattern of angiogenesis in the human endometrium may
in part be the result of variation in hormone levels at the time
of sampling or to variations in the region from which biopsy
was obtained. To obtain a precise relationship between ste-
roid exposure and changes in endometrial angiogenesis,
these workers studied ovariectomized monkeys treated se-
quentially with estradiol and progesterone implants to create
artificial menstrual cycles. The progesterone implant was
withdrawn to induce menstruation, with the estradiol im-
plant either left in place to mimic the proliferative phase or
also withdrawn to create a hormone-deprived state that was
studied between 2 and 14 d. Additional groups were ma-
nipulated to represent the mid- and late secretory phases of
the cycle. This detailed and elegant study appears to have
provided the most precise model required to elucidate some
of the important questions that could not be addressed in the
human. Using Ki67 or bromodeoxyuridine to identify pro-
liferating endothelial cells, a 6-fold increase in angiogenesis
was observed 8–10 d after progesterone withdrawal (mid-
proliferative phase). Apart from a nadir at menses, there
were no significant changes in angiogenesis at any other
stage of the artificial cycle. This increase did not occur in the
hormone-deprived macaques, showing it to be estrogen-de-
pendent. The authors suggest that a steady level of angio-
genesis may be sufficient to explain the increased vascularity
occurring during the secretory phase.

The finding that most vascular proliferation occurs during
the mid-proliferative phase in the macaque concurs with an
early study in the human (253), although these authors dem-
onstrated a second wave of endothelial cell proliferation
during the mid secretory phase. The explanation of tight
synchrony of sampling in relation to progesterone and es-
tradiol levels in the macaque study seems to be the most
logical to account for the differences in results to the detailed
data from the normal human cycle (252). However, the peak
in angiogenesis is so marked that it would be surprising that
it was not revealed to some degree by the observations in the
human. Thus, other explanations need to be considered, of
which the most likely are subtle differences in the steroidal
profile induced during the artificial cycles, the influence of
ovarian products in addition to estradiol and progesterone,
or species variation. If, as it seems, measuring changes in
endothelial cell proliferation fails to reveal changes in an-
giogenesis at different stages of the cycle in human speci-
mens, the question arises as to whether other measures of
blood vessel growth would be more informative. It is gen-
erally agreed that most of the vascular proliferation occurs in
the upper zones of the human and nonhuman primate en-
dometrium (254). In the endometrium, proliferating endo-
thelial cells are found within existing vessels, rather than in
association with vascular sprouts as is common in ovarian
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and tumor angiogenesis (250). This suggested that growth of
blood vessels in the endometrium may involve more com-
plex mechanisms. Consequently, Gambiono et al. (251) com-
pared the three mechanisms of angiogenesis, sprouting, in-
tussusception, and elongation (255), in full thickness
endometrial sections from women. Sprouting is the most
common mechanism and involves breakdown of the base-
ment membrane, endothelial proliferation and migration,
sprout formation from existing vessels, and lumen forma-
tion. Nonsprouting angiogenesis, or intussusception, occurs
from proliferation of endothelial cells inside a vessel and
results in remodeling of a vessel internally into two discrete
capillaries as dividing cells migrate inward (256, 257). Elon-
gation occurs by restructuring of existing vessels by longi-
tudinal growth. Gambiono et al. (251) performed stereologi-
cal analysis of blood vessel length density, branch point
density, and mean vessel length per branch point for three
endometrial zones during five phases of the human men-
strual cycle. This study distinguished between determination
of peaks of endothelial cell proliferation and measuring new
vessel formation. They concluded that vessel elongation is
the major mechanism by which endometrial angiogenesis
occurs between the early and the mid to late proliferative
phase, whereas intussusception is the main angiogenic
mechanism in the early-mid secretory phases. Blood vessel
length density was highest at the mid-late proliferative and
early to mid secretory phases of the cycle, demonstrating that
between the early proliferative and mid to late proliferative
phases, new vessel growth on a length per unit volume basis
occurs more rapidly than surrounding tissue growth. These
patterns were similar in each area of the endometrium. The
results imply that proliferative phase estrogen may drive
vessel elongation, whereas vascular remodeling occurs dur-
ing the secretory phase. Evidence for elongation of endome-
trial vessels during the early proliferative phase has also been
provided by Maas et al. (257). Thus, angiogenesis in the
endometrium is among the more complex in the body and
supports the concept of organ-specific angiogenesis.

Because it appears that endometrial angiogenesis in the
human during the normal cycle is not subject to detectable
changes in response to cyclical hormonal variations, increas-
ing emphasis has been placed on animal models in which the
roles of specific factors such as the ovarian steroids can be
elucidated by precise manipulation of steroid exposure. The
rhesus monkey model described above is a powerful model
but has restricted availability (205). Use of this model showed
an estrogen-dependent peak in angiogenesis and lowest en-
dothelial cell proliferation at menses and also showed that
withdrawal of both estrogen and progesterone resulted in a
fall in proliferation within days (205).

Most detailed studies have been carried out in the mouse.
In agreement with the primate data, ovariectomized adult
animals, 7 d after castration, had extremely low endothelial
cell proliferation that was markedly increased by 1 d after
commencement of estradiol administration (258). Angiogen-
esis was maintained at a lower rate on d 2 and 3 of the study.
Progesterone replacement appeared to have an initial inhib-
itory effect, but continued treatment was associated with a
second peak in angiogenesis 2–3 d after treatment with es-
tradiol and progesterone. The rapid effect of estrogen raised

the question of direct effects of the steroid on the endometrial
endothelial cells. It should be noted that in this model, vas-
cular density was paradoxically highest in the endometrium
of ovariectomized animals and was lower in all the steroid-
treated animals. This was the result, at least in part, of in-
creased edema after replacement (258). The concept that es-
trogen induces angiogenesis in the mouse was challenged by
the findings of Ma et al. (259) who proposed, using reporter
and mutant mice, that although estrogen stimulates vascular
permeability, it has an inhibitory effect on uterine angiogen-
esis, whereas it is progesterone that provides the angiogenic
stimulus. The importance of these models is that by defining
peaks of angiogenesis after stimulation by ovarian steroids,
the role of angiogenic factors and their receptors in mediating
these changes can be determined by specific inhibitors as is
discussed further below.

As the endometrium grows and matures with accompa-
nying angiogenesis during the cycle, it might be expected
that quantification of blood vessel density would demon-
strate a progressive increase as the cycle progressed. How-
ever, measuring blood vessel density shows that it does not
appear to be influenced by cycle stage in human (260) or
baboon (261). Paradoxically, in some instances where steroi-
dal stimulation is ablated and angiogenesis is low, blood
vessel density may increase. It is apparent that simply mea-
suring blood vessel density in a given area fails to take into
account changes in endometrial thickness. In addition, re-
sults will be influenced by changes in the volume of other
cellular components and by changes in edema.

Another marker of vessel maturation into specialized ar-
terioles is reflected by the acquisition of vascular smooth
muscle cells (262); however, detecting these cells with the
markers smooth muscle actin and myosin heavy chains did
not reveal significant cyclic changes (263, 264).

C. Angiogenic factors and their receptors in the uterus

The cyclic endometrium has constant angiogenic potential.
Human endometrial fragments implanted onto the chick em-
bryo chorioallantoic membrane in vitro assay demonstrated
angiogenic activity for all stages of the cycle, with lowest
activity at the late proliferative phase (257). This angiogenic
potential constitutes the activity of a large number of pro-
and antiangiogenic factors that have been reported in the
uterus and have been the subject of a recent review (265).
Here, we will focus on the most actively studied factors,
especially where they have been the subject of manipulative
experiments in animal models. Of the known angiogenic
factors, VEGF, also known as vascular permeability factor, is
a major specific stimulator of endothelial cell proliferation
and vascular permeability and has attracted most attention
with respect to the endometrium. The most significant of the
VEGF family is VEGF-A (hereafter VEGF), which is pro-
duced in five isoforms (266). Other members are -B, -C, and
-D, together with placental growth factor. VEGF acts through
two tyrosine kinase receptors, VEGFR-1 (flt-1) and VEGFR-2
(KDR), the latter being considered the most important in
regulation of angiogenesis. In addition, VEGF-C acts via a
third receptor, VEGFR-3, which is present on lymphatic cells,
as well as on VEGFR-2. VEGF is generally considered to be
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the critical factor for the development of the vascular system
because inactivation of a single VEGF allele results in em-
bryonic lethality (266). In addition, VEGF acts as a survival
factor for immature vessels (267).

Coordination of blood vessel formation, maintenance, sta-
bilization, and regression also involves other factors. These
include the angiopoeitins, Ang-1 and Ang-2, which are of
particular interest with respect to regulation of endometrial
vasculature because Ang-2 causes destabilization of vessels
to help initiate angiogenesis, whereas Ang-1 confers stability
to new blood vessels (268), divergent processes that occur
over a short time frame in the endometrium. Ang-2, acting
through its tyrosine kinase receptor Tie-2, is proposed to
enhance the action of VEGF by reducing endothelial contact
with the extracellular matrix, and hence with adjacent en-
dothelial cell interactions. In contrast, Ang-1 acting via Tie-2
as a competitive antagonist enhances the stability of the
newly formed blood vessels by recruiting pericytes (268). It
was proposed that during periods of vascular regression,
VEGF would be down-regulated, whereas Ang-2 would be
increased, leading to destabilization and regression of newly
formed vessels.

FGF and PDGF are also known to stimulate angiogenesis
and have been demonstrated in the endometrium of a num-
ber of species (265). A novel angiogenic factor, endocrine
gland VEGF (EG-VEGF) and its receptors have recently been
reported to be expressed in the uterus (269). EG-VEGF is
unrelated structurally to VEGF and was originally described
as being preferentially expressed in steroidogenic tissues
(270); however, the same sequence was reported indepen-
dently in the small intestine and named prokineticin-1 (271).

Naturally occurring angiogenesis inhibitors may also play
a role in the regulation of the endometrial vasculature.
Thrombospondin 1, a multifunctional extracellular protein
with inhibitory effects on endothelial cell proliferation, has
been shown to be stimulated by progesterone, is detected at
highest levels during the secretory phase in human endo-
metrium, and has been proposed to act as an inhibitory factor
at this stage of the cycle (28, 272).

D. Localization and changes in angiogenic factors
throughout the cycle

It had been anticipated that determination of the localiza-
tion and quantification of these angiogenic factors and their
receptors in the endometrium during different stages of the
cycle would help clarify their roles in regulation of the en-
dometrial vasculature. Although considerable progress has
been made, a definitive picture has yet to emerge from the
data generated from studies on the human endometrium.
This in part has been the result of a lack of uniformity in
findings between groups coupled with the difficulties pre-
sented in correlating changes in expression patterns to an-
giogenesis when distinct peaks of endothelial proliferation
are absent. Techniques employed have commonly been
quantitative PCR, in situ hybridization, and immunohisto-
chemistry. Sometimes, apparent differences in results be-
tween groups must be ascribed to technical reasons, such as
differences in precision of quantitative PCR or differences in
the sensitivity of in situ hybridization, whereas immunohis-

tochemical studies may be influenced by specificity of dif-
ferent antibodies.

In the human and nonhuman primate endometrium, it is
established that VEGF mRNA and protein are localized in
both the stroma and glandular epithelium. In addition, VEGF
protein is also found in neutrophils (50, 256). There is general
agreement that VEGF produced in the epithelial cells is
largely secreted apically and may not be involved in angio-
genesis (156). However, the possibility of significant
amounts diffusing across the epithelial cell basement mem-
brane to induce a gradient affecting the subepithelial com-
plex of capillaries is also favored by some (271, 273). Because
most studies report a higher level of expression of VEGF in
the glands than the stroma, this makes for potential diffi-
culties when trying to correlate changes in endometrial
VEGF with angiogenesis at different stages of the cycle.

Although a number of early studies seemed to provide
evidence for cyclic changes in VEGF mRNA and protein
during specific stages of the cycle, subsequent work fails to
confirm these observations (274). Detailed studies in the hu-
man (252) and baboon (261) uterus did not detect a significant
change in stromal VEGF mRNA at different stages of the
cycle. However, the presence of neutrophils, in blood or near
blood vessels, containing VEGF protein correlated with endo-
thelial cell proliferation (256). These authors propose that cor-
relating changes in focal, rather than bulk, VEGF is crucial for
understanding the regulation of endometrial angiogenesis.

In the rhesus macaque with synchronized artificial cycles
described above, changes in VEGF and its receptors were
determined by in situ hybridization. VEGF mRNA produc-
tion in the superficial stromal zone correlated with the peak
in angiogenesis at the mid-proliferative phase, whereas
changes in VEGF mRNA in the epithelium did not relate to
angiogenesis (205). Localization of VEGF receptors by in situ
hybridization has proven challenging, but clear expression
has been described in this study, especially in blood vessels
immediately below the surface epithelium (205). Highest
levels were found during the postmenstrual repair phase. A
unique rise in VEGFR-2 mRNA occurs during the menstrual
premenstrual/menstrual phase in the macaque and human
endometrium (204). Here, expression is increased in the up-
per endometrial zone stroma, rather than endothelial cells,
and it has been proposed that this change mediates a VEGF-
induced up-regulation of MMP-1 (see Section IV.C).

Expression patterns of the angiopoietin family in the hu-
man endometrium have been examined, although results
have been conflicting (264), perhaps reflecting a relatively
low expression of these factors. Ang-2 expression is consis-
tently greater than that of Ang-1 (52, 275). Li et al. (52) dem-
onstrated that uNK cells are a major source of Ang-2 mRNA,
reaching a peak during the late secretory phase, whereas
Ang-1 was absent from these cells and was not detectable by
in situ hybridization in the same study. Using nonisotopic in
situ hybridization combined with immunocytochemistry, a
wider distribution was reported with Ang-1 and Ang-2 in the
stromal and glandular epithelium (275). A subsequent study
employing RT-PCR found an increase in Ang-1 mRNA in the
human endometrium during the secretory phase, whereas
Ang-2 and Tie-2 showed only minor variations (276). The
latter results pointed to a stabilizing role for Ang-1 during the
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secretory phase. Li et al. (52) suggest that the production of
Ang-2 by uNK cells may serve to antagonize Ang-1 during
the premenstrual period to destabilize blood vessels and
induce vascular regression before menstruation.

Expression of EG-VEGF/prokineticin-1 has been shown to
be highest during the secretory phase of the human men-
strual cycle (269), and it has been proposed that its role may
be in vascular differentiation and spiral artery formation
during the secretory phase. In addition, its presence in myo-
metrial smooth muscle, as well as intestinal smooth muscle,
suggests that it may also play a role in myometrial contrac-
tion (269).

E. Regulation of endometrial angiogenic factors

In many tissues, the stimulus for increasing VEGF and
other angiogenic factors is hypoxia, mediated via hypoxia-
inducible factor activation, which acts rapidly to increase
translational efficiency, stabilize the protein or enhancement
of transactivation (277). However, in endocrine glands such
as the ovary, the gonadotropins exert an additional regula-
tory mechanism that seems to fluctuate in importance ac-
cording to the stage of follicular or luteal development (278).
Because ovarian steroids dominate endometrial growth, it is
not surprising that they will impact on the regulation of
angiogenesis and vascular development (279). However, as
discussed above, there is no clear relationship between the
marked fluctuations in ovarian steroid secretion seen during
the normal cycle to changes in angiogenesis in the human,
whereas there is evidence that hypoxia plays an additional
role in stimulating synthesis of VEGF (63, 280).

Despite there being little clear evidence for a close rela-
tionship between estrogen peaks and angiogenesis, there is
no doubt that estrogen stimulates VEGF mRNA in the ro-
dent, primate, and human uterus when administered exog-
enously. Overall, there is good evidence from experimental
models that exposure to estradiol during the proliferative
phase drives VEGF production and angiogenesis, suggesting
a crucial maintenance role throughout the cycle (251, 261,
273, 279). In the rhesus monkey model of Nayak and Brenner
(205), withdrawal of progesterone resulted in a marked tran-
sitory rise in VEGF mRNA in the stroma and luminal epi-
thelium. This was not estrogen-dependent because it oc-
curred at the same time after withdrawal of both steroids. An
additional rise occurred 8–10 d after progesterone with-
drawal (mid-proliferative phase); this was estrogen depen-
dent because total steroid withdrawal resulted in suppres-
sion of VEGF mRNA over the same time period (205). Also,
without estrogen replacement, mRNA for VEGF receptors
declined. Because receptor synthesis is predominantly de-
pendent on VEGF, the authors suggest that estradiol main-
tains expression of the receptors through stimulation of
VEGF. Alternatively, the discovery of ER� on the vascular
endothelium provides a pathway by which a direct effect
could be mediated (117). The acute response of VEGF mRNA
to estradiol has been studied in the baboon 60 d after ovari-
ectomy. VEGF synthesis was markedly reduced compared
with intact animals, but within 2 h of estradiol treatment
VEGF synthesis was stimulated in stroma and epithelium,
dissected by laser capture, whereas no effect was observed

after progesterone administration (261, 273). Thus, despite
the absence of a clear relationship between fluctuations in
estradiol and VEGF during the cycle, there is convincing
evidence from ovariectomized, estrogen-replaced animals
that estrogen stimulates VEGF synthesis. Thus, it is likely
that estradiol has a role in maintaining VEGF expression
throughout the menstrual cycle.

VEGF also has potent permeability properties, and the
secretory phase is accompanied by increased vascular per-
meability and stromal edema. The growth-stimulating ef-
fects of estrogen are in part the result of increased vascular
permeability and water retention. It has been proposed that
this is mediated via estrogen-induced VEGF production
(273).

F. Effects of manipulation of angiogenic factors:
in vivo models

Because defining the relationship between endogenous
angiogenic factors and changes in angiogenesis has proven
elusive in many studies, it is important to take advantage of
the increasing availability of specific antagonists to putative
angiogenic factors to conduct experiments on appropriate in
vivo models. Detailed evaluation of the effects of manipula-
tion of angiogenic factors on normal endometrial angiogen-
esis must also be determined before the concept of pro- or
antiangiogenic therapy for treatment of menstrual/endome-
trial pathologies can be evaluated.

However, the absence of a clear cyclical pattern of endo-
thelial cell proliferation in the human in most studies pub-
lished to date (252, 255) and in some animal models means
that targeting a specific period where angiogenesis is known
to be intense may be difficult. To overcome this problem,
studies have focused on use of animal models with steroid
manipulations known to induce changes in angiogenesis.

In the ovariectomized mouse treated with estrogen for 24 h
to stimulate angiogenesis, inhibition of VEGF by the tyrosine
kinase VEGFR-2 inhibitor, SU5416, or a VEGF antibody has
been shown to almost completely inhibit endothelial cell
proliferation (281). A less dramatic effect was observed in
mice receiving longer-term estrogen and progesterone re-
placement. In another study, inhibition of VEGF had no effect
on angiogenesis but inhibited edema and epithelial cell pro-
liferation (282). The proliferation rates recorded in control
mice differed markedly between the two studies (28 and 1%,
respectively), probably attributable to technical differences
such as the fact that perfusion fixation was employed by
Heryanto et al. (281) in an effort to retain the size of the lumen
of capillaries to allow more effective identification of prolif-
erating endothelial cells. When FGF and PDGF were also
inhibited by specific antagonists, SU5402 and SU11685, re-
spectively, angiogenesis was inhibited in ovariectomized
mice receiving estrogen and progesterone replacement (281).
In the immature estrogen-treated rat, VEGF immunoneu-
tralization was also shown to block estrogen-induced edema
(283). In the adult rat, anti-VEGF treatment blocked implan-
tation (284).

Further developments in the synthesis of specific antian-
giogenic agents will help to elucidate the role of these factors
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in endometrial angiogenesis. Use of these tools in in vivo
nonhuman primate models is eagerly awaited.

VI. Disorders of Menstruation

A. Parameters of normal menstruation

The menstrual cycle is generally defined in the context of
its length, regularity, frequency, and pattern of menstrual
blood loss. These parameters have been well defined in pop-
ulation (285) and long-term observational studies (286) and
have been recently reviewed by Fraser and Inceboz (287).
These studies have indicated that the mean menstrual cycle
length in the mid-reproductive years is between 28 and 30 d.
The duration of the period of menstruation is commonly 4–5
d, with the period of heaviest bleeding reported in the first
2 d of menses, whereas the volume of blood loss varies
between 25 and 35 ml (for review, see Ref. 287).

B. Menstrual dysfunction

Disorders of the menstrual cycle place a considerable bur-
den on general practice and specialist health service re-
sources (288) and are the most common indication for hys-
terectomy (289). It has been postulated that the increasing
incidence in menstrual disorders is due to changes in life
style in the second half of the twentieth century. The devel-
opment of the contraceptive pill, reduction in family size, and
/or the incidence of lactational amenorrhea has meant that
today a woman would experience a much greater number of
menstrual cycles (approximately 400) compared with her
ancestors [30–40 cycles (288)]. Menstrual dysfunction en-
compasses benign pathologies such as menorrhagia (exces-
sive menstrual blood loss); dysmenorrhea (painful periods);
irregular, frequent, and prolonged periods; oligomenorrhea
(infrequent or scanty periods); and amenorrhea [absent men-
strual periods (288, 290)]. A number of these disorders are
closely associated with disturbances in the hypothalamic-
pituitary-ovarian axis and morphological changes within the
uterus that are not precipitated by local disturbances within
the endometrial environment (for example, the complaints of
oligomenorrhea and amenorrhea). The causes of aberrations
in regular menstruation have been functionally attributed to
ovarian failure (primary or secondary), disordered regula-
tion of gonadotrophin secretion, and PCOS (291). Amenor-
rhea may also be due, albeit rarely, to the formation of in-
trauterine adhesions or synechiae (Asherman’s syndrome),
which is an occasional consequence of surgical intervention
in the uterus (such as dilatation and curettage of the uterine
cavity at the time of surgical termination or evacuation of
retained products of conception) or infection. In keeping
with the focus of this review, the remainder of this section
will focus on menstrual complaints that may be exacerbated
by disturbances in expression and signaling of local medi-
ators within the endometrium, with special emphasis on
heavy menstrual bleeding and dysmenorrhea.

C. Menorrhagia

Menorrhagia is the complaint of unacceptable and exces-
sive menstrual blood loss and has been defined as an objec-

tive measured blood loss in excess of 80 ml of blood lost per
menstrual cycle. This definition was derived from data ob-
tained in a Swedish study in which the incidence of anemia
increased in women with blood losses over 60 ml per men-
strual cycle and 80 ml of blood loss represented the 90th
centile of the distribution. In light of these observations, the
authors recommended that a blood loss in excess of 80 ml be
regarded as “pathological” (292, 293). Unacceptable heavy
menstrual blood loss affects 10–30% of women of reproduc-
tive age and up to 50% of perimenopausal women (294, 295).
It is also estimated that 5% of women aged 30–49 yr will
consult their general practitioner for excessive blood loss
each year (296). Epidemiological studies suggest that the
incidence of excessive menstrual blood loss may have a ge-
netic link. A correlation has been described in the menstrual
blood loss of monozygotic but not dizygotic twins (297).

There are clear instances where aberrations in clotting
mechanisms, such as Von Willebrand’s disease (298, 299) or
deficiencies in PAI (300), can contribute to excessive bleed-
ing, but these represent a small proportion of women pre-
senting with abnormally high blood loss. More importantly,
reduced clotting is a feature of normal menstruation, and
there are likely to be other factors or a combination of factors
contributing to excessive blood loss that are still poorly
understood.

Progesterone, partly in conjunction with the growth factor
EGF (301), plays a major role in the control of clotting mech-
anisms in endometrium through inhibition of proteases
(which in normal circumstances limit thrombus formation,
Ref. 302) and through stimulation of protease inhibitors such
as PAI-1 (210). Thus, the removal of progesterone before
menstruation would allow release of active tissue plasmin-
ogen activator, which would effectively reduce clot forma-
tion accompanied by reduced secretion of PAI-1 to augment
the effect.

Benign disorders of the uterus may present with the com-
plaint of excessive menstrual blood loss and/or an associated
irregularity in the pattern of menstrual bleeding. Such benign
disorders include endometrial polyps, fibroids, and adeno-
myosis. However, the vast majority of women complaining
of excessive menstrual blood loss have normal endometrium.
In a study of 1033 women who were investigated for exces-
sive menstrual bleeding, approximately 90% of the subjects
had a normal endometrium with no known pathology (303).
Analysis of menstrual blood loss has shown that although
women with menorrhagia menstruate for a longer period,
the main difference between women with excessive and nor-
mal menstrual blood loss is in the rate of menstrual blood
loss, with an approximately 3-fold difference in blood loss
between the two groups of women. However, more recent
studies suggest that the volume of blood loss is only one
concern (and not necessarily the main concern) of women
with heavy periods. The problem of heavy bleeding also
reflects acute unmanageable blood flow in the first few days
of menstruation (304, 305). These studies do suggest that in
the majority of women the incidence of menorrhagia is pre-
cipitated by disturbances in the local endometrial environ-
ment (263, 264). This could be mediated by alterations in the
expression and signaling of local endometrial factors that are
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involved in the establishment and maintenance of vascular
homeostasis.

D. Dysmenorrhea

Dysmenorrhea is a clinical term used for excessive pain
experienced during menstruation. Dysmenorrhea is a sig-
nificant clinical problem and results in considerable public
health burden (306, 307). Dysmenorrhea is classically distin-
guished from an etiological perspective into primary or sec-
ondary. Primary dysmenorrhea is not associated with any
underlying anatomical cause. It is a frequent occurrence in
ovulating women and is often preceded by premenstrual
tension and intense painful menstrual cramps occurring in
the absence of a pelvic abnormality (308, 309). Primary dys-
menorrhea is associated with uterine hypercontractility.
During contractions, endometrial blood flow decreases, and
there is now good correlation between minimal blood flow
and maximal pain, suggesting that uterine ischemia due to
hypercontractility maybe a major contributor to the symp-
tom (308, 309). Secondary dysmenorrhea is differentiated
from primary dysmenorrhea, because it is associated with uter-
ine abnormalities or adnexal diseases such as endometriosis,
pelvic inflammatory disease, submucous leiomyomas, adhe-
sions, or the presence of an intrauterine contraceptive device.
The reported prevalence rate for dysmenorrhea in women of
reproductive age ranges from 43 to 90%. This wide range in the
reported prevalence rate is primarily due to absence of stan-
dardized tests for diagnosis and measurement of dysmenor-
rhea. The precise mechanisms responsible for the symptoms of
primary dysmenorrhea are yet to be elucidated.

VII. Local Mediators Associated with
Menstrual Dysfunction

A. Prostanoids

The precise local mediators that may result in excessive
menstrual blood loss remain largely unexplained. Histolog-
ical studies have failed to reveal differences in endometrial
or myometrial histology in women with normal and exces-
sive blood loss (310). Moreover, no discernible differences in
expression of sex steroid receptors are detected in the en-
dometrium of women with normal and excessive blood loss
(311). However, substantial evidence suggests that excessive
menstrual blood loss is associated with disturbances in the
process of angiogenesis and the expression of a number of
local vasoregulatory factors that may affect either vascular
development or permeability. A comparative study, which
investigated endometrial tissue from women with heavy and
normal blood loss, has demonstrated increased endothelial
cell proliferation in women with excessive menstrual blood
loss. After endometrial resection and reestablishment of nor-
mal blood loss, the endothelial cell proliferation index was
comparable to that observed in women with normal blood
loss (312). Additionally, the proliferation and differentiation
pattern of the vascular smooth muscle cells around spiral
arterioles of the endometrium of women with menorrhagia
is significantly reduced compared with that of women with
normal blood loss (262, 313). Together, these data outline a
fundamental alteration in the composition and structural
integrity of blood vessels in women with heavy menstrual

blood loss. These may result in altered vascular fenestra-
tions/permeability and integrity that may alter the accessi-
bility and availability of endocrine and paracrine factors that
precipitate menstruation and regulate blood loss within the
endometrial microenvironment.

Heavy menstrual blood loss has been associated with ab-
errations in the synthesis and production of vasodilatory
prostanoids from the uterus (314–316). In women diagnosed
with menorrhagia, PGE2 synthesis and prostaglandin E bind-
ing sites are greater in uterine tissues compared with normal
women and correlate directly with menstrual blood loss (315,
317–320). Prostaglandin I2 (prostacyclin) and nitric oxide
synthesis are also elevated in menstrual blood collected from
women with menorrhagia (316, 321). This suggests that the
degree or duration of menstrual bleeding in women diag-
nosed with menorrhagia may be augmented after elevation
of vasodilatory factors. Elevation of these vasodilatory fac-
tors may further enhance menstrual bleeding and vascular
dysfunction by up-regulating the COX/prostaglandin bio-
synthetic pathway via a positive feedback loop and promot-
ing an autocrine/paracrine up-regulation of growth factors
specific for vascular function (such as VEGF) (322, 323). Pros-
taglandins are known to elevate COX-2 enzyme expression,
arachidonic acid metabolism and prostanoid biosynthesis in
several model systems (324, 325). The elevated expression of
prostanoids present in the endometrium of women with
excessive blood loss has led to the administration of COX
enzyme inhibitors as a means of therapy (326). COX enzyme
inhibitors have been shown to reduce menstrual blood loss
by approximately 30% in women with menorrhagia (321,
327–331). More recently, a dual mode of action has been
demonstrated for fenamates such as sodium meclofenamate
and mefenamic acid. As well as reducing prostaglandin syn-
thesis, they also inhibit binding of PGE2 to its receptor (332).
Little is known about the expression of prostanoid receptors
in the endometrium of women with menorrhagia. Because
the binding sites for prostanoids are elevated in these
women, it would be anticipated that this is a reflection of
higher expression levels of receptors at the cell surface. El-
evated expression of these receptors in various cell types of
the endometrium, including the epithelial and vascular cells
(Fig. 3), may be associated with enhanced signaling and
regulation of expression for angiogenic factors that may af-
fect vascular function and permeability (Fig. 5). Interestingly,
overexpression of COX enzymes and prostaglandin recep-
tors has been shown to promote the production of angiogenic
factors and down-regulate the production of antiangiogenic
factors. Several angiogenic factors are up-regulated in re-
productive epithelial cells in response to induced expression
of COX enzyme such as basic FGF, VEGF, and angiopoeitins.
Moreover, COX enzymes down-regulate the generation of
antiangiogenic factors such as thrombospondin, angiostatin,
and endostatin that are known to have a vasoconstrictive
effect, thus promoting vasodilation (333–335). Ultimately,
vascular permeability and leakage at the time of menstrua-
tion will be determined by a milieu of pro- and antiangio-
genic factors. The presumed overexpression of COX en-
zymes in menorrhagia and the established role of COX
enzymes in regulation of pro- and antiangiogenic factors
would suggest a disturbance in the balance of these factors
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in heavy compared with normal menstruation. Identification
of the prostanoids responsible for these effects and the spe-
cific receptors/signaling pathways that are associated with
their function may result in the development of novel ther-
apeutic targets for menstrual pathology.

Little is known about the altered response to endocrine
and local factors that may result in primary dysmenorrhea.
However, many researchers have suggested that dysmen-
orrhea is associated with local disturbances in expression and
synthesis of inflammatory mediators. Primary candidates
that have been described to date are COX enzymes and their
prostanoid products. Prostanoids are generated by most cells
in response to inflammatory insults, and this results in ac-
tivation of nearby sensory nerve endings, which express the
respective prostanoid receptors (336, 337). The hyperalgesic
effects of PGE2 and PGF2� have been described in several
inflammatory models of nociception (for review, see Ref.
338). Elevated synthesis of prostanoids such as PGE2 and
PGF2� has been demonstrated in the menstrual fluid of
women with dysmenorrhea compared with menstrual fluid
of women with painless periods (309, 320). In vitro studies
have demonstrated that endometrial explants from women
with dysmenorrhea produce more prostanoids in response to
arachidonic acid compared with endometrium from pain-
free women, thus suggesting a higher level of expression of
COX enzymes and specific prostanoid synthase enzymes
(339). This has prompted the use of COX enzyme inhibitors
such as mefenamic acid, ibuprofen, and naproxen as thera-
peutic regimens for management of this disorder, with treat-
ment being administered during menstruation or before the
onset of menses (309). More recently, selective COX-2 inhib-
itors have proven to be even more efficacious in the treatment

of dysmenorrhea (340), making it a preferential choice for
treatment of women with primary dysmenorrhea.

Although no experimental data are currently available on
the signaling of prostanoid receptors in endometrium of
women with menstrual dysfunction, it is highly plausible
that primary dysmenorrhea may be associated with an ab-
erration in the expression and downstream intracellular ef-
fects of one or more prostanoid receptors. It is generally
thought that PGE2 is the principal inflammatory prostanoid,
and several lines of evidence indicate that sensory neurons
express EP receptors (338). Studies investigating pain per-
ception in mice lacking individual prostaglandin receptors
strongly suggest that EP3 is the major receptor mediating
pain perception (341, 342). Interestingly, these studies also
outlined the importance of the I-series prostanoid (IP) re-
ceptor in pain perception. Treating the knockout mice with
lipopolysaccharide to induce COX enzyme expression and
prostanoid synthesis, only the IP and EP3 receptor-deficient
mice demonstrated significantly reduced pain perception,
whereas the response in EP1-, EP2-, and EP4-deficient mice
was similar to wild-type animals (341). These observations
together with the significantly elevated expression and sig-
naling of the IP receptor during the menstruation (343)
strongly suggest a role for this receptor in dysmenorrhea.
Future research is warranted to assess the pattern of expres-
sion and signaling of various prostanoid receptors in endo-
metrium of women with dysmenorrhea.

B. Other angiogenic/permeability factors

The expression pattern of other angiogenic factors and
their receptors may also contribute to the pathogenesis of

FIG. 5. Autocrine/paracrine regulation of prostanoid re-
ceptor signaling and the downstream effects on biolog-
ical function. This diagram illustrates that prostaglan-
dins are synthesized locally and subsequently released
to activate specific prostanoid receptors and initiate in-
tracellular signaling pathways. Activation of intracel-
lular signaling results in regulation of gene transcrip-
tion. These include up-regulation in expression of
various angiogenic factors and down-regulation of anti-
angiogenic factors. The alteration in gene expression can
in turn affect vascular function. AA, Arachidonic acid.
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heavy menses. Candidates that have been investigated in the
pathogenesis of excessive uterine bleeding include endothe-
lin, endometrial bleeding associated factor (EBAF), and the
angiopoietins. Endothelin is a 21-amino acid peptide of
which there are three different isoforms that are encoded by
distinct genes (246, 344). Endothelins act through interaction
with two receptor subtypes termed ETA and ETB (345). En-
dothelins and their receptors have been detected in the hu-
man endometrium and localized to various cellular compo-
nents including the endothelium (244, 346–348). In addition,
the expression of neutral endopeptidase (an exoenzyme that
inactivates endothelin) is localized in the endometrium, and
its activity is reported to decrease premenstrually, thus in-
creasing the local availability of endothelin during menstru-
ation (349). Endothelins have potent vasoconstrictor prop-
erties on vascular smooth muscle, and the increase in their
concentrations/function at the time of menstruation results
in contraction of spiral arterioles, initiating local ischemia
and resulting in menstrual bleeding. Endothelin expression
is reduced in women with excessive menstrual blood loss
possibly through enhanced metabolism by neutral endopep-
tidase. This may result in a fragile endometrium that is pre-
disposed to bleed through alteration in constrictive potential
of blood vessels (350).

Another gene whose expression has been investigated in
normal and excessive menstrual bleeding is EBAF, also
known as LEFTY-A (351). This gene was isolated by differ-
ential display technology to isolate genes whose expression
is confined to the perimenstrual phase (352). EBAF is a mem-
ber of the TGF-� superfamily, it is expressed in the stromal
compartment of the human endometrium, and its expression
is dramatically up-regulated (approximately 100-fold) at the
perimenstrual phase. Moreover, expression of EBAF is in-
creased and dysregulated in the endometrium of women
with abnormal endometrial bleeding (352). In vitro studies
suggest that EBAF stimulates the expression of a number of
MMPs that initiate tissue breakdown at menstruation. In-
terestingly, expression of EBAF and its effects on metallo-
proteinases is down-regulated by progesterone, thus sug-
gesting regulation of EBAF by inhibitory signals (351). The
exact molecular mechanism by which EBAF mediates its
cellular effects during menstruation remains to be
elucidated.

Further evidence to support the hypothesis that excessive
menstrual blood loss is associated with aberrant build up of
the vascular smooth muscle cells can be deduced from recent
data demonstrating disrupted expression of the angiopoi-
etins and their Tie-2 receptor. In women with menorrhagia,
expression of Ang-1 is significantly reduced, and that of Tie-2
is elevated in the endometrium. This results in a reduced
ratio of Ang-1 to Ang-2, with enhanced signaling of the latter
via the elevated Tie-2 receptor expression. This may result in
reduced vascular stability thereby contributing to excessive
blood loss at menstruation in women with menorrhagia (264,
275). Interestingly, the expression of angiopoietins is regu-
lated by COX enzymes (353) that are presumed to be elevated
in the endometrium of women with menorrhagia. It is tempt-
ing to speculate that the disrupted balance in angiopoietin
expression and signaling in the endometrium of women with
menorrhagia is mediated via the COX/prostanoid pathway.

Collectively, these data highlight the complexity and di-
versity of autocrine/paracrine factors that may be dysregu-
lated within the endometrial environment, thereby resulting
in an altered pattern of blood vessel development and func-
tion. Undoubtedly, when other angiogenic systems are in-
vestigated in detail, the list of dysregulated gene expression
and function in the endometrium of women with complaints
of heavy menses will expand.

VIII. Perspective and Future Direction

The advent of global mining of genes, using approaches
such as genomics and proteomics, will greatly enhance our
knowledge on the aberrations in gene expression in men-
strual disorders. Several researchers have applied such
global approaches to human endometrial function (5, 10, 147,
354, 355). These have included comparative studies to assess
the gene signatures at various stages of the menstrual cycle
such as proliferative vs. secretory phases. These studies were
initiated to investigate the genes that may be crucial in prep-
aration of the endometrium for the process of implantation.
It is anticipated that elucidation of these signatures will
greatly assist in the future in the development of therapeutic
strategies for pathologies of implantation failure (such as
recurrent miscarriage) or improper implantation/placenta-
tion (such as preeclampsia or intrauterine growth restric-
tion). Other studies have assessed the gene signatures in
aspects of endometrial pathologies such as endometriosis
(10, 355, 356). These global approaches when applied in con-
text of specific pathologies can give a great insight into the
various genetic and molecular pathways that may be asso-
ciated with the pathology and the cellular and phenotypic
changes that they may mediate. These in turn may outline
novel therapeutic intervention strategies.

The application of such approaches to menstrual disorders
will greatly advance our knowledge of the library of genes
that may be dysregulated in these complaints. Moreover,
they will outline the molecular signatures that are charac-
teristic of each of the menstrual complaints being investi-
gated. The challenge in the future is to unravel the exact
nature of the molecules, the cross-talk that may exist between
them, and the signaling pathways they activate that precip-
itate menstrual disorders. It is important to accurately assess
whether these pathways function independently or converge
to amplify specific signals that are crucial for the progression
of the dysfunctional state. Only with this knowledge will we
be able to apply novel therapeutic intervention strategies. It
is also important to bear in mind that menstrual disorders
may result from multiple etiologies. Hence, the selection
criteria for endometrial samples in the profiling studies have
to be carefully selected to accurately discriminate between
individual patient variability and the varying etiological
states that may contribute to a common pathology.

Research into menstrual disorders is hindered by the lack
of availability of rodent models to assess the role of various
factors in regulating menstrual function. Our knowledge of
the factors regulating menstrual function/dysfunction has
relied historically on candidate gene approaches with a re-
quirement for knowledge of the gene structure and sequence.
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This approach has been applied to investigate the variation
in expression of the candidate genes in the human endome-
trium across the menstrual cycle. The absence of rodent mod-
els to study menstrual problems has also necessitated that the
research community rely predominantly on the use of hu-
man clinical material to identify the candidate genes whose
expression may be dysregulated in the endometrium of
women with menstrual disorder. To this end, researchers in
the field have designed rigorous criteria for selection of clin-
ical material that fit the disorder being investigated. In ad-
dition, this has paved the way for the development of intri-
cate in vitro cell model systems that allow for the culture of
primary cells isolated from human endometrium. These cell
model systems have greatly enhanced our knowledge of the
cell-cell interaction/communication that exists in the human
endometrium. Hence, a further challenge in the future will
be the development of experimental strategies that will allow
us to assess the exact role of the various factors deduced from
gene mining studies in menstrual function/dysfunction and
which of these genes/pathways constitute a sensible target
for novel therapeutic application in the clinic.
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in heavy menstruation
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BACKGROUND: Although the mechanisms underlying the causes of heavy menstrual blood loss (MBL) remain to be
elucidated, prostaglandins have been previously implicated. This study was initiated to elucidate a pattern of
expression of the various components of the cyclooxygenase (COX)–prostaglandin signalling pathways present in
the endometrium of women with normal and heavy MBLs. METHODS: Endometrial biopsies were collected at differ-
ent stages of the menstrual cycle from women who underwent measurement of MBL. Tissue was divided for either
examination of gene expression by quantitative RT–PCR analysis or in vitro culture experimentation. RESULTS:
Analysis of gene expression demonstrated a significant elevation in expression of COX-1 and COX-2 mRNA in endo-
metrium obtained from women with heavy MBL when compared with endometrium obtained from women with
normal MBL. Tissue culture with PGE2 stimulation caused a significantly elevated production of cyclic AMP
(cAMP) by endometrium of women with heavy MBL when compared with normal MBL. Expression of phosphodi-
esterase 4B, an enzyme involved in cAMP breakdown, was reduced in these same endometrial samples obtained
from women with heavy MBL. CONCLUSIONS: These data identify the E series prostaglandin receptors and
their signalling pathways as potential therapeutic targets in the treatment of heavy menstruation.

Key words: cyclooxygenase/heavy menstruation/menorrhagia/prostaglandin receptors

Introduction

Initial studies of menstrual fluid identified vasoactive sub-

stances with the capabilities of inducing contractions in strips

of ileal muscle (Pickles, 1957). These were subsequently ident-

ified as prostaglandins F2a (PGF2a) and E2 (PGE2), the two

most abundant prostaglandins found in the endometrium and

menstrual fluid (Lumsden et al., 1983). Evidence has since

continued to mount, supporting a role for prostaglandins in

menstruation (Baird et al., 1996).

In the prostaglandin synthesis pathway, the cyclooxygenase

(COX) enzymes generate PGH2 from arachidonic acid. There

are two main isoforms of the COX enzyme: COX-1 and

COX-2. COX-1 is constitutively expressed in many tissues

and generates prostaglandins for normal physiological function,

whereas COX-2 is rapidly induced in cells in response to varied

stimuli (Vane et al., 1998). Once synthesized, PGH2 acts as an

intermediary for a specific terminal prostaglandin synthase

enzyme. Synthesized prostaglandins mediate their actions via

seven-transmembrane G-protein coupled receptors (GPCRs).

PGE2 can couple to four subtypes of GPCRs, which have

been pharmacologically classified as EP1, EP2, EP3 and EP4

(Coleman et al., 1994). These receptors are often co-expressed

together in the same cell and, utilize alternate and, in some

cases, opposing intracellular signalling pathways (Ashby,

1998). EP2 and EP4 receptors, previously demonstrated in

human endometrium (Milne et al., 2001), are coupled to G pro-

teins (Gas) and adenylyl cyclase, resulting in the increased for-

mation of cyclic AMP (cAMP). PDE4 is a member of the

phosphodiesterase family of enzymes, which has been pre-

viously demonstrated in human endometrium (Bartsch et al.,

2004), and is specific for the hydrolysis of cAMP (Sanz et al.,

2005). The level of accumulation of the second messenger,

cAMP, in response to prostaglandin signalling may therefore

be dependent on the level of PDE4 activity. The PGE2

pathway has previously been implicated in the problem of

heavy menstrual blood loss (MBL) (Willman et al., 1976;

Smith et al., 1981; Adelantado et al., 1988), although specific

signalling mechanisms have yet to be elucidated. Additional
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prostaglandins include prostacyclin and thromboxane, which

act upon their respective receptors (IP and TBXR). Prostacyclin

and thromboxane are best known for their effects on the vascu-

lar endothelium, where their synthesis is well noted (Ullrich

et al., 2001). Menstruation is an active process whereby the

upper two-thirds of the endometrium, the functional layer, are

shed and regenerated on a cyclical basis. Menstrual problems

account for much of the morbidity that occurs in women of

reproductive age. Thirty percentage of women consider their

menstruation to be excessive, rising to 50% in perimenopausal

women (Prentice, 1999, 2000). Management typically involves

invasive surgery. In 2002–3, over 13 000 surgical procedures

(hysterectomy and endometrial ablation) were performed in

UK for complaints of heavy bleeding (Reid and Mukri,

2005). An estimated 3.5 million workdays are lost annually

(Weeks et al., 2000).

The objective definition of heavy MBL is often based on the

measurement of menstrual haemoglobin content. This method

of measurement was first described in Scandinavian studies,

which demonstrated the mean MBL to be 40 ml. Regular

MBL in excess of 63 ml was associated with iron deficiency

anaemia (Hallberg, 1964; Hallberg et al., 1966). The 90th

centile for measured blood loss was 80 ml and this has tra-

ditionally been accepted as the upper limit of normal in clinical

evaluation of MBL.

Previous investigations into the aetiology of heavy MBL

have not been able to discover any differences in circulating

steroid hormone levels (Eldred and Thomas, 1994) or

any specific histological differences within the endometrium

(Rees et al., 1984) of women with heavy MBL when compared

with women with normal MBL. Additionally, there is no differ-

ence in endometrial expression of estrogen and progesterone

receptors (Critchley et al., 1994). However, evidence does

exist implicating local mediators, in particular, prostaglandins

(Sales and Jabbour, 2003). Increased levels of total prostaglan-

dins have been found in endometrium taken from women with

heavy MBL (Smith et al., 1981). Furthermore, treatment using

inhibitors of COX enzymes has repeatedly been shown to

reduce MBL (Cameron et al., 1990; Coulter et al., 1995;

Bonnar and Sheppard, 1996), implicating disturbances of

prostaglandin pathways in the aetiology of excessive menstrual

bleeding, although the mechanisms underlying the cause of

heavy blood loss remain to be elucidated.

This study was initiated to determine a pattern of expression

of the various components of the COX–prostaglandin signal-

ling pathways present in the endometrium of women with

normal and heavy MBLs (.80 ml). This is based on the

hypothesis that disturbances of local mediator signalling,

including prostaglandin signalling, are implicated in the

aetiology of heavy MBL.

Materials and methods

Tissue collection and measurement of MBL

Patients complaining of heavy menstruation were recruited

from the gynaecological outpatient setting. Ethical approval

was obtained from the Lothian Research Ethics Committee

and written informed consent was obtained from all subjects

before tissue collection. All subjects were aged 18–50 (range

22–49; mean 40 years of age). All subjects reported

regular menstrual cycles (cycle length 21–35 days), with no

unscheduled, non-menstrual bleeding. No woman had received

hormonal preparation in the 3 months preceding biopsy

collection. Patients were clinically examined and clinical

pelvic abnormalities, such as an enlarged uterus, were further

investigated by pelvic ultrasound imaging. Patients with

known uterine pathology such as fibroid disease and endome-

triosis were excluded from the study.

Endometrial biopsies (n ¼ 26) were collected for research

purposes at different stages of the menstrual cycle with an

endometrial suction curette (Pipelle, Laboratoire CCD, Paris,

France). No biopsies were taken during the menstrual phase

of the cycle because of technical difficulties in obtaining

sufficient quantities of endometrium suitable for RNA analysis.

Biopsies were dated according to stated last menstrual period

(LMP) and dating was confirmed by histological assessment

according to criteria of Noyes et al. (1950). Furthermore,

circulating estradiol and progesterone serum levels were

measured at the time of biopsy collection and were consistent

for both LMP and histological assessment of the menstrual

cycle stage. This is a robust method for characterizing endo-

metrial samples. Detailed gene microarray studies support

this method for characterizing endometrial samples with

consistency across these three parameters (Critchley et al.,

2006; Talbi et al., 2006).

Inconsistencies between measured circulating hormone

levels, stated day of LMP and/or histological assessment,

led to exclusion of three tissue biopsies from the study.

Table I provides a summary of the biopsies (n ¼ 23) used

within this work.

Immediately after collection, tissue was divided, transferred

into RNA Later (Ambion Inc., Huntingdon, UK) and stored

at 2708C (for RNA extraction), fixed in neutral-buffered

formalin for wax embedding (for histological dating) and

placed in Rosewell Park Memorial Institute (RPMI) 1640

medium (containing 2 mM L-glutamine, 100 U penicillin and

100 mg ml21 streptomycin) and transported to the laboratory

for in vitro culture.

In addition to consenting to provide an endometrial biopsy,

patients agreed to undergo measurement of MBL over one

menstruation. Measurement was based on a modified

alkaline–haematin method as previously described (Hallberg,

1964). Briefly, used sanitary products were added to a

measured volume of 5% sodium hydroxide (between 2 and

4 l). The contents were then left for 48 h to allow conversion

of haemoglobin to haematin. During this same time period,

Table I. Summary of collected endometrial biopsies

Stage of menstrual cycle Number of biopsies

Menstrual blood
loss (MBL) �80 ml

MBL .80 ml

Proliferative 7 5
Secretory 6 5
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a 1 in 200 dilution of the patient’s venous blood in 5% sodium

hydroxide was made and additionally stored. After 48 h, an

aliquot of sodium hydroxide was removed from the volume

soaking the sanitary products and filtered through hardened

filter paper (Whartman No. 54, Maidstone, UK). The optical

density (OD) of MBL solution and venous blood sample

were then measured using spectrophotometry at 546 nm (A546).

MBL was then calculated as a quantity of patient’s own

venous blood using the following equation (van Eijkeren

et al., 1986):

MBL ¼

ðOD of menstrual blood solution

� total volume of added NaOHÞ

ðOD of venous blood� 200Þ

Validation work for this method of measuring MBL has pre-

viously been carried out (data not shown).

The range of measured MBL was between 10 and 567 ml

with a median MBL of 42 ml for the normal group (MBL

.80 ml) and a median MBL of 183 ml for the heavy group

(MBL .80 ml). All patients provided informed consent for

collection of an endometrial biopsy during the month proceed-

ing or immediately following collection of their menstrual loss.

Whole tissue cAMP assay

Endometrial biopsies from proliferative and secretory phases

of the menstrual cycle were minced finely with scissors and

incubated overnight in RPMI medium containing 3 mg ml21

indomethacin (an inhibitor of COX-1 and COX-2 enzymes).

Following overnight treatment, approximately one-third of

the tissue was removed and stored at 2208C. The remaining

tissue was incubated in the same medium containing 1 mM

1-methyl-3-isobutylxanthine (IBMX, Sigma, Poole, UK) for

30 min. (IBMX inhibits the action of phosphodiesterases and

prevents the rapid degradation of cAMP.) It was then divided

into two portions and treated with control medium or 100 nM

PGE2 for 10 min. Tissue was then lysed in 0.1 M HCl and

frozen until assayed. Cyclic AMP concentration was measured

by enzyme-linked immunosorbent assay (Biomol, Affiniti,

Exeter, UK) in accordance with the manufacturer’s instructions

and normalized to protein concentration determined by protein

assay according to the manufacturer’s instructions (Bio-Rad,

Hemel Hempstead, UK).

Taqman quantitative reverse transcriptase–polymerase
chain reaction

The expression of COX enzymes across the menstrual cycle

and the expression of prostanoid receptors in endometrium

characterized by MBL were investigated by quantitative RT–

PCR. Total RNA was extracted from endometrial biopsies

using the commercially available product RNeasy Midi Kit

(Qiagen Ltd, Sussex, UK), according to the manufacturer’s

instructions. Each tissue sample was able to provide sufficient

quantities of RNA for the complete analysis of our target genes.

Samples were treated for DNA contamination by DNA diges-

tion during RNA purification. Following extraction, total

RNA was eluted in 150 ml of nuclease-free water and stored

at 2808C. Quality of RNA was assessed using the Agilent

2100 Bioanalyser system in combination with RNA6000nano

chips (Agilent Technologies, Cheshire, UK). Only RNA that

displayed intact 18S and 28S peaks was reverse transcribed

to cDNA for real-time PCR analysis.

Once extracted and quantified, RNA samples were reverse

transcribed as previously described (Milne et al., 2001; Sales

et al., 2004). Thereafter, cDNA samples were stored at

2208C. A tube with no reverse transcriptase was included to

control for any DNA contamination.

Real-time quantitative PCR was performed using an ABI

7700 Sequence Detection System (Applied Biosystems,

Warrington, UK) as previously described (Milne et al., 2001;

Sales et al., 2004) using duplicate samples. A no-template

control (containing water) was included. The inclusion of ribo-

somal 18S primers and probes was used to act as a housekeep-

ing gene for each reaction mix. All primers and probes were

designed using the PRIMER express programme (Applied

Biosystems) and their sequences can be found in Table II.

Data were analysed and processed using Sequence Detector

version 1.6.3 (Applied Biosystems) according to manufac-

turer’s instructions. Expression of target genes was normalized

to RNA loading for each sample using 18S ribosomal RNA as

an internal standard. All results were expressed relative to a

control standard (cDNA obtained from a single sample of

endometrial tissue and included in all experiments).

Statistical analysis

The quantitative RT–PCR data did not consistently fulfil the

assumptions necessary for using analysis of variance

(ANOVA) and t-test; therefore, the non-parametric Mann–

Whitney test was used (Graphpad InStat3) and statistical signifi-

cance accepted when P , 0.05. Cyclic AMP assay data were

subjected to statistical analysis with ANOVA and Fishers

PLSD tests (Statview 4.0; Abacus Concepts Inc., Piscataway,

NJ, USA) and statistical significance accepted when P , 0.05.

Results

Quantitative RT–PCR analysis of genes involved with
prostaglandin signalling

Analysis of mRNA expression for a variety of genes associated

with prostanoid signalling within the endometrium by quanti-

tative RT–PCR was performed. Analysis of COX-1 and

COX-2 mRNA expressions demonstrated a significant increase

in secretory endometrium of women with MBL in excess of

80 ml when compared with endometrium of women with

MBL ,80 ml (Figure 1).

No significant differences in endometrial expression were

detected for prostacyclin or thromboxane receptors. Regarding

the receptors for PGE2, no significant differences in expression

were detected between the two groups of endometrial samples

for EP2, EP3 and EP4. The mRNA expression of EP1 was sig-

nificantly increased in secretory endometrium of women with

heavy MBL when compared with normal MBL. Finally,

mRNA expression of the receptor for PGF2a (FP) was signifi-

cantly reduced in proliferative endometrium of women with

heavy MBL when compared with normal MBL (Figure 2).
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Functional PGE2 receptor signalling in endometrium
of women with measured MBL

The PGE2 receptors, EP2 and EP4, are known to activate the

cAMP/protein kinase A pathway within the human endometrium

(Milne et al., 2001; Regan, 2003). To investigate the potential

differences in PGE2 receptor function between endometrial

samples of women with measured MBL, we therefore looked

at cAMP production as an end-point for receptor function.

Table II. Sequences of primers and probes used for Taqman RT-PCR analysis

Cyclooxygenase-1 (COX-1) Forward 50-TGT TCG GTG TCC AGT TCC AAT A-30

Reverse 50-ACC TTG AAG GAG TCA GGC ATG AG-30

Probe 50-CGC AAC CGC ATT GCC ATG GAG T-30

Cyclooxygenase-2 (COX-2) Forward 50-CCT TCC TCC TGT GCC TGA TG-30

Reverse 50-ACA ATC TCA TTT GAA TCA GGA AGC T-30

Probe 50-TGC CCG ACT CCC TTG GGT GTC A-30

Prostaglandin E2 receptor type 1 (EP1) Forward 50-AGA TGG TGG GCC AGC TTG T-30

Reverse 50-GCC ACC AAC ACC AGC ATT G-30

Probe 50-CAG CAG ATG CAC GAC ACC ACC ATG-30

Prostaglandin E2 receptor type 2 (EP2) Forward 50-GAC CGC TTA CCT GCA GCT GTA C-30

Reverse 50-TGA AGT TGC AGG CGA GCA-30

Probe 50-CCA CCC TGC TGC TGC TTC TCA TTG TCT-30

Prostaglandin E2 receptor type 3 (EP3) Forward 50-GAC GGC CAT TCA GCT TAT GG-30

Reverse 50-TTG AAG ATC ATT TTC AAC ATC ATT ATC A-30

Probe 50-CTG TCG GTC TGC TGG TCT CCG CTC-30

Prostaglandin E2 receptor type 4 (EP4) Forward 50-ACG CCG CCT ACT CCT ACA TG-30

Reverse 50-AGA GGA CGG TGG CGA GAA T-30

Probe 50-ACG CGG GCT TCA GCT CCT TCC T-30

Prostaglandin F2a receptor (FP) Forward 50-GCA GCT GCG CTT CTT TCA A-30

Reverse 50-CAC TGT CAT GAA GAT TAC TGA AAA AAA TAC-30

Probe 50-CAC AAC CTG CCA GAC GGA AAA CCG-30

Thromboxane receptor (TBXR) Forward 50-TGG TGG TGG CCA GCG T-30

Reverse 50-CGG GTT TCG CAG CAC TGT-30

Probe 50-TGC CCC TTC TGG TCT TCA TCG CCC-30

Prostacyclin receptor (IP) Forward 50-GCC CTC CCC CTC TAC CAA-30

Reverse 50-TTT TCC AAT AAC TGT GGT TTT TGT G-30

Probe 50-CCA AGA GCC AGC CCC CTT TCT GC-30

Phosphodiesterase 4B Forward 50-CCT TCA GTA GCA CCG GAA TCA-30

Reverse 50-CAA ACA AAC ACA CAG GCA TGT AGT T-30

Probe 50-AGC CTG CAG CCG CTC CAG CC-30

18S Forward 50-CGT CTA CCA CAT CCA AGG AA-30

Reverse 50-GCT GGA ATT ACG GGG GCT-30

Probe 50-TCG TGG CAC CAG ACT TGC CCT C-30

Figure 1. Box plot demonstrating relative cyclooxygenase-1 (COX-1) and COX-2 mRNA expression in proliferative and secretory endometrium
of women with normal and heavy measured menstrual blood losses (MBLs) (normal MBL �80 ml and heavy MBL .80 ml). The data are pre-
sented as box-and-whisker plots: box represents the 25th and 75th percentiles and the heavy bar represents the median. The whiskers are the 10th
and 90th percentiles. NP, normal proliferative (n ¼ 7); HP, heavy proliferative (n ¼ 5); NS, normal secretory (n ¼ 6); HS, heavy secretory
(n ¼ 5). Asterisk indicates significant difference (P , 0.05).
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Cyclic AMP production in response to treatment with

100 nM PGE2 was higher in endometrial tissue explants col-

lected from women with heavy MBL when compared with

endometrium of women with normal MBL (Figure 3A).

As described earlier, the analysis of prostanoid receptor

mRNA expression did not detect any significant differences

for EP2 or EP4 in endometrium of women with measured

MBL. Therefore, in order to investigate whether effects at

the post-receptor level could explain this enhanced functional-

ity of the EP receptor, we investigated the expression of phos-

phodiesterase isotype 4B (PDE4B) in the same endometrial

samples. Quantitative RT–PCR analysis demonstrated a sig-

nificant reduction in the expression of PDE4B in secretory

endometrium of women with heavy MBL, compared with

normal MBL (Figure 3B).

Discussion

This study demonstrates significantly elevated levels in mRNA

expression of both COX-1 and COX-2 enzymes in endome-

trium obtained from women with measured heavy MBL.

These data suggest that it is important to use a general inhibi-

tor of both COX-1 and COX-2 enzyme action in treating the

complaint of heavy menstruation. Mefenamic acid, a COX

inhibitor and a member of the Fenamate family of drugs, is

routinely used as a first-line treatment for menorrhagia. As

well as inhibiting prostaglandin synthesis, it has been shown

to inhibit binding of PGE2 to its receptors (Rees et al.,

1988). In keeping with this dual mode of action, the PGE2

pathway has previously been implicated in the problem of

heavy MBL. Elevated levels of PGE2 have been found in

the endometrium of women complaining of heavy periods

Figure 2. Composite figure of box plot graphs demonstrating relative mRNA expression for prostanoid receptors in proliferative and secretory
endometrium of women with normal and heavy measured menstrual blood losses (MBLs) (normal MBL �80 ml and heavy MBL .80 ml). The
data are presented as box-and-whisker plots: box represents the 25th and 75th percentiles and the heavy bar represents the median. The whiskers
are the 10th and 90th percentiles. NP, normal proliferative (n ¼ 7); HP, heavy proliferative (n ¼ 5); NS, normal secretory (n ¼ 6); HS, heavy
secretory (n ¼ 5). EP1 to EP4 are the receptors for prostaglandin E2; FP is the receptor for prostaglandin F2a; TBXR is the receptor for thrombox-
ane and IP is the receptor for prostacyclin. Asterisk indicates significant difference (P , 0.05).

O.P.Milling Smith, H.N.Jabbour and H.O.D.Critchley

1454

D
ow

nloaded from
 https://academ

ic.oup.com
/hum

rep/article-abstract/22/5/1450/2913830 by Edinburgh U
niversity user on 27 February 2020



(Willman et al., 1976) and further experiments confirmed an

apparent shift in synthesis in favour of PGE2 over PGF2a in

the endometrium of women with heavy MBL (Smith et al.,

1981).

Additionally, our data demonstrate an enhanced PGE2–

EP-induced cAMP production in the endometrium obtained

from women with heavy MBL; however, the expression of

EP2 and EP4 receptors, which are known to couple to

cAMP production, does not display any significant correlation

with measured MBL in our studies. Previous data have

demonstrated an increase in PGE2 binding sites in uterine

tissue associated with the complaint of heavy MBL

(Adelantado et al., 1988), although specific receptor subtypes

were not identified. Indeed, it is plausible that EP2 and

EP4 receptor numbers could be regulated at the post-

transcriptional level, resulting in increased PGE2 receptor

binding sites. PGF2a and PGE2 are two prominent prostaglan-

dins found in human endometrium (Lumsden et al., 1986). In

the endometrium, PGF2a receptor (FP) and PGE2 receptors,

EP2 and EP4, are responsible for their respective ligand

action. Although there was a reduction in the expression of

FP in the endometrium taken from women with heavy

MBL, no changes in the expression of EP2 and EP4 were

found. Therefore, a shift of endometrial prostaglandin signal-

ling in favour of the PGE2 pathway over the PGF2a pathway

may exist in the endometrium of women with heavy MBL.

Previous work has shown a decrease in the PGF2a/PGE2

ratio in the endometrium of women with measured heavy

MBL when compared with women with normal MBL

(Smith et al., 1981).

The COX-2–PGE2–EP pathway has previously been

shown to influence angiogenic factors such as vascular endo-

thelial growth factor through a mechanism mediated by

cAMP (Sonoshita et al., 2001). Therefore, the enhanced

ability for cAMP production by endometrium taken from

women with heavy MBL may have important effects on

the expression of angiogenic factors. Altered endothelial

function as a result of disturbances to angiogenic factors

has previously been implicated in excessive MBL (Kooy

et al., 1996).

Thromboxane and prostacyclin are implicated in platelet

function and vascular haemostasis (Grosser et al., 2006) and

there is a strong expression of their respective receptors in

the endometrial vascular compartment (Milling Smith et al.,

2006; Battersby, unpublished data). However, no differences

in the expression of the genes involved in their signalling path-

ways downstream of COX enzymes were detected between the

two groups of the endometrium of women with heavy and

normal MBLs.

PDEs are a large family of enzymes that are responsible for

the hydrolysis of cyclic nucleotides (Sanz et al., 2005). PDE4B

is an isoenzyme that is found in the human endometrium

(Bartsch et al. 2001, 2004) and shows specificity for hydrolysis

of cAMP. We have shown that in addition to an enhanced

ability to produce cAMP in response to PGE2, endometrium

taken from women with heavy MBL expresses a significantly

reduced level of PDE4B isoform mRNA.

In summary, increased expression of the rate-limiting COX

enzymes in the endometrium of women with heavy MBL will

lead to an increase in prostaglandin production and signalling.

In addition, enhanced functionality of the EP receptors coupled

to cAMP production could in part be explained by a reduction

in PDE4B expression within endometrium of women with

heavy MBL.

Our data, therefore, present a novel mechanism of endo-

metrial prostaglandin signalling that may lead to the complaint

of heavy menstruation. Enhanced COX–PGE2 signalling and

reduced PDE4B expression in the endometrium of women

with heavy MBL present us with new therapeutic opportunities

in the treatment of heavy menstrual bleeding.

Figure 3. (A) Cyclic AMP (cAMP) production by endometrial tissue explants in response to a 10 min stimulation with 100 nM PGE2 or vehicle.
Graph shows average fold increase in cAMP production by endometrium of women with normal and heavy menstrual blood losses (MBLs)
(normal MBL �80 ml and heavy MBL .80 ml). Asterisk indicates significant elevated cAMP production (P , 0.05). (B) Phosphodiesterase
4B (PDE4B) mRNA expression in endometrium of women with normal and heavy MBLs (normal MBL �80 ml and heavy MBL .80 ml) as
determined by real-time quantitative RT–PCR. The data are presented as box-and-whisker plots: box represents the 25th and 75th percentiles
and the heavy bar represents the median. The whiskers are the 10th and 90th percentiles. NP, normal proliferative (n ¼ 7); HP, heavy proliferative
(n ¼ 5); NS, normal secretory (n ¼ 6); HS, heavy secretory (n ¼ 5). Asterisk indicates significant difference (P , 0.05).
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BACKGROUND: Asoprisnil is a selective progesterone receptor modulator with mixed progesterone agonist/
antagonist activity which controls uterine bleeding via an endometrial effect. This study examined full-thickness endo-
metrial, leiomyoma and myometrial morphology in hysterectomy specimens from patients with uterine leiomyomata,
after treatment with asoprisnil for 3 months. METHODS: In this double-blind, randomized, placebo-controlled study,
33 subjects with uterine leiomyomata were randomized to receive asoprisnil 10, 25 mg or placebo for an average of 95
days prior to hysterectomy. Samples of endometrium, myometrium and leiomyoma tissue were subjected to systema-
tic morphological assessment with quantification of mitotic activity. RESULTS: In patients treated with 10 or 25 mg
asoprisnil, a unique pattern called ‘non-physiologic secretory effect’ was evident in endometrium, recognizable
through partially developed secretory glandular appearances and stromal changes. Endometrial thickness was
decreased, and there were low levels of mitotic activity in endometrial glands and stroma. Unusual thick-walled mus-
cular arterioles and prominent aggregations of thin-walled vessels were present in endometrial stroma, but not in
myometrium or non-endometrial vascular beds. Mitotic activity was decreased in leiomyomata. CONCLUSIONS:
Asoprisnil induces unique morphological changes and is associated with low levels of glandular and stromal prolifer-
ation in endometrium, and in leiomyomata. These changes are likely to contribute to the amenorrhoea experienced
after exposure to the medication.

Keywords: asoprisnil/cell-proliferation/endometrium/histopathology/progesterone receptor

Introduction

Asoprisnil is a member of a developing class of selective pro-

gesterone receptor modulators (SPRMs) being studied in

women with symptomatic uterine leiomyomata. SPRMs are

progesterone receptor (PR) ligands that exert clinically relevant

tissue-selective progesterone agonist, antagonist or partial or

mixed agonist/antagonist effects on various progesterone

target tissues in an in vivo situation depending on the biological

action studied (Chwalisz et al., 2005b). Asoprisnil, a steroidal

11b-benzaldoxime-substituted SPRM, exhibits mixed pro-

gesterone agonist/antagonist activities in animals (DeManno

et al., 2003; Schubert et al., 2005), and high degree of

uterine selectivity in women (Chwalisz et al., 2005a). In

contrast to pure progesterone antagonists that inhibit ovulation

and do not show tissue-selective effects, asoprisnil suppresses

uterine bleeding in the presence of follicular phase estrogen

concentrations irrespective of the effects on ovulation. It con-

trols uterine bleeding in a dose-dependent manner by an

unknown mechanism and appears to target endometrium

specifically (Chwalisz et al., 2005a). In addition, asoprisnil

exerts endometrial antiproliferative effects in non-human pri-

mates (Chwalisz et al., 2005b) and reduces leiomyoma

volume in humans (Chwalisz et al., 2003). These effects

provide the rationale for its use in the treatment of uterine leio-

myomata, in which abnormal uterine bleeding is a common

symptom.
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All rights reserved. For Permissions, please email: journals.permissions@oxfordjournals.org

1696

Human Reproduction Vol.22, No.6 pp. 1696–1704, 2007 doi:10.1093/humrep/dem026

Advance Access publication on March 5, 2007

D
ow

nloaded from
 https://academ

ic.oup.com
/hum

rep/article-abstract/22/6/1696/607838 by Edinburgh U
niversity user on 27 February 2020



Uterine leiomyomata (fibroids or myomas) are common

benign smooth muscle neoplasms originating in myometrium.

They occur in at least 50% of women of reproductive age,

and although many are asymptomatic, they commonly lead

to troublesome symptoms of heavy menstrual bleeding, as

well as pressure symptoms and infertility. Symptoms attribu-

table to leiomyomata are the primary indication for 200 000–

300 000 hysterectomies performed each year in the USA

among premenopausal women (Schwartz, 2001). At present,

there is no entirely satisfactory medical treatment for manage-

ment of women with symptomatic leiomyomata.

The present randomized double-blind placebo-controlled

study was therefore designed to allow detailed histological

assessment of full-thickness endometrium, myometrium and

leiomyomata in samples from hysterectomy specimens of

patients with symptomatic leiomyomata who had been admi-

nistered 10 or 25 mg asoprisnil daily for 12 weeks prior to

surgery. These doses were selected as previous studies

(Chwalisz et al., 2005a, b) have shown dose-dependent revers-

ible suppression of menstruation at doses �10 mg, and dose-

dependent reduction of leiomyomata and uterine volume.

The focus of this study was on the endometrial effects. The

endometrium seems to be the most sensitive target for SPRMs,

since the effects of asoprisnil on uterine bleeding and endo-

metrial morphology were evident at doses that did not mark-

edly inhibit luteinization indicative of ovulation and ovarian

estrogen secretion. In addition, compounds with partial pro-

gesterone antagonist effects have the potential to induce ‘unop-

posed’ estrogen effects on the endometrium and create,

therefore, concerns about endometrial safety. Finally, early

studies with asoprisnil revealed that this compound induces

unique changes in the endometrium, characterized as ‘non-

physiologic secretory effects’ that have not been described

with any known pharmacological agent before (Chwalisz

et al., 2005a). It was clear in this and other unpublished

studies that hitherto undescribed changes were present in the

endometria of asoprisnil-treated patients, and conventional

assessment using the criteria of Noyes et al. (1950) was not

appropriate. The evaluation of full thickness, highly oriented

endometrial specimens obtained during hysterectomy provided

a unique opportunity to study the effects of asoprisnil in all

layers of the endometrium, including the basalis, which is not

accessible by Pipelle endometrial biopsies.

Materials and Methods

Women studied

The study group was composed of premenopausal women volunteers

from four centres (Edinburgh, Southampton, Glasgow and Liverpool)

in good general health with a menstrual cycle between 17 and 42 days,

and symptoms related to overall fibroid size, pressure and/or heavy

uterine bleeding (per protocol), who were scheduled for hysterectomy.

Each patient had at least one intramural non-pedunculated, submuco-

sal or subserosal fibroid with a diameter of at least 2 cm or multiple

small fibroids with uterine volume �200 cm3 on ultrasonography.

Other inclusion criteria included age over 18 years; negative preg-

nancy test; a washout period of 2–12 months for hormonal therapies;

serum FSH of ,30 mIU ml21 at commencement; agreement to use

double barrier method of contraception (condom/diaphragm/sponge

plus spermicide) throughout the study until hysterectomy, unless sur-

gically sterile by bilateral tubal ligation or vasectomy of partner and

normal Papanicolaou (PAP) test. Subjects were not permitted to

enter the study without a normal endometrial biopsy report based on

an adequate specimen taken within 3 months of commencement.

Screening data were collected in the clinic by study nurses or gynae-

cologists. All subjects voluntarily signed a full informed consent form.

The study was performed according to the ethical principles of the

Declaration of Helsinki (1989 revision) and the protocol was approved

by the Institutional Review Board (Multicentre Research Ethics

Committee).

Study design

This was a Phase 2 multicentre randomized double-blind placebo-

controlled study of asoprisnil administered for 12 weeks. Dose selec-

tion was based upon data from Phase I and Phase II studies (publi-

cations in preparation) in which asoprisnil at doses of 5, 10, and

25 mg has been shown to be safe in subjects treated for 12 weeks. Aso-

prisnil 10 and 25 mg doses and the 12-week duration of treatment were

chosen because they were effective for treatment of excessive bleed-

ing, in reducing leiomyoma and uterine volumes and in decreasing

mass effect symptoms, such as pelvic pressure and bloating, over a

3-month treatment period.

At baseline, screening procedures (performed within 45 days of

study commencement) included pelvic and breast examination, com-

plete physical examination, PAP test (ThinPrepw Pap Test, Cytyc

Corp), ECG, transvaginal ultrasound, endometrial biopsy (Unimar

Pipellew Endometrial Suction Curette, Medscand), contraception

counselling and clinical laboratory investigations: chemistry, haema-

tology, urinalysis, endocrine panel, lipid profile, coagulation screen

and serum and urine pregnancy tests. After successful enrollment

based on inclusion and exclusion criteria, women were sequentially

assigned subject numbers in ascending numerical order that encoded

the assignment of the woman, via a randomization schedule, to one

of the three treatment arms of the study. Subjects were randomized

to one of three parallel dose groups in a 1:1:1 ratio to receive daily

doses of asoprisnil 10, 25 mg or placebo. Subjects and all study per-

sonnel were blinded to treatment groups. Asoprisnil or placebo

tablets were supplied in blister cards of identical appearance, supplied

to the site packaged in sealed kits. Drug was self-administered as an

oral dose taken once daily. Treatment was initiated no later than the

fifth day of the subject’s menstrual cycle, and continued for 12

weeks, when subjects were to undergo hysterectomy within 24 h of

the final dose of drug. The subjects returned all used and unused

study medication blister cards at 8-week and final visits so that verifi-

cation of medication compliance could be monitored. The effects of

asoprisnil on clinical and safety parameters will be reported

separately.

Hysterectomy and processing of uterine samples

After removal of the uterus, the unfixed specimen was placed on ice

immediately and taken without delay to the local pathology labora-

tory, where the study pathologist or deputy was on hand to open and

sample the specimen. The specimen was oriented and a probe inserted

through the external os of the cervix to define the position of the

cavity. The uterus was opened using a long-bladed knife along the

plane of the probe. The opened specimen was then placed in an ade-

quate volume of 10% buffered formaldehyde and allowed to fix over-

night. For large specimens, parallel parasagittal slices 2 cm in

thickness were made to permit adequate fixation overnight. The fol-

lowing day, the pathologist sampled the specimen for routine diagnos-

tic reporting, and took additional blocks for study assessment. The

additional blocks consisted of three blocks from the uterine fundus,

Uterine effects of asoprisnil
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mid-corpus and isthmus, respectively, ideally to include full thickness

from endometrium, myometrium and serosal surface, but in any case

including full thickness of endometrium with underlying myome-

trium. Endometrial samples were taken from areas away from leio-

myomata wherever possible. Leiomyomata were separately sampled.

All specimens were processed by routine methods to paraffin wax,

and 3 mm haematoxylin–eosin sections were prepared by microtomy

and mounted on glass slides. Histological sections of endometrium

were considered unsuitable for assessment if a leiomyoma was

present within 10 mm of the endometrium.

Histological assessment of endometrium

During Phase I studies with asoprisnil, it became clear that SPRMs

including asoprisnil induce unique changes in the endometrium that

cannot be assessed by currently used criteria of endometrial dating

(i.e. the Noyes criteria) (Noyes et al., 1950), because of differential

effects on glands and stroma. As a result, TAP Pharmaceutical Pro-

ducts Inc., Lake Forest, IL, Diagnostic Cytology Laboratories, India-

napolis, IN, USA, and a group of expert gynaecological pathologists

developed a list of diagnostic criteria that allows for classification of

changes induced by SPRMs (‘Dictionary of Endometrial Biopsy Diag-

noses for Clinical Trials with SPRMs’—data on file). This system sup-

plements the conventional descriptive criteria of the normal menstrual

cycle as described by Noyes, and in Blaustein’s Pathology of the

Female Genital Tract (Mutter and Ferenczy, 2002), but includes

additional categories that are considered characteristic of the effects

of SPRMs.

Haematoxylin–eosin stained sections of full-thickness endome-

trium and underlying myometrium from fundus, mid-corpus and

isthmus and samples of fibroids were evaluated by a gynaecological

pathologist blinded to treatment groups. The maximum single endo-

metrial thickness on each section was measured using an eyepiece

micrometer. Overall endometrial appearances were classified accord-

ing to the classification system described earlier. Individual histologi-

cal characteristics of endometrial glands, stroma and vessels were

analysed by assigning a descriptive subcategory, as shown in

Tables 1 and 2. Myometrium was assessed for any histological

changes or abnormalities, and for the presence or absence of adeno-

myosis. Leiomyomata were assessed for histological type (usual, cel-

lular, epithelioid, symplastic, myxoid, leiomyoma with heterologous

elements, other) and for degenerative effects (no degenerative

changes, hyaline degeneration, cystic degeneration, myxoid or

mucoid degeneration, coagulative necrosis, calcification, fatty

degeneration).

Non-endometrial tissues, when submitted with the hysterectomy

specimens, were also examined histologically. These comprised

samples of ovaries, Fallopian tubes and cervix. As these were the

only non-uterine tissue samples available, it was of particular interest

to assess the vascular beds to determine whether the changes in endo-

metrial vessels were specific to that site, or could be seen in other

tissues.

Assessment of mitotic activity

Glandular and stromal mitoses per unit area of endometrium were

quantified separately by counting the number of unequivocal mitotic

figures present per 10 high-power microscope fields of endometrium

(Olympus BX51,�40 objective, field diameter 0.55 mm). Counting

was commenced in the area identified by prior microscopic assessment

Table 1. Morphological categories of endometrial glandular histology

Morphology Category

Variants of normal
cycle

Simple tubules, minimum undulation
Simple tubules, undulation as seen in normal

proliferative phase
Tubules, undulation as seen in early secretory

phase
Glands with morphology of mid or late secretory

phase
Mixed (less than 80% show one pattern)

Cystic dilatation No cystic dilation
,10% of glands
10–25% of glands
.25% of glands

Folding patternsa No abnormal folding
1–2 glands
3–6 glands
.6 glands

Gland-stroma ratio 1:.5
Between 1:5 and 1:1
.1:1 and ,3:1
�3:1

Cell height ‘Flattened’ (cell height , cell width)
‘Cuboidal’ (cell height ¼ cell width)
‘Columnar’ (cell height . cell width)

Secretory effects No cytoplasmic vacuolation
Sub and/or supranuclear vacuolation
Apical secretion, with or without cytoplasmic

vacuolation
Intraluminal secretion

Nuclear stratification None
,10%
10–50%
.50%

Nuclear atypia Absent
Present in 1–2 glands
Present in .2 glands, up to 50%
Present in .50% of glands

aAbnormal folding patterns as seen in disordered proliferative pattern,
expressed as number of abnormally folded glands per slide; no focus .2 mm
diameter.

Table 2. Morphological categories of endometrial stromal histology

Morphology Category

Cellularitya Compact atrophicb

Variable oedema, atrophic
Oedematous atrophic
Compact non-atrophic
Variable oedema, non-atrophic
Oedematous, non-atrophic

Decidual change None
Around vessels only
Around vessels, extending into stroma

(non-confluent)
Confluent decidual change

Vessels: thin walled No dilatation
,50% show dilatation
�50% show dilatation

Vessels:
muscularization

No mural muscularisation
,50% show normal mural muscularisation
�50% show normal mural muscularisation
Abnormally muscularisedc arterial vessels
present

Vessels: aggregationsd None
1–2
.2

aNon-decidualized stroma only.
bAtrophic defined as stromal cells have nucleus/cytoplasm (NC) ratio �1.
cAbnormal arterial vessels similar to those seen in stroma of endometrial
polyps.
dNumber of vessel aggregates (‘tangles’) per slide.
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to show the greatest density of mitoses, and a minimum of 10 non-

overlapping fields randomly selected for counting thereafter. The

same method was used to assess mitotic activity in leiomyomata,

but uninvolved myometrial tissue was not assessed in this way as it

shows no mitotic activity.

Data analysis and statistical methods

For the overall diagnostic category of endometrium as well as categ-

orical assessments of morphological features in glands and stroma,

number and percentage of patients in each category were summarized

for each treatment group and each of the three locations (uterine

fundus, mid-corpus and isthmus), with no statistical inference per-

formed. For endometrial thickness measured by eyepiece micrometer,

mean and standard deviation were calculated for each treatment group

and each of the three locations. Although not prespecified, the thick-

ness was also compared, for each location separately, between the

placebo group and the combined asoprisnil group, using t-tests. The

multiplicity resulting from the three locations was adjusted for using

Hochberg’s multiple comparison procedure.

No sample size calculation was performed for this mechanism of

action study. Although a power analysis was carried out for resistance

index (primary efficacy endpoint), and a uterine blood flow parameter

assessed with colour Doppler imaging in this study, none was per-

formed for morphological characteristics as no statistical inference

was to be performed on these characteristics.

Results

Demographic information

There were 10, 12 and 11 subjects, respectively, who received

placebo, asoprisnil 10 and 25 mg. Twenty-nine subjects were

Caucasian and four were black. Placebo and asoprisnil

groups (10 and 25 mg) were well matched with respect to

age (mean 41.8, 45.1 and 44.6 years, respectively), weight

(mean 73.4, 73.8 and 75.9 kg) and height (165.3, 164.3 and

165.6 cm). The treatment period for this study was between

July 2003 and March 2005. Drug compliance was satisfactory

in all groups. On average, the subjects took the study drug for

95 days. All hysterectomies were performed within 2 days of

the last dose of study drug.

Histological evaluation of endometrium

Baseline endometrial biopsies taken prior to commencement of

medication all showed normal histological appearances, classi-

fied as inactive (10%), proliferative (28%), menstrual (7%) or

secretory—cycling/physiologic (55%).

In 29 subjects, endometrial samples from fundus, mid-

corpus and isthmus were taken, and were available for

histological assessment. Table 3 shows the overall diagnostic

category assigned to endometrium from three locations

(fundus, mid-corpus and isthmus) in specimens from subjects

taking placebo, 10 or 25 mg asoprisnil. In fundus, mid-corpus

and isthmus (this order will be used throughout the text),

respectively, normal secretory appearances (cycling/physio-

logic) were seen in five of seven, five of seven and five of

seven samples from patients taking placebo, whereas speci-

mens from patients taking 10 or 25 mg asoprisnil showed

normal secretory appearances in 1 of 10, 2 of 10 and 0 of 10

and in 1 of 11, 1 of 11 and 0 of 10, respectively. In contrast,

a non-physiologic secretory effect was found in 7 of 10, 5 of

10 and 5 of 10 samples from patients taking 10 mg asoprisnil,

and 8 of 11, 8 of 11 and 5 of 10 samples from patients taking

25 mg. The diagnosis of non-physiologic secretory effect was

assigned in one of seven, zero of seven and one of seven

samples from patients receiving placebo.

Overall description of endometrial morphology

associated with asoprisnil

Endometrium of patients treated with asoprisnil showed a com-

bination of morphological features affecting glands, stroma and

vessels. Although none of these features was on its own specific

for asoprisnil, the occurrence of several features together

allowed designation of the endometrium as showing the ‘non-

physiologic secretory effect’. In this pattern, the endometrial

glands showed some features associated with secretory differ-

entiation, often with serpentine or tortuous profiles, composed

of columnar epithelial cells with infrequent or absent mitotic

activity (see Fig. 1A as an example). However, glands rarely

showed any evidence of active secretion, as cytoplasmic

vacuolation was absent in most cases. There was a tendency

for cystic dilatation of glands, but no abnormal folding patterns

or increase in gland-stroma ratio above normal (Fig. 1B). The

stroma showed a tendency for increased cellularity without evi-

dence of decidual change. One of the most consistent changes

with asoprisnil was the effect on vessels, of which there were

two characteristic appearances. First, thick-walled muscular-

ized vessels, similar to those seen in the stroma of the

common benign endometrial polyp, were commonly found in

the stroma of asoprisnil-treated patients (Fig. 1C), but were

not identified in any subjects receiving placebo. Secondly,

aggregates of thin-walled vessels were seen at all levels of

Table 3. Overall diagnostic category assigned to endometrium in specimens from subjects taking placebo, 10 or 25 mg asoprisnil

Site in uterus Placebo, n (%) Asoprisnil 10 mg, n (%) Asoprisnil 25 mg, n (%)

Fundus
n ¼ 7

Corpus
n ¼ 7

Isthmus
n ¼ 7

Fundus
n ¼ 10

Corpus
n ¼ 10

Isthmus
n ¼ 10

Fundus
n ¼ 11

Corpus
n ¼ 11

Isthmus
n ¼ 10

Diagnostic category
Inactive 0 (0) 0 (0) 0 (0) 0 (0) 1 (10) 1 (10) 1 (9) 1 (9) 3 (30)
Normal proliferative 1 (14) 1 (14) 1 (14) 2 (20) 2 (20) 3 (30) 1 (9) 0 (0) 1 (10)
Normal secretory 5 (71) 5 (71) 5 (71) 1 (10) 2 (20) 0 (0) 1 (9) 1 (9) 0 (0)
Non-physiologic secretory 1 (14) 1 (14) 0 (0) 7 (70) 5 (50) 5 (50) 8 (73) 8 (73) 5 (50)
Unsatisfactory 0 (0) 0 (0) 1 (14) 0 (0) 0 (0) 1 (10) 0 (0) 1 (9) 1 (10)
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the endometrium, from within stratum basalis to just beneath

surface epithelium (Fig. 1D). These were not specific to aso-

prisnil, as they were occasionally observed in placebo-treated

patients, but they were much more common among asoprisnil-

treated patients. In asoprisnil-treated patients, endometrium

was commonly thin (Fig. 1D) and frequently it was not possible

to distinguish stratum basalis from the stratum functionalis.

The morphological features associated with asoprisnil were

similar in the thin endometrium of both basalis and

functionalis.

Individual features of endometrial glands

With asoprisnil, cytoplasmic secretory vacuolation was rela-

tively infrequent (up to 30%) in patients taking 10 mg, and

absent from glands in all locations in all patients taking

25 mg. With asoprisnil, gland architecture varied from simple

tubules with minimal undulation to a tortuous appearance

resembling that of the mid- or late secretory phase. Simple

tubular gland architecture with minimal undulation was more

commonly seen in endometrium from the isthmus in patients

taking 25 mg (40%) than in fundus or mid-corpus (9%). Aso-

prisnil 25 mg led to some degree of cystic gland dilatation in

all uterine locations but especially in the isthmus (80% com-

pared to 29% with placebo). No differences in the frequency

of other glandular architectural abnormalities, such as the

abnormal folding patterns seen in the disordered proliferative

pattern (Mutter and Ferenczy, 2002) were identified between

asoprisnil-treated patients and controls. The predominant epi-

thelial cell type seen in glands in all locations was comparable

between asoprisnil and placebo, consisting of tall columnar

cells showing a degree of nuclear stratification that did not

vary significantly between treatment groups. Epithelial cell

nuclei showed no cytological atypia in any patient. Although

a systematic assessment was not performed, histologically

there was no apparent difference in numbers of apoptotic

glandular cells between asoprisnil-treated patients and

controls.

Mitotic activity in endometrial glands and stroma

Mitotic activity for endometrial glands is shown in Table 4 and

for stroma in Table 5. As five out of seven, five out of seven

and five out of seven samples from placebo-treated patients

showed normal secretory endometrial appearances in which

mitoses are very infrequent or absent, and only one out of

seven, one out of seven and one out of seven specimens

showed normal proliferative appearances (Table 3), mitotic

activity cannot properly be compared between asoprisnil-

treated patients and the placebo group. However, it is notable

that in the group of patients treated with 25 mg asoprisnil, no

mitotic activity in endometrial glands was identified in any

specimen except for one sample of fundic endometrium in

one patient. At least 70% of specimens from patients taking

Figure 1. (A) Glands show a sinuous or serpentine profile, similar to the architecture of glands seen in the mid-secretory phase of the menstrual
cycle. (B) Glands frequently show cystic dilatation. Note the thick-walled vessel in endometrial stroma. (C) Thick-walled muscularized vessel in
endometrial stroma. (D). Dilated thin-walled vessels in thin endometrium with widely dispersed sinuous glands in loose non-decidualized stroma.
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10 mg asoprisnil showed one mitosis or less per 10 high-power

fields (HPF) in endometrial glands. In endometrial stroma,

patients who received 25 mg asoprisnil showed absence of

mitotic activity in 8 out of 11, 9 out of 11 and 9 out of 9 asses-

sable slides, and with 10 mg, 1 mitosis or less per 10 HPF was

seen in 7 out of 10, 10 out of 10 and 8 out of 10 assessable

slides.

Stromal changes

Stromal decidual change was seen around vessels in a speci-

men from fundus only in one patient taking 25 mg asoprisnil,

but in the remaining assessable samples from patients taking

either 10 or 25 mg asoprisnil there was no decidual change

identified. In contrast, decidual change was present in endo-

metrial stroma in three of seven, three of seven and three of

seven samples from patients taking placebo. With asoprisnil,

there was an increased frequency of stromal compactness in

all uterine locations, compared with placebo. Stroma was

assessed as compact in zero of seven, zero of seven and one

of seven placebo samples, compared to 6 of 10, 3 of 10 and

3 of 10 samples from patients taking 10 mg asoprisnil and 6

of 11, 5 of 11 and 7 of 10 on 25 mg.

Endometrial thickness

Table 6 shows the mean single layer thickness of the endome-

trium, as measured by eyepiece micrometer on histological sec-

tions, for specimens from patients taking placebo, 10 or 25 mg

asoprisnil. There was no statistically significant difference in

endometrial thickness between placebo and combined asopris-

nil groups, although there was a trend for decreased thickness

with asoprisnil treatment.

Vessels

Aggregates or leashes of thin-walled vessels were seen with

increased frequency in endometrial stroma of asoprisnil-treated

patients compared with controls (Table 7). Samples from

patients on placebo showed the presence of at least one aggre-

gation of thin-walled vessels in 2 of 7, 1 of 7 and 0 of 7,

whereas these were present in 3 of 10, 5 of 10 and 2 of 10

samples from patients on 10 mg asoprisnil and in 5 of 11, 5

of 11 and 4 of 10 on 25 mg.

Thick-walled vessels, similar to those seen in the stroma of

endometrial polyps, were seen with increased frequency com-

pared with controls in all uterine locations in patients treated

with asoprisnil. Such vessels were not seen in any samples

from placebo subjects, whereas they were found in 2 of 10, 3

of 10 and 1 of 10 samples from patients on 10 mg asoprisnil

and in 5 of 11, 5 of 11 and 3 of 10 on 25 mg.

Although there are some similarities, the changes associated

with asoprisnil differ from those associated with endometrial

polyps. In the latter, thick-walled vessels occur in the stroma

of a rounded, projecting polypoid mass in which gland crowd-

ing may be observed, and the stroma frequently has a collage-

nous appearance. After 12 weeks treatment with asoprisnil,

gland crowding is not seen, the stroma does not appear promi-

nently collagenized, and the endometrium remains flat and

often thinned.

Non-endometrial vascular beds

There were 12 ovaries from eight patients, 15 Fallopian tubes

from 10 patients and 10 cervices available for assessment of

vascular beds in non-endometrial tissues. No specific histologi-

cal abnormalities were observed.

Table 4. Mitotic activity in endometrial glands

Site in uterus Placebo, n (%) Asoprisnil 10 mg, n (%) Asoprisnil 25 mg, n (%)

Fundus
n ¼ 7

Corpus
n ¼ 7

Isthmus
n ¼ 7

Fundus
n ¼ 10

Corpus
n ¼ 10

Isthmus
n ¼ 10

Fundus
n ¼ 11

Corpus
n ¼ 11

Isthmus
n ¼ 9

No. of gland mitoses per 10 HPFa

0 5 (71) 5 (71) 4 (57) 5 (50) 5 (50) 5 (50) 9 (82) 10 (91) 9 (100)
1 0 (0) 0 (0) 0 (0) 3 (30) 2 (20) 2 (20) 1 (9) 0 (0) 0 (0)
2–5 1 (14) 0 (0) 1 (14) 1 (10) 2 (20) 0 (0) 0 (0) 0 (0) 0 (0)
.5 1 (14) 2 (29) 1 (14) 1 (10) 1 (10) 1 (10) 0 (0) 0 (0) 0 (0)
Unsatisfactory 0 (0) 0 (0) 1 (14) 0 (0) 0 (0) 2 (20) 1 (9) 1 (9) 0 (0)

aHigh-power field (HPF) (Olympus BX51, 40� objective, field diameter 0.55 mm).

Table 5. Mitotic activity in endometrial stroma

Site in uterus Placebo, n (%) Asoprisnil 10 mg, n (%) Asoprisnil 25 mg, n (%)

Fundus
n ¼ 7

Corpus
n ¼ 7

Isthmus
n ¼ 7

Fundus
n ¼ 10

Corpus
n ¼ 10

Isthmus
n ¼ 10

Fundus
n ¼ 11

Corpus
n ¼ 11

Isthmus
n ¼ 9

No. of stromal mitoses per 10 HPFa

0 3 (43) 2 (29) 3 (43) 6 (60) 7 (70) 6 (60) 8 (73) 9 (82) 9 (100)
1 2 (29) 1 (14) 0 (0) 1 (10) 3 (30) 2 (20) 1 (9) 0 (0) 0 (0)
2–5 0 (0) 4 (57) 3 (43) 3 (30) 0 (0) 0 (0) 1 (9) 1 (9) 0 (0)
.5 2 (29) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
Unsatisfactory 1 (9) 0 (0) 1 (14) 0 (0) 0 (0) 2 (20) 1 (9) 1 (9) 0 (0)

aHigh-power field (Olympus BX51, 40� objective, field diameter 0.55 mm).
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Myometrium

Myometrium samples were obtained from all 33 patients and

morphological assessments were performed. Adenomyosis

was infrequent (present in one control subject, one taking

10 mg and four taking 25 mg asoprisnil). No further abnormal-

ities or changes were identified in these samples.

Leiomyomata

Histological evaluation of the largest leiomyoma of each

hysterectomy specimen showed 29 of 30 to be of the usual

histological type, and one to be of cellular type. Degenerative

changes (hyaline or myxoid/mucoid changes, or coagulative

necrosis) were seen in 4 of 9 leiomyomata from the placebo

group, 8 of 12 in the 10 mg and 7 of 9 in the 25 mg asoprisnil

group. In the placebo group, mitotic activity was not

identifiable in one of eight leiomyomata, and in the range

1–2 mitoses per 10 HPF in the remaining seven of eight

assessable leiomyomata (Table 8). In the 10 mg asoprisnil

group, 8 of 12 showed no identifiable mitoses and 4 of 12

showed 1–2 mitoses per 10 HPF. In the 25 mg asoprisnil

group, six of nine showed no mitoses, two cases showed 1–2

mitoses per 10 HPF and one case showed 3–5 mitoses per

10 HPF.

Discussion

Asoprisnil has a variety of clinical effects that have so far not

been described with any other pharmaceutical agent. It controls

uterine bleeding in a dose-dependent manner without causing

suppression of estradiol from follicular phase levels and irre-

spective of the effects on luteinization (Chwalisz et al.,

2005a). In patients with leiomyomata, it suppresses heavy

uterine bleeding, reduces leiomyoma and uterine volumes

and has beneficial effects on pressure-related symptoms

(Chwalisz et al., 2003). These distinctive clinical effects are

associated with equally distinctive morphological effects on

endometrium, and the existing compendium of pathological

diagnoses does not include appropriate categories to describe

the effects of asoprisnil on endometrium. Early clinical

studies (Chwalisz et al., 2005a) have examined the asoprisnil

effect in endometrial biopsies taken by Pipelle aspiration

after treatment for 28 days. The present study, however, has

allowed for the first time, a detailed morphological investi-

gation of samples of full thickness endometrium and under-

lying myometrium, mostly well oriented and undisrupted by

the sampling procedure after a 3-month asoprisnil treatment.

Most of the subjects recruited were suffering symptoms of

heavy uterine bleeding associated with fibroids, and the endo-

metrium cannot, therefore, be considered functionally normal.

Although efforts were made to sample endometrium at least

10 mm away from the nearest fibroid, it is known that vascular

changes occur in the endometrium of these patients, and results

must be interpreted with caution. However, the baseline endo-

metrial biopsies taken at screening were within normal limits

histologically.

The majority of asoprisnil-treated subjects showed endo-

metrial morphology that was consistently recognizable as

showing a ‘non-physiologic secretory effect’, a category that

was assigned in only one placebo-treated subject. It was

Table 7. Endometrial stromal vessels

Site in uterus Placebo, n (%) Asoprisnil 10 mg, n (%) Asoprisnil 25 mg, n (%)

Fundus
n ¼ 7

Corpus
n ¼ 7

Isthmus
n ¼ 7

Fundus
n ¼ 10

Corpus
n ¼ 10

Isthmus
n ¼ 10

Fundus
n ¼ 11

Corpus
n ¼ 11

Isthmus
n ¼ 10

Vessels
Thin walleda 2 (29) 1 (14) 0 (0) 3 (30) 5 (50) 2 (20) 5 (45) 5 (45) 4 (40)
Thick walledb 0 (0) 0 (0) 0 (0) 2 (20) 3 (30) 1 (10) 5 (45) 5 (45) 3 (30)

aAggregates of thin-walled vessels present.
bThick-walled muscularized vessels present.

Table 6. Mean endometrial thickness measured by eyepiece micrometer on histological sections from hysterectomy specimens

Uterine
location

Placebo Asoprisnil 10 mg Asoprisnil 25 mg

n Mean SD n Mean SD n Mean SD

Fundus 7 3.60 1.988 10 2.62 1.307 11 2.79 1.718
Mid-corpus 7 4.06 2.018 10 2.14 0.977 11 2.22 1.098
Isthmus 6 3.05 1.907 9 2.26 1.840 10 1.27 0.625

n ¼ total no of cases. The apparent trend of decreasing endometrial thickness with asoprisnil at both doses is not statistically significant at 0.05 level.

Table 8. Mitotic activity in largest leiomyoma

No. of mitoses
per 10 HPFa

Placebo (N¼9),
n (%)

Asoprisnil 10 mg
(N¼12), n (%)

Asoprisnil 25 mg
(N¼9), n (%)

0 1 (11) 8 (67) 6 (67)
1–2 7 (78) 4 (33) 2 (22)
3–5 0 (0) 0 (0) 1 (11)
.5 0 (0) 0 (0) 0 (0)
Unsatisfactory 1 (11) 0 (0) 0 (0)

aHigh-power field (Olympus BX51, 40� objective, field diameter 0.55 mm).
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present to a similar extent in all three uterine locations sampled

(fundus, mid-corpus and isthmus), and was seen in a higher

proportion of subjects on 25 mg of asoprisnil. This appearance

is unfamiliar to histopathologists, as it is not seen in normal

cycling endometrium or in any described condition, and is

believed to reflect the partial agonist/antagonist effect of aso-

prisnil described in animal studies (DeManno et al., 2003). The

histological features defining the effect are endometrial glands

showing tortuosity similar to the architecture of the secretory

phase, but with a rarity of secretory activity or cytoplasmic

vacuolation. Glands frequently showed cystic dilatation,

however, and although nuclear stratification was present,

there was a paucity of mitotic activity. Appearances of cystic

glandular dilatation are frequently associated in the minds of

histopathologists with simple hyperplasia of endometrium,

but the non-physiologic secretory effect differed in that gland-

ular crowding was absent, cystic change was often focal invol-

ving one or two glands in a field of non-dilated glands and

mitotic activity was very sparse or absent. Gland dilatation is

a feature commonly seen in the inactive, non-secretory endo-

metrium of the perimenopausal and post-menopausal woman,

and is not considered indicative of glandular secretory activity.

It may in fact represent glands in which the opening to the

surface has become occluded, perhaps, as a consequence of

the lack of secretory activity.

In this 3-month study, endometrial thickness was not

increased in the asoprisnil group compared with placebo, and

indeed the trend was for mean endometrial thickness to be

less than that of placebo. With asoprisnil, the endometrial

stroma showed increasing compactness without decidual

change, but the most characteristic stromal effect involved

vessels. Aggregations of thin-walled vessels were seen in endo-

metrial stroma more frequently in asoprisnil-treated patients

than in placebo-treated patients. Additionally, vessels with

thickened muscularized walls were seen with greater frequency

in asoprisnil patients than in controls.

The mechanism of amenorrhoea induced by asoprisnil is not

known, but it is probable that the drug exerts a specific effect on

endometrial vessels through action on the PR. This may

involve perivascular cells that express PR, and are believed

to be pivotal in control of menstruation (Kelly et al., 2002),

or other stroma-mediated events. The perivascular cells are

intimately apposed to the endothelial cells of spiral arterioles,

and are believed to respond to falling progesterone concen-

trations by initiating vasoconstriction–vasodilatation cycles

with resulting hypoxia leading to endometrial sloughing.

Although no specific histological changes were seen in perivas-

cular cells in this study, the results of detailed immunohisto-

chemical studies are not yet available.

The thick-walled aggregates of vessels resemble those seen

in the stroma of endometrial polyps, and it is likely that in

asoprisnil-treated subjects these evolve from the thinner-walled

aggregates as time goes on. The process appears specific to

endometrium, as no similar changes were identified in the

limited range of non-endometrial tissues examined in this

study. In the endometrium, it is possible that there is an

active process of angiogenesis stimulated by hypoxia through

an action on the perivascular cells. However, the development

of vascular aggregates may be analogous to the stromal vessels

of endometrial polyps, where it is believed that focal areas of

non-shedding endometrium persist for several cycles to form

the polyp. In both situations, therefore, endometrium is not

shed at menstruation, and this may be the mechanism

whereby such morphologically abnormal vessels develop.

However, although some similarities with stromal changes of

endometrial polyps were observed, with asoprisnil, the endo-

metrium remained flat and often thin, without gland crowding

and without prominent stromal collagen. It is notable that there

was a low incidence of polyp formation in the asoprisnil-

treated patients in this study, with only one small polyp

found in one subject taking 10 mg.

No histological changes were found in this 3-month study to

give cause for concern about the development of malignant or

premalignant changes. Glands were specifically assessed in

each sample to identify features of cytological atypia, but

none was found. The glandular architectural changes did not

suggest complex hyperplasia, and although there was in some

cases a superficial resemblance to simple cystic hyperplasia,

this was merely due to the presence of dilated glands,

whereas the other features of simple hyperplasia were

lacking. Moreover, endometrial thickness was not increased;

indeed, the trend (which was not statistically significant) was

for a decreasing endometrial thickness in asoprisnil-treated

patients. It is important that histopathologists are made aware

of the potential diagnostic pitfalls of misdiagnosing endo-

metrial polyps and simple hyperplasia, particularly in curettage

or aspiration biopsies of endometrium from asoprisnil-treated

patients.

There are some morphological similarities between the

endometrial effects of asoprisnil in this study, and those of

the PR antagonist mifepristone, but there are also significant

differences. Cystic glandular dilatation with inactive epithelial

appearances is common to both, and there is an antiprolifera-

tive effect (Baird et al., 2003; Narvekar et al., 2004).

However, no specific vascular changes have been identified

in the stroma in mifepristone-treated endometrium, and

glands show a less tortuous morphology, generally showing

simple tubular appearances or cystic dilatation. This suggests

an absence of agonist activity and a pure antagonist effect

with mifepristone on PR, whereas with asoprisnil, the gland

tortuosity probably reflects a partial agonist effect in addition

to antagonist action.

In this study, comparison of mitotic activity in endometrium

between treatment and control groups is limited, as five out of

seven subjects in the control group showed secretory phase

appearances in which mitoses are not expected to be present.

However, it is notable that the low level of mitotic activity in

the asoprisnil treatment groups is in keeping with the results

of studies of asoprisnil in primates (Brenner and Slayden,

2005), and may have parallels in studies of other PR ligands

such as mifepristone, in which an antiproliferative effect has

also been described (Baird et al., 2003; Narvekar et al., 2004).

Mitotic activity was also decreased in leiomyomata in

patients receiving asoprisnil, and in keeping with this, degen-

erative changes were also more common. This is consistent

with the observed diminution in leiomyoma volume in patients
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receiving asoprisnil (data not shown). However, no histological

differences were found in the non-leiomyomatous myometrium

between placebo and asoprisnil groups. Asoprisnil does not

seem to induce any noticeable changes in the myometrium.

In conclusion, this study has shown that asoprisnil adminis-

tered as 10 or 25 mg daily doses for 3 months leads to the

development of unique histological appearances in the endo-

metrium. As well as consistent effects on gland morphology,

thick-walled muscular vessels are seen in the stroma which

appear to be specific to endometrial tissue. The mechanism

of uterine bleeding suppression is still unknown, but it may

involve interaction between asoprisnil, perivascular cells and

spiral vessels. This study reports, for the first time, a detailed

evaluation of endometrial changes induced with asoprisnil

after a 3-month treatment, based on the full-thickness endo-

metrial samples obtained during hysterectomy. Histopatholo-

gists examining endometrial biopsy specimens from

asoprisnil-treated patients need to be aware of the unique

‘SPRM effects’ induced by asoprisnil (and perhaps other com-

pounds of this class) to avoid misclassifying appearances as

simple hyperplasia or polyps, which share some of the features

but have significant differences.

Acknowledgements

The authors are grateful to clinical investigators Professor M.A.
Lumsden and Dr D. Hapangama. We thank Dr H. Millward-Saddler,
Dr M.M. Khine and Dr D. Millan for providing uterine samples. We
also thank Dr Alex Lawrence, Mrs Liz O’Neill, Mrs Joan Kerr and
the gynaecology theatre staff in Edinburgh, Southampton, Glasgow
and Liverpool for assistance with ultrasound scanning, patient recruit-
ment and specimen collection.

Conflict of interest

This work was supported by TAP Pharmaceutical Products Inc., Lake Forest,

IL 60045, USA. A.R.W. Williams acts as a Consultant for TAP Pharmaceutical

Products Inc. and Schering AG. H.O.D. Critchley has received support for staff

costs and consumables for clinical and laboratory based studies on the role of

selective progesterone receptor modulators in the management of leiomyomata

and heavy menstrual bleeding from TAP Pharmaceutical Products Inc. and

Jenapharm GmbH, Jena, Germany (a subsidiary of Schering AG, Berlin,

Germany), respectively.

References

Baird DT, Brown A, Critchley HO, Williams AR, Lin S and Cheng L (2003)
Effect of long-term treatment with low-dose mifepristone on the
endometrium. Hum Reprod 18,61–68.

Brenner RM and Slayden OD (2005) Progesterone receptor antagonists and the
endometrial antiproliferative effect. Semin Reprod Med 23,74–81.

Chwalisz K, Elger W, Stickler T, Mattia-Goldberg C and Larsen L (2005a) The
effects of 1-month administration of asoprisnil (J867), a selective
progesterone receptor modulator, in healthy premenopausal women. Hum
Reprod 20,1090–1099.

Chwalisz K, Parker RL, Williamson S, Larsen L, McCrary K and Elger W
(2003) Treatment of uterine leiomyomas with the novel selective
progesterone receptor modulator (SPRM) J867 [abstract]. J Soc Gynecol
Investig 10(Suppl 2),636.

Chwalisz K, Perez MC, DeManno D, Winkel C, Schubert G and Elger W
(2005b) Selective progesterone receptor modulator development and use
in the treatment of leiomyomata and endometriosis [published erratum
appears in Endocr Rev. 2005;26:703]. Endocr Rev 26,423–438.

DeManno D, Elger W, Garg R, Lee R, Schneider B, Hess-Stumpp H, Schubert
G and Chwalisz K (2003) Asoprisnil (J867): a selective progesterone
receptor modulator for gynecological therapy. Steroids 68,1019–1032.

Kelly RW, King AE and Critchley HO (2002) Inflammatory mediators and
endometrial function–focus on the perivascular cell. J Reprod Immunol
57,81–93.

Mutter G and Ferenczy A (2002) Anatomy and histology of the uterine corpus.
In Kurman R (ed.) Blaustein’s Pathology of the Female Genital Tract.
Springer-Verlag, New York, NY, pp. 383–419.

Narvekar N, Cameron S, Critchley HO, Lin S, Cheng L and Baird DT (2004)
Low-dose mifepristone inhibits endometrial proliferation and up-regulates
androgen receptor. J Clin Endocrinol Metab 89,2491–2497.

Noyes R, Hertig AT and Rock J (1950) Dating the endometrial biopsy. Fertil
Steril 1,3–25.

Schubert G, Elger W, Kaufmann G, Schneider B, Reddersen G and Chwalisz K
(2005) Discovery, chemistry, and reproductive pharmacology of asoprisnil
and related 11beta-benzaldoxime substituted selective progesterone
receptor modulators (SPRMs). Semin Reprod Med 23,58–73.

Schwartz SM (2001) Invited commentary: studying the epidemiology of
uterine leiomyomata–past, present, and future. Am J Epidemiol 153,27–29

Spitz IM and Chwalisz K (2000) Progesterone receptor modulators and
progesterone antagonists in women’s health. Steroids 65,807–815.

Submitted on July 3, 2006; resubmitted on November 14, 2006; accepted on
December 27, 2006

A.R.W. Williams et al.

1704

D
ow

nloaded from
 https://academ

ic.oup.com
/hum

rep/article-abstract/22/6/1696/607838 by Edinburgh U
niversity user on 27 February 2020



Intrauterine release of progesterone antagonist ZK230211
is feasible and results in novel endometrial effects:
a pilot study
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BACKGROUND: Continuous administration of progesterone antagonists (PAs) results in endometrial suppression
and amenorrhoea in several model systems. We compared the effects of intrauterine release of a highly specific
PA, ZK230211, to those of a progestin using the levonorgestrel-releasing intrauterine system (LNG-IUS).
METHODS: Forty-two women were randomly fitted with an IUS releasing either ZK230211 at a rate 1, 4 or 8 mg/
24 h (ZK-IUS) or LNG (at 20 mg/24 h, LNG-IUS) at 4–8 weeks before hysterectomy. Bleeding patterns, endometrial
morphology and content of ZK230211, and various immunohistochemistries (IHCs) were evaluated. RESULTS: Days
of bleeding and spotting were unchanged by the use of ZK-IUSs but were increased by LNG-IUS (P < 0.01). ZK230211
was measurable in all endometrial specimens. Endometrium was partly suppressed in 9–30% of women following the
use of ZK-IUSs, and in 67% after LNG-IUS. IHCs for Ki-67 and phosphorylated histone H3 were not suggestive of
proliferative activity in any group. Compared to LNG, progesterone receptor (PR) was increased following
ZK230211 in surface epithelium (all three doses P < 0.01–P < 0.05) and stroma at 4 mg/24 h (P < 0.05). Although
low, androgen receptor staining was higher in endothelial epithelium following LNG than ZK230211 (P < 0.05).
Insulin-like growth factor-binding protein-1 (IGFBP-1) was detectable only following LNG (P < 0.0001).
CONCLUSIONS: Short-term intrauterine release of ZK230211 did not change bleeding patterns or result in endo-
metrial suppression. Expression of proliferation markers was low following the use of both IUSs. Absence of
IGFBP-1 and increase in PR reflect the PA effects of ZK230211.

Keywords: progesterone antagonist; endometrium; insulin-like growth factor-binding protein-1; levonorgestrel; ZK230211

Introduction

Unscheduled breakthrough bleeding (BTB) associated with the

use of progestin-only contraception remains a major problem,

often resulting in poor compliance and discontinuation of

progestin-only contraceptive methods (Dugoff et al., 1995;

Kovacs, 1996). Intrauterine release of levonorgestrel (LNG)

by means of the LNG-intrauterine system (LNG-IUS) is

highly effective for contraception as well as for the treatment

of heavy menstrual bleeding, menorrhagia (Andersson et al.,

1994; Luukkainen and Toivonen, 1995; Hurskainen et al.,

2004). However, initiation of LNG-IUS treatment is associated

with a high incidence of BTB, which typically resolves follow-

ing the first few months of LNG-IUS use (Andersson et al.,

1994; Hurskainen et al., 2004).

The effects on the endometrium of continuous adminis-

tration of progesterone antagonists (PAs) such as mifepristone

and ZK137316 have been evaluated both in women (Baird

et al., 2003; Narvekar et al., 2004) and in non-human primates

(Wolf et al., 1989; Slayden and Brenner, 1994, Slayden et al.,

1998, 2001; Chwalisz et al., 2000). In non-human primates,

PAs inhibit endometrial proliferation and induce amenorrhoea

(Wolf et al., 1989; Slayden et al., 1998, 2001). When adminis-

tered chronically at relatively low doses, PAs block the mitotic

activity of endometrial epithelium and induce stromal compac-

tion in a dose-dependent manner in both spayed and intact

monkeys (Wolf et al., 1989; Slayden and Brenner, 1994,

Slayden et al., 1998, 2001; Heikinheimo et al., 1996). As follicu-

lar development is not suppressed during PA administration

(Heikinheimo et al., 1995; Slayden et al., 2001), endometrial

suppression is not associated with a decrease in circulating†Equal senior contribution by authors O.H. and H.C.
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levels of estradiol. Thus the mechanism of action of endo-

metrial suppression remains somewhat enigmatic; atrophy of

the uterine spiral arteries being a likely explanation (Chwalisz

et al., 2000).

The PA ZK230211 is highly potent PA with no progesto-

genic effects (Fuhrmann et al., 2000; Slayden et al., 2001).

Systemic daily administration of ZK230211 at doses of

�16 mg/kg to cynomolgus monkeys suppresses ovulation

and menstruation (Slayden et al., 2001). Similarly, intrauterine

release of 3–4 mg and 26–30 mg of ZK230211/24 h had an

antiproliferative effect on primate endometrium (Nayak

et al., 2000). Thus intrauterine release of PAs, especially

ZK230211, may make them useful in both contraception and

hormone therapy for various gynaecological indications.

Specifically, endometrial suppression by means of

PA-releasing IUS might be effective in the treatment of

heavy or prolonged uterine bleeding. Moreover, a PA-IUS is

likely to convert the endometrium into a non-receptive state,

which may be utilized in the development of novel contracep-

tive strategies.

In the present randomized, single-blinded, prospective proof-

of-concept trial, we evaluated the bleeding patterns and endo-

metrial effects of intrauterine release of the PA ZK230211

versus progestin LNG in women scheduled for hysterectomy

owing to heavy or painful menstruation.

Materials and Methods

The study was performed between August 2002 and June 2003. The

study subjects were identified among women on waiting list for hys-

terectomy at the Department of Obstetrics and Gynaecology, Helsinki

University Central Hospital. Women scheduled for hysterectomy

owing to idiopathic heavy menstrual bleeding (menorrhagia) or

painful menstruation (dysmenorrhoea) participated in the study.

Flow of the participants through the study is outlined in Fig. 1. Prior

to their participation, each woman signed an informed consent

document. The study protocol was approved by the Institutional

Review Board of Helsinki University Central Hospital and the

Finnish National Agency for Medicines.

The criteria for inclusion in the study were written informed

consent, age 30–48 years, regular menstrual periods with cycle

length between 21–35 days, depth of the uterine cavity between 6

and 10 cm and good general health. The exclusion criteria were: endo-

metrial polyps or hyperplasia, submucosal myoma or intramural

myoma exceeding 4 cm in greatest diameter, or myoma distorting

the uterine cavity, an ovarian cyst exceeding 4 cm, epithelial cell

atypia in the Pap smear, concomitant use of an intrauterine device,

history of climacteric symptoms and systemic use of sex steroids

within the last 3 months.

The experimental IUSs releasing ZK230211 (ZK-IUS) at rates of 1,

4 and 8 mg/24 h were provided by Schering Ag (Berlin, Germany).

The LNG-releasing IUS (20 mg/24 h; MIRENAw, Schering Oy,

Turku, Finland) was used as a comparator. Similarly as for

LNG-IUS, the ZK-IUS consisted of a polyethylene body in the

shape of T with a mixture of ZK230211 and polydimethyl siloxane

mounted around the vertical arm. The dimensions of the ZK-IUS

and LNG-IUS were similar (32 � 32 mm).

The women were randomized using SAS/PLAN by Schering Oy to

any of the three experimental ZK-IUSs or LNG-IUS. Each investi-

gator (authors O.H., A.T. and P.H.) had a separate stock of identically

packaged IUSs and randomization numbers. However, the nature of

the IUS became apparent to the study personnel following opening

of the packaging. The IUSs were inserted between 4 and 8 weeks

prior to scheduled hysterectomy. The duration of the trial was based

on previous toxicological data obtained from non-human primates,

with the drug regulatory agency permitting the study to last up to 8

weeks. Insertion was performed between days 1 and 7 of the menstrual

cycle. Following insertion, fundal location of the IUS was verified by

means of pelvic ultrasonography.

The primary outcome measure was assessment of endometrial mor-

phology during the use of ZK-IUS in comparison to that of LNG-IUS.

The secondary objectives included assessment of bleeding patterns,

determination of uterine and serum concentration of ZK230211

and evaluation of the effect of ZK-IUS versus LNG-IUS on selected

endometrial markers.

Figure 1: Flow of the subjects through the study
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Two women dropped out of the study, one because of endometritis fol-

lowing insertion of an LNG-IUS and another one because of epithelial

cell atypia in the Pap smear collected prior to insertion of an IUS. Thus

40 subjects completed the study; their demographic details are shown

in Table 1. The four groups did not differ from each other as regards

age, body mass index or uterine weight. Most (93%) of the subjects

were parous. Hysterectomy was performed abdominally in 5%,

laparoscopically in 45% and vaginally in 50% of the cases.

The numbers of days of bleeding (requiring protection) and spotting

(no protection required) during 30-day periods preceding insertion of

the IUS, and preceding hysterectomy, were assessed from bleeding

diaries.

On the morning of hysterectomy, the location of the IUS was again

verified by means of pelvic ultrasonography. A venous blood sample

was collected for determination of serum ZK230211 concentration.

Following surgery and collection of specimens for routine pathologi-

cal examination, separate samples of endometrium were collected

from the fundal, mid-corpus and isthmic areas of the uterus for haema-

toxylin and eosin staining and immunohistochemistry (IHC). There-

after, separate samples of endometrium and myometrium were taken

for determination of ZK230211 levels. All the remaining endometrial

tissue (after the histological samples were taken) was separated and col-

lected for these measurements. For the myometrial concentration ana-

lyses, a single full thickness sample (myometrium only) was collected

from the uterine corpus.

Serum and uterine tissue measurements of ZK230211

The samples were pre-prepared and sent for analysis to the analytical lab-

oratory of Schering AG, Berlin, Germany. A liquid chromatography-

mass spectrometer/mass spectrometer method was used for the

measurement of ZK230211 concentrations. The lowest limit of quantifi-

cation in human serum samples was 50 pg/ml, and in the uterine tissue

samples (endometrial and myometrial), it was 10–25 ng/g.

Endometrial morphology

Endometrial morphology was assessed from haematoxylin and eosin-

stained tissues taken from the fundus, corpus or isthmus. In addition to

routine diagnostic analysis, estrogenic (E) and progestogenic (P)

activities were evaluated by means of the following criteria: E0,

atrophic glands; E1, small single-layered glands with rare mitosis;

E2, moderately sized glands with two or three cell layers and occasional

mitoses; E3, tortuous glands, several cell layers, easily detectable mitotic

activity; P0, no signs of a progestogenic effect; P1, basal vacuolization in

most cells; P2, dilated glands with secretory activity; P3, stromal decid-

ualization. The combined E and P score was assigned to one of the three

categories: fully active ¼ E2-3P0; partially suppressed ¼ E2-3P1-3 or

E1P0-3; or fully suppressed ¼ E0. The samples were assessed indepen-

dently by two pathologists. In cases of disagreement, a third pathologist

was included. If the hormonal effect varied between anatomical

locations, the overall result from two of the three locations (fundus,

corpus or isthmus) was taken as the consensus score.

Immunohistochemistry

Tissue expression of androgen receptor (AR), progesterone receptor

(PR) and estrogen receptors alpha and beta (ERa and ERb) was

assessed as described previously (Critchley et al., 2001; Slayden

et al., 2001; Henderson et al., 2003). The proliferation markers

Ki-67 and phosphorylated histone H3 (PH3) were evaluated as

described by Brenner et al. (2003) and Narvekar et al. (2004).

Finally, insulin-like growth factor-binding protein-1 (IGFBP-1) was

evaluated according to Pekonen et al., 1992. The antigen retrieval

methods, primary antibodies and negative controls used in the immu-

nohistochemical analyses are summarized in Table 2.

The amounts of the above-mentioned epitopes were assessed by two

blinded observers in a semiquantitative manner on a 4-point scale: 0,

no staining; 1, mild/minimal staining; 2, moderate immunostaining

and 3, intense immunostaining.

Statistical analysis

Statistical analyses were performed using the chi-square test, the

Fisher’s exact test, the Mann–Whitney U-test or the Kruskal–

Wallis test, as appropriate. A two-tailed P-value lower than 0.05

Table 1: Characteristics of the study subjects

ZK230211-releasing IUSs

1 mg/24 h 4 mg/24 h 8 mg/24 h LNG-IUS

n 10 11 10 9
Age (years) 43.4+3.0 42.0+5.3 43.7+2.6 43.1+2.3
BMI (kg/m2) 25.8+3.8 25.6+4.9 25.0+5.2 26.7+4.2
Exposure time (days) 41.6+6.9 41.2+6.3 45.1+7.7 44.3+6.8
Uterine weight (g) 161+31 147+38 140+60 145+42

The data are presented as mean+SD. BMI, body mass index.

Table 2: Summary of the antigen retrieval methods, primary antibodies and negative controls used in the various immunohistochemical analyses

Protein of interest Antigen retrieval Primary antibody (AB) Negative control

PR Microwave buffer—0.01 M
Na citrate

Monoclonal mouse anti-PR AB
(Novocastra, Newcastle, UK) (1:40)

Mouse immunoglobulin
Immunoglobulin (Ig) G (Sigma,
Dorset, UK) (1:800)

ERa Microwave buffer—0.01 M
Na citrate

Monoclonal mouse anti-ERa AB
(Dako, Cambridge, UK) (1:400)

Mouse immunoglobulin IgG (Sigma,
Dorset, UK) (1:2400)

ERb Pressurecook buffer—0.05 M
glycine/0.01% EDTA

Monoclonal mouse anti-ERb AB
(Serotec, Oxford, UK) (1:40)

Bovine Serum Albumin

AR Pressurecook buffer—0.01 M
Na citrate

Monoclonal mouse anti-AR AB
(Biogenex, CA, USA) (1:240)

Mouse immunoglobulin IgG (Sigma,
Dorset, UK) (1:300)

Ki67 Microwave buffer—0.01 M
Na citrate

Monoclonal mouse anti-Ki67 AB
(Novocastra, Newcastle, UK) (1:50)

Mouse immunoglobulin IgG (Sigma,
Dorset, UK) (1:500)

PH3 Pressurecook buffer—0.01 M
Na citrate

Rabbit anti-phosphohistone AB
(Upstate Biotech., Buckingham, UK)
(1:1000)

Rabbit immunoglobulin IgG (Vector
Lab., UK) (1:1000)

IGFBP-1 Vectastain ABC kit (Vector
Lab., CA, USA)

Monoclonal anti-IGFBP-1 AB (Mab
6303) (Medix Biochemica,
Kauniainen, Finland) (1:1000)

Mouse immunoglobulin IgG (Vector
Lab., CA, USA) (1:1000)

Progesterone antagonist releasing intrauterine system
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was considered statistically significant. The calculations were per-

formed with StatView statistical software (SAS Institute Inc., Cary,

NC, USA).

Results

Bleeding patterns

Figure 2 shows the numbers of days of bleeding and spotting

(mean þ SD) during the 30-day periods immediately preceding

insertion of the IUSs, and hysterectomy. The number of days

with bleeding and spotting increased significantly in the

group randomized to the LNG-IUS (P , 0.01), whereas non-

significant changes were observed in the three groups randomi-

zed to ZK-IUSs.

Uterine tissue and serum concentrations of ZK230211

ZK230211 was measurable in all endometrial specimens. The

mean (+SD) endometrial concentrations of ZK230211 (per

gram of tissue wet weight) were 83.7+ 40.6, 83.8+ 39.5

and 166.9+ 134.6 ng/g in the groups using ZK-IUSs releasing

1, 4 and 8 mg of ZK230211/24 h, respectively. Only four sub-

jects (one in each group using a ZK-IUS releasing 1 and 4 mg

of ZK230211, and two in the group using an IUS releasing 8 mg

of ZK230211) had measurable levels of ZK230211 in the myo-

metrium. The individual concentrations varied from 8.4 to

47.7 ng/g of myometrial-wet weight. However, serum concen-

trations of ZK230211 were below the quantification limit of the

assay in all samples analysed (n ¼ 31).

Endometrial morphology

Figure 3 illustrates endometrial morphology after treatment

with an IUS releasing 8 mg of ZK230211/24 h, or LNG

(20 mg/24 h). Endometrial morphology differed in relation

to ZK230211 and LNG treatment. In LNG-treated endome-

trium, marked stromal decidualization was seen and the mor-

phology of the glands varied from inactive to secretory. On

the other hand, stromal decidualization was not observed

after ZK230211 treatment. The glands, in contrast, were

often dilated and the epithelial cells showed little proliferative

activity and a secretory morphology.

Figure 2: Days of bleeding and spotting (mean þ SD) during a
30-day period preceding (B) insertion of a ZK230211-IUS or an
LNG-IUS, and preceding hysterectomy (D) in the four experimental
groups. The number of days of spotting and bleeding increased signifi-
cantly in the LNG-IUS group (P , 0.01)

Figure 3: Haematoxylin and eosin-stained human endometrium following treatment with an IUS releasing 8 mg of ZK230211/24 h (panels on
the left), and treatment with an LNG-IUS (panels on the right). Note the stromal compaction and non-functional secretory morphology in the
glands following ZK230211 treatment. In LNG-treated endometrium, marked stromal decidualization was seen and the morphology of the
glands varied from inactive to secretory
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Endometrial morphology was judged to reflect partial sup-

pression in �2 of the 3 locations (fundus, corpus and isthmus)

in 30%, 9% and 10% of women with ZK-IUSs releasing 1, 4

and 8 mg/24 h, respectively, and in 67% of women with an

LNG-IUS. The difference in endometrial morphology was stat-

istically significant between the groups of women using the

LNG-IUS versus ZK-IUSs releasing 4 and 8 mg/24 h (P ,

0.01 and P , 0.02, respectively). The difference between

women with an LNG-IUS versus a ZK-IUS releasing 1 mg/
24 h approached significance (P ¼ 0.11).

A high degree of morphologically estrogenic effects (grade 3

in 60–82%) were seen following the use of ZK-IUSs, whereas

only 11% of the endometrial specimens collected following use

of an LNG-IUS displayed grade 3 estrogenic effects. More-

over, the distribution of morphologically estrogenic effects

(grade 1–2 versus 3) differed significantly between subjects

using an LNG-IUS versus IUSs releasing 1, 4 and 8 mg of

ZK230211/24 h (P , 0.05, P , 0.002 and P , 0.005, respecti-

vely). However, morphogically progestogenic effects (grade

0–2 versus 3, or grade 0–1 versus 2–3) were not significantly

different between the endometrial specimens exposed to an

LNG-IUS or any of the ZK-IUSs.

Immunohistochemistry

Figure 4 shows a summary of the various immunohistochem-

ical analyses performed. Staining was analysed separately for

endometrial glands and stroma. In addition, staining for AR,

ERb and PR was analysed separately in endometrial surface

epithelium.

Proliferation markers

Tissue expression of the proliferation markers PH3 (Fig. 4A

and B) and Ki-67 (data not shown) was weak in endometrial

glands and stroma exposed to either ZK230211 or LNG. Stain-

ing for Ki-67 and PH3 was similar irrespective of the dose of

ZK230211. When analysed semiquantitatively, the median

values varied between 0 and 1, and did not differ between

the different groups.

Sex steroid receptors

Immunolocalization ERb in endometria following intrauterine

treatment with ZK230211 and LNG is shown in Fig. 4C and D,

respectively. Staining for ERb was intense in surface epi-

thelium, glands and stroma following exposure to both LNG

and all three doses of ZK230211. No statistically significant

differences in ERb staining emerged between the endometria

exposed to LNG and ZK230211.

In general, immunostaining for ERb was more intense than

for ERa (data not shown). Staining for ERa in both endo-

metrial glands and stroma was similar following intrauterine

exposure to LNG and all the three doses of ZK230211.

Immunostaining for PR in endometria exposed to intrauter-

ine delivery of ZK230211 and LNG is illustrated in Fig. 4E

and F, respectively. PR was not detectable in the surface

epithelium following exposure to intrauterine LNG. It was,

however, detectable in the surface epithelium following

exposure to ZK230211; the difference was significant

between the groups exposed to LNG and all three doses of

ZK230211 (P , 0.01– ,0.05). In endometrial glands and

stroma, intense immunoreactivity for PR was observed after

intrauterine administration of ZK230211. Immunostaining for

PR in endometrial stroma differed significantly (P , 0.05)

between the groups exposed to LNG and to ZK230211 at

4 mg/24 h.

Minimal staining for AR (data not shown) was detectable in

the endometrial epithelium following exposure to intrauterine

LNG. No immunoreactivity for AR was detectable in endo-

metrial epithelium following ZK230211 (P , 0.05 between

groups exposed to LNG versus ZK230211). The endometrial

stroma displayed moderate immunoreactivity for AR (NS

between different subject groups).

IGFBP-1

Figures 4G and H depict the results of IGFBP-1 IHC in endo-

metria following treatment with intrauterine ZK230211 and

LNG, respectively. No immunostaining for IGFBP-1 was

observed in endometria exposed to intrauterine ZK230211.

However, IGFBP-1 was detectable in all but one of the endo-

metrial specimens following intrauterine LNG administration

(P , 0.0001).

Discussion

In the present study, we report that intrauterine release of the

PA ZK230211 by means of an IUS is feasible and that it

results in significant endometrial levels of ZK230211. Use of

a ZK-IUS had no effect on the number of days of bleeding or

spotting, whereas an increase in uterine bleeding was noted

during the short period of exposure of the endometrium to

LNG. When compared with the LNG-IUS, clear signs of PA

effects, such as maintenance of endometrial PR expression in

the glandular epithelium and lack of IGFBP-1 protein

expression, were seen during the short period of exposure to

a ZK-IUS.

The present study was randomized and blinded in design. In

addition, in contrast to the majority of studies in which the endo-

metrial effects of PA have been assessed, the present work was

performed in human subjects. A proof of concept study such as

this, with obvious restrictions as regards clinical work, can only

be performed among women presenting electively for hyster-

ectomy. Thus a concern about interpretation of the data is that

the IUSs were tested in women presenting with menstrual com-

plaints and abnormal uteri. Furthermore, the study was of a rela-

tively short duration and some of the eventual endometrial

effects associated with both the LNG-IUS and ZK-IUSs may

not be apparent until after a longer period of exposure. Analysis

of the uterine blood vessels was not included in the present

study. This is an interesting research question that should also

be addressed in future studies.

As expected, the number of days of spotting and bleeding

increased following insertion of an LNG-IUS. However, the

ZK-IUSs failed to have an effect on uterine bleeding patterns

reported by the women. Since administration of PA to non-

human primates results in a rapid induction of amenorrhoea

(Wolf et al., 1989; Slayden and Brenner, 1994; Slayden

et al., 1998, 2001), the lack of an immediate effect of the
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ZK-IUSs on uterine bleeding was an unexpected observation.

In previous studies in which ZK230211 has been evaluated

in non-human primates, ovulation and menstruation were

suppressed in a dose-dependent fashion (Slayden et al.,

2001). The doses of ZK230211 used in the present work may

have been insufficient for induction of amenorrhoea.

Figure 4: Immunohistochemical localization of PH3, ERb, PR and IGFBP-1 in human endometrium.
PH3-stained endometrium following treatment with 4 mg of ZK230211/24 h (A), and treatment with an LNG-IUS (B). Note the sparse staining
for PH3 and lack of proliferation. ERb immunostaining in endometria from women treated with IUSs releasing 8 mg of ZK230211/24 h (C), and
LNG-IUSs (D). Note the high level of immunostaining at all cellular locations following use of both ZK- and LNG-IUSs. (E) PR immunostaining
in endometria from women treated with IUSs releasing 4 mg of ZK230211/24 h. Note the high level of stromal (S) immunoreactivity (P , 0.05)
and increased immunostaining in glands (G). (F) PR immunostaining in endometria from women treated with LNG-IUSs, demonstrating low
levels of stromal and glandular PR immunoreactivity. (G) IGFBP-1 immunostaining in endometria from women treated with IUSs releasing
8 mg of ZK230211/24 h. Note no immunoreactivity at any cellular location. (H) IGFBP-1 immunostaining in endometria from women treated
with LNG-IUSs. Note intense IGFBP-1 immunoreactivity in decidualized stromal cells.
Scale bar, 10 microns; G, glands, S, stroma; SE, surface epithelium; E, endothelium; PV, perivascular cells
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However, in a preliminary study on non-human primates,

intrauterine release of ZK230211 at 3–4 mg/24 h resulted in

marked endometrial suppression (Nayak et al., 2000). The

difference in bleeding patterns during the use of ZK-IUSs

may be dose-related or the result of subtle differences

between human and non-human primate endometrium.

Several investigators have reported profound atrophy of

the endometrial glands and decidualization of stroma in

women following use of an LNG-IUS for 3 months or longer

(Silverberg et al., 1986; Critchley et al., 1998a; Phillips

et al., 2003). In the present study, the endometrium was cate-

gorized as suppressed in two-thirds of the LNG-IUS users.

More profound suppression of the endometrium may have

been observed had the duration of intrauterine LNG adminis-

tration been for a longer period of time. Endometrial sup-

pression, as evaluated morphologically, was weak following

administration of ZK230211. In contrast, clear morphological

signs of an estrogenic effect were evident in endometrial speci-

mens collected following the use of intrauterine ZK230211.

This is in agreement with the results of a recent study carried

out by Baird et al. (2003), in which prolonged administration

of low doses of oral mifepristone resulted in either a prolifera-

tive condition or cystic dilatation in the majority of women.

Data concerning the morphological effects of PA, and more

broadly those of selective PR modulators, on human endome-

trium have only recently been reported (Chwalisz et al.,

2005; Williams et al., 2007). Categorization of the effect on

the endometrium of ZK230211 is problematic, and the nomen-

clature associated with morphological events, such as estrogen-

or progestin-like, seen during the normal menstrual cycle, may

not be justified. Indeed, it has been recognized that use of PR

modulators leads to non-classical endometrial morphology,

and new descriptions have been developed (Williams et al.,

2007).

In the present study, endometrial proliferation was assessed

using IHC for both Ki-67 and PH3. PH3 antibody identifies

chromosomes during mitosis in cultured cells or whole

mounts, thus providing accurate information about cellular

proliferation (Brenner et al., 2003). The immunoreactivity of

these was negligible in both endometrial epithelial and stromal

cell compartments following intrauterine delivery of LNG and

ZK230211. Similarly, Hurskainen et al. (2000) reported that

endometrial staining for Ki-67 was weak during the use of an

LNG-IUS. Previous studies concerning the effects of adminis-

tration of PAs on endometrial expression of Ki-67 have also

been reported. Low levels of Ki-67 immunostaining were seen

during administration of mifepristone at doses of 2 or 5 mg for

120 days in female volunteers (Baird et al., 2003). In non-human

primate endometrium, however, Ki-67 levels comparable to

those seen in proliferative phase endometrium were detected

following systemic administration of ZK230211 in cynomol-

gous monkeys undergoing artificial cycles (Slayden et al.,

2001). As regards PH3 immunolabelling, a significant decrease

in the expression of PH3 has been reported in human endome-

trium following chronic low dose administration of mifepristone

(Narvekar et al., 2004).

Down-regulation of endometrial ERs and PRs is a well-

characterized progestin effect, and is observed with

intrauterine administration of LNG (Critchley et al., 1998b;

Hurskainen et al., 2000). In the present study, PRs were

down regulated both in the surface epithelium and in the

stroma of the endometria exposed to LNG when compared

with endometria exposed to ZK230211. As observed in non-

human primate endometrium, endometrial PR levels were

maintained during PA administration (Slayden et al., 1993).

The present data on PR expression in endometrium exposed

to intrauterine PA are consistent with the PA nature of

ZK230211. Endometrial expression of both ERa and ERb

was similar to the use of either an LNG-IUS or a ZK-IUS.

This contrasts with the effects of ZK230211 on primate endo-

metrium, in which systemic administration of ZK230211 coun-

teracted the effects of progesterone, resulting in up-regulation

of ERa (Slayden et al., 2001).

Expression of AR is down regulated in secretory phase

human endometrium and in endometria collected from

women using an LNG-IUS (Burton et al., 2003). In contrast,

PA-induced suppression of endometrial growth is associated

with up-regulation of endometrial ARs in non-human pri-

mates (Brenner and Slayden, 2005) and in women (Narvekar

et al., 2004). Furthermore, antagonism of androgen action by

co-administration of flutamide to PA-treated cynomolgous

monkeys has been reported to result in loss of endometrial

suppression (Brenner and Slayden, 2003). These data suggest

that androgen action in essential for the suppressive effects of

PAs on the endometrium. In the present study, expression of

ARs in the glandular epithelium was minimal among the sub-

jects exposed to intrauterine ZK230211 administration. This

lack of up-regulation of ARs may explain in part the lack

of endometrial suppression following intrauterine delivery of

ZK230211.

The endometrial content of IGFBP-1 is increased in human

secretory phase and decidualized endometrium (Rutanen et al.,

1984a,b). Similarly, addition of progestins to cultures of human

endometrial tissue explants has been reported to increase the

synthesis of IGFBP-1 (Bell et al., 1991; Gao et al., 1994).

Endometrial exposure to LNG results in strong expression of

endometrial IGFBP-1 (Pekonen et al., 1992). Thus, sequestra-

tion of IGF action as a result of elevated tissue content of

IGFBP-1 has been proposed as one of the mechanisms explain-

ing endometrial suppression during use of an LNG-IUS

(Rutanen et al., 1997). In the present study, strong expression

of IGFBP-1 protein was evident in the specimens collected

from women treated with an LNG-IUS. However, IGFBP-1

was not detectable in any of the endometrial specimens col-

lected from women using ZK-IUSs. It is possible that in the

absence of IGFBP-1, IGF actions on the endometrium are main-

tained, which may contribute to the endometrial morphology

observed during use of a ZK-IUS. Such data further confirm

the PA action of ZK230211 on the human endometrium.

In conclusion, the effects on the endometrium of intrauterine

release of the PA ZK230211 and the progestin LNG differ. Endo-

metrial suppression following administration of ZK230211 was

negligible. However, lack of proliferative activity was evident in

endometria from women exposed to either LNG or ZK230211.

A high level of endometrial PR expression as well as lack

of IGFBP-1 protein expression following intrauterine
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administration of ZK230211 confirms the PA nature of

ZK230211 action on the human endometrium. The potential

clinical effects of intrauterine delivery of ZK230211 and LNG

on the human endometrium are probably mediated via different

molecular and cellular mechanisms. The clinical potential of

intrauterine delivery of PA should be evaluated in further clinical

trials.
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placental protein 12 in decidua and fetal membranes is greater than in
placenta. Brit J Obstet Gynaecol 1984b;91:1240–1244.

Rutanen E-M, Salmi A, Nyman T. mRNA expression of insulin-like growth
factor-I (IGF-I) is suppressed and those of IGF-II and IGF-binding
protein-1 are constantly expressed in the endometrium during use of an
intrauterine levonorgestrel system. Mol Hum Reprod 1997;3:749–754.

Silverberg SG, Haukkamaa M, Arko H, Nilsson CG, Luukkainen T.
Endometrial morphology during long term use of levonorgestrel-releasing
intrauterine devices. Int J Gynecol Pathol 1986;15:235–241.

Slayden O, Brenner B. RU486 action after estrogen priming in the
endometrium and oviducts of rhesus monkeys (Macaca mulatta). J Clin
Endocrinol Metab 1994;78:440–448.

Slayden O, Hirst J, Brenner B. Estrogen action in the reproductive tract during
antiprogestin treatment. Endocrinology 1993;132:1845–1856.

Slayden O, Zelinski-Wooten M, Chwalisz K, Stouffer R, Brenner R. Chronic
treatment of cycling rhesus monkeys with low doses of antiprogestin ZK
137 316: morphometric assessment of the uterus and oviduct. Hum Reprod
1998;13:269–277.

Slayden O, Chwalisz K, Brenner B. Reversible suppression of menstruation
with progesterone antagonists in rhesus macaques. Hum Reprod 2001;
16:1562–1574.

Williams A, Critchley H, Osei J, Ingamells S, Cameron I, Han C, Chwalisz C.
The effects of the selective progesterone receptor modulator asoprisnil on the
morphology of uterine tissues after 3 months of treatment in patients with
symptomatic uterine leiomyoma. Hum Reprod 2007;22:1696–1704.

Wolf J, Hsiu J, Anderson T, Ulmann A, Baulieu E, Hodgen G. Noncompetitive
antiestrogenic effect of RU 486 in blocking the estrogen-stimulated
luteinizing hormone surge and the proliferative action of estradiol on
endometrium in castrate monkeys. Fertil Steril 1989;52:1055–1060.

Submitted on April 20, 2007; resubmitted on June 20, 2007; accepted on
June 25, 2007

Heikinheimo et al.

2522

D
ow

nloaded from
 https://academ

ic.oup.com
/hum

rep/article-abstract/22/9/2515/611116 by Edinburgh U
niversity user on 27 February 2020



Transforming Growth Factor-�1 Attenuates
Expression of Both the Progesterone Receptor and
Dickkopf in Differentiated Human Endometrial
Stromal Cells

Nicole Kane, Marius Jones, Jan J. Brosens, Philippa T. K. Saunders, Rodney W. Kelly, and
Hilary O. D. Critchley

Medical Research Council Human Reproductive Sciences Unit (N.K., P.T.K.S., R.W.K.), Reproductive
and Developmental Sciences (H.O.D.C.), Centre for Reproductive Biology, The Queen’s Medical
Research Institute, Edinburgh EH16 4TJ, United Kingdom; and Institute of Reproductive and
Developmental Biology (M.J., J.J.B.), Imperial College School of Medicine, Hammersmith Hospital,
London W12 0HS, United Kingdom

TGF�1 is thought to be intimately involved in cyclic
tissue remodeling and inflammatory events asso-
ciated with menstruation. Menstruation is initiated
by progesterone withdrawal; however, the under-
lying mechanisms are not well understood. In the
present study, we have tested the hypothesis that
locally produced TGF�1 may influence expression
of progesterone receptor (PR) or the Wnt antago-
nist Dickkopf-1 (DKK) with consequential impact
on regulation of menstruation. Endometrial stro-
mal cells (ESC) were isolated from endometrial bi-
opsy samples collected from patients undergoing
gynecological procedures for benign indications.
Treatment of differentiated ESC with TGF�1 (10
ng/ml) significantly inhibited the expression of mR-
NAs encoding PR and DKK. TGF�1 also attenuated
the protein expression of PR and secretion of DKK
proteins in culture supernatants. Neutralization of
endogenous TGF�1 signaling abolished the
TGF�1-induced effects, significantly increased ex-

pression of PR, and increased DKK protein release
levels to that of differentiated ESCs, confirming the
specificity of the TGF�1 effect. Additionally, in vitro
decidualization of ESCs significantly augmented
DKK protein release. Moreover, although TGF�1
was capable of signaling via the Sma- and mothers
against decapentaplegic (MAD)-related protein
(SMAD) pathway, the inhibitory effect on DKK was
SMAD independent. Conversely, the inhibitory ef-
fect of TGF�1 on PR was dependent on SMAD
signal transduction. In conclusion, these results
suggest that local TGF�1 signaling can potentiate
progesterone withdrawal by suppressing expres-
sion of PR and may coordinate tissue remodeling
associated with menstruation by inducing Wnt-sig-
naling via inhibition of DKK, which we found to be
up-regulated as a consequence of decidualization
of ESCs. (Molecular Endocrinology 22: 716–728,
2008)

THE PROGESTERONE RECEPTOR (PR) is a mem-
ber of the superfamily of ligand-activated tran-

scription factors that bind to sequence-specific sites
in the promoters of target genes. Two isoforms of the

nuclear PR exist, known as PR-A (Mr 94,000) and
PR-B (Mr 120,000) (1). A third, truncated form, PR-C
(Mr 60,000), has been identified in the breast cancer
epithelial cell line T47D and has subsequently been
reported in the uterus (2, 3). In the human, expression
of PR varies temporally and spatially, in both functional
and basal regions and within the epithelial and stromal
compartments, across the normal menstrual cycle (4–
6). Decidualization of the stromal cells is associated
with rapid down-regulation of PR-B, leaving PR-A as
the dominant isoform (7, 8). Expression of the PR-A
isoform expression is maintained throughout the cycle
in the stromal cells (9). Therefore, the cell, which would
have facilitated implantation in the presence of a blas-
tocyst, is the decidualized stromal cell that responds
to the withdrawal of progesterone and initiates
menstruation.

TGF�1, a secreted homodimeric protein, is the pro-
totypic member of a family of approximately 40 struc-
turally related proteins known as the TGF� superfam-

First Published Online November 21, 2007
Abbreviations: DCC, Dextran-coated charcoal; DKK, Dick-

kopf; EBAF, endometrial-associated bleeding factor; ERE,
estrogen response element; ESC, endometrial stromal cell;
FCS, fetal calf serum; ICF, immunocytofluorescence; MPA,
medroxyprogesterone acetate; NGS, nonimmune goat se-
rum; PAI-1, plasminogen activator inhibitor; PIAS, protein
inhibitors of activated signal transducer and activator of tran-
scription; PR, progesterone receptor; PRE, progesterone re-
sponse element; p-SMAD2, phosphorylated SMAD2; siRNA,
small interfering RNA; SMAD, Sma- and mothers against
decapentaplegic (MAD)-related protein; STAT, signal trans-
ducer and activator of transcription; TBS, Tris-buffered sa-
line; TBST, TBS plus Tween 20.
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ily. TGF�1 and its isoforms regulate a plethora of
diverse biological functions (10–13). TGF�1 has been
shown to enhance tissue remodeling and homeostasis
in endometrial cells (14, 15), and inactivation of TGF�1
has been implicated in endometrial carcinogenesis
(16).

TGF�1 is present in its latent form in the endome-
trium until the late secretory phase when it is activated
by plasmin (17). Plasmin is formed from inactive plas-
minogen by urokinase plasminogen activator, which is
itself regulated by plasminogen activator inhibitor
(PAI-1) (18). TGF�1 initiates its diverse cellular re-
sponses by stimulating formation of specific hetero-
meric complexes of type I (ALK 5) and type II serine/
threonine kinase transmembrane receptors located at
the cell surface. The type II receptor phosphorylates
type I in the juxtamembrane region (GS domain, rich in
glycine and serine residues), which in turn propagates
the signal intracellularly via the phosphorylation of
highly conserved members of receptor-regulated
Sma- and mothers against decapentaplegic (MAD)-
related protein (SMAD) family of transcriptional regu-
lators, SMAD2 and -3 (19–21).

Protein inhibitors of activated signal transducer and
activator of transcription (STAT) (PIAS) are a family of
proteins originally identified through interaction with
cytokine-induced STAT (22). PIAS� is reported to in-
hibit STAT1-mediated transcriptional responses (23,
24) and antagonizes Wnt-independent and Wnt-in-
duced transcriptional activation of lymphoid enhancer
factor 1 (LEF1) (25). TGF�1 induces expression of
endogenous PIAS�, and in turn, PIAS� interacts with
SMAD3 and antagonizes SMAD3-dependent tran-
scriptional activation by TGF� type 1 receptor, thereby
providing a negative feedback mechanism for regula-
tion of TGF�1 signaling (26) and a potential mecha-
nism for antagonism of downstream transcriptional
activity.

Recent studies have shown that a physical associ-
ation between intracellular components of these two
pathways, namely, SMAD3 and lymphoid enhancer
factor 1/T-cell-specific factors (27), mediates syner-
gistic activation of Xtwn, a Wnt and TGF� target gene.
It has been shown that the secreted protein Dickkopf
(DKK) inhibits Wnt signaling. DKK has been demon-
strated to inhibit Wnt signaling by binding to a low-
density lipoprotein receptor-related protein, LRP6 and
inhibits signaling by disrupting the binding of LRP6 to
the Wnt/Fz ligand-receptor complex (28–30). It has
been reported that DKK mRNA expression is signifi-
cantly up-regulated in the stromal cells in the secretory
phase of the cycle, suggesting that progesterone stim-
ulates DKK expression and implying a role for DKK in
decidualization of the endometrium (31).

A better understanding of the local mechanisms
involved in the regulation of menstruation and implan-
tation is essential to understand the pathophysiology
of menstrual bleeding complaints and early pregnancy
complications such as spontaneous miscarriage. In
the current study, we have therefore investigated the

possibility that TGF�1 may play a role in the initiation
of menstruation by modulating PR and/or DKK expres-
sion via the SMAD signaling pathway.

RESULTS

TGF�1 But Not TGF�2 or -3 Down-Regulates PR
mRNA Expression

TGF�1, TGF�2, and TGF�3 have previously been lo-
calized within the endometrium (32, 33). To address
the question of whether TGF� isoforms caused alter-
ations in PR mRNA expression, endometrial stromal
cells (ESCs), decidualized in vitro with 8-Br-cAMP (0.5
mM) and medroxyprogesterone acetate (MPA) (1 �M)
(decidualizing medium) for 6 d as measured by in-
crease in IGF-binding protein-1 mRNA and protein
release (P � 0.05 and P � 0.001, respectively; n � 4
endometrial samples) (supplemental Fig. S1, A and B,
respectively, published as supplemental data on The
Endocrine Society’s Journals Online web site at http://
mend.endojournals.org), were treated for 72 h with
TGF�1, TGF�2, or TGF�3 (10 ng/ml). TGF�1 alone
caused a significant decrease in PR mRNA compared
with controls (P � 0.001; n � 6) (Fig. 1). TGF�2 and
TGF�3 were without significant effect but displayed a
trend toward reduction.

TGF�1 Alters PR Expression in Decidualized
ESCs in a Time-Dependent Manner

To further address the role of TGF�1 in regulation of
ESC PR expression, ESCs were cultured, decidualized
in vitro for 6 d (see above), and then further incubated
with decidualizing medium with or without the addition
of TGF�1 for a maximum of 72 h. TGF�1 up-regulated
expression of PR mRNA in decidualized ESCs 2-fold
(P � 0.001; n � 6) after 2 h incubation; by 24 and 36 h,
levels were not significantly different from those of
controls (Fig. 2A). However, by 72 h, expression of PR

Fig. 1. TGF�1 Is the Most Effective Isoform Localized within
the Endometrium at Suppressing PR mRNA

Cultured ESCs were decidualized in vitro with or without
TGF�1, TGF�2, or TGF�3 (all at 10 ng/ml) for 72 h. TGF�1
reduces expression of mRNA nuclear PR in a significant manner
(P � 0.001). TGF�2 and TGF�3 show no significant effect.
Results are � SEM. n � 6 endometrial samples. ***, P � 0.001.
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mRNA was down-regulated 2-fold as compared with
unstimulated controls (P � 0.05; n � 6) (Fig. 2A).
Similar results were observed in T47D cells (supple-
mental Fig. S2A, published as supplemental data on
The Endocrine Society’s Journals Online web site at
http://mend.endojournals.org). Immunoexpression of
PR was localized to nuclei in primary ESCs (Fig. 2B)
and T47D cells (supplemental Fig. S2B). Comparison

of staining intensities was consistent with a decrease
of immunoreactive PR in the nuclei of both cell types
(compare panels I and II) after 72 h treatment with
TGF�1. Representative examples are shown.

Protein expression of PR in decidualized ESCs was
analyzed by Western blotting (Fig. 2C). On Western
blots, we observed reduced expression of PR-A and
PR-B after treatment of decidualized ESCs with
TGF�1 (Fig. 2C). This response appeared more
marked in cells exposed to decidualizing agents for
72 h (Fig. 2C). To determine whether TGF�1 treatment
induced PIAS� expression, thereby stimulating a po-
tential negative feedback loop on its own production
or inhibition of its downstream transcriptional activity,
protein expression of PIAS� was analyzed by Western
blot analysis. TGF�1 treatment modestly increased
protein expression of PIAS� in a time-dependent man-
ner in decidualized cells (Fig. 2C).

TGF�1 Does Not Affect the Transactivation
Potential of Steroid Receptors

To elucidate whether the TGF�1-mediated-signaling
has a direct effect on the progesterone response ele-
ment (PRE) or the estrogen response element (ERE), a
luciferase promoter/reporter assay was conducted.
The presence of an appropriate steroid receptor ago-
nist, but not addition of TGF�1, significantly induced
reporter gene expression (P � 0.001 and P � 0.01, Fig.
3, A and B, respectively). Coincubation with steroid
agonist and TGF�1 did not have a significant impact
on reporter gene activation as compared with receptor
agonist alone but did significantly induce reporter
gene expression as compared with control (P � 0.001,
Fig. 3, A and B).

TGF�1 Down-Regulates DKK in Decidualized
Stromal Cells

TGF�1 had a transient but significant impact on DKK
mRNA expression at 12 and 24 h (P � 0.05; n � 5) that
displayed a return to control levels if cultured for 48 h
or more (Fig. 4A). Protein release was also measured in
the same samples; reduced release of DKK protein
lagged 36 h behind the reduction in mRNA with a
significant reduction at 48 and 72 h (both P � 0.001;
n � 5) (Fig. 4B). Notably, the concentration of DKK
measured in the media was dramatically increased
after treatment with decidualizing medium for 72 h
(P � 0.001; n � 5) (Fig. 5B).

Blocking Endogenous TGF�1 Action Negates
TGF�1-Induced PR mRNA Suppression but Has
No Significant Effect on DKK Protein Release

We hypothesized that ESCs would be capable of en-
dogenous biosynthesis of TGF�1 and therefore inves-
tigated whether the addition of a blocking antibody
could neutralize the activity of both endogenous and
exogenous TGF�1. ESCs were cultured in the pres-

A

B

C

Fig. 2. TGF�1 Inhibits mRNA and Protein Expression of PR
and Increases Protein Expression of PIAS�

A, Time course of PR mRNA expression in cultured ESCs
decidualized in vitro with or without TGF�1 measured by
Q-RT-PCR. TGF�1 reduces expression of PR mRNA in a
time-dependent manner in primary ESCs. Results are � SEM

(P � 0.05); n � 6 endometrial samples. B, Immunohistochem-
ical analysis of PR expression in control and TGF�1-treated
ESC cells; PR immunostaining of ESCs decidualized in vitro
(I) and ESCs decidualized in vitro plus TGF�1 (10 ng/ml) (II).
Inset shows negative control (matched isotype control). C,
Whole-cell lysates from primary ESC cultures decidualized in
vitro for 24 or 72 h, with or without TGF�1 (10 ng/ml), were
subjected to Western blot analysis. TGF�1 treatment re-
duced protein expression of both PR-A and PR-B in decidu-
alized ESCs and increased protein expression of PIAS� in
decidualized ESC. *, P � 0.05; ***, P � 0.001.
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ence and absence of decidualizing medium for 6 d and
then further cultured with decidualizing medium to
maintain the decidualized phenotype in the presence
or absence of TGF�1 (10 ng/ml) or anti-TGF�1 anti-
body (1 �g/ml) for 72 h. Consistent with our previous
studies herein, addition of TGF�1 significantly down-
regulated expression of PR mRNA in decidualized
ESCs (P � 0.001; n � 5) (Fig. 5A). Furthermore, addi-
tion of anti-TGF�1 resulted in a significant increase in
PR mRNA as compared with decidualized ESCs in the
absence of TGF�1 treatment, demonstrating that this
had been partially down-regulated by endogenous
TGF�1 (P � 0.001; n � 5) (Fig. 5A). Protein release of
DKK was also measured; TGF�1 significantly down-
regulated protein release of DKK as compared with
decidualized ESC (P � 0.001; n � 5) (Fig. 5B); how-
ever, addition of anti-TGF�1 was without effect on
protein release of DKK by the decidualized cells (Fig.
5B). Treatment with the isotype control, mouse IgG1,
evoked no response in either PR mRNA expression or
DKK protein release (Fig. 5, A and B, respectively). We

did not add anti-TGF�1 to cells exposed to exogenous
TGF�1 because it would be difficult to completely
neutralize 10 ng/ml TGF�1, and therefore any results
obtained would be inconclusive.

TGF�1 Signals via the SMAD-Signaling Pathway
in Nondecidualized and Decidualized ESCs

To investigate whether TGF�1 was having an impact
on the SMAD-signaling pathway in primary ESCs, cells
were cultured as before, and changes in phosphory-
lated SMAD2 (p-SMAD2) protein expression were in-
vestigated. At all time points (12, 36, and 72 h), the
amount of p-SMAD2 protein was increased by incu-
bation with TGF�1 regardless of whether cells were
nondecidualized or decidualized (Fig. 6A). Results of
Western analysis were confirmed when immunocyt-
ofluorescence staining was performed on decidual-
ized cells 72 h after incubation with TGF�1 (Fig. 6B).

A

B

Fig. 3. TGF�1 Does Not Alter the Transactivation Potential
of PR and ER

Decidualized ESCs were transiently transfected with either PRE-
luc (A) or ERE-luc (B) expression vector, and cells were treated with
or without MPA (PRE) or estradiol (ERE) with or without TGF�1.
TGF�1 was without effect, either alone or in combination with the
steroid-specific agonist, on induction of reporter gene activation for
both response elements. Results are � SEM; n � 3 endometrial
samples. **, P � 0.01; ***, P � 0.001.

A

B

Fig. 4. TGF�1 Treatment Down-Regulates DKK in Decidu-
alized ESCs

A, Time course of DKK mRNA expression in decidualized
ESCs with or without TGF�1 measured by Q-RT-PCR.
TGF�1 reduces expression of DKK mRNA over a period of
24 h but displays a return to control levels if cultured for 48 h
or more. B, Time course of DKK protein release in cultured
ESCs decidualized in vitro with or without TGF�1 (10 ng/ml)
quantified by ELISA. TGF�1 significantly reduces protein re-
lease of DKK in a time-dependent manner over a period of
48 h (P � 0.001). Down-regulation of DKK is seen at 72 h also
(P � 0.001). Results are � SEM; n � 5 endometrial samples.
*, P � 0.05; ***, P � 0.001.
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Panels I and III depict immunocytofluorescence (ICF)
on control cells; panel III is a larger-view field of panel
I. Panels II and IV depict ICF on TGF�1-treated cells;
panel IV is a larger-view field of panel II. Deciphering
staining intensities with the naked eye can be very
subjective; for this reason, the images were quantita-
tively analyzed (Fig. 6C); 10 ng/ml TGF�1 significantly
up-regulated p-SMAD2 protein expression in decidu-
alized ESCs (P � 0.001).

TGF�1 Inhibits PR But Not DKK in a SMAD-
Dependent Manner

Two small interfering RNAs (siRNAs) specific for
SMAD4 was used to investigate whether selectively

silencing the SMAD signaling pathway would abro-
gate the TGF�1-induced responses. Western blot-
ting (Fig. 7A) demonstrated that transfection with
both the SMAD4-specific siRNAs resulted in a dra-
matic reduction in the amount of SMAD4 protein
(Fig. 7A, panel I) consistent with efficient transfec-
tion (Fig. 7E). Depletion of SMAD4 from decidualized
ESCs was not able to abrogate the TGF�1-depen-
dent reduction in DKK protein release, although
there did not appear to be a reduction in mRNA in
the presence of the SMAD4 siRNA, so this was not
specific or significant (Fig. 7, B and C). In contrast,
depletion of SMAD4 had a dramatic and specific
impact on the amount of PR mRNA and protein (both
A and B) (Fig. 7, A and D). As expected, treatment of
mock-transfected cells with TGF�1 (10 ng/ml) re-
sulted in a reduction in the expression of both PR
and DKK mRNA and protein. No significant differ-
ences were observed in cells transfected with con-
trols for all siRNAs in the absence of TGF�1 (data
not shown).

A

B

Fig. 5. Anti-TGF�1 Antibody Neutralizes Endogenous
TGF�1 and Potentiates PR Expression but Has No Effect on
DKK Protein Release

Cultured ESCs were decidualized in vitro with or without
TGF�1 treatment. To confirm the specificity of the TGF�1
response, anti-TGF�1 (1 �g/ml) or mouse IgG control was
added, for 72 h. A, TGF�1 reduces expression of mRNA
nuclear PR, whereas anti-TGF�1 antibody increases nuclear
PR. B, TGF�1 reduces protein release of DKK, whereas anti-
TGF�1 antibody has no effect. Results are � SEM (P � 0.05);
n � 5 endometrial samples. ***, P � 0.001.

A

B C

Fig. 6. TGF�1 Induces SMAD2 Phosphorylation in ESC,
Both Decidualized and Nondifferentiated

A, Nuclear lysates from untreated primary ESCs or cul-
tures decidualized in vitro for 12, 36, or 72 h, with or
without TGF�1 (10 ng/ml), were subjected to Western blot-
ting analysis. TGF�1 treatment induced protein expression
of p-SMAD2 at each time point. B, ICF analysis of p-
SMAD2 expression in control and TGF�1-treated decidu-
alized ESCs; I–IV, p-SMAD2 immunostaining; I, decidual-
ized ESCs without treatment; II, decidualized ESCs plus
TGF�1 (10 ng/ml); III, decidualized ESCs without treat-
ment, larger-view field; IV, decidualized ESCs plus TGF�1
(10 ng/ml), larger-view field. C, Quantitative analysis of
average optical intensity of p-SMAD2. Fifteen control and
15 TGF�1-treated decidualized ESCs (10 ng/ml) were an-
alyzed from each endometrial biopsy. All settings were
identical for control and treated cells. TGF�1 significantly
up-regulated p-SMAD2 protein expression (P � 0.001);
n � 5 endometrial biopsies. ***, P � 0.001.
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DISCUSSION

In the present study, we report for the first time
evidence demonstrating that TGF�1 acting via a
SMAD-dependent mechanism is able to inhibit ex-
pression of PR mRNA and protein. We also report
novel findings demonstrating that TGF�1 may en-
hance the activity of the Wnt-signaling pathway by
inhibiting expression of DKK via a SMAD-indepen-
dent mechanism.

The postovulatory rise in progesterone, acting via
the nuclear PR (34, 35), induces profound phenotypi-
cal and morphological remodeling of the estrogen-

primed endometrium resulting in decidualization. In
the absence of implantation, the withdrawal of proges-
terone initiates the cascade of events associated with
menstruation (36, 37). Several studies provide evi-
dence that progesterone interacts with other factors,
e.g. cAMP, to mediate its effect on differentiating en-
dometrial stroma and that these may also participate
in the processes leading to menstruation (7, 8, 38–40).
In this study, primary ESCs were treated with 8-Br-
cAMP and MPA to induce a decidualized phenotype,
and successful in vitro decidualization, as determined
by the increase in IGFBP-1 mRNA and protein release,
was consistently achieved.

A

B C

D E

Fig. 7. TGF�1 Inhibits PR But Not DKK in a SMAD-Dependent Manner
A, Western blot analysis of SMAD4 siRNA-treated ESCs. Samples 1 and 2 represent mock-transfected cells. Sample 3

represents cells transfected with a positive control siRNA. Sample 4 represents cells transfected with a scrambled, nontargeting
siRNA. Sample 5 represents cells transfected with SMAD4-1 siRNA. Sample 6 represents cells transfected with SMAD4-2 siRNA.
After transfection, samples 2–6 were treated with TGF�1 (10 ng/ml) for 72 h. Before (36 h) and after transfection (72 h), cells were
treated with decidualizing stimuli, 8-Br-cAMP (0.5 mM), and MPA (1 �M). n � 6 endometrial samples. Panel I shows a reduction
in SMAD4 protein expression in samples 5 and 6. Panel II demonstrates a reduction in both PR-A and PR-B protein expression
in samples 2–4. However, cells treated with SMAD4 siRNA (samples 5 and 6) demonstrate increased protein expression. Panel
III demonstrates successful knockdown of the positive control as evidenced by the reduction in protein expression in sample 3,
and panel IV shows �-actin protein expression, which served as a loading control. B, TGF�1 treatment reduces DKK mRNA
expression (P � 0.05) in mock-transfected cells but is without significant effect in transfected cells. C, TGF�1 treatment reduces
protein release (P � 0.001) of DKK in the presence and absence of the SMAD signaling pathway. D, TGF�1 treatment reduces
expression of PR mRNA (P � 0.001) but is without effect when SMAD4 is silenced. E, Transfection efficiency of siRNA. Panel I
represents cells transfected with 488 nm-labeled AllStars negative control siRNA (5 nM). Panel II shows phase contrast of cells
in A. Panel III represents an overlay of both A and B. Panel IV shows cells transfected with the unlabeled AllStars negative control
siRNA (5 nM). Cells were transfected for 20 h. **, P � 0.01; ***, P � 0.001.
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We have demonstrated that after a transient rise,
TGF�1 significantly reduces expression of PR in de-
cidualized endometrial stromal cells in a time-depen-
dent manner. Furthermore, we have shown that this
inhibition is not caused by any impact of TGF�1 on
ER-mediated PR gene transcription. Several studies
have reported that PR expression is under dual control
of estradiol and progesterone acting via their cognate
nuclear receptors on EREs and PREs, respectively
(41–43). However, using transient transfections of PRE
and ERE into ESC treatment with the appropriate ste-
roid receptor agonist resulted in increased luciferase
activity, but addition of TGF�1 did not activate re-
porter activity nor did TGF�1 have any impact on
agonist-driven reporter activity. No explanation has
been elucidated for the initial TGF�1-induced up-reg-
ulation of PR at 2 h, but we would speculate that this
could be due to activation of recently identified non-
genomic PRs (44, 45). Because no functional role has
been identified for the nongenomic receptors, we were
unable to measure any specific downstream target
genes to assess the impact of TGF�1 on these puta-
tive membrane-bound receptors.

Previous studies have reported that TGF�1 inhibited
expression of progesterone-induced genes (46). It has
been suggested that although TGF�1 promotes selec-
tive progesterone responses, it opposes others, im-
plying that TGF�1 acts as a PR-independent, gene-
specific antiprogestin, although evidence to support
such suggestions is scant. In contrast, we have dem-
onstrated that the down-regulation of PR in nonde-
cidualized ESCs (data not shown), decidualized ESCs,
and T47D cells suggests that the effect of TGF�1 is not
stromal cell specific but PR specific. Furthermore, we
have reported that ESCs contain endogenous TGF�1,
and neutralizing this negated any TGF�1-induced ef-
fects, providing evidence that the down-regulation of
PR is TGF�1 specific. Additional evidence to support
a relationship between progesterone and TGF�1 were
provided by Bruner et al. (47), who reported that
TGF�1 and progesterone are intimately involved in the
prevention of experimental endometriosis in a nude
mouse model, leading to the suggestion that TGF�1
could be used for treatment of endometriosis (48).

Furthermore, in cases of aberrant endometrial
bleeding, the proposed relationship between TGF�1
and progesterone may be interrupted. In the normal
menstrual cycle, progesterone is reported to suppress
endometrial-associated bleeding factor (EBAF; a
member of the TGF� family), also known as LEFTY-A,
during the secretory phase of the cycle. With subse-
quent withdrawal of progesterone, EBAF expression is
no longer suppressed and can act to stimulate events
associated with the shedding of the upper functional
layer of endometrium and menstruation (49). The data
presented herein would be consistent with TGF�1
down-regulation of PR expression, augmented pro-
gesterone withdrawal, and EBAF and EBAF-mediated
tissue shedding. The latter also acts as a profibrogenic
cytokine to maintain the integrity of ECM in endome-

trium (50, 51). Increased expression of TGF�1 and /or
EBAF/LEFTY-A may result in aberrant menstrual
bleeding.

In the studies presented herein, TGF�1 up-regu-
lated protein expression of PIAS�. This is in agreement
with previous studies reporting that TGF�1 induced
expression of endogenous PIAS� (26). PIAS� is re-
ported to inhibit SMAD transcriptional activity and
other transcriptional responses (26). Interestingly,
other studies have demonstrated that conditional
overexpression of PIAS� selectively inhibits a subset
of endogenous TGF�-responsive genes, which in-
cludes PAI-1 (52). A previous study reported that
TGF�1 stimulates the synthesis of PAI-1, demonstrat-
ing a negative feedback loop on its own production. In
addition, progesterone has been shown to regulate the
release of PAI-1 in stromal cells in vitro (53). Further-
more, urokinase plasminogen activator is expressed in
the late secretory phase in coordination with falling
progesterone levels before menstruation (32, 54), pos-
sibly indicating the existence of a relationship between
progesterone and TGF�1 (55). The story becomes
more complex as recent studies have demonstrated
that PIAS� is complexed to the PR in human ESCs and
that its ability to repress STAT1 signaling is dependent
upon activation of PR in response to hormone binding
(56). The same study reported that IFN� and PIAS�
synergistically inhibited PR-dependent transcription,
demonstrating that the progesterone and IFN� signal-
ing pathways engage in reciprocal transcriptional an-
tagonism in human endometrium (56). IFN� has pre-
viously been reported to inhibit the TGF�-induced
phosphorylation of SMAD3 and its attendant events to
prevent TGF�-induced gene transcription (57–59).
TGF�1 may act to up-regulate PIAS�, which is com-
plexed with PR, to interact with IFN�, present in the
late-secretory phase, to inhibit further production or
activation of TGF�1, hence limiting its own biological
actions. Furthermore, in our findings, PIAS� protein
expression was only modestly up-regulated after 72 h,
implying that its regulatory effects on TGF�1 function
are delayed.

In these present studies, incubation of decidualized
ESCs with TGF�1 resulted in a transient but significant
reduction in DKK mRNA expression that was followed
by a reduction in release of DKK protein. The findings
presented herein correlate with published data show-
ing reduced expression of DKK in accordance with
increased receptor activity for TGF�1 in the late se-
cretory phase of the menstrual cycle (54). We did not
obtain evidence that TGF�1-mediated repression of
DKK is dependent on PR activity, and further investi-
gations would need to examine the effect of TGF�1 on
DKK expression in cells lacking PR. Notably, in the
present studies, we have demonstrated that addition
of anti-TGF�1 antibody potentiates PR mRNA expres-
sion as compared with controls but has no effect on
DKK protein release. In the first instance, this may
suggest that TGF�1 antagonizes DKK expression, in-
dependently of PR. However, an alternative explana-
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tion may be that PR serves as a cofactor for another,
perhaps rate-limiting, transcription factor responsible
for DKK expression. If this was the case, PR knock-
down would reduce expression of DKK; however,
overexpression of PR might not have the opposite
effect.

In the present studies, we also demonstrated a
marked increase in the release of DKK protein when
ESCs were decidualized in vitro. These results would
be consistent with the report of Tulac et al. (31) who
found a significant up-regulation of DKK in stromal
cells during the secretory, compared with the prolifer-
ative phase of the menstrual cycle (31, 60). A recent
study following up on these findings found that DKK
mRNA synthesis and protein expression was up-reg-
ulated in human ESCs decidualized in vitro and that
the response was progesterone specific and indepen-
dent of cAMP and estradiol (61). In transfection as-
says, incubation with TGF�1 treatment did not alter
the activity of either an ERE- or a PRE-driven reporter
gene. To date, there has been no evidence for the
existence of a PRE (61) in the DKK promoter. In this
context, Goldman and Shalev (62) have suggested a
possible mechanism for PRE-independent progester-
one-mediated responses. In addition to the direct
transcriptional activation through binding with its cog-
nate DNA response element, PR is capable of tran-
scriptional activation interacting with other classes of
transcription factors on their cognate binding site, e.g.
cAMP response element-binding protein-binding pro-
tein and/or specificity protein-1 (62). In such cases
where PR acts in a PRE-independent manner, it acts
as a coactivator or corepressor (62). Although this
proposed mechanism has not yet been conclusively
proven, it does suggest a potentially novel process by
which progesterone could regulate expression of DKK.

Previous studies have reported that Wnt family
members are expressed in human endometrium
throughout the menstrual cycle (31). Tulac et al. (31)
reported no significant menstrual cycle dependence of
the Wnt ligands (except Wnt-3), receptors, or down-
stream effectors. Tulac et al. (31) further reported that
Wnt-3 was significantly increased in proliferative com-
pared with secretory-phase endometrium in accor-
dance with data from Hou et al. ( 63), who reported
that canonical Wnt signaling is critical to estrogen-
mediated uterine growth. Furthermore, a recent study,
using mifeprisone as a model to delineate the molec-
ular response to progesterone withdrawal, has re-
ported coordinated up-regulation of the Wnt receptors
and Wnt5A by mifepristone. The authors suggest that
in response to progesterone withdrawal, the Wnt sig-
naling cascade may mediate epithelial/mesenchyme
interactions during menstruation and endometrial re-
pair (64). Accumulating data would suggest a role for
DKK in promoting cellular differentiation in adipocytes
(65). Additionally, Wnt signaling in maturing osteo-
blasts requires down-regulation to enable the forma-
tion of a mineralized bone matrix, and this is, in part,
due to DKK function (66), suggesting that the normal

Wnt-signaling pathway is involved in proliferation and
that antagonism of the pathway by DKK promotes
differentiation. The present results show that TGF�1
down-regulates DKK mRNA before it down-regulates
PR mRNA. If DKK is indeed involved in decidualiza-
tion, then this initial inhibition of DKK may induce Wnt
signaling and heralds the onset of TGF�1-induced
abrogation of the decidualized phenotype in the ESCs
during the normal menstrual cycle.

The present data are consistent with the published
literature. During the normal nonpregnant menstrual
cycle, the Wnt signaling cascade may mediate uterine
proliferation during the proliferative phase (31, 63) and
facilitate differentiation of the stromal compartment
during the mid-secretory phase in accordance with
up-regulation of the Wnt antagonist DKK (31, 60). In
response to TGF�1 activation and subsequent signal-
ing inhibiting DKK during the late-secretory phase, in
accordance with the onset of progesterone with-
drawal, the Wnt receptors and Wnt 5A are up-regu-
lated to mediate endometrial repair (64).

In the present study, we have demonstrated induc-
tion of SMAD2 phosphorylation in response to treat-
ment with TGF�1. These findings are in agreement
with those of others (21, 67–69) who have reported
that SMAD2 and SMAD3 are rapidly phosphorylated in
response to TGF� signaling. Moreover, we have dem-
onstrated that the TGF�1-specific down-regulation of
PR is SMAD dependent. This is in contrast with a study
examining disruption of the SMAD signaling pathway
in human breast carcinoma (70) in which Xie et al. (70)
reported no association between steroid receptor ex-
pression and loss of SMAD signaling. We have also
demonstrated that the TGF�1-induced suppression of
DKK is not SMAD dependent and would suggest that
TGF�1 is mediating its effects via an alternative path-
way. One suggestion is that TGF�1-specific down-
regulation of DKK is SMAD3 dependent and SMAD4
independent. It is possible that PIAS� may down-
regulate SMAD3 (26), and we have shown a modest
induction of PIAS� in decidualized cells in response to
TGF�1 treatment in agreement with the PIAS� expres-
sion profile in decidualized ESCs reported by Jones et
al. (71). However, silencing SMAD3 with siRNA may
not yield any answer to this phenomenon because
other signaling pathways, including SMAD2-mediated
SMAD signaling, may compensate for the silencing of
SMAD3 and thereby mask any siRNA-induced down-
stream transcriptional changes. Additionally, because
only a modest induction of PIAS� was observed after
72 h, any affect on TGF�1 signaling and downstream
transcriptional activity would likely take place after
72 h. This would mean that the TGF�1-mediated sup-
pression of DKK mRNA and protein release initially
observed after 12 and 48 h, respectively, could not be
associated with the induction of PIAS� and the likely
subsequent suppression of SMAD3.

In summary, these studies have demonstrated that
TGF�1 activates its receptors in the decidualized
ESCs to promote down-regulation of both PR tran-
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script and protein, inhibition of DKK (a Wnt inhibitor),
and induction of SMAD2 phosphorylation. Addition-
ally, TGF�1 may be regulating its own biological ac-
tions via induction of PIAS�. Therefore, TGF�1 may
play a key role in regulating processes such as de-
cidualization and menstruation.

MATERIALS AND METHODS

Human Uterine Tissue Collection

Human endometrial tissue specimens (n � 35) were obtained
from women undergoing surgery for nonmalignant gyneco-
logical conditions. A dedicated research nurse obtained in-
formed patient consent in writing from each patient before
tissue collection after local ethical committee approval for the
study was granted. Biopsies were collected with an endo-
metrial suction curette (Pipelle; Laboratoire CCD, Paris,
France), or alternatively, full-thickness endometrial samples
were obtained at hysterectomy. These latter biopsies in-
cluded superficial and basal endometrium plus the endome-
trial-myometrial junction. All patients were of reproductive
age, had regular menstrual cycles from 25–35 d, and had not
received exogenous hormones or used an intrauterine con-
traceptive device in the 3 months before surgery. All subjects
had a serum sample collected at the time of surgery for the
determination of circulating estradiol and progesterone levels
by RIA. All samples were consistent with the designated
cycle stage based on standard histological criteria of Noyes
et al. (72) and the patient’s reported last menstrual period (73)
and circulating estradiol and progesterone levels at time of
biopsy collection.

Endometrial tissue was collected in sterile RPMI 1640 me-
dium (Sigma, Poole, Dorset, UK) and processed in one of two
ways, either for histology (fixation in 10% neutral buffered
formalin 24 h at 4 C followed by storage in 70% ethanol
before wax embedding) or for tissue culture (separation of
glandular epithelium and stromal cells, to culture the stromal
cells).

Isolation of Stromal Cells

Endometrial specimens (n � 35) were separated into epithe-
lial and stromal cell preparations by enzymatic digestion.
Briefly, specimens were washed in Dulbecco’s PBS (Sigma)
and minced into 1-mm3 pieces. The minced tissue was di-
gested in collagenase (1 mg/ml; Sigma) and DNase (0.1 mg/
ml; Sigma) for 80 min at 37 C. Repeat passage through an
18-gauge needle was used to aid tissue dispersion. Tissue
was resuspended in 10 ml RPMI 1640 medium (Sigma). The
stromal and glandular epithelium cells were pelleted by cen-
trifugation (1700 rpm, 3 min). The cells were then resus-
pended in 10 ml RPMI 1640 medium (Sigma) supplemented
with 10% fetal calf serum (FCS) (Mycoplex; PAA Laborato-
ries, Kingston-Upon-Thames, UK), penicillin (50 �g/ml;
Sigma), streptomycin (50 �g/ml; Sigma), and gentamycin (5
�g/ml; Sigma), and dispersed ESCs separated from endo-
metrial glands by filtration through a 73-�m nylon sieve (Fal-
con; VWR International Ltd., Leicestershire, UK). The filtrate,
containing the stromal cells, was plated in 75-cm3 culture
flasks (Corning Inc., Corning, NY) for a minimum period of 5 d
and allowed to reach confluence.

In Vitro Primary Cell Culture Experiments

ESCs were maintained at 37 C in 5% (vol/vol) CO2 in RPMI
1640 medium (Sigma) supplemented with 2% FCS (Myco-

plex), penicillin (50 �g/ml; Sigma), streptomycin (50 �g/ml;
Sigma), and gentamycin (5 �g/ml; Sigma). The cells were
seeded in six-well plates at a concentration of 2.5 � 105

cells/ml and allowed to adhere and attain 90% confluence.
Supernatant was changed every 3 d. Decidualization of the
cells was induced with RPMI 1640 medium containing 2%
FCS, 8-Br-cAMP (0.5 mM; Sigma), and 6�-methyl-17�-ace-
toxyprogesterone (MPA) (1 �M) for 6 d; thereafter, the cells
were treated with 2% FCS RPMI 1640 and decidualizing
medium containing TGF�1. Cells were maintained under
these conditions for up to 72 h. T47D cells, the breast cancer
epithelial cell line, known to constitutively overexpress both
isoforms of the PR, PR-A and PR-B (74), and the recently
identified PR-C (2), were cultured in RPMI 1640 medium
(Sigma) supplemented with 10% FCS (Mycoplex), penicillin
(50 �g/ml; Sigma), streptomycin (50 �g/ml; Sigma), and gen-
tamycin (5 �g/ml; Sigma) in the presence of insulin-trans-
ferrin-sodium (5 �g/ml) selenite media supplement (5 ng/ml;
Sigma). The cells were treated with either serum-free RPMI
1640 medium alone or serum-free RPMI 1640 medium con-
taining TGF�1 (10 ng/ml; R&D Systems, Abington, UK).
Again, cells were maintained under these conditions for up to
72 h.

Expression Vectors, siRNA Duplexes, and Transient
Transfection

The reporter vectors PRE/-32/luc3 and ERE-tk/Luc3 were
obtained from Dr. Jan Brosens (Imperial College, London,
UK). PCH110, �-galactosidase expression vector, was pur-
chased from Pharmacia Biotech (Piscataway, NJ). Nontar-
geting siRNA and siRNA specific for SMAD4 was purchased
from Dharmacon (Perbio Science, Erembodegem Belgium).
Two HP GenomeWide siRNA duplexes to SMAD4 (Genbank
accession no. NM_005359) were purchased from QIAGEN
(Crawley, UK). A positive control siRNA (QIAGEN), 5�-AAT-
GCTGACTCCAAAGCTCTG, was obtained to monitor that the
experimental set-up for transfection and knockdown analysis
was working optimally. A nonsilencing control (5�-AATTCTC-
CGAACGTGTCACGT) was used in all experiments (QIAGEN).
In addition, a negative control duplex (5�-AATTCTC-
CGAACGTGTCACGT) labeled with Alexa Fluor 488 (QIAGEN)
was used to monitor transfection efficiency.

Cells were transfected with siRNA duplexes using HiPer-
fect transfection reagent (QIAGEN) according to the manu-
facturer’s instructions. All experiments were performed in
duplicate. Briefly, 48 h before the transfection, cells were
seeded onto 6-well culture dishes at a confluence of 70%.
Cells were decidualized in vitro as before for 36 h. Cells were
washed twice with PBS, and duplexes were added to wells at
5 nM in RPMI supplemented with 10% FCS for 24 h at 37 C
and 5% CO2. Thereafter, cells were treated with decidualizing
stimulus and TGF�1 (10 ng/ml) for 72 h. After treatment,
conditioned medium was removed and analyzed for DKK
protein levels by ELISA (R&D Systems). In parallel, mRNA and
whole-cell lysates were prepared as described previously
and analyzed by quantitative real-time PCR (Q-RT-PCR) and
Western blotting, respectively.

Decidualized primary ESC cultures were transiently trans-
fected with a PRE or ERE, linked to a luciferase reporter gene
(125 ng/well) in 24-well plates using calcium phosphate pre-
cipitation in medium supplemented with 2% dextran-coated
charcoal (DCC)-FCS, as previously described (75, 76). Lucif-
erase activity was measured after 20 h of treatments with a
luciferase reagent kit (Promega Corp., Madison, WI) and ex-
pressed as relative light units. Cotransfection of �-galactosi-
dase expression vector was used to control for transfection
efficiency. Transfections were performed in triplicate, using
DCC media, a 1:1 mixture of DMEM and Ham’s F-12 con-
taining 5% FCS that had been depleted of steroids by treat-
ment with DCC, 100 U/ml penicillin, and 100 �g/ml strepto-
mycin and supplemented with 10�9 M 17�-estradiol and 1
�g/ml insulin.
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Six hours after transfection, the medium was replaced with
2% DCC-FCS. The cells were treated with or without the
appropriate steroid agonist with or without TGF�1 (10 ng/ml).
The cells were harvested 48 h after treatment for analysis with
a luciferase assay. Transfection efficiency was analyzed with
a �-galactosidase assay. The samples were normalized by
dividing each sample’s luciferase reading with the corre-
sponding �-galactosidase reading. This numerical reading
was used as a comparison against other samples.

TaqMan Q-RT-PCR

RNA was extracted from cells in Tri reagent (ABgene House,
Surrey, UK) as detailed in the manufacturer’s protocol. RNA
samples were reverse transcribed using random primers. Gene-
specific primers and probes were designed using Primer Ex-
press software (PerkinElmer/Applied Biosystems, Cheshire,
UK): PR-A�B forward, 5�-CAGTGGGCGTTCCAAATGA-3�; PR-
A�B reverse; 5�-GGTGGAATCAACTGTATGTCTTGA-3�; PR
A�B probe, 5�-AGCCAAGCCCTAAGCCAGAGATTCACTTT-
3�; DKK forward, 5�-GGAATAAGTACCAGACCATTGACAAC-3�;
DKK reverse, 5�-GGGACTAGCGCAGTACTCATCA-3�; DKK
probe, 5�-ACCAGCCGTACCCGTGCGCA-3�. Primers were di-
luted to 250 �M and probes to 50 �M in Tris-EDTA buffer (10 mM

Tris, 1 mM EDTA in diethylpyrocarbonate H2O). PCR mixtures
contained TaqMan Universal PCR Master Mix, No AmpErase
UNG (Applied Biosystems) (7.2 mM MgCl2, 1.6 mM Stratagene
dNTP mix, 1.6 mM Boehringer dNTP mix, 0.05 U/�l Taq poly-
merase, 2� PCR buffer, and 0.06% reference dye diluted in
diethylpyrocarbonate H2O) and specific forward and reverse
primers (250 nM; Biosource, Nivelles, Belgium) and probe (50
nM; Biosource) in a final volume of 25 �l/well. Ribosomal 18S
primers and probe (PE Biosystems, Warrington, UK) were
added at a final concentration of 50 nM. PCR were run on ABI
Prism 7900 (Applied Biosystems). Samples were measured in
duplicate, and mean values were used in subsequent analyses.
Relative quantification was achieved using the formula 2���Ct,
which relates the amount of cDNA of the specific amplicon to
the 18S internal control and the control cDNA, which was the
average of all time-matched control samples across the
experiment.

ELISA

Culture supernatants were stored at �20 C until assayed.
The DKK assay used matched antibody pairs (R&D, Abing-
don, Oxford, UK) and was conducted according to manufac-
turer’s protocols. Samples were assayed for DKK protein
release in duplicate. DKK concentration was determined by
interpolation from a standard curve using known concentra-
tions of DKK standards. All samples from each experiment
were analyzed in the same assay to preclude interassay
variability.

SDS-PAGE and Western Blotting

Protein was harvested using a lysis buffer and protease in-
hibitor cocktail and quantified using the DC Protein Microas-
say (Bio-Rad Laboratories Ltd., Hemel Hampstead, UK) as
per the manufacturer’s instructions. Forty milligrams of total
protein from each sample were loaded onto a precast 4–20%
gradient Tris-glycine gel (Novex; Invitrogen, Paisley, UK), re-
solved at 100 V for 1 h, and then electrotransferred onto
polyvinylidene difluoride membranes. Blots were blocked for
1 h at 25 C in Tris-buffered saline (TBS) plus Tween 20 (TBST)
(50 mM Tris-HCl, 150 mM NaCl, and 0.05% Tween 20) plus
3% milk. The primary antibody, mouse monoclonal anti-hu-
man PR-A�B (1:25; Novocastra Laboratories Ltd., New-
castle-Upon-Tyne, UK), SMAD4 (1:200; Santa Cruz Biotech-
nology, Inc., Heidelberg, Germany), actin (1:750; Santa Cruz),
or rabbit polyclonal antihuman ERK (1:1000; Santa Cruz) was

added in TBST (plus 3% milk) for 18 h at 4 C. After washing
three times with TBST, membranes were subsequently incu-
bated for 1 h with the relevant secondary antibody, rabbit
polyclonal antimouse IgG (1:5000; Sigma), or goat polyclonal
antirabbit IgG (1:5000) (Sigma) conjugated to horseradish
peroxidase. Blots were visualized using the enhanced chemi-
luminescence method (ECL plus kit; Amersham Biosciences,
Little Chalfont, UK) following the manufacturer’s instructions.
Membranes were reprobed for �-actin to correct for protein
loading.

Immunocytochemistry

Immunocytochemistry used TBS and ICF used PBS. Cul-
tured cells were washed with cold TBS/PBS (Sigma) and then
fixed in 4% neutral buffered formalin for 2 h. Thereafter, cells
were washed with TBS/PBS and then permeabilized by in-
cubating the slides for 20 min at room temperature with 0.2%
Nonidet P-40 (Sigma), 1% BSA (Sigma), and 10% nonim-
mune goat serum (NGS). Nonspecific binding sites of the
primary antibody were blocked by incubating the slides in a
1:5 dilution of NGS in TBS/PBS containing 5% BSA (NGS/
TBS or PBS/BSA). Endogenous avidin/biotin was blocked
using a commercially available avidin-biotin blocking kit (Vec-
tor Laboratories Ltd., Peterborough, UK) and then washed
twice with PBS. Slides were incubated at 4 C overnight in a
1:40 dilution of mouse monoclonal antihuman PR-A�B (No-
vocastra) or a 1:100 dilution of mouse monoclonal antihuman
p-SMAD2 (Abcam, Cambridge, UK) made up in NGS/TBS or
PBS/BSA. After washing once with TBS/PBS Tween and
once with TBS/PBS for 5 min each, PR antibody binding was
detected by applying a 1:500 dilution of biotinylated goat
antimouse antibody (Dako UK Ltd., Ely, UK) in NGS/TBS/
BSA, followed by an avidin/biotin horseradish peroxidase
complex (Dako) for 60 and 30 min, respectively, at room
temperature. Finally, antigenic sites were visualized by 3,3�-
diaminobenzidine (Dako) before counterstaining in Harris’s
hematoxylin, dehydrating, and mounting with Pertex moun-
tant. The p-SMAD2 binding was detected by applying a 1:500
dilution of biotinylated goat antimouse antibody (Dako) in
PBS followed by streptavidin 546 (Molecular Probes, Invitro-
gen) for 60 min each at room temperature. After washing the
slides as described above, cells were counterstained with
4�,6-diamidino-2-phenylindole (1:200 in PBS) for 10 min at
room temperature. The slides were mounted under a glass
coverslip using Permafluor mounting medium. Negative con-
trols were performed by incubating with a matched IgG con-
trol antibody (mouse IgG; Sigma) at the same antibody con-
centration as the primary antibody. Images captured on the
LSM 510 laser scanning confocal microscope (Zeiss, Hert-
fordshire, UK) were analyzed to measure the mean OD of the
fluorescence in the cell nucleus and compare with other
images using the program Image Pro Plus (Media Cybernet-
ics, Marlow, Buckinghamshire, UK).

Statistical Analysis

Before any statistical analysis, data were tested for and
shown to exhibit Gaussian distribution. Gaussian distribution
was determined by applying the Shapiro-Wilk normality test
to the data. Where appropriate, values were presented as
means � SEM. Comparison of the different parameters for the
various treatment groups was determined by repeated-mea-
sures ANOVA. Significant differences were assigned using
Kruskal-Wallis post hoc test. The criterion for significance for
all tests was set at P � 0.05. Specific software was used to
assist in the data analysis (GraphPad Prism version 4.0b for
Macintosh; GraphPad Software, San Diego, CA).

Acknowledgments

Received June 25, 2007. Accepted November 14, 2007.

Kane et al. • TGF�1 Represses PR and DKK in Decidualized ESCs Mol Endocrinol, March 2008, 22(3):716–728 725
D

ow
nloaded from

 https://academ
ic.oup.com

/m
end/article-abstract/22/3/716/2661333 by Edinburgh U

niversity user on 27 February 2020



Address all correspondence and requests for reprints to:
Hilary O. D. Critchley, Reproductive and Developmental Sci-
ences, Centre for Reproductive Biology, The Queen’s Medical
Research Institute, 47 Little France Crescent, Edinburgh EH16
4TJ, United Kingdom. E-mail: hilary.critchley@ed.ac.uk.

This work was supported by the Medical Research
Council.

Disclosure Statement: The authors have nothing to
disclose.

REFERENCES

1. Kastner P, Krust A, Turcotte B, Stropp U, Tora L, Grone-
meyer H, Chambon P 1990 Two distinct estrogen-regu-
lated promoters generate transcripts encoding the two
functionally different human progesterone receptor forms
A and B. EMBO J 9:1603–1614

2. Wei LL, Gonzalez-Aller C, Wood WM, Miller LA, Horwitz
KB 1990 5�-Heterogeneity in human progesterone recep-
tor transcripts predicts a new amino-terminal truncated
“C”-receptor and unique A-receptor messages. Mol En-
docrinol 4:1833–1840

3. Wei LL, Hawkins P, Baker C, Norris B, Sheridan PL,
Quinn PG 1996 An amino-terminal truncated progester-
one receptor isoform, PRc, enhances progestin-induced
transcriptional activity. Mol Endocrinol 10:1379–1387

4. Lessey BA, Killam AP, Metzger DA, Haney AF, Greene
GL, McCarty Jr KS 1988 Immunohistochemical analysis
of human uterine estrogen and progesterone receptors
throughout the menstrual cycle. J Clin Endocrinol Metab
67:334–340

5. Garcia E, Bouchard P, De Brux J, Berdah J, Frydman R,
Schaison G, Milgrom E, Perrot-Applanat M 1988 Use of
immunocytochemistry of progesterone and estrogen re-
ceptors for endometrial dating. J Clin Endocrinol Metab
67:80–87

6. Snijders M, de Goeij A, Koudstaal J, Bosman F 1996
Oestrogen and progestogen receptor content in human
endometrium. Eur J Obstet Gynecol Reprod Biol 70:9–10

7. Brosens JJ, Hayashi N, White JO 1999 Progesterone
receptor regulates decidual prolactin expression in dif-
ferentiating human endometrial stromal cells. Endocri-
nology 140:4809–4820

8. Mote PA, Balleine RL, McGowan EM, Clarke CL 2000
Heterogeneity of progesterone receptors A and B ex-
pression in human endometrial glands and stroma. Hum
Reprod 15(Suppl 3):48–56

9. Wang H, Critchley HOD, Kelly RW, Shen D, Baird DT
1998 Progesterone receptor subtype B is differentially
regulated in human endometrial stroma. Mol Hum Re-
prod 4:407–412

10. Ignotz RA, Massague J 1986 Transforming growth fac-
tor-� stimulates the expression of fibronectin and colla-
gen and their incorporation into the extracellular matrix.
J Biol Chem 261:4337–4345

11. Desmouliere A, Geinoz A, Gabbiani F, Gabbiani G 1993
Transforming growth factor-�1 induces �-smooth mus-
cle actin expression in granulation tissue myofibroblasts
and in quiescent and growing cultured fibroblasts. J Cell
Biol 122:103–111

12. Lewis MP, Lygoe KA, Nystrom ML, Anderson WP,
Speight PM, Marshall JF, Thomas GJ 2004 Tumour-
derived TGF-�1 modulates myofibroblast differentiation
and promotes HGF/SF-dependent invasion of squamous
carcinoma cells. Br J Cancer 90:822–832

13. Shephard P, Martin G, Smola-Hess S, Brunner G, Krieg
T, Smola H 2004 Myofibroblast differentiation is induced
in keratinocyte-fibroblast co-cultures and is antagonisti-
cally regulated by endogenous transforming growth fac-
tor-� and interleukin-1. Am J Pathol 164:2055–2066

14. Bruner KL, Rodgers WH, Gold LI, Korc M, Hargrove JT,
Matrisian LM, Osteen KG 1995 Transforming growth fac-
tor-� mediates the progesterone suppression of an epi-
thelial metalloproteinase by adjacent stroma in the hu-
man endometrium. Proc Natl Acad Sci USA 92:
7362–7366

15. Ulloa L, Creemers JW, Roy S, Liu S, Mason J, Tabibza-
deh S 2001 Lefty proteins exhibit unique processing and
activate the MAPK pathway. J Biol Chem 276:
21387–21396

16. Parekh TV, Gama P, Wen X, Demopoulos R, Munger JS,
Carcangiu ML, Reiss M, Gold LI 2002 Transforming
growth factor � signaling is disabled early in human
endometrial carcinogenesis concomitant with loss of
growth inhibition. Cancer Res 62:2778–2790

17. Lyons RM, Gentry LE, Purchio AF, Moses HL 1990
Mechanism of activation of latent recombinant trans-
forming growth factor �1 by plasmin. J Cell Biol 110:
1361–1367

18. Loskutoff DJ, Sawdey M, Keeton M, Schneiderman J
1993 Regulation of PAI-1 gene expression in vivo.
Thromb Haemost 70:135–137

19. Massague J, Wotton D 2000 Transcriptional control by
the TGF-�/Smad signaling system. EMBO J 19:
1745–1754

20. Shi Y, Massague J 2003 Mechanisms of TGF-� signaling
from cell membrane to the nucleus. Cell 113:685–700

21. Graff JM, Bansal A, Melton DA 1996 Xenopus Mad pro-
teins transduce distinct subsets of signals for the TGF�
superfamily. Cell 85:479–487

22. Chung CD, Liao J, Liu B, Rao X, Jay P, Berta P, Shuai K
1997 Specific inhibition of Stat3 signal transduction by
PIAS3. Science 278:1803–1805

23. Liu B, Gross M, ten Hoeve J, Shuai K 2001 A transcrip-
tional corepressor of Stat1 with an essential LXXLL sig-
nature motif. Proc Natl Acad Sci USA 98:3203–3207

24. Gross M, Liu B, Tan J, French FS, Carey M, Shuai K 2001
Distinct effects of PIAS proteins on androgen-mediated
gene activation in prostate cancer cells. Oncogene 20:
3880–3887

25. Sachdev S, Bruhn L, Sieber H, Pichler A, Melchior F,
Grosschedl R 2001 PIASy, a nuclear matrix-associated
SUMO E3 ligase, represses LEF1 activity by sequestra-
tion into nuclear bodies. Genes Dev 15:3088–3103

26. Imoto S, Sugiyama K, Muromoto R, Sato N, Yamamoto
T, Matsuda T 2003 Regulation of transforming growth
factor-� signaling by protein inhibitor of activated STAT,
PIASy through Smad3. J Biol Chem 278:34253–34258

27. Letamendia A, Labbe E, Attisano L 2001 Transcriptional
regulation by Smads: crosstalk between the TGF-� and
Wnt pathways. J Bone Joint Surg Am 83-A(Suppl 1):
S31–S39

28. Mao J, Wang J, Liu B, Pan W, Farr GH, 3rd, Flynn C,
Yuan H, Takada S, Kimelman D, Li L, Wu D 2001 Low-
density lipoprotein receptor-related protein-5 binds to
Axin and regulates the canonical Wnt signaling pathway.
Mol Cell 7:801–809

29. Wodarz A, Nusse R 1998 Mechanisms of Wnt signaling in
development. Annu Rev Cell Dev Biol 14:59–88

30. Tamai K, Semenov M, Kato Y, Spokony R, Liu C, Kat-
suyama Y, Hess F, Saint-Jeannet JP, He X 2000 LDL-
receptor-related proteins in Wnt signal transduction. Na-
ture 407:530–535

31. Tulac S, Nayak NR, Kao LC, Van Waes M, Huang J, Lobo
S, Germeyer A, Lessey BA, Taylor RN, Suchanek E,
Giudice LC 2003 Identification, characterization, and
regulation of the canonical Wnt signaling pathway in
human endometrium. J Clin Endocrinol Metab 88:
3860–3866

32. Casslen B, Sandberg T, Gustavsson B, Willen R, Nilbert
M 1998 Transforming growth factor �1 in the human
endometrium. Cyclic variation, increased expression by
estradiol and progesterone, and regulation of plasmino-

726 Mol Endocrinol, March 2008, 22(3):716–728 Kane et al. • TGF�1 Represses PR and DKK in Decidualized ESCs
D

ow
nloaded from

 https://academ
ic.oup.com

/m
end/article-abstract/22/3/716/2661333 by Edinburgh U

niversity user on 27 February 2020



gen activators and plasminogen activator inhibitor-1. Biol
Reprod 58:1343–1350

33. Arici A, MacDonald PC, Casey ML 1996 Modulation of
the levels of transforming growth factor � messenger
ribonucleic acids in human endometrial stromal cells.
Biol Reprod 54:463–469

34. Conneely OM, Lydon JP, De Mayo F, O’Malley BW 2000
Reproductive functions of the progesterone receptor. J
Soc Gynecol Investig 7:S25–S32

35. Mulac-Jericevic B, Mullinax RA, DeMayo FJ, Lydon JP,
Conneely OM 2000 Subgroup of reproductive functions
of progesterone mediated by progesterone receptor-B
isoform. Science 289:1751–1754

36. Jabbour HN, Kelly RW, Fraser HM, Critchley HO 2006
Endocrine regulation of menstruation. Endocr Rev 27:
17–46

37. Critchley HO, Kelly RW, Brenner RM, Baird DT 2001 The
endocrinology of menstruation: a role for the immune
system. Clin Endocrinol (Oxf) 55:701–710

38. Brar AK, Frank GR, Kessler CA, Cedars MI, Handwerger
S 1997 Progesterone-dependent decidualization of the
human endometrium is mediated by cAMP. Endocrine
6:301–307

39. Gellersen B, Kempf R, Telgmann R, DiMattia GE 1994
Nonpituitary human prolactin gene transcription is inde-
pendent of Pit-1 and differentially controlled in lympho-
cytes and in endometrial stroma. Mol Endocrinol
8:356–373

40. Mak IY, Brosens JJ, Christian M, Hills FA, Chamley L,
Regan L, White JO 2002 Regulated expression of signal
transducer and activator of transcription, Stat5, and its
enhancement of PRL expression in human endometrial
stromal cells in vitro. J Clin Endocrinol Metab 87:
2581–2588

41. Savouret JF, Bailly A, Misrahi M, Rauch C, Redeuilh G,
Chauchereau A, Milgrom E 1991 Characterization of the
hormone responsive element involved in the regulation of
the progesterone receptor gene. EMBO J 10:1875–1883

42. Tseng L, Zhu HH 1997 Regulation of progesterone re-
ceptor messenger ribonucleic acid by progestin in hu-
man endometrial stromal cells. Biol Reprod 57:
1360–1366

43. Tang M, Mazella J, Gao J, Tseng L 2002 Progesterone
receptor activates its promoter activity in human endo-
metrial stromal cells. Mol Cell Endocrinol 192:45–53

44. Zhu Y, Bond J, Thomas P 2003 Identification, classifica-
tion, and partial characterization of genes in humans and
other vertebrates homologous to a fish membrane pro-
gestin receptor. Proc Natl Acad Sci USA 100:2237–2242

45. Losel R, Wehling M 2003 Nongenomic actions of steroid
hormones. Nat Rev Mol Cell Biol 4:46–56

46. Casey ML, MacDonald PC 1996 Transforming growth
factor-� inhibits progesterone-induced enkephalinase
expression in human endometrial stromal cells. J Clin
Endocrinol Metab 81:4022–4027

47. Bruner KL, Eisenberg E, Gorstein F, Osteen KG 1999
Progesterone and transforming growth factor-� coordi-
nately regulate suppression of endometrial matrix met-
alloproteinases in a model of experimental endometrio-
sis. Steroids 64:648–653

48. Dou Q, Williams RS, Chegini N 1997 Inhibition of trans-
forming growth factor-beta 1 alters the growth, anchor-
dependent cell aggregation and integrin mRNA expres-
sion in human promonocytes: implications for
endometriosis and peritoneal adhesion formation. Mol
Hum Reprod 3:383–391

49. Cornet PB, Picquet C, Lemoine P, Osteen KG, Bruner-
Tran KL, Tabibzadeh S, Courtoy PJ, Eeckhout Y, Marbaix
E, Henriet P 2002 Regulation and function of LEFTY-A/
EBAF in the human endometrium. mRNA expression dur-
ing the menstrual cycle, control by progesterone, and
effect on matrix metalloproteinases. J Biol Chem 277:
42496–42504

50. Tabibzadeh S 2002 Decoding implantation and
menstruation: the tale of two opposing signals. Front
Biosci 7:d1475–d1486

51. Tabibzadeh S 2002 Homeostasis of extracellular matrix
by TGF-� and lefty. Front Biosci 7:d1231–d1246

52. Long J, Matsuura I, He D, Wang G, Shuai K, Liu F 2003
Repression of Smad transcriptional activity by PIASy, an
inhibitor of activated STAT. Proc Natl Acad Sci USA
100:9791–9796

53. Casslen B, Andersson A, Nilsson IM, Astedt B 1986
Hormonal regulation of the release of plasminogen acti-
vators and of a specific activator inhibitor from endome-
trial tissue in culture. Proc Soc Exp Biol Med 182:
419–424

54. Talbi S, Hamilton AE, Vo KC, Tulac S, Overgaard MT,
Dosiou C, Le Shay N, Nezhat CN, Kempson R, Lessey
BA, Nayak NR, Giudice LC 2006 Molecular phenotyping
of human endometrium distinguishes menstrual cycle
phases and underlying biological processes in normo-
ovulatory women. Endocrinology 147:1097–1121

55. Sandberg T, Eriksson P, Gustavsson B, Casslen B 1997
Differential regulation of the plasminogen activator inhib-
itor-1 (PAI-1) gene expression by growth factors and
progesterone in human endometrial stromal cells. Mol
Hum Reprod 3:781–787

56. Zoumpoulidou G, Jones MC, Fernandez de Mattos S,
Francis JM, Fusi L, Lee YS, Christian M, Varshochi R,
Lam EW, Brosens JJ 2004 Convergence of interferon-�
and progesterone signaling pathways in human
endometrium: role of PIASy (protein inhibitor of activated
signal transducer and activator of transcription-y). Mol
Endocrinol 18:1988–1999

57. Ulloa L, Doody J, Massague J 1999 Inhibition of trans-
forming growth factor-beta/SMAD signalling by the in-
terferon-�/STAT pathway. Nature 397:710–713

58. Eickelberg O, Pansky A, Koehler E, Bihl M, Tamm M,
Hildebrand P, Perruchoud AP, Kashgarian M, Roth M
2001 Molecular mechanisms of TGF-� antagonism by
interferon-� and cyclosporine A in lung fibroblasts.
FASEB J 15:797–806

59. Higashi K, Inagaki Y, Fujimori K, Nakao A, Kaneko H,
Nakatsuka I 2003 Interferon-� interferes with transform-
ing growth factor-� signaling through direct interaction of
YB-1 with Smad3. J Biol Chem 278:43470–43479

60. Giudice LC 2004 Microarray expression profiling reveals
candidate genes for human uterine receptivity. Am J
Pharmacogenomics 4:299–312

61. Tulac S, Overgaard MT, Hamilton AE, Jumbe NL,
Suchanek E, Giudice LC 2006 Dickkopf-1, an inhibitor of
Wnt signaling, is regulated by progesterone in human
endometrial stromal cells. J Clin Endocrinol Metab 91:
1453–1461

62. Goldman S, Shalev E 2006 A proposed mechanism for
progesterone regulation of trophoblast MMP2 transcrip-
tion independent of classical progesterone response el-
ements on its promoter. J Exp Clin Assist Reprod 3:4

63. Hou X, Tan Y, Li M, Dey SK, Das SK 2004 Canonical Wnt
signaling is critical to estrogen-mediated uterine growth.
Mol Endocrinol 18:3035–3049

64. Catalano RD, Critchley HO, Heikinheimo O, Baird DT,
Hapangama D, Sherwin JR, Charnock-Jones DS, Smith
SK, Sharkey AM 2007 Mifepristone induced progester-
one withdrawal reveals novel regulatory pathways in hu-
man endometrium. Mol Hum Reprod 13:641–654

65. Christodoulides C, Laudes M, Cawthorn WP, Schinner S,
Soos M, O’Rahilly S, Sethi JK, Vidal-Puig A 2006 The Wnt
antagonist Dickkopf-1 and its receptors are coordinately
regulated during early human adipogenesis. J Cell Sci
119:2613–2620

66. van der Horst G, van der Werf SM, Farih-Sips H, van
Bezooijen RL, Lowik CW, Karperien M 2005 Downregu-
lation of Wnt signaling by increased expression of Dick-
kopf-1 and -2 is a prerequisite for late-stage osteoblast

Kane et al. • TGF�1 Represses PR and DKK in Decidualized ESCs Mol Endocrinol, March 2008, 22(3):716–728 727
D

ow
nloaded from

 https://academ
ic.oup.com

/m
end/article-abstract/22/3/716/2661333 by Edinburgh U

niversity user on 27 February 2020



differentiation of KS483 cells. J Bone Miner Res 20:
1867–1877

67. Liu X, Sun Y, Constantinescu SN, Karam E, Weinberg
RA, Lodish HF 1997 Transforming growth factor �-in-
duced phosphorylation of Smad3 is required for growth
inhibition and transcriptional induction in epithelial cells.
Proc Natl Acad Sci USA 94:10669–10674

68. Nakao A, Roijer E, Imamura T, Souchelnytskyi S, Sten-
man G, Heldin CH, ten Dijke P 1997 Identification of
Smad2, a human Mad-related protein in the transforming
growth factor � signaling pathway. J Biol Chem 272:
2896–2900

69. Zhang Y, Feng X, We R, Derynck R 1996 Receptor-
associated Mad homologues synergize as effectors of
the TGF-� response. Nature 383:168–172

70. Xie W, Mertens JC, Reiss DJ, Rimm DL, Camp RL, Haffty
BG, Reiss M 2002 Alterations of Smad signaling in hu-
man breast carcinoma are associated with poor
outcome: a tissue microarray study. Cancer Res 62:
497–505

71. Jones MC, Fusi L, Higham JH, Abdel-Hafiz H, Horwitz
KB, Lam EW, Brosens JJ 2006 Regulation of the SUMO
pathway sensitizes differentiating human endometrial

stromal cells to progesterone. Proc Natl Acad Sci USA
103:16272–16277

72. Noyes RW, Hertig AT, Rock J 1950 Dating the endome-
trial biopsy. Fertil Steril 1:3–25

73. Critchley HO, Henderson TA, Kelly RW, Scobie GS,
Evans LR, Groome NP, Saunders PT 2002 Wild-type
estrogen receptor (ER�1) and the splice variant (ER�cx/
�2) are both expressed within the human endometrium
throughout the normal menstrual cycle. J Clin Endocrinol
Metab 87:5265–5273

74. Horwitz KB, Mockus MB, Lessey BA 1982 Variant T47D
human breast cancer cells with high progesterone-re-
ceptor levels despite estrogen and antiestrogen resis-
tance. Cell 28:633–642

75. Christian M, Marangos P, Mak I, McVey J, Barker F,
White J, Brosens JJ 2001 Interferon-� modulates prolac-
tin and tissue factor expression in differentiating human
endometrial stromal cells. Endocrinology 142:3142–3151

76. Christian M, Zhang X, Schneider-Merck T, Unterman TG,
Gellersen B, White JO, Brosens JJ 2002 Cyclic AMP-
induced forkhead transcription factor, FKHR, cooperates
with CCAAT/enhancer-binding protein � in differentiating
human endometrial stromal cells. J Biol Chem
277:20825–20832

Molecular Endocrinology is published monthly by The Endocrine Society (http://www.endo-society.org), the foremost
professional society serving the endocrine community.

728 Mol Endocrinol, March 2008, 22(3):716–728 Kane et al. • TGF�1 Represses PR and DKK in Decidualized ESCs
D

ow
nloaded from

 https://academ
ic.oup.com

/m
end/article-abstract/22/3/716/2661333 by Edinburgh U

niversity user on 27 February 2020



Effects of the Selective Progesterone Receptor
Modulator Asoprisnil on Uterine Artery Blood Flow,
Ovarian Activity, and Clinical Symptoms in Patients
with Uterine Leiomyomata Scheduled for
Hysterectomy
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United Kingdom; and Department of Obstetrics and Gynaecology (D.H.), University of Liverpool, Liverpool L8 7SS, United Kingdom

Introduction: Asoprisnil, a novel orally active selective progesterone receptor modulator, is being
studied for the management of symptomatic uterine leiomyomata. The exact mechanism of action
is not yet discerned. The primary objectives of this double-blind, randomized, placebo-controlled
study included evaluation of the effect of asoprisnil on uterine artery blood flow. Furthermore, we
assessed effects of asoprisnil on leiomyoma symptoms.

Patients and Methods: Thirty-three premenopausal patients scheduled for hysterectomy due to
symptomatic uterine leiomyomata were recruited in four centers and treated with 10 or 25 mg
asoprisnil or placebo for 12 wk before surgery. At baseline and before hysterectomy, all patients
underwent sonographic assessment to measure impedance to uterine artery blood flow, deter-
mined by resistance index and pulsatility index, as well as volumes of largest leiomyoma and uterus.
In addition, patients recorded intensity and frequency of menstrual bleeding on a menstrual
pictogram. Each asoprisnil treatment was compared with placebo.

Results: The increased pulsatility index in both asoprisnil groups and the statistically significantly
increased resistance index within the 25-mg asoprisnil group suggest a moderately decreased
uterine artery blood flow. Analysis of menstrual pictogram scores showed a statistically significant
larger decrease in frequency and intensity of bleeding for both asoprisnil groups compared with
placebo. Bleeding was suppressed by asoprisnil 25mg in 91% of patients. Asoprisnil treatment was
well tolerated when administered daily for a 12-wk period, and no serious adverse events occurred.

Conclusion: Asoprisnil moderately reduced uterine artery blood flow. This effect may contribute
in part to the clinical effects of asoprisnil. (J Clin Endocrinol Metab 93: 4664–4671, 2008)

Uterine leiomyomata are benign smooth muscle tumors orig-
inating from the myometrium. They are present in up to

70% of women even though asymptomatic in over half of the
cases with 20–25% of women of reproductive age clinically af-

fected (1, 2). The commonest symptoms are heavy menstrual
bleeding (HMB) and pressure symptoms. With currently limited
options for medical therapy, uterine leiomyomata are the second
most frequent indication for hysterectomy in the United Kingdom
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(3, 4). In the United States, 600,000 hysterectomies are per-
formed annually with HMB as the most common indication (5).

There is growing evidence that progesterone and the proges-
terone receptor play a key role in fibroid growth and develop-
ment. Contrary to previous understanding that leiomyoma
growth is mainly estrogen related, recent data from clinical and
in vitro studies indicate that progesterone plays a pivotal role (6,
7). Some clinical studies have shown that synthetic progestins
reverse the effect of GnRH agonists on leiomyoma volume,
which indirectly indicates the effects of GnRH agonists on
leiomyomata may be due partly to cessation of progesterone
secretion (8). Furthermore, a reduction in mean leiomyoma vol-
ume was demonstrated in small, uncontrolled, clinical studies
with the progesterone receptor antagonist mifepristone (9).
Mifepristone has been shown to reduce uterine artery blood flow
in patients with uterine leiomyomata (10). Collectively, these
data suggest that progesterone may have a stimulatory effect on
leiomyoma growth.

Asoprisnil (J867) is a novel, orally active and selective pro-
gesterone receptor modulator (SPRM), which exhibits partial
and mixed agonist and antagonist effects on various progester-
one target tissues in animals and humans (11–13). Asoprisnil
exhibits endometrial antiproliferative effects in nonhuman pri-
mates in the presence of follicular-phase estradiol levels (11, 14).

The effects of 3 months treatment with asoprisnil in women
with uterine leiomyomata have been reported. Asoprisnil sup-
pressed uterine bleeding in 28, 64, and 83% of subjects at 5, 10,
and 25 mg, respectively, and reduced leiomyoma and uterine
volumes (15).

The current study was designed to evaluate the mechanism of
action of asoprisnil in patients with symptomatic leiomyomata
scheduled for hysterectomy. The primary objectives were to as-
sess the effects of asoprisnil on uterine artery blood flow through
measurements of impedance (resistance and pulsatility indices).
The effects on endometrial, myometrial, and leiomyomata mor-
phology, have been reported elsewhere (16). Furthermore, we
investigated effects of asoprisnil on leiomyoma symptoms, in-
cluding semiquantitative assessment of uterine bleeding using a
menstrual pictogram (MP), and ovarian activity.

Subjects and Methods

Women studied
Premenopausal women were recruited from four centers (Edinburgh,

Southampton, Glasgow, and Liverpool). All subjects were in good health
and scheduled for hysterectomy due to symptomatic uterine leiomyo-
mata, mostly due to HMB. Each patient had at least one leiomyoma
(diameter � 2 cm) or multiple small leiomyomata (uterine volume � 200
cm3) confirmed by ultrasonography. In all cases, the clinical decision for
hysterectomy was taken before recruitment. Inclusion and exclusion cri-
teria were applied as previously described (16). Patients were required to
have a washout period of 2–12 months for hormonal medications before
screening. Non-steroidal anti-inflammatory drugs (NSAIDs) and tran-
examic acid were permitted during screening and treatment periods. All
patients provided informed consent. The study protocol was approved
by the Multicenter Research Ethics Committee.

Study design
This was a phase II, multicenter, randomized, double-blind, placebo-

controlled study of asoprisnil administered to patients with symptomatic
uterine leiomyomata for 12 wk. Dose selection was based on previous
phase I and II studies. A treatment regime with doses of 10 and 25 mg
asoprisnil for a duration of 12 wk had been shown to effectively suppress
uterine bleeding and reduce leiomyoma and uterine volumes while being
safe and well tolerated (15).

Screening procedures and enrollment were carried out as previously
described (16). Subjects in three parallel dose groups in a 1:1:1 ratio
received once-daily oral doses of asoprisnil of 10 or 25 mg asoprisnil or
placebo. They and all study personnel were blinded to treatment groups.
Treatment was initiated no later than the fifth day of the patient’s men-
strual cycle and continued for 12 wk until hysterectomy. Hysterectomy
was performed within 24 h of the final dose. Throughout the study, each
patient was closely monitored for occurrence of adverse events (AEs) and
standard laboratory safety parameters.

Sonographic assessment
Color Doppler imaging by transvaginal ultrasound was employed to

determine blood flow of the uterine arteries before the first study drug
dose and after 12 wk. Blood flow was estimated using two impedance
indices: resistance index (RI) and pulsatility index (PI) defined as follows:
RI � systolic � end diastolic peak velocity/systolic peak velocity; PI �
systolic � end diastolic peak velocity/time-averaged maximum velocity
(17). For each impedance index, two measurements were taken from left
and right arteries, respectively; each side’s index was calculated using the
mean of the two, and further analyses used the mean of both sides (18).
Study sites used the same color Doppler imaging methods. Scans were
performed by the same ultrasonographer at each site. The largest leiomy-
oma and uterus were measured and the volumes estimated using the
volume of an ellipsoid. The position of the fibroids within the uterus was
not specifically recorded further to previous evidence that symptoms of
HMB do not appear to correlate with fibroid location (19).

MP
At screening, patients were issued a MP in a daily diary to be kept

throughout the study. Patients recorded daily any uterine bleeding.
Whenever uterine bleeding exceeded spotting, the amount of blood loss
was quantified and documented in the MP. Patients were supplied with
standardized sanitary products. The MP scores, representing blood loss
in milliliters, were calculated as described previously (20) and then
summed for each patient for the last full menstrual cycle before random-
ization menses normalized to 28 d and for each 28-d treatment period,
producing a total score for each subject for baseline, wk 1–4, wk 5–8,
and wk 9–12. The number of days with bleeding was calculated from the
diaries for the pretreatment cycle and the three 28-d treatment periods.
To evaluate improvement in uterine bleeding, change of MP scores and
of days with bleeding from baseline to each month and final month was
calculated and summarized. The percentage of subjects with suppression
of uterine bleeding during the treatment period was calculated for each
treatment group.

Uterine fibroid symptom and health-related
quality-of-life (UFS-QOL) questionnaire

Before commencing the study drug and before hysterectomy, patients
completed the Uterine Fibroid Symptom and Health-Related Quality-
of-Life questionnaire (UFS-QOL) (21) with its subscales of concern, ef-
fect on activities, energy/mood, control, self-consciousness, sexual func-
tion, and symptom severity.

Ovarian activity
Urine aliquots (first voided urine of the day) were collected twice

weekly during screening and throughout the treatment period and frozen
at �20 C for subsequent analysis. Ovarian activity was determined by
assessing urinary pregnanediol glucuronide (PdG) and estrone glucuro-
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nide (E1G) levels, which were measured using ELISA. Hormone concen-
trations were corrected for creatinine excretion and expressed as ratios
of the creatinine concentration to urine volume (22).

Evidence of luteal activity (ELA) vs. no evidence of luteal activity
(NELA) was determined from urinary PdG levels using two algorithms
(23); in the first algorithm, a PdG level was considered ELA if it was at
least three times the minimum 3-concentration moving average of the
past 4 wk; the second algorithm had an additional criterion that, to be
considered ELA, a PdG level had to be at least 0.5 mmol/mol creatinine.
For each 4-wk period and each treatment group, the percentage of pa-
tients with NELA and 95% exact confidence intervals were calculated.

Ovarian follicular activity during treatment was determined by com-
paring E1G concentrations during the 12-wk treatment period to pre-
treatment follicular phase concentrations (baseline). Based on the
method described by Brown et al. (24), ovarian activity was labeled as
continued (E1G � 50% above baseline on at least two occasions, sepa-
rated by �13 d, with no E1G concentrations �50% above baseline),
partially suppressed (E1G concentration �50% above baseline on at
least one occasion while not meeting the definition of continued follicular
activity), or totally suppressed (E1G � 50% above the baseline through-
out treatment period). Number and percentage of patients belonging to
each category were calculated for each treatment group.

Data analysis and statistical methods
Comparison of each asoprisnil treatment with placebo was per-

formed using pairwise comparisons within the framework of analysis of
covariance (ANCOVA) models for assessments of change in RI, PI, and
MP scores, number of days with bleeding, and UFS-QOL scores. The
ANCOVA models for RI and PI included factors of treatment and in-
vestigator as fixed effects and baseline value as a covariate, whereas the
models for MP scores, number of days with bleeding, and UFS-QOL
scores included treatment as a factor and baseline value as a covariate.
In addition, a paired t test was performed for RI and PI on the change from
baseline to final visit for each treatment group. Percent change in volume of
the largest leiomyomaandtheuteruswascomparedbetweeneachasoprisnil
group and placebo using Wilcoxon’s rank sum test. Percentage of patients
with suppression of uterine bleeding was compared by Fisher’s exact test.
For efficacy endpoints, Hochberg’s multiple comparison method was ap-
plied to control for pairwise comparisons at a significance level of 0.05. No
statistical inference was performed on safety variables.

The planned sample size for this study was 15 patients per treatment
arm. This sample size would provide greater than 95% power to detect

a 0.08 difference in RI between the asoprisnil and the placebo group
using a two-tailed two-sample t test with a common SD of 0.05 (with a
0.05 significance level).

The study was closed with a total of 33 patients. With 11 patients per
group and assumptions as above, the power to detect a 0.08 difference
in RI was 94%.

Results

Patient demographics
Thirty-three patients were enrolled. Thirteen screen failures

occurred. Ten, 12, and 11 patients received placebo and 10 and
25 mg asoprisnil, respectively. All 33 patients completed the
study including 12 wk treatment, the scheduled hysterectomy,
and follow-up after 6 wk (Fig. 1).

Treatment and placebo groups were well matched regarding
race, age, height, and weight (Table 1). Drug compliance was
satisfactory in all groups. No patients developed withdrawal
criteria during the study or received the wrong treatment or an
incorrect dose. Three patients (one on placebo and two on 25 mg
asoprisnil) took tranexamic acid to control menstrual bleeding,
but the median use per month was nil in each group. Median
intake of NSAIDs was higher in the 10-mg asoprisnil group (1.2
d/month) than in the placebo or 25-mg asoprisnil groups (me-
dian of nil per month). During treatment, NSAIDs were primar-
ily taken for headache, joint, or muscular pain and for dysmen-
orrhea. The differences between groups were not expected to
influence study results.

Effects on uterine artery blood flow
Neither asoprisnil group had a change from baseline to final

visit in RI that was statistically significantly different from pla-
cebo. There was, however, a statistically significant increase in
RI from baseline to final visit within the 25-mg asoprisnil group,
indicating decreased uterine artery blood flow (Table 2).

The PI increased statistically signifi-
cantly from baseline to final visit in both
asoprisnil groups compared with placebo,
indicating decreased uterine artery blood
flow. From baseline to final visit, the PI in-
creased in the 25-mg asoprisnil group al-
though unchanged after asoprisnil 10 mg
with a statistically significant decrease within
the placebo group (Table 2).

Effects on volume of largest
leiomyoma and uterus

From baseline to final visit, the median
percent change in largest leiomyoma vol-
ume showed a decrease after 25 mg aso-
prisnil (�25.8%) and a small increase in the
placebo group (4.9%), with a very minor
decrease after asoprisnil 10 mg (�0.4%).
The differences between each asoprisnil
group and placebo in percent change of larg-
est leiomyoma volume or uterine volume
were not statistically significant.FIG. 1. Patient enrollment: numbers of patients at different stages of the clinical study.
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Effects on uterine bleeding
Treatment with asoprisnil led to a substantial decrease in

uterine bleeding. There was a large mean reduction in blood loss
in the final month compared with baseline in both asoprisnil
groups, which was statistically significantly different from the
mean increase in the placebo group (Table 3). These decreases
were already apparent during the first 4 wk of treatment.

Patients treated with 10 and 25 mg asoprisnil had bleeding of
7.0 and 8.0 d on average at baseline, which decreased to 1.2 and
0.2 d in the final month, respectively. The placebo group had a
mean number of 7.3 bleeding days at baseline and the final
month. The difference between asoprisnil groups and placebo
was statistically significant (P � 0.001). The decrease in the
asoprisnil groups was evident during the first month and con-
tinued throughout the treatment period. Suppression of uterine

bleeding was experienced by 33% of patients treated with 10 mg
asoprisnil and 91% treated with 25 mg, compared with none of
the patients in the placebo group. The difference between the
25-mg asoprisnil and placebo groups was statistically significant
(P � 0.001).

UFS-QOL
Results of the UFS-QOL total score, and in particular the

subscales of concern, activities, control, and self-consciousness,
showed statistically significant improvement from baseline to
final visit for both asoprisnil groups compared with placebo,
indicating an effect on quality of life. Reduced symptom se-
verity was observed in both asoprisnil groups but was statis-
tically significant only with 25 mg asoprisnil compared with
placebo (Fig. 2).

TABLE 2. Analysis of RI and PI

Treatment group Between-groups P valuea

Placebo (n � 10)
mean � SD

Asoprisnil 10 mg
(n � 12)

mean � SD

Asoprisnil 25 mg
(n � 11)

mean � SD

Asoprisnil 10 mg
vs. placebo

Asoprisnil 25 mg
vs. placebo

RI
Baseline 0.73 � 0.10 0.76 � 0.09 0.71 � 0.08 NA NA
Final visit 0.71 � 0.17 0.75 � 0.10 0.77 � 0.08 NA NA
Change from baseline �0.02 � 0.13 �0.01 � 0.06 0.06 � 0.08 0.756 0.146
Within-group P valueb

(change from
baseline)

0.629 0.689 0.034c NA NA

PI
Baseline 1.69 � 0.60 1.80 � 0.72 1.52 � 0.44 NA NA
Final visit 1.27 � 0.33 1.81 � 0.67 1.81 � 0.48 NA NA
Change from baseline �0.42 � 0.42 0.01 � 0.56 0.30 � 0.54 0.019d 0.005d

Within-group P valueb

(change from
baseline)

0.012c 0.956 0.099 NA NA

Mean changes of RI and PI (impedance indices to quantify uterine artery blood flow as determined by color Doppler imaging) from baseline to final visit in the three
treatment groups (placebo, 10 mg asoprisnil, and 25 mg asoprisnil). NA, Not applicable.
a From ANCOVA model for change from baseline to final visit including fixed effects of treatment and investigator and baseline mean RI/PI as a covariate.
b A t test was performed on change from baseline to final visit for each treatment group.
c Statistical significance at 0.05 level.
d Statistical significance at 0.05 level using Hochberg’s multiple-comparison procedure.

TABLE 1. Demographic data at baseline

Variable

Treatment group

Placebo (n � 10) Asoprisnil 10 mg (n � 12) Asoprisnil 25 mg (n � 11) All subjects (n � 33)

Race, n (%)
Black 1 (10) 2 (16.7) 1 (9.1) 4 (12.1)
Caucasian 9 (90) 10 (83.3) 10 (90.9) 29 (87.9)

Age (yr)
Mean (SD) 41.8 (3.6) 45.1 (3.5) 44.6 (6.0) 43.9 (4.6)
Min-Max 37–48 39–50 35–52 35–52

Weight (kg)
Mean (SD) 73.4 (11.7) 73.8 (17.7) 75.9 (11.8) 74.4 (13.8)
Min-Max 54–89 45–105 60–96 45–105

Height (cm)
Mean (SD) 165.3 (6.4) 164.3 (4.7) 165.6 (7.3) 165.1 (6.0)
Min-Max 158–177 156–172 157–178 156–178

Race, age, weight, and height distribution across the three treatment groups. Max, Maximum; Min, minimum.
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Ovarian activity
Urinary PdG levels (Table 4) were used to calculate luteal

activity for three different time periods during treatment. In the
25-mg asoprisnil group, 70–80% of patients showed NELA
during wk 9–12 of treatment compared with up to 20% in the
placebo group. Dose-dependent suppression of luteal activity
was apparent during wk 1–4 of treatment with 10–20% of pa-
tients showing NELA in the placebo group compared with 33%
in the 10-mg asoprisnil and 80–90% in the 25-mg asoprisnil
group.

Follicular activity indicated by urinary E1G levels (Table 4)
was partially or totally suppressed in 22% of patients on placebo
compared with 33% on 10 mg asoprisnil and 60% on 25 mg
asoprisnil. Continued follicular activity was seen in 78% of pa-
tients in the placebo group vs. 67 and 40% in the 10- and 25-mg
asoprisnil groups, respectively. These results suggest a dose-de-
pendent suppressive effect of asoprisnil on follicular activity.

Safety parameters
No asoprisnil-treated patient had a serious AE. No AEs led to

discontinuation of study drug. The most common AEs reported

by at least four patients in any group during treatment were
headache, nasopharyngitis, nausea, back pain, perioperative
complications, and abdominal pain. AEs exhibited no drug-re-
lated or dose-dependent pattern. There were no clinically mean-
ingful mean changes from baseline in hematology, chemistry,
and urinalysis laboratory values.

Discussion

The primary outcome of this study was evaluation of the effects
of 3 months treatment with asoprisnil on uterine artery blood
flow. Furthermore, effects of asoprisnil on uterine bleeding and
quality of life measures were assessed in patients scheduled for
hysterectomy due to symptomatic leiomyomata.

Asoprisnil treatment was associated with a moderately de-
creased uterine artery blood flow. There was a rapid reduction in
uterine bleeding, evidenced by MP scores, and an improvement
in quality of life measures.

Previous clinical studies suggested uterine artery blood flow
to be important for leiomyoma growth (25). Pharmacological

agents such as GnRH analogs (26) and
danazol (27), which reduce leiomyoma
volume, have been shown to reduce uter-
ine artery blood flow. Furthermore, the
progesterone antagonist mifepristone has
been demonstrated to decrease uterine ar-
tery blood flow and reduce the size of the
leiomyomatous uterus (10).

The effect of asoprisnil on uterine artery
blood flow was assessed in this study to in-
vestigate a possible mechanism of action in
patients with uterine leiomyomata. RI and
PI were measured in uterine arteries to show
a statistically significant effect on PI in both
groups treated with asoprisnil and a trend
toward increased RI compared with pla-
cebo. These findings suggest a moderate in-
hibitory effect of asoprisnil on uterine artery
blood flow.

Asoprisnil has previously been shown to
reduce leiomyoma volumes (15) with direct

FIG. 2. Analysis of UFS-QOL questionnaires. Mean changes in UFS-QOL total score and subscales (concern,
activities, energy/mood, control, self-consciousness, sexual function, and symptom severity) from baseline
to final visit in the three treatment groups (placebo, 10 mg asoprisnil, and 25 mg asoprisnil) are shown.
The significance of the difference of change from baseline between placebo and asoprisnil groups was
determined using Hochberg’s multiple-comparison procedure at 0.05 level. For symptom severity, a lower
score corresponds to a lower severity; for other scales, a higher score indicates a better quality of life.

TABLE 3. MP scores

Treatment group P valuea

Placebo (n � 10)
mean � SD

Asoprisnil 10 mg
(n � 12)

mean � SD

Asoprisnil 25 mg
(n � 11)

mean � SD

Asoprisnil 10 mg
vs. placebo

Asoprisnil 25 mg
vs. placebo

Baseline 213.0 � 128.0 156.7 � 103.8 217.9 � 115.4 NA NA
Final month 225.6 � 232.7 2.4 � 4.9 2.5 � 8.1 NA NA
Change from baseline

to final month
12.6 � 150.6 �154.3 � 105.2 �215.4 � 114.1 0.001b �0.001b

Mean changes of MP scores (in milliliters) from baseline to final month in the three treatment groups (placebo, 10 mg asoprisnil, and 25 mg asoprisnil). NA, Not
applicable.
a From ANCOVA model for change from baseline to final month with fixed effect of treatment and baseline score as a covariate.
b Statistical significance at 0.05 level using Hochberg’s multiple-comparison procedure.

4668 Wilkens et al. Asoprisnil Effect on Uterine Artery Blood Flow J Clin Endocrinol Metab, December 2008, 93(12):4664–4671

D
ow

nloaded from
 https://academ

ic.oup.com
/jcem

/article-abstract/93/12/4664/2627294 by Edinburgh U
niversity user on 27 February 2020



and indirect mechanisms likely to be involved. With the recog-
nition that progesterone stimulates fibroid development and
growth (6, 7), antiproliferative properties would be expected in
a compound with partial progesterone antagonist effects. There
is growing evidence from in vitro studies that asoprisnil sup-
presses proliferation and induces apoptosis in cultured leiomy-
oma cells while failing to show a similar effect on myometrial
cells (28, 29). Evidence to date suggests that asoprisnil has se-
lective antiproliferative effects on leiomyoma cells via down-
regulation of growth factors and their receptors and induction of
apoptosis (29) mediated by the PR. This is in contrast to the mode
of action of GnRH analogs, which down-regulate ovarian es-
trogen and progesterone secretion via the pituitary gland to
achieve a reduction in total uterine volume (30), whereas aso-
prisnil specifically decreases leiomyoma size. The present and
previous studies have shown the antiproliferative effects of aso-
prisnil to occur in the presence of circulating follicular-phase
estrogen concentrations (15).

Asoprisnil induces a constellation of endometrial morpho-
logical changes,whichhavebeendescribedasanonphysiological
secretory effect. In particular, administration of asoprisnil is as-
sociated with profound vascular changes with increased num-
bers of thick-walled stromal arterioles specific to the endome-
trium (16). These changes are associated with low levels of
mitotic activity in endometrial glands and stroma, and no ad-
verse endometrial findings such as endometrial hyperplasia or
atypia have been demonstrated.

A further novel feature of this study is measurement of ovar-
ian activity by assessing urinary PdG and E1G twice weekly
throughout the treatment period. There was an apparent dose-
dependent suppression of luteal activity in asoprisnil-treated pa-
tients. Most patients experienced continued or only partially
suppressed follicular activity on treatment with asoprisnil.

It should be stressed that luteinization in this study was de-
fined based on urinary PdG concentrations typical for the normal
luteal phase. Hence, luteal phase PdG may be indicative of either
ovulation or a luteinized unruptured follicle. Serial ultrasound
examinations of the dominant follicle and more frequent mea-
surement of ovarian and pituitary hormones would be needed to
determine the effects of asoprisnil on ovulation.

Previous studies have consistently reported asoprisnil to exert
its clinical effects including suppression of menstruation in the
presence of follicular-phase estrogen concentrations (15, 31).
The risk of hypoestrogenism is the main limiting factor for the
long-term use of GnRH analogs (32), which are currently often
the only option for symptom control in patients with uterine
fibroids seeking to avoid surgery.

The clinical effects of asoprisnil administered for 12 wk dur-
ing this double-blind, placebo-controlled study are consistent
with previous reports (15). A profound effect on menstrual
bleeding was clearly demonstrated accompanied by a reduction
in the severity of fibroid-related symptoms. Asoprisnil has pre-
viously been shown to dramatically reduce menstrual bleeding in
women with (15) and without (31) fibroids. In this study, the
effect of asoprisnil on endometrial bleeding was quantified using
the MP. Consistent use of standardized sanitary products and
provision of visual analogs on the pictogram allowed for quan-
tification of menstrual blood loss, as previously described (20).
Significant reductions were already apparent after the first
month, highlighting a rapid effect of asoprisnil on uterine bleed-
ing. Number of days with bleeding also markedly decreased in
asoprisnil groups in a dose-related manner. Similarly, there was
a dose response in the percentage of patients experiencing sup-
pression of uterine bleeding. Treatment with 25 mg asoprisnil
achieved suppression of uterine bleeding in 91% of patients,
some of whom presented with MP scores of over 200 ml (defi-
nition of HMB is blood loss over 80 ml) (33). HMB is commonly
difficult to manage in the presence of fibroids and frequent in-
dication for hysterectomy. In this and previous studies (14, 15),
asoprisnil has been shown to control uterine bleeding indepen-
dent of size and location of uterine fibroids.

The mechanism of suppression of menstrual bleeding during
asoprisnil treatment is not understood. Asoprisnil has previously
been shown to reversibly suppress menstruation at doses of 10
mg/d or higher in women with regular menses. This effect was
irrespective of the impact on luteal-phase progesterone concen-
trations indicative of luteinization (31). The results of the present
study are consistent with these findings. Collectively, these ob-
servations strongly suggest that asoprisnil suppresses menstrual
bleeding primarily via an endometrial effect. Asoprisnil induces

TABLE 4. Urinary E1G and PdG levels

Treatment group

Placebo (n � 10)
Mean � SD

Asoprisnil 10 mg (n � 12)
Mean � SD

Asoprisnil 25 mg (n � 11)
Mean � SD

E1G (�mol/mol)
Screening 11.5 � 4.0 18.0 � 7.2 15.0 � 5.5

wk 1–4 12.0 � 4.9 16.2 � 4.5 11.6 � 3.3
wk 5–8 13.3 � 3.4 17.5 � 6.6 12.5 � 5.4
wk 9–12 12.0 � 4.0 21.0 � 4.4 10.7 � 2.0

PdG (mmol/mol)
Screening 0.42 � 0.15 0.37 � 0.15 0.39 � 0.22

wk 1–4 0.39 � 0.17 0.45 � 0.26 0.17 � 0.11
wk 5–8 0.50 � 0.25 0.45 � 0.33 0.23 � 0.19
wk 9–12 0.45 � 0.19 0.46 � 0.27 0.15 � 0.10

Mean levels of urinary E1G and PdG collected twice weekly over 4-wk intervals during the screening cycle and during treatment with placebo, 10 mg asoprisnil, 25 mg
or asoprisnil. E1G and PdG levels were measured using ELISA and hormone concentrations corrected for creatinine excretion. levels are expressed as ratios of the
creatinine concentration (E1G in micromoles per mole and PdG in millimoles per mole).
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unique morphological changes in endometrial arterioles and
stroma (16), and these changes are likely to contribute to the
suppression of menstrual bleeding.

Asoprisnil-treated patients demonstrated statistically signif-
icantly greater improvements than placebo patients in most of
the disease-specific UFS-QOL domains. Responses to the UFS-
QOL questionnaire were grouped into subscales, as previously
described (21). The mean change from baseline to the final visit
indicated improvement in both asoprisnil groups compared with
placebo on all subscales. These quality of life measures indicate
a significant impact of asoprisnil on patients’ perception of the
severity of their symptoms and their quality of life. Every patient
in this study had experienced symptoms significant enough to
consent to major surgery for benign disease. In this study, treat-
ment with asoprisnil was well tolerated. There were no prema-
ture terminations, and all patients completed the study with good
compliance.

In conclusion, we have made the novel observations that aso-
prisnil reduces uterine artery blood flow while substantially
decreasing menstrual blood loss and improving quality of life
measures in patients with symptomatic uterine leiomyomata
scheduled for hysterectomy. A moderate reduction in uterine
artery blood flow was demonstrated by change in resistance and
pulsatility indices. This effect may contribute to leiomyoma vol-
ume reduction, even though it is unlikely to be the primary mech-
anism. Decreased blood loss was evidenced by MP evaluation
and improvement of quality of life by responses to the UFS-QOL.
All these effects were observed in the presence of continued or
only partially suppressed ovarian follicular activity in the ma-
jority of patients. The 10- and 25-mg doses of asoprisnil were
safe and effective when administered daily for a 12-wk period.
Further studies are needed to determine safety and efficacy pro-
files of asoprisnil when administered beyond 12 wk.
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proliferation markers and endometrial
expression of the tumour suppressor
gene, PTEN
J. Wilkens1, A.R.W. Williams2, K. Chwalisz3, C. Han4, I.T. Cameron5,
and H.O.D. Critchley1,6

1Division of Reproductive and Developmental Sciences, Centre for Reproductive Biology, University of Edinburgh, The Queen’s Medical
Research Institute, 47 Little France Crescent, Edinburgh EH16 4TJ, UK 2Department of Pathology, University of Edinburgh, Edinburgh EH16
4SA, UK 3Abbott Laboratories, Abbott Park, IL, USA 4Takeda Global Research & Development Center, Lake Forest, IL, USA
5Developmental Origins of Health and Disease Division (DoHaD), University of Southampton, Southampton SO16 6YD, UK

6Correspondence address. Tel: þ44-131-242-6858; Fax: þ44-131-242-6441; E-mail: hilary.critchley@ed.ac.uk

background: The selective progesterone receptor modulator asoprisnil suppresses uterine bleeding and decreases leiomyoma volume
while maintaining follicular phase estrogen concentrations. For safety of potential clinical applications, any proliferative effect of asoprisnil on
uterine tissues, particularly endometrium, needs to be established.

methods: In a double-blind, randomized, placebo-controlled study (continuation of previously published trial No. NCT00150644
(Williams et al., 2007 and Wilkens et al., 2008)), 33 patients with symptomatic uterine leiomyomata received placebo, 10 or 25 mg asoprisnil
daily for 12 weeks before hysterectomy. Proliferation markers Ki-67 and anti-phospho-histone H3 (PH3) were immunolocalized in endome-
trium, myometrium and leiomyoma tissue. Endometrial PTEN (phosphatase and tensin homologue, a tumour suppressor gene) expression
was also assessed by immunohistochemistry. PH3-positive glandular and stromal cells were counted per measured endometrial area. Endo-
metrial Ki-67 expression was assessed using stereological methods. Stained myometrial and leiomyoma cells were counted per 10 fields
(�250). PTEN immunostaining was quantified using a histoscore. Each asoprisnil group was compared with placebo (secretory phase)
with significance at 0.05 level.

results: Endometrial epithelial proliferation and PTEN expression were not significantly different between placebo and asoprisnil groups.
Decreased stromal Ki-67 expression (P , 0.05) suggested any effect of asoprisnil on endometrial proliferation to be inhibitory. Immunolo-
calization of PTEN expression was not different between treatment groups in any tissue compartments. Myometrial Ki-67 expression
decreased following asoprisnil 25 mg (P , 0.05).

conclusions: Asoprisnil does not induce proliferation of uterine tissues and does not suppress endometrial PTEN expression.

Key words: asoprisnil / uterine tissues / proliferation / phosphatase and tensin homologue

Introduction
Selective progesterone receptor modulators (SPRM) are a novel class
of progesterone receptor ligands exhibiting mixed and/or partial
agonist and antagonist activity. Asoprisnil is the first SPRM that has
been clinically evaluated in patients with symptomatic uterine fibroids
and endometriosis (Chwalisz et al., 2005b; Wilkens et al., 2008).
Asoprisnil is a 11b-benzaldoxime-substituted steroidal SPRM that
shows a high degree of uterine selectivity (Schubert et al., 2005).

Previously conducted clinical studies have shown asoprisnil to rever-
sibly suppress uterine bleeding by primarily targeting the endometrium

(Chwalisz et al., 2005a). Asoprisnil has further been demonstrated to
reduce the volume of uterine fibroids in a dose-dependent manner
(Chwalisz et al., 2005b). It has, therefore, potential for the medical
management of symptomatic uterine fibroids, which commonly
cause heavy menstrual bleeding as well as pressure-related symptoms.

Asoprisnil and other structurally related SPRMs demonstrated
endometrial antiproliferative effects in non-human primates (Chwalisz
et al., 2005b; Schubert et al., 2005). In cynomolgus monkeys, asoprisnil
induced profound endometrial atrophy in the presence of early luteal
phase estrogen concentrations (Brenner et al., 2005). This effect was
accompanied by a decrease in the proliferation markers Ki-67 and

& The Author 2009. Published by Oxford University Press on behalf of the European Society of Human Reproduction and Embryology. All rights reserved.
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anti-phospho-histone H3 (PH3). Similar endometrial antiproliferative
effects were described in the macaque endometrium with mifepris-
tone (Slayden and Brenner, 1994) and other progesterone receptor
antagonists (antiprogestogens) including ZK 137 316 (Slayden et al.,
1998). The exact mechanism of the endometrial antiproliferative
effects of SPRMs and antiprogestogens remains poorly understood
in spite of extensive studies conducted in non-human primates
(Brenner and Slayden, 2005).

We previously described the effects of asoprisnil on the mor-
phology of the endometrium, myometrium and leiomyomata in
patients with symptomatic uterine leiomyomata treated with asoprisnil
for 3 months prior to hysterectomy (Williams et al., 2007). The results
of this study showed that asoprisnil suppressed endometrial prolifer-
ation, as evidenced by a low mitotic index in endometrial glands and
stroma, which is consistent with the studies conducted in non-human
primates. However, differences in endometrial morphology in
response to asoprisnil treatment were noted in humans compared
with macaques. Although this study also revealed a decrease in endo-
metrial thickness, unique endometrial morphology was observed in
women treated with asoprisnil for 3 months. This was characterized
by weakly secretory endometrial glands with scarce or absent
mitotic activity, variable stromal changes ranging from stromal
compaction to focal pre-decidual reaction and thickening of the
walls of spiral arterioles. These unusual morphological appearances
were further referred to as ‘non-physiologic secretory effects’ or
‘endometrial SPRM effects’ (Williams et al., 2007).

The clinical and histological effects of asoprisnil described above
have been demonstrated in the presence of follicular phase estrogen
concentrations (Wilkens et al., 2008). Concern has previously been
expressed that administration of a compound with progesterone
antagonistic activity may leave the endometrium at risk of hyperplastic
or even malignant changes due to exposure to unopposed estrogen.
Previous studies have reported features of endometrial hyperplasia
following administration of the progesterone antagonist mifepristone
(Eisinger et al., 2003). However, hyperplasia was not observed with
use of low doses of 2 or 5 mg mifepristone, which after administration
to 90 women for 120 days resulted in suppression of endometrial pro-
liferation marker expression (Ki-67 and mitotic index) (Baird et al.,
2003). No study or case report has described complex hyperplasia
or cytological atypia. No endometrial hyperplasia or evidence of unop-
posed estrogen effects have been described with asoprisnil after treat-
ment for up to 3 months (Chwalisz et al., 2005a, 2007).

Endometrial proliferation can be assessed in full thickness endo-
metrial biopsies by means of Ki-67 and PH3 immunohistochemistry.
The nuclear antigen Ki-67 can be detected in all phases of the replicat-
ing cell (G1, S, G2 and M) representing the growth fraction of a cell
population (Gerdes et al., 1984; Endl and Gerdes, 2000). More
recently, Ki-67 has been described to play a role in ribosomal RNA
synthesis as well as mitosis and may therefore also be expressed in
non-proliferating cells (Bullwinkel et al., 2006). The Ki-67 index is
less specific than the mitosis-specific marker PH3, which is only
expressed during the actual phase of mitosis (M) (Brenner et al.,
2003). When proliferation of normal endometrium in different
phases of the menstrual cycle is assessed using various proliferation
markers, they all show a high proliferation index during the prolifera-
tive phase with a significant decrease in the secretory phase. There is a
high correlation between the direct mitotic count and the PH3 count,

while the Ki-67 index shows the same trend but is less specific
(Brenner et al., 2003).

PTEN (phosphatase and tensin homologue) expression in endo-
metrial tissue can be studied as a marker of early carcinogenesis.
PTEN is a tumour suppressor gene product, which has been described
as a gatekeeper for initiation of carcinogenesis in the endometrium
(Mutter, 2001; Daikoku et al., 2008). Loss of PTEN function has
been demonstrated to occur as an early event in endometrial carcino-
genesis and has therefore been suggested as a biomarker for prema-
lignant disease even in histologically normal endometrium (Mutter
et al., 2000, 2001). The PTEN tumour suppressor gene is inactivated
in up to 83% of endometrioid endometrial adenocarcinomas, the most
common form of endometrial cancer, which has also been associated
with the risk factor of exposure to unopposed estrogen (Mutter,
2001). It has been shown that exogenous hormones can alter PTEN
expression. Progesterone has been shown to play an important role
in eliminating PTEN-deficient endometrial cells when administered
via a progestin-impregnated intrauterine device (Orbo et al., 2006)
or systemically (Zheng et al., 2004). A compound with partial
progesterone antagonist activity may raise the concern of an unfavour-
able effect on PTEN expression and therefore on the potential to
influence the predisposition to latent endometrial precancerous
lesions.

The objective of this study, which is a continuation of the above-
mentioned study (Williams et al., 2007), was to investigate in detail
the effects of asoprisnil on proliferation of human endometrial, myo-
metrial and leiomyoma tissues and on endometrial PTEN expression.

Materials and Methods

Study design
This was a Phase II multi-centre, double-blind, randomized, placebo-
controlled study of asoprisnil administered for 12 weeks. The study
group was composed of 33 premenopausal women from four centres
(Edinburgh, Southampton, Glasgow, Liverpool) in good general health
with symptomatic uterine fibroids, who were scheduled for hysterectomy
mostly due to heavy menstrual bleeding (Williams et al., 2007; Wilkens
et al., 2008). Each subject had at least one intramural, non-pedunculated
submucosal or subserosal fibroid with a diameter of at least 2 cm con-
firmed by ultrasonography. Other inclusion criteria included age over 18
years, regular menstrual cycles of 17–42 days, negative pregnancy test,
serum FSH of ,30 mIU/ml, a minimum washout period of 2 months
for oral contraceptive users, agreement to use double-barrier method of
contraception throughout the study until hysterectomy and a normal
cervical smear. All subjects were required to have a normal endometrial
biopsy report based on an adequate specimen taken within 3 months of
screening for entry into the study. The study was performed according
to the ethical principles of the Declaration of Helsinki (1989 revision).
The Institutional Review Board (Multicentre Research Ethics Committee)
approved the protocol. All subjects voluntarily signed a full informed
consent form.

Subjects were randomly assigned to one of three parallel treatment
groups in a 1:1:1 ratio to receive daily doses of asoprisnil 10, 25 mg or
placebo. Asoprisnil or placebo capsules were supplied in blister cards of
identical appearance packaged in sealed kits. The drug was self adminis-
tered as a single oral dose taken once daily. Treatment was initiated no
later than the fifth day of the subject’s menstrual cycle and continued
for at least 12 weeks. Hysterectomy was performed within 24 h after
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the final dose of drug. Blood specimens for determination of estradiol (E2)
and progesterone were collected within 24 h prior to hysterectomy. Com-
pliance was monitored by the subjects returning all used and unused study
medication blister cards.

Sample collection
After removal of the uterus in the operating theatre, the unfixed speci-
men was placed on ice and taken without delay to the local pathology
laboratory. The specimen was oriented and a probe inserted through
the external os of the cervix to define the position of the cavity. The
uterus was opened using a long-bladed knife along the plane of the
probe. The opened specimen was then placed in an adequate volume
of 10% buffered formaldehyde and allowed to fix overnight. For large
specimens, parallel parasagittal slices 2 cm in thickness were made to
permit adequate fixation. The following day, the pathologist sampled
the specimen for routine diagnostic reporting and took additional
blocks for study assessment. Study blocks included full thickness endo-
metrium with underlying myometrium. Leiomyomata were also
sampled. All study samples were processed by routine methods for par-
affin wax, and 5 mm sections prepared. Endometrial assessment was
carried out by microscopic examination of haematoxylin–eosin stained
sections. Phase of cycle was assessed using the updated conventional
descriptive Noyes criteria of the normal menstrual cycle as described
in Blaustein’s Pathology of the Female Genital Tract (Mutter and Fer-
enczy, 2002).

Immunohistochemistry
Five-micrometre paraffin sections were de-waxed in Histoclear (National
Diagnostics, Atlanta, GA, USA) for 10 min before rehydration in descend-
ing grades of alcohol. The slides were washed with 0.01 M phosphate-
buffered saline (PBS; pH 7.4; Sigma) and pressure-cooked in 0.01 M
sodium citrate (pH 6) for 5 min at setting 2/high (Tefal, Clipso, Notting-
ham, UK) for antigen retrieval. The tissue sections were cooled for 20 min
and then washed again in PBS before blocking endogenous peroxidase
activity by immersion in 3% hydrogen peroxide for 10 min at room
temperature. After washing in PBS, the subsequent protocol differed for
the two proliferation markers Ki-67 and PH3.

Ki-67 immunohistochemistry
Slides were incubated in non-immune horse serum (NHS; Vector Labora-
tories Inc, UK) in PBS for 20 min at room temperature in order to block
non-specific binding of the primary antibody. The primary antibody Ki-67
Novocastra NCL-Ki67-MM1 (Novocastra, Newcastle-upon-Tyne, UK;
1:100 dilution in NHS/PBS) was added and the slides incubated for
30 min at 378C. For the negative controls, the primary antibody was
replaced with non-immune mouse immunoglobulin (Ig)G1 antibody at a
matched antibody concentration to the Ki-67 antibody (1:1000). Sub-
sequently, the sections were washed in PBS with added Tween 20
(PBST) before incubating in biotinylated horse anti-mouse antibody
(Vector Laboratories) for 30 min at room temperature. Following
another wash in PBST, an avidin–biotin–peroxidase complex
(ABC-HRP; Vectorstain Laboratories) was applied for 30 min at room
temperature before the final wash with PBST.

PH3 immunohistochemistry
At room temperature, sections were incubated in avidin (Vector Labora-
tories) for 15 min, rinsed in PBS and then incubated in biotin (Vector
Laboratories) for a further 15 min. To block non-specific binding of the
primary antibody, slides were incubated in non-immune goat serum
(NGS; Autogen Bioclear Cat# 7) in PBS with 5% bovine serum albumin

(BSA; Sigma Cat# A-7888) for 20 min at room temperature. The primary
antibody PH3 (Cat# 06–570, Upstate Biotechnology, Buckingham, UK;
1:1000 dilution in NGS/PBS/BSA) was added and the slides incubated over-
night at room temperature. For the negative controls, the primary antibody
was replaced with non-immune rabbit antibody IgG at a matched antibody
concentration to H3 (1:1000). Sections were washed in PBST before incu-
bating in anti-rabbit envision kit (EnVisionþ System-HRP, DAKO Cytoma-
tion) for 30 min at room temperature and washing again with PBST.

After the final wash with PBST, the protocols for both proliferation
markers Ki-67 and PH3 were then followed by the addition of the chroma-
gen 3, 30-diaminobenzidine (DAKO). The reaction was stopped with dis-
tilled water when nuclear staining was detected by inspection under the
microscope. Harris’s haematoxylin was used for counterstaining. The sec-
tions were then dehydrated and finally mounted with Pertex (Cellpath plc,
Hemel Hempstead, UK).

PTEN immunohistochemistry
For PTEN immunohistochemistry, the paraffin sections were de-waxed,
rehydrated and pressure-cooked as described earlier. After cooling
down for 20 min, the sections were transferred to the Bond-X immunos-
taining machine and processed using the Bond Refine Polymer Detection
kit (Cat. No DS9800 Vision BioSystems BondTM, Newcastle-upon-Tyne,
UK). The primary antibody was PTEN (NCL-PTEN, Novocastra; 1:600
dilution in Bond Antibody diluent, Vision BioSystems) and IgG from the
same species and at the same concentration was used as the negative
control (Mouse IgG1 kappa, Sigma). Sections were dehydrated and
mounted as described earlier.

Scoring
In myometrium and leiomyoma tissue, Ki-67 and PH3 immunostaining was
assessed by randomly selecting 10 fields at �250 magnification and count-
ing all stained cells. To quantify the amount of staining in endometrium,
stereological methods were applied and varied for assessment of Ki-67
and PH3, respectively. For assessment of PTEN immunostaining in endo-
metrium, a histoscore was applied by two independent observers as pre-
viously described (Aasmundstad et al., 1992). A separate histoscore was
applied to surface epithelium, glandular epithelium, stroma, perivascular
cells and endothelium, respectively.

Ki-67
Inspection of the endometrial tissue after immunostaining for Ki-67 gave
the impression of scanty staining in the majority of sections. In order to
quantify the level of immunoreactivity, stereological methods were used
as previously described (Mahood et al., 2005). The program used was
Image-Pro plus 4.5.1 with Stereology-Pro 5.0 plug-in software (Media
Cybernetics UK, Wokingham, Berkshire, UK) in combination with an
Olympus BH-2 microscope fitted with a Prior automatic stage (Prior
Scientific Instruments Ltd, Cambridge, UK). With the aid of the software,
random fields were selected for counting and grids were placed over the
fields at �250 magnification. All 432 intersections of a grid were defined
as points, and all points falling over tissue were counted as one of the fol-
lowing categories: (a) unstained epithelial cell, (b) stained epithelial cell, (c)
unstained stromal cell, (d) stained stromal cell and (e) lumen (i.e. the
empty space within glands or vessels). The proportion of tissue occupied
by each of these categories was expressed as a percentage of total points
counted.

The number of fields counted was dependent on obtaining a percentage
SE value of ,10%. For all but four tissue sections, 10 fields (i.e. 4320
points) were sufficient to obtain a percentage SE of ,10% for the
categories of unstained cells and lumen. For three of the remaining
tissue sections, 50 fields (i.e. 21 600 points) and in one case 20 fields
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(i.e. 8640 points) were counted. The number of points occupied by
stained epithelial or stromal cells was counted in a total of 50 fields for
all tissue sections. According to the statistical formula for sample size
calculations, 50 fields (or 21 600 points) are sufficient to detect a
proportion of 0.01% of stained cells assuming a null hypothesis of
0.00001%. Therefore, the point count was limited to 50 fields for all
tissue sections (Kirkwood and Sterne, 2003).

PH3
Inspection of the endometrial tissue after staining for PH3 revealed very
scanty immunostaining. In order to quantify the positive immunoreactivity
in the tissue sections, the total number of stained epithelial and stromal
cells in all sections was counted. Stereological methods were used to
determine the area of endometrium in each section. The program used
was Image-Pro plus 4.5.1 with Stereology-Pro 5.0 plug-in software
(Media Cybernetics UK) in combination with an Olympus BH-2 micro-
scope fitted with a Prior automatic stage (Prior Scientific Instruments
Ltd). The cell count was expressed as the number of stained cells per
mm2 endometrium.

Statistical analysis
For statistical analysis, each group of asoprisnil-treated subjects (10 and
25 mg) was compared with a subgroup of placebo-treated subjects who
had undergone hysterectomy in the secretory phase of their menstrual
cycle. The Wilcoxon’s rank sum test was used for this analysis and signifi-
cance was determined at 0.05 level using Hochberg’s multiple comparison
procedure.

Results
A total of 33 patients were included in the study. Placebo and asopris-
nil groups had a well-matched distribution for age, weight and height
(Table I). Ten subjects had been treated with placebo, 12 had received
10 mg asoprisnil and 11 had received 25 mg asoprisnil for an average
of 95 days. There was satisfactory drug compliance in all groups. Two
placebo-treated subjects had undergone hysterectomy in the prolifera-
tive phase of their menstrual cycle and were excluded from the stat-
istical analysis. The remaining eight placebo-treated subjects had been
in the secretory phase of their cycle and constituted the subgroup for
comparison to the asoprisnil-treated groups.

Proliferation marker expression was low in all asoprisnil-treated
subjects as well as placebo-treated subjects in the secretory phase
in all uterine tissues. There was high proliferation marker expression
in the endometrium of the two placebo-treated subjects in the prolif-
erative phase of the menstrual cycle.

Expression of Ki-67 and PH3 in endometrium
Assessment of proliferation marker expression in endometrial stroma
is suggestive of a suppressive effect of asoprisnil (Fig. 1A). Following
the method of quantifying Ki-67 immunostaining as described earlier,
the median of grid points occupied by stained cells in endometrial epi-
thelium and stroma was ,2% in specimens from both asoprisnil- and
placebo-treated subjects. Following asoprisnil administration, there
was a statistically significant and dose-dependent decrease in Ki-67
expression in endometrial stroma (Fig. 1A) compared with the
placebo-treated subjects in the secretory phase of their menstrual
cycle. There was no statistically significant difference between treat-
ment groups in Ki-67 expression in endometrial glandular epithelium
(Fig. 1B). The median of counted stained endometrial cells following
immunostaining for PH3 was generally very low in epithelium and
stroma of both asoprisnil- and secretory phase placebo-treated sub-
jects (,3/mm2). There was no statistically significant difference
between treatment groups (Fig. 2). The PH3 data were normalized
to the total area of endometrium. The data were also assessed in
relation to only epithelial or stromal cells, and those results were
comparable and did not add to the results as presented.

Expression of Ki-67 and PH3 in myometrium
and leiomyomata
There also appeared to be a suppressive effect of asoprisnil on myo-
metrial proliferation. There was very low PH3 expression in both
asoprisnil- and secretory phase placebo-treated groups (median of
less than 10 stained cells per 10 fields at �250 magnification), and
the differences were not statistically significant. There was however
a dose-dependent decrease in Ki-67 expression in both asoprisnil-
treated groups compared with the secretory phase placebo-treated
subjects, but only the difference between asoprisnil 25 mg and
secretory phase placebo reached statistical significance (Table II).

.................................................................................................................................................................

.............................................................................................................................................................................................

Table I Demographic data for patients with symptomatic uterine leiomyomata given placebo or asoprisnil daily for 12
weeks before hysterectomy

Variable Treatment group

Placebo (n 5 10) Asoprisnil 10 mg (n 5 12) Asoprisnil 25 mg (n 5 11) All subjects (n 5 33)

Age (years)

Mean (SD) 41.8 (3.6) 45.1 (3.5) 44.6 (6.0) 43.9 (4.6)

Min-Max 37–48 39–50 35–52 35–52

Weight (kg)

Mean (SD) 73.4 (11.7) 73.8 (17.7) 75.9 (11.8) 74.4 (13.8)

Min-Max 54–89 45–105 60–96 45–105

Height (cm)

Mean (SD) 165.3 (6.4) 164.3 (4.7) 165.6 (7.3) 165.1 (6.0)

Min-Max 158–177 156–172 157–178 156–178
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Assessment of Ki-67 and PH3 expression in leiomyoma tissue
revealed a similar trend. There was very low PH3 expression in
tissue sections from asoprisnil- and placebo-treated subjects, and
the differences between groups were not statistically significant.
There was an apparent reduction in Ki-67 expression in both
asoprisnil-treated groups, but the differences did not reach statistical
significance (Table III).

Endometrial expression of PTEN
There was no difference in immunohistochemical detection of PTEN
expression between treatment groups in any of the tissue compart-
ments assessed. PTEN immunhistochemistry resulted in a nuclear
staining pattern with similar intensity in glandular epithelium and
stroma (Fig. 3). The staining intensity was strongest in the surface epi-
thelium (median histoscores of 125–180) and only weak in endo-
thelium and perivascular cells (median histoscores of 25–32.5 for

perivascular cells and 30–45 for endothelium). In asoprisnil and
placebo groups, there were inter-individual variations independent
of the treatment received with some subjects showing very weak
and others quite strong staining. However, there was no significant
difference between treatment groups (Fig. 4).

Blood concentrations of E2 and progesterone
E2 and progesterone levels were measured within 24 h prior to hyster-
ectomy (Table IV). The mean E2 value was lower in the 25-mg asopris-
nil group compared with both placebo and 10-mg asoprisnil groups.
Mean progesterone values were substantially lower in both asoprisnil-
treated groups compared with placebo. Although variability across the
groups was high, the median progesterone values revealed the same
pattern.

Discussion
This study shows that asoprisnil administered daily for 12 weeks exerts
an inhibitory effect on endometrial proliferation and proliferation of
myometrium and leiomyomata.

Figure 2 PH3 expression in endometrial stroma (A) and glands (B)
following administration of asoprisnil.

PH3 expression is quantified as stained glandular or stromal cells per mm2

endometrium following a count of all stained cells in the available tissue
section and stereological measurement of the endometrial area. Each asoprisnil
group is compared with placebo (secretory phase) using Wilcoxon’s rank sum
test. None of the differences between an asoprisnil group and placebo are stat-
istically significant. PH3, anti-phospho-histone H3.

Figure 1 Ki-67 expression in endometrial stroma (A) and glands
(B) following administration of asoprisnil.

Ki-67 expression is quantified by percentage of grid points overlying a stained
glandular or stromal cell respectively, following the stereological projection of a
grid over several views of a tissue section. In the box plots, the box spans
between lower and upper quartiles with the horizontal line within it represent-
ing the median; the whiskers extend to the minimum and maximum obser-
vations; the cross represents the mean. Each asoprisnil group is compared
with placebo (secretory phase) using Wilcoxon’s rank sum test. In stroma,
both asoprisnil groups have a statistically significantly lower expression of
Ki-67 than placebo using Hochberg’s multiple comparison procedure at 0.05
level; in glands, neither difference between an asoprisnil group and placebo
is statistically significant.
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Within the placebo group in this study, endometrial glands and
stroma showed high proliferation marker expression in subjects who
had undergone hysterectomy in the proliferative phase of their men-
strual cycle compared with low expression in subjects in the secretory
phase, as previously reported (Brenner et al., 2003). Proliferation
marker expression following 12 weeks of treatment with asoprisnil
was low in most uterine tissues and comparable to the low level of
proliferation observed in the placebo-treated subjects in the secretory
phase. There was no difference in PH3 expression between
treatment groups in endometrium, myometrium or leiomyoma
tissue, a likely reflection of the very scanty immunostaining. Ki-67
expression in endometrial epithelium was not significantly different
in asoprisnil-treated subjects compared with placebo-treated subjects
in the secretory phase. Asoprisnil had a dose-dependent inhibitory
effect on proliferation in endometrial stroma as indicated by decreased
Ki-67 expression. There was no evidence of altered endometrial
PTEN expression by administration of asoprisnil. Dose-dependent
suppression of proliferation was demonstrated similarly in myome-
trium but was only significant with the higher dose of asoprisnil. Pro-
liferation of leiomyoma tissue appeared to be inhibited by asoprisnil
even though the differences did not reach statistical significance.

The endometrial antiproliferative effect of asoprisnil demonstrated
in this study is consistent with previous clinical trial reports. Prolifer-
ation marker expression was suppressed or unchanged compared
with the secretory menstrual cycle phase. In a previous trial, various
doses of asoprisnil (5 mg once daily to 50 mg twice daily) were admi-
nistered to healthy premenopausal women for 28 days. In endometrial
biopsies collected following treatment (with a Pipellew endometrial
sampler), there was no evidence of endometrial hyperplasia or
other appearances suggestive of an unopposed estrogen effect. Impor-
tantly, there was a common finding of a unique endometrial appear-
ance, which has since been classified as ‘non-physiologic secretory
effect’ and which has not been previously described with any

hormonally active agent (Chwalisz et al., 2005a). This appearance,
now referred to as ‘SPRM endometrial effect’, seems to reflect the
mixed progesterone agonistic/antagonistic properties of asoprisnil in
the human endometrium.

In a further trial with administration of 5, 10 or 25 mg asoprisnil to
women with uterine leiomyomata for 12 weeks, Pipellew endometrial
biopsies were also obtained following treatment. Histological assess-
ment revealed similar findings. There was no case of endometrial
hyperplasia or cytological atypia. A majority of endometrial samples
following asoprisnil treatment showed distinct changes consistent
with the ‘SPRM endometrial effect’ (Chwalisz et al., 2007). In a
39-week toxicity study with asoprisnil in adult cynomolgus monkeys,
the endometrium appeared atrophic with suppressed gland prolifer-
ation and stromal compaction. Some glands appeared dilated and
cystic in the absence of any hyperplastic features (DeManno et al.,
2003). However, this study neither showed secretory changes in
endometrial glands nor thickening of the wall of spiral arterioles.

Studies in non-human primate models have been crucial in the dis-
covery and development of SPRMs and have provided valuable insight
into their possible mechanisms of action (Chwalisz et al., 2006). Endo-
metria from monkeys as well as humans have shown a distinct mor-
phological response following exposure to SPRMs pointing to an
antiproliferative effect (Wolf et al., 1989). However, comparisons
between monkeys and humans have also indicated some important
differences highlighting the need for caution when extrapolating
results from non-human primate studies to the human. This may be
due to differences in the steroid receptor pharmacology of the
monkey and human endometrium (Chwalisz et al., 2006). It is possible
that the balance between agonist and antagonist effect of asoprisnil is
in favour of the agonist side in humans. This could result from species
differences in metabolic end-products or from species-specific cellular
environments creating a different balance of coactivator and corepres-
sor expressions (Chwalisz et al., 2008). The findings of secretory

.................................. ..................................

.............................................................................................................................................................................................

Table II Proliferation marker expression in myometrium by immunohistochemistry

Placebo/secretory Asoprisnil 10 mg Asoprisnil 25 mg

Median Median P-value Median P-value

Ki-67: count of stained cells per 10 fields at �250 80.0 31.5 0.558 19.0 0.024$

PH3: count of stained cells per 10 fields at �250 8.0 3.5 0.099 5.0 0.582

Each asoprisnil group is compared with placebo using Wilcoxon’s rank sum test; $ denotes statistical significance at 0.05 level using Hochberg’s multiple comparison procedure. PH3,
anti-phospho-histone H3.

.................................. ..................................

.............................................................................................................................................................................................

Table III Proliferation marker expression in leiomyoma by immunohistochemistry

Placebo/secretory Asoprisnil 10 mg Asoprisnil 25 mg

Median Median P-value Median P-value

Ki-67: count of stained cells per 10 fields at �250 237.0 66.0 0.078 86.0 0.088

PH3: count of stained cells per 10 fields at �250 5.5 3.0 0.355 4.0 0.707

Each asoprisnil group is compared with placebo using Wilcoxon’s rank sum test.
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endometrial gland changes and formation of thick-walled endometrial
spiral arteries following treatment with asoprisnil were unique to the
human endometrium and had not previously been observed in the
monkeys. Suppression of proliferation marker expression due to aso-
prisnil exposure was common to both human and non-human endo-

metria. Endometrial Ki-67 and PH3 expression was suppressed in
cynomolgus monkeys treated with 10, 30 or 90 mg/kg asoprisnil for
90 days. The suppression was significant when compared with
samples from the placebo group in the proliferative cycle phase
(Brenner et al., 2005). There was no significant difference between
asoprisnil-treated monkeys and monkeys in the secretory cycle
phase corresponding to the findings in this study. There was no differ-
entiation into separate tissue compartments (stroma and epithelium)
in the monkey studies, while this study showed that in the human
Ki-67 expression particularly in endometrial stroma is significantly sup-
pressed after 3 months asoprisnil treatment.

The exact mechanism of action of the endometrial antiproliferative
effect of SPRMs has still not been fully elucidated. It has been
suggested that the endometrial effects of asoprisnil are mediated by
the endometrial vasculature and in particular the spiral arteries (Chwa-
lisz et al., 2000), which may be targeted via the perivascular cells
(Chwalisz et al., 2006). This hypothesis appears to be supported by
the striking effect of asoprisnil on the formation of thick-walled
spiral arterioles in humans. However, the absence of similar morpho-
logical vascular changes in non-human primate models suggests there
may be another pathway, and more recently the role of the endo-
metrial androgen receptor (AR) has been emphasized as a potential
mechanism of the endometrial antiproliferative effect (Brenner et al.,
2002; Brenner and Slayden, 2005). Androgens are known to inhibit
estrogenic effects in the primate endometrium, and AR has been
shown to be up-regulated by treatment with various progesterone
antagonists and SPRMs in monkeys and mifepristone in humans
(Brenner et al., 2002, 2005). Moreover, it was possible to suppress
the endometrial antiproliferative effect induced by progesterone
antagonists by adding the AR antagonist flutamide (Slayden and
Brenner, 2003). These findings imply that a functional AR is required
for SPRMs to exert their antiproliferative effect on the endometrium.

Previous in vitro studies have suggested asoprisnil to have a cell type-
specific antiproliferative effect on uterine leiomyoma cells compared
with normal myometrial cells (Chen et al., 2006). A direct effect of
asoprisnil on leiomyoma cells may result in suppressed growth and
therefore reduced fibroid volume as previously reported (Chwalisz
et al., 2007). The concomitant suppression of myometrial proliferation
observed in this study suggests there may be an additional mechanism
of action, for example, an impact on uterine artery blood flow. Both

Figure 3 PTEN expression in endometrial stroma (A) and glandu-
lar epithelium (B) following administration of asoprisnil.

PTEN expression is quantified by applying a histoscore (0–300). Each asopris-
nil group is compared with placebo (secretory phase) using Wilcoxon’s rank
sum test. None of the differences between an asoprisnil group and placebo
are statistically significant. PTEN, phosphatase and tensin homologue.

Figure 4 PTEN immunolocalization in endometrium; scale bar 100 mm.

Placebo group in secretory cycle phase; inset—negative control (A). Treatment group asoprisnil 25 mg (B).

1042 Wilkens et al.

D
ow

nloaded from
 https://academ

ic.oup.com
/hum

rep/article-abstract/24/5/1036/711760 by Edinburgh U
niversity user on 27 February 2020



asoprisnil (Wilkens et al., 2008) and mifepristone (Reinsch et al., 1994)
have been shown to reduce uterine artery blood flow.

This study has demonstrated that endometrial PTEN expression is
not altered by administration of asoprisnil. This finding, together with
the low endometrial Ki-67 and PH3 expression after 3 months treat-
ment, supports the conclusion that the effect of asoprisnil on endome-
trium is antiproliferative and does not promote carcinogenesis. It
justifies the assumption that the feature of cystically dilated glands
occasionally found in asoprisnil-treated endometria is not associated
with hyperplasia and is not pre-malignant.
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Cortisol Inactivation by 11�-Hydroxysteroid
dehydrogenase-2 May Enhance Endometrial
Angiogenesis via Reduced Thrombospondin-1 in
Heavy Menstruation

Mick Rae, Amirah Mohamad, Deborah Price, Patrick W. F. Hadoke, Brian R. Walker,
J. Ian Mason, Stephen G. Hillier, and Hilary O. D. Critchley

Centre for Reproductive Biology (M.R., A.M., D.P., J.I.M., S.G.H., H.O.D.C.) and Centre for Cardiovascular Science
(P.W.F.H., B.R.W.), University of Edinburgh, The Queen’s Medical Research Institute, Edinburgh EH16 4TJ, United
Kingdom

Context: Heavy menstrual bleeding (HMB; menorrhagia) impairs quality of life for women and
requires medication or surgery. Because glucocorticoids inhibit angiogenesis in other organs, we
hypothesized that endometrium of women with HMB is subject to decreased local glucocorticoid
exposure and enhanced angiogenesis, thereby increasing menstrual bleeding.

Design: Endometrium was collected from 29 women with menstrual complaints. Menstrual blood
loss was measured by alkaline-hematin assay (n � 12, � 80 ml (HMB); n � 17, � 80 ml). Quantitative
RT-PCR for thrombospondin-1 (TSP-1) and glucocorticoid-metabolizing enzymes, 11�-hydroxys-
teroid dehydrogenases-1 and -2 (11�HSD1,2) was performed. Glucocorticoid effects on endome-
trial stromal cells and uterine endothelial cells (UECs) were determined. RNA interference studies
in UECs examined the effect of TSP-1 ablation on cortisol action.

Results: Secretory phase endometrium mRNA levels for the cortisol inactivating enzyme
11�HSD2 were higher �3.78 � 1.29 vs. 1.40 � 0.6 (arbitrary units), P � 0.05�, whereas TSP-1
mRNA was lower �0.40 � 0.13 vs. 1.66 � 1.02 (arbitrary units), P � 0.05� in women with HMB.
In cultured endometrial stromal cells and UECs, cortisol increased TSP-1 expression. Both cor-
tisol and TSP-1 inhibited new vessel formation in endometrial explants embedded in Matrigel.
In UECs cortisol inhibition of tube-like structure formation was blocked by small interfering
RNA (siRNA) against TSP-1 (25 � 2.5% cortisol inhibition with scrambled siRNA vs. 0% cortisol
inhibition with TSP-1 siRNA inactivation, P�0.01).

Conclusions: Enhanced inactivation of cortisol by 11�HSD2 in endometrium from women with
HMB may explain reduced TSP-1 levels and hence endothelial cell dysfunction and abnormal an-
giogenesis. Inhibition of 11�HSD2 may be a rational novel therapy for heavy menstrual bleeding.
(J Clin Endocrinol Metab 94: 1443–1450, 2009)

Menstrual disorders impose a significant impact on quality
of life for otherwise healthy women. In the United

States, hysterectomy is the second most frequently performed
major surgical procedure among reproductive-aged women. A
total of 600,000 hysterectomies are performed annually, most
commonly for heavy menstrual bleeding (HMB) (1). In the
United Kingdom, 880,000 women per annum present with com-

plaints of HMB (2) and in 2002–2003, more than 13,000 sur-
gical procedures were performed for this problem (3).

In the late 1700s, William Cullen, professor of the Practice of
Physic at the University of Edinburgh, first used the term men-
orrhagia to describe HMB (4). His remedy for this complaint
included extract, glycyrrh, which is prepared from the root of the
legume Glycyrrhiza glabra and is the major constituent of lico-
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rice. Licorice root is also described in traditional Chinese med-
icine texts (Gan Cao) as an agent to replenish qi (5) and reported
to treat profuse menstruation. Within the last 20 yr, the major
mechanism of action of the active principle in licorice (glycyr-
rhizic acid, which is metabolized to glycyrrhetinic acid) has been
elucidated. This involves inhibition of the enzyme 11�-hydrox-
ysteroid dehydrogenase (HSD) type 2, which inactivates cortisol
in target tissues such as the distal nephron (6, 7).

It has been proposed that HMB involves dysregulation of
angiogenesis in the endometrium (8–10), a crucial process in
normal menstruation (11). Glucocorticoids inhibit angiogenesis
both in vitro and in vivo. Our group previously demonstrated
that mice that are unable to generate glucocorticoids within new
blood vessels due to deficiency of the enzyme 11�HSD1 display
increased angiogenesis (12). Because both 11�HSD enzymes are
expressed in human endometrium and vary substantially during
the normal menstrual cycle, especially at menses (13), we hy-
pothesized that dysregulation of endometrial 11�HSDs may
lower local cortisol concentrations and hence promote unre-
strained angiogenesis in patients with HMB.

Subjects and Methods

Tissue collection and measurement of menstrual
blood loss

Participants (n � 29) were women attending the Gynaecological
Clinic (Royal Infirmary, Edinburgh, UK) for menstrual bleeding com-
plaints. The mean age of subjects with normal measured menstrual blood
loss was 41 yr (range 24–50) and with heavy measured menstrual blood
loss (�80 ml) was 45 (range 28–52). There was no significant difference
between the women with measured normal and heavy menstrual bleed-
ing with regard to age.

All reported regular menstrual cycles (cycle length 21–35 d) and had
not received hormonal preparations in the preceding 3 months. Subjects
with submucous fibroids greater than 2 cm, as determined with pelvic
ultrasound, were excluded. All subjects provided written informed con-
sent. The study was approved by the Local Research Ethical Committee
(LREC 05/S1103/14).

One woman provided both a secretory and a proliferative phase en-
dometrial sample on two distinct occasions. Endometrial biopsies were
collected with an endometrial suction curette (Pipelle; Laboratoire CCD,
Paris, France). In our hands the typical weight of endometrium collected
by this method is 400-1000 mg. Each tissue sample was divided into three
portions and distributed as follows: 1) transferred into RNALater (Am-
bion Inc., Huntingdon, UK) and stored at �70 C for RNA analysis; 2)
fixed in neutral buffered formalin for immunohistochemistry; and 3) the
remaining portion divided into approximately 1 mm3 cubes and placed
in sterile Dulbeccos Phosphate Buffered Saline for de novo endothelial
outgrowth in two-dimensional (2D) culture.

All biopsies used provided sufficient material for planned experimen-
tal procedures. Cycle stage at biopsy was calculated from reported last
menstrual period and confirmed by histology (14) and circulating estra-
diol and progesterone levels. Four additional subjects supplied endome-
trial tissue for in vitro culture studies. On these occasions the whole
endometrial sample was used for isolation and propagation of stromal
cells.

Menstrual blood loss (MBL) was quantified over a single cycle as
previously described (15) using a modified alkaline-hematin method.
Women were classified as having normal (5–80 ml) or heavy (�80 ml)
MBL (15). MBL collection took place during same cycle as the endome-
trial biopsy.

Immunohistochemical localization of thrombospondin
(TSP)-1 and 11�HSD2 in endometrial biopsies

Localization immunohistochemistry was performed using the
BOND immunohistochemistry staining workstation (Vision Biosystems,
Newcastle, UK) for TSP-1 and conventional immunohistochemistry for
11�HSD2 (13). Primary antibodies were obtained commercially �anti-
TSP-1 (Abcam, Cambridge, UK), 1:25 dilution; and anti-11�HSD2 an-
tiserum (PC545; The Binding Site, Birmingham, UK); 1:2000 dilution�.
Appropriate secondary antibodies (rabbit antimouse for TSP-1 or rabbit
antisheep for 11�HSD2) were applied and immunoreactivity visualized us-
ing the BOND polymer refine detection kit (TSP-1) or diaminobenzidine
(11�HSD2) as appropriate. Respective IgGs were used as negative controls.

RNA extraction and quantification
RNA was extracted using RNeasy minispin columns (QIAGEN,

Crawley, West Sussex, UK) and assessed using the Agilent 2100 bioana-
lyzer system (Agilent Technologies, Cheshire, UK). Real-time PCR anal-
ysis was performed as described (16) using Assay-on-Demand primer/
probe sets for vascular endothelial growth factor (VEGF), TSP-1,
angiopoietin (Ang)-1, Ang-2, Tyrosine kinase with immunoglobulin-like
and EGF-like domains-2 (Applied Biosystems, Cheshire, UK) and pre-
viously validated primers and probes for 11�HSD1 and 11�HSD2 (16).
Assays included appropriate positive and negative controls and were run
on the same plate to avoid interassay variability. The comparator sample
was in house prepared placental RNA. The raw cycle threshold (CT)
values for the 18S housekeeping gene transcript for all samples included
in the study were within a consistent range of 12–13 cycles to ensure that
samples contained cDNA in sufficient amount and concentration for
analysis. Intraassay coefficient of variation was less than 1%. In the case
of analysis of in vitro cultures, the comparator sample was the untreated
control in each experiment.

Conventional RT-PCR ((16) used the following primers (20 pmol per
reaction): human 11�HSD1 (forward: GCAAACGAGGAATTCAGACC,
reverse: GTGCCAGCAATGTAGTGTGC), human 11�HSD2 (forward:
CAGCGGGGGACATGCCATATC, reverse: GTGCTCGAGGCAGAC-
AGTGAC) for 35 cycles. Amplified PCR fragments were visualized by
ethidium bromide (Sigma, Dorset, UK) staining on 1% agarose gels.

In vitro studies

Cell isolation and propagation
Stromal cells were isolated as previously described (17). The cell

pellet was resuspended in 10 ml RPMI 1640 �supplemented with
charcoal-stripped fetal bovine serum (5% �vol/vol�), streptomycin (50
�g/ml), penicillin (50 IU/ml), and L-glutamine (1 mM) and cultured (37
C-5% CO2) with medium changed every 48 h. Confluence was at-
tained within 9 d.

Primary human uterine microvascular endothelial cells (Lonza, Berkshire,
UK) were cultured in EGB-2 microvascular cell culture medium (contain-
ing human fibroblast growth factor, VEGF, IGF-1, ascorbic acid, epi-
dermal growth factor, and GA-1000; plus charcoal-stripped 5% fetal
bovine serum (Lonza). Cells were grown to confluence (5 d; 37 C/5%
CO2) and used at passage 2–4.

Experimental treatments
Endometrial stromal and uterine microvascular endothelial cells

were detached using trypsin-EDTA in Hanks’ balanced salt solution
�0.05% (wt/vol) trypsin, 0.5 mM EDTA; Invitrogen, Paisley, UK� at 37
C for 5 min, washed, and resuspended in appropriate medium at 100,000
cells/ml. After 24 h, medium was replaced with serum-free stromal or
endothelial medium for a further 24 h. Medium was then replaced with
fresh serum-free medium containing experimental treatments. Steroids
were predissolved in ethanol and control cultures received ethanol ve-
hicle (1:1000) alone.

Endothelial cultures were for 12 h before cell lysis and RNA extrac-
tion, based on previous studies showing maximal induction of TSP-1 by
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progesterone at 8–12 h (18). The use of 24 h treatment for cultured
stromal cells was based on our preliminary, pilot data (not shown) in-
dicating a similar pattern of responses at 24 compared with 12 h. In this
culture system, primary endometrial stromal cells express glucocorticoid
receptor (GR)-� mRNA (our unpublished data).

Microvascular tube-like structure (TLS) forming assay
Endothelial cells were serum starved (6 h), trypsinized, and then

plated (20,000 cells/ ml), with appropriate experimental treatment, onto
a Matrigel (BD Biosciences, Oxford, UK) monolayer (n � 4 independent
cultures; each condition in triplicate). Cultures were continued (37 C,
5% CO2) for a further 14 h. Tube formation was quantified by sub-
tracting the number of healthy cells not involved in tube formation from
total cell number in two random fields (�20 magnification). This anal-
ysis was performed blinded by two independent operators and TLS for-
mation expressed as a percentage of total cell counts.

De novo endothelial outgrowths in 2D culture
The technique of Small et al. (12) was adapted to study the effects of

cortisol and TSP-1 on de novo endothelial outgrowth formation by en-
dometrial explants. Briefly, cubes of endometrial biopsies (	1 mm3)
were embedded in 200 �l Matrigel and cultured with appropriate treat-
ments for up to 2 wk (media replaced every 2 d). Where appropriate,
TSP-1 (Sigma Aldrich, Dorset, UK) was also incorporated in the Matri-
gel. Quantification was performed by two blinded individuals count-
ing all outgrowths in a single visual plane (�10 magnification) at four
random sites on the explant edge. The endothelial nature of these
outgrowths was confirmed by uptake of 1,1
-dioctadecyl-3,3,3
,3
-
tetramethylindo-carbocyanine perchlorate-labeled human acetylated
low-density lipoprotein (LDL; 20 �g/ml�1 ) final concentration for
24 h (AbD Serotec, Oxford, UK).

Small interfering RNA (siRNA)
siRNA ablation of TSP-1 was used to determine whether cortisol

was acting via TSP-1 induction, using prevalidated commercially
available siRNAs (siRNA: TSP-1A catalog no. SI02780729; sequence:
TACGAATGTAGAGATCCCTAA, and siRNA TSP-1B catalog no.
SI02781128 sequence: TAGCTGATTAACCCATGTAAA; QIAGEN).
Passage 2–3 uterine microvascular endothelial cells (100,000 cells/well)
were transfected with respective siRNA transfection complexes (5 nM

final siRNA concentration), as per the manufacturer’s protocols. Ab-
lation of TSP-1 expression was performed with two siRNA (TSP-1A;
TSP-1B) preparations directed against distinct areas of the TSP-1 gene
sequence. A negative control consisted of a commercially available neg-
ative control siRNA (Allstars; QIAGEN). Additional controls used were
a mock transfection control (all reagents minus siRNA) and untrans-
fected culture (including all manipulations but replacing reagents with
culture medium). A fluorescently labeled negative control confirmed
transfection efficiency (�90%) after 24 h. Cells were also harvested at
this time for mRNA determination by quantitative RT-PCR (above).
Seventy-two hours after transfection, cells were lysed for protein con-
centration determination and Western blot analysis. Where TLS forma-
tion was used as an index of phenotypic behavior, cells were harvested
72 h after transfection for culture on Matrigel (above).

Western blotting
Samples (15 �g total protein/lane) were electrophoresed on a 4–12%

polyacrylamide gel and separated proteins transferred to nitrocellulose
membranes. Membranes were probed with anti-TSP-1 (1:1000; Abcam)
primary antiserum overnight (4C) and detected using a horseradish per-
oxidase linked secondary antibody (Sigma) and chemiluminescent de-
tection reagents (Millipore, Watford, UK), followed by exposure to film
(Amersham Biosciences, Buckinghamshire, UK). Loading equality was
confirmed by reprobing blots using antiserum against �-actin.

Statistical analysis
Data were compared using Student’s t test (two tailed, unpaired for

patient samples, paired for in vitro experiments) or one-way ANOVA
(with repeated measures where applicable) with post hoc tests (Dunnet’s
for comparisons with control samples) or Bonferroni’s multiple com-
parison correction (for multiple comparisons between groups), as ap-
propriate. Significance was assumed when P � 0.05.

Results

Alkaline-hematin assay of menstrual blood loss
Endometrial samples were categorized as those from women

with normal menstrual blood loss (range 9.9–63 ml, median
47.4 ml, n � 17; nine proliferative, eight secretory) and HMB
loss (range 82–567 ml, median 242 ml, n � 12; seven prolifer-
ative, six secretory; one patient donated both a secretory and a
proliferative stage biopsy at two distinct surgical procedures).

Endometrial gene expression profiles
Endometrial biopsies from subjects with normal MBL and

HMB were classified according to menstrual cycle stage. Quan-
titative real-time PCR was then used to assess levels of expression
of genes of interest. 11�HSD2 mRNA levels were significantly
higher (Fig. 1A) and TSP-1 mRNA levels were significantly lower
(P � 0.05) in the secretory but not the proliferative phase. (Fig.
1B) in endometrium from women with HMB than in controls
with normal MBL. The �CT of these two genes (gene of interest
CT corrected for housekeeping gene, 18S in both cases) were
similar (11�HSD2 �14.18 mean �CT, range 11.32 to 17.1,
TSP-1 �13.78 mean �CT, range 8.28 to 16.57), and hence,
comparisons between these two genes could be effectively made.
Correlation analysis in both the proliferative and secretory phase
samples supported an inverse relationship between these genes in
the secretory phase (Pearson r � �0.8, P � 0.0008) but not the
proliferative phase (Pearson r � 0.5). There were no significant
differences between patient groups in either proliferative or se-
cretory phase biopsies in mRNA levels for VEGF, Ang-1, Ang-2,
11�HSD1, or TIE-2 (not shown).

Localization immunohistochemistry
11�HSD2 protein was immunolocalized to the endometrial

epithelial cells (surface and glandular) and stromal cells in both
proliferative and secretory phase samples (Fig. 1, C and D).
TSP-1 was immunolocalized to the glandular epithelium and
surface epithelium, stromal cells, and vascular endothelial cells
of proliferative and secretory endometrium (Fig. 1, E and F).

In vitro stromal and endothelial cell experiments
Cultures of primary endometrial stromal cells were developed

from endometrial biopsies. Both 11�HSD1 and -2 were ex-
pressed in stromal cells as shown by RT-PCR and agarose gel
electrophoresis (Fig. 2). Cortisol (1 �M) caused a significant in-
crease (P � 0.05) in expression of TSP-1 in endometrial stromal
cells (Fig. 3). As evidenced by the altered gene expression and cell
inspection, this level of cortisol was clearly nontoxic. GR� was
expressed in stromal cells and expression was not modulated by
treatment with cortisol. Nor did we observe any effects of cor-
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tisol in terms of VEGF, Ang-1, or Ang-2 mRNA expression, all
of which were expressed in endometrial stromal cells (data not
shown).

11�HSD1 was not detected in uterine microvascular endo-
thelial cells by either Taqman or conventional RT-PCR. In con-
trast, expression of 11�HSD2 was demonstrated (Fig. 2). Cor-
tisol (1 �M) caused a significant increase in TSP-1 mRNA
expression in uterine microvascular endothelial cells (P � 0.05;
Fig. 3). GR� and TIE-2 were expressed in uterine microvascular
endothelial cells but expression was not modulated by any treat-
ment applied (not shown).

Endothelial cell sprouting
Endothelial cell sprouting was monitored in endometrium

embedded in Matrigel. After 7 d, de novo endothelial struc-

tures were observed (Fig. 4) and identified by 1,1
-dioctade-
cyl-3,3,3
,3
-tetramethylindo-carbocyanine perchlorate-Ac-
LDL uptake. Cortisol at a dose of 1 �M significantly inhibited
endothelial sprout formation compared with untreated con-
trols (P � 0.05). TSP-1 also inhibited endothelial outgrowth
formation in a concentration-dependent manner, with signif-
icant inhibition compared with untreated controls at doses of
1 nM (P � 0.05) (Fig. 4).

TLS formation
Cortisol decreased endothelial tube formation in a 2D Ma-

trigel matrix system, in a concentration-dependent manner, with
a significant reduction in the numbers of endothelial cells form-
ing tubes at doses of 0.1 and 1 �M cortisol (P � 0.05 and P �

0.01, respectively, compared with untreated controls). Cortisol
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FIG. 1. Quantitative RT-PCR measurement of 11�HSD2 (A) and TSP-1 mRNA expression (B) in endometrial biopsies collected from women with normal (NMB) and
heavy (HMB) menstrual blood loss (mean � SEM). Significantly higher 11�HSD2 mRNA (A) and significantly lower TSP-1 mRNA (B) was found in secretory phase
endometrium of patients with HMB compared with those with NMB (P � 0.05). au, Arbitrary units. Immunohistochemical localization of 11�HSD2 (C and D) and TSP-1
(E and F) in human endometrium from women with NMB during proliferative (C and E) and secretory phases (D and F), respectively. Insets, Negative (-ve) control
sections. G, Glandular epithelium; S, stromal cells; arrow, endothelium. Scale bar, 50 �m.
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reduced the number of endothelial cells forming tube-like struc-
tures and altered the morphology of the tubes which appeared
qualitatively shorter and exhibited less branching (Fig. 5). Trans-
fection of siRNA was shown to effectively knock down TSP-1
expression at the level of protein (Fig. 6). When TSP-1 expression
was abrogated by siRNA the negative effects of cortisol on mi-
crovascular tube formation were abolished, and both TSP-1
siRNA transfections were significantly different from siRNA
process controls in terms of response to cortisol (P � 0.01 for
both TSP-1A and B transfects). All siRNA process controls (un-
transfected, mock transfection and scrambled negative control)
displayed a significant reduction (P � 0.05) in TLS formation on

treatment with cortisol, indicating the specificity of ablation of
TSP-1 in the nullification of cortisol effects (Fig. 6).

Discussion

We have demonstrated altered local endometrial expression of
glucocorticoid-metabolizing enzymes in patients with objec-
tively measured HMB. 11�HSD2 mRNA levels were increased in
secretory endometrium from women with HMB by about 2.5-
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FIG. 3. Stimulation of TSP-1 mRNA expression, as measured by quantitative
RT-PCR, in primary uterine endothelial cell and primary endometrial stromal cell
cultures (n � 4 separate experiments; in the case of stromal cells, four separate
patient isolates; in the case of endothelial cells, four separate cultures derived
from two separate cultures of commercially obtained primary uterine endothelial
cells). Endothelial cultures were measured after 12 h cortisol stimulation, whereas
stromal cultures were measured after 24 h of cortisol stimulation. Cortisol at 0.1
�M had a small, nonsignificant stimulatory effect on TSP-1 mRNA expression,
whereas at a dose of 1 �M, there was a significant stimulation of TSP-1 mRNA
expression in both endothelial (P � 0.01) and stromal cultures (P � 0.01)
compared with untreated control cultures. au, Arbitrary units.
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in endothelial cells, whereas both 11�HSD1 and 11�HSD2 were expressed in
stromal cells. E, Endothelial; S, stromal; �, RT-PCR; �, no reverse transcriptase-
negative PCR control. Positive control samples (Pos) were liver and placenta for
11�HSD1 and 11�HSD2, respectively.
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FIG. 4. De novo endothelial outgrowths from endometrial tissue explants.
Secretory phase endometrial biopsies were embedded in Matrigel and treated
with either cortisol (1 �M, n � 5 separate experiments on biopsies from six
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tissue on the day of collection (d 1 of culture), and exemplar growth of de novo
endothelial structures after 7 d in culture. In addition to morphological
appearance, acetylated-LDL uptake was used to confirm the endothelial nature
of these outgrowths. Both 1 �M cortisol, and 1 nM TSP-1 significantly reduced
outgrowth numbers (P � 0.05).
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fold compared with women with normal MBL, predicting sub-
stantially lower local cortisol concentrations. In vitro, we have
shown that cortisol selectively induces the antiangiogenic factor
TSP-1 and that TSP-1 mRNA is required to mediate the angio-
static effect of cortisol. TSP-1 mRNA levels were correspond-
ingly about 2-fold reduced in the endometrium of women with
HMB. These mechanisms may contribute to abnormal men-
strual bleeding.

Our studies focused on endometrial stromal and endothelial
cells because endothelial and adjacent stromal cell expression is
likely directly important in influencing angiogenic behavior.
Glandular TSP-1 secretion is likely apical, and it is unlikely to be
influenced by glucocorticoids because endometrial glandular ep-
ithelial cells do not express GR (19, 20). Given that endothelial
cells do express the GR and that they are in direct proximity to
the stromal cells, then when this is viewed alongside the li-
pophilic, mobile nature of steroids, it is highly likely that stromal
regeneration of cortisol may affect endothelial cells. Regulation
may thus be paracrine rather than autocrine.

11�HSD2 activity is present in normal endometrium and en-
dometrial cancers (13, 21). We demonstrate mRNA expression
of both 11�HSD isotypes in endometrial stromal cells but only
11�HSD2 expression in uterine microvascular endothelial cells.

At least one of the antiinflammatory modes of action of cor-
tisol is inhibition of prostanoid synthesis via inhibition of cyclo-
oxygenase (COX)-2 expression (16), and, importantly, a recent
study from our laboratory demonstrated that heavy menstrual
bleeding is associated with increased endometrial expression of
COX-2 (22). Current therapy for HMB can involve nonsteroidal

antiinflammatory drugs to reduce MBL (23), presumably via
inhibition of COX-2 activity because separate studies using in-
domethacin, a potent inhibitor of COX-2, had similar effects
(24). Thus there is a possibility that COX-2 overexpression and
disturbed prostanoid signaling (22, 25, 26) in endometrial pa-
thologies such as HMB may be partially a reflection of altered
glucocorticoid metabolism. Inhibitors of COX enzymes increase
expression of TSP-1, a potent negative regulator of angiogenesis,
via increased Egr-1 expression in a nonsmall cell human lung
cancer cell line (27). These observations, coupled with observed
effects of cortisol on endothelial cell function, direct attention to
perturbation of pro- and antiangiogenic signals in endometrium
of women with HMB.

In our current study, analysis of pro- and antiangiogenic
growth factors demonstrated that only TSP-1, an established
antiangiogenic factor, was dysregulated in endometrium from
women with heavy MBL, and only TSP-1 was regulated by glu-
cocorticoids in vitro in both stromal and endothelial cells. TSP-1
expression has been localized to glandular epithelial, endothe-
lial, and stromal cells of the secretory endometrium (18). Higher
levels of TSP-1 were demonstrated in the secretory phase of the
menstrual cycle (18). We are not aware of any published studies
on TSP-1 expression in women with measured heavy and normal
blood loss. We observed positive mRNA expression and immuno-
reactivity in proliferative phase endometrium. Although TSP-1 is
up-regulated by progesterone (18, 28), there are no alterations in
endometrial progesterone receptor or estrogen receptor ex-
pression in women with measured MBL (29), neither estrogen
nor progesterone regulates angiogenic growth factors in en-
dometrial endothelial cells (30), and endothelial cells express
low/negligible levels of progesterone receptor but abundant
GR (13, 19, 20). We conclude, in line with glucocorticoid
induction of TSP-1 in other cell systems (31, 32), that a re-
duction in glucocorticoids is likely to reduce TSP-1 mRNA
levels in secretory endometrium from women with HMB, as a
consequence of increased 11�HSD2 expression.

Angiogenesis likely involves a balance between pro- and an-
tiangiogenic factors. The precise local mediators that may result
in HMB remain largely unexplained. Indeed, there are lines of
evidence that suggest that heavy menstrual blood loss is associ-
ated with disturbances in the process of angiogenesis and the
expression of a number of local vasoregulatory factors that may
affect either vascular development or permeability (11). The data
presented herein have demonstrated a lack of change of proan-
giogenic factors but change in antiangiogenic mediators.

Regarding mechanistic sequelae of increased endometrial in-
activation of cortisol in women with HMB, we have demon-
strated a range of inhibitory effects of cortisol, including reduced
de novo vessel sprouting from endometrial biopsies and reduced
endothelial cell tube-like structure formation. This is consistent
with suggestions that endothelial cell behavior per se is disrupted
in heavy menstrual bleeding (10). The consequences of reduced
TSP-1, a well-established antiangiogenic protein, may be com-
plex and diverse due to its multidomain structure and multiple
cell surface receptors (27). The mechanisms by which TSP-1 ex-
erts angiogenesis suppression are not yet fully elucidated given
the known interactions of TSP-1 with other extracellular mac-
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FIG. 6. Effects of siRNA-mediated ablation of TSP-1 mRNA on cortisol-mediated
negative regulation of TLS formation by uterine endothelial cells. Upper panel (A)
shows the effects of the respective siRNA transfections and control transfections
of expression of TSP-1 protein 72 h after transfection. B, Phenotypic effects:
transfection of endothelial cells with a scrambled sequence siRNA or a mock
transfection had no effects on the ability of cortisol (1 �M) to inhibit TLS
formation (mock, negative control, and untransfected, all P � 0.05, control vs.
cortisol). However, negative effects of cortisol were absent in cultures transfected
with siRNA directed against TSP-1 (TSP-1A and TSP-1B, both directed against
TSP-1 but targeting different areas of the TSP-1 gene). Response to cortisol
treatment was significantly different in TSP-1A- and TSP-1B-transfected cultures
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untransfected) (P � 0.01). Data are representative of three separate,
independent experiments.
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romolecules and growth factors (27). TSP-1 has been proposed
to antagonize the downstream effects of proangiogenic media-
tors that are implicated in vasculogenesis (27).

TSP-1 induces matrix metalloproteinase-9 in bovine aortic
endothelial cells (33), and menstrual effluent from subjects with
HMB has reduced matrix metalloproteinase-9 activity (34).
TSP-1 C-terminal domain functions in the recruitment of vas-
cular smooth muscle cells, for which TSP-1 is also a mitogen (35),
during vessel formation and repair (35–38). Spiral arterioles in
endometrium collected from women with HMB display reduced
vascular smooth muscle cell proliferation during the mid and late
secretory stages (39). Therefore, decreased endometrial TSP-1
expression, combined with increased endometrial endothelial
proliferation (40), in endometrium from women with HMB may
predispose to weaker vessels and thus increased blood loss.

HMB is the consequence of altered endometrial physiology
consequent on several mechanisms. No single mechanism is
likely in isolation to be the determinant. Herein we have pre-
sented novel data on a potential local mechanism implicated in
the endometrium of women with heavy menstruation. In con-
clusion, increased inactivation of cortisol by 11�HSD2 in endo-
metrium from women with heavy menstrual bleeding may ex-
plain reduced TSP-1 levels and hence endothelial cell dysfunction
and abnormal angiogenesis. Inhibitors of 11�HSD2 may there-
fore be a rational therapy for heavy menstrual bleeding, explain-
ing the ancient observation that licorice is beneficial to reduce
menstruation.
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Proliferation of Uterine Natural Killer Cells Is Induced
by Human Chorionic Gonadotropin and Mediated via
the Mannose Receptor

Nicole Kane, Rodney Kelly, Philippa T. K. Saunders, and Hilary O. D. Critchley

Medical Research Council Human Reproductive Sciences Unit (N.K., R.K., P.T.K.S.) and University of Edinburgh Division
of Reproductive and Developmental Sciences (H.O.D.C.), Queen’s Medical Research Institute, Edinburgh EH16 4TJ,
United Kingdom

The endometrial lining of the human uterus contains a population of phenotypically distinct
(CD56bright, CD16dim), tissue-specific, natural killer [uterine natural killer (uNK)] cells that play a key
role in the establishment of a successful pregnancy. An increase in the number of endometrial uNK
cells occurs when the conceptus implants, and there is a further increase during the early stages of
placentation. Here, we describe studies that have identified human chorionic gonadotrophin
(hCG), a glycoprotein synthesized by the preimplantation conceptus, as a novel regulator of uNK
cell proliferation. The impact of hCG on uNK cells was mediated via the mannose receptor (CD206)
rather than by the classical hCG/LH receptor that was not expressed. The mannose receptor and hCG
were colocalized on the surface of uNK cells, and proliferation did not occur if cells were incubated
with deglycosylated hCG or intact hCG in the presence of excess D-Mannose. These novel obser-
vations provide new insight into the endocrine-immune dialogue that exists between the con-
ceptus and immune cells within the receptive endometrium, and have implications for the role of
uNK cell-trophoblast interactions and pregnancy outcome. (Endocrinology 150: 2882–2888, 2009)

The endometrium contains a population of CD56bright

CD16dim endometrial natural killer (uNK) cells that are dis-
tinct from circulating peripheral CD56dimCD16bright natural
killer (NK) cells (reviewed in Ref. 1). The number of CD56bright

cells increases at the onset of decidualization during the secretory
phase of the menstrual cycle (2, 3) with a further increase as a
result of successful implantation. As a result uNK cells become
the predominant lymphocyte subtype in the decidua during the
first trimester of pregnancy (4).

uNK cells play a key role in the establishment, maintenance,
and regulation of early pregnancy (3), and a number of studies
have suggested that they are aberrantly regulated in unexplained
recurrent pregnancy loss (RPL) and in fetal growth restriction
(FGR) (5). For example, three studies have reported that the
endometrium of women with RPL had increased numbers and/or
activity of peripheral type NK cells (reviewed in Ref. 5). In ad-
dition, although there may not be a difference in the total number
of uNK cells in women with RPL, the phenotype of the uNK cells
may be altered, and there is evidence that endometrium from
women with RPL contain less CD56bright CD16dim uNK cells

compared with endometrium of fertile control patients (6). Re-
duced NK cell populations are also reported in pregnancies com-
plicated by FGR with or without accompanying preeclampsia (7).

At present the lineage, origin, and mechanism underlying the
postovulatory and early pregnancy expansion of uNK cells re-
main to be established. Although variation in uNK cell number
across the menstrual cycle suggests ovarian steroid regulation (5,
8), neither progesterone receptor nor estrogen receptor � has
been detected in human uNK cells (9, 10). In addition, the in-
crease in cell numbers that occurs at implantation remains un-
explained, and although recruitment of migratory precursor cells
may occur (1), the potential that local regulators may drive ex-
pansion within the tissue has prompted us to investigate what
other factors might be involved in stimulating uNK cell
proliferation.

Human chorionic gonadotrophin (hCG) is one of the earliest
proteins secreted by the fetal trophoblast and is, thus, a candidate
for regulation of paracrine embryo-endometrial dialogue. hCG
is a heterodimeric glycoprotein that has an identical �-subunit to
that of LH, originating from the pituitary gland, and a unique
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�-subunit. Both proteins can bind to the LH receptor (LHR), a
transmembrane G protein-coupled receptor that is expressed on
ovarian cells (11) and macrophages from term placenta and late-
secretory phase nonpregnant endometrium (12, 13). Mature
hCG and LH are both modified by N-linked carbohydrate side
chains that are important for the stability and assembly of the
proteins (14).

The mannose receptor (MR) (CD206), a member of the c-type
lectin receptor family, binds glycoproteins with N-linked carbo-
hydrate side chains (15), such as those present on pituitary hor-
mones (16, 17). To our knowledge there is no literature available
pertaining to the ability of the MR to bind hCG. A previous study
has demonstrated that hCG promoted IL production by periph-
eral blood mononuclear cells in the absence of detectable LH/
hCG receptors (18). The authors also demonstrated that this
hCG response was abrogated by the addition of D-Mannose,
implying that hCG effects on peripheral blood mononuclear cells
may be mediated via a C-type lectin. With c-type lectin receptors
recently localized to peripheral blood NK cells, it is not unrea-
sonable to assume that uNK cells may also express MRs (19).

It is also unknown whether uNK cells express the LH/hCG
receptor, but the expansion of CD56Bright uNK cells in the late-
secretory phase endometrium (2), and the increase and mainte-
nance of uNK cell numbers in first-trimester endometrium in
accordance with hCG levels in maternal plasma (2, 20), provide
a potential mechanism for the recruitment and/or proliferation
of this cell population in utero.

We hypothesized that hCG secreted by the conceptus may
directly mediate expansion of uNK cells during early stages of
placentation. Therefore, we examined whether uNK cells ex-
press either the LH/hCG receptor or the MR (CD206), a cell
surface lectin that binds glycoproteins with N-linked carbohy-
drate side chains (15).

We report novel experimental data demonstrating that hCG
can induce a significant increase in uNK cell number. We propose
that these findings necessitate a paradigm shift of the mecha-
nisms that regulate this critical cell population during the estab-
lishment of a fully functional placenta.

Materials and Methods

Human uterine tissue collection
Endometrial tissue specimens were obtained from nonpregnant

women of reproductive age undergoing surgery for nonmalignant gyne-
cological conditions (n � 9). Local ethical committee approval was
granted, and written, informed, patient consent was obtained before
tissue collection. Histology, as assessed according to Noyes et al. (21),
was consistent with the patient’s reported last menstrual period and
circulating steroid levels at tissue collection (22). Decidual tissue was
obtained from women (n � 12; gestational age 7–9 wk) who had un-
dergone first-trimester surgical termination of pregnancy. All these
women had an ultrasound scan to confirm a viable intrauterine preg-
nancy and gestational age. Decidua parietalis tissue was selected by mac-
roscopic inspection.

Preparation of uNK cell population
NK cells were isolated from endometrial or decidual samples as pre-

viously described (23), and CD56bright uNKs were further purified by

positive selection using CD56 antibody coated magnetic Microbeads and
the MACS system (Miltenyi Biotec Ltd., Surrey, UK). Purified cells were
seeded in six-well plates at a concentration of 2.5 � 106 cells per ml, and
cultured in RPMI 1640 medium (Sigma-Aldrich Corp., St. Louis, MO)
supplemented with 10% fetal calf serum (Mycoplex, PAA Laboratories
Ltd, Yeovil, Sommerset, UK), penicillin (50 �g/ml; Sigma-Aldrich),
streptomycin (50 �g/ml; Sigma-Aldrich), and gentamycin (5 �g/ml;
Sigma-Aldrich). Cells were incubated with hCG (10–10,000 ng/ml)
(Organon BioSciences, Oss, The Netherlands) in the presence or absence
of D-Mannose (1 mg/ml) (Sigma-Aldrich) for 24 h at 37 C in 5% (vol/vol)
CO2 or with hCG that had been deglycosylated using PNGase F (Sigma-
Aldrich) according to standard methods.

Cell proliferation assay
Cellular proliferation was measured by a nonradioactive cell prolif-

eration assay system (MTT assay; Roche Diagnostics, Mannheim,
Germany).

RT-PCR
RNA was isolated using the RNeasy Mini Kit (QIAGEN, Inc., Va-

lencia, CA) and cDNA prepared using random hexamer primers (PE
Biosystems, Warrington, UK). Target cDNAs, MR (forward: 5�-CTAC-
CCCTGCTCCTGGTTTTT-3�; reverse: 5�-TGAAACACTCATAATC-
TGAGATTC-3�, 203 bp) and LH/hCG receptor (forward: 5�-ATGAAG-
CAGCGGTTCTCG-3�; reverse: 5�-TTGACAGGGAGGTAGGCAAG-3�,
203 bp), were amplified using BioMix (BioMix Red; Bioline Ltd., Lon-
don, UK) and BIOTAQ DNA Polymerase (Bioline). Amplification of
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (forward:
5�-CTGCACCACCAACTGCTTAGC-3�; reverse: 5�-ATGCCAGTGA-
GCTTCCGTTC-3�, 205 bp) was used as an internal control for integrity
of the RNA samples. Thirty cycles of amplification were performed with
an initial denaturing temperature of 95 C for 5 min for 1 cycle, followed
by 30 cycles of: denaturation at 95 C for 30 sec, annealing for 30 sec, and
extension at 72 C for 1 min 30 sec. Final extension at 72 C was performed
for 10 min. Amplified products were visualized on agarose gels. A sample
of RNA extracted from human corpus luteum (CL) was included as a
positive control for LHR.

Immunocytochemistry
uNK cells were prepared for immunostaining by Shandon Cytospin

(Thermo Electron Corp., Cheshire, UK). Briefly, 1 � 105 cells were fixed
in methanol for 10 min at room temperature, and incubated with mouse
monoclonal antihuman CD56 (Zymed Laboratories, Inc., San Francisco,
CA) overnight at 4 C and then with peroxidase goat antimouse antibody
(Dako UK Ltd., Cambridgeshire, UK) for 30 min, followed by Tyramide
Cy3 for 10 min at room temperature. Colocalization of hCG and MR
was explored by incubating the cells at 4 C overnight with rabbit poly-
clonal antihuman hCG (Abcam plc, Cambridge, UK), then biotinylated
goat-antirabbit antibody (Dako UK) for 30 min, followed by streptavidin
546 (Molecular Probes, Inc., Eugene) for 60 min each at room temper-
ature. After washing, cells were incubated with mouse monoclonal an-
tihuman MR (Abcam), followed by biotinylated goat-antimouse anti-
body (Dako UK) for 30 min and streptavidin 488 (Molecular Probes) for
60 min each at room temperature. Negative controls were incubated with
secondary antibodies alone, and all nuclei were counterstained with
4�,6-diamidino-2-phenylindole (DAPI). Fluorescent images were ob-
tained on a LSM 510 confocal microscope (Carl Zeiss MicroImaging,
Inc., Thornwood, NY).

Flow cytometry
Fluorescence-activated cell sorter (FACS) analysis was performed on

cells stained with phycoerythrin-conjugated mouse antihuman MR-spe-
cific (CD206) and fluorescein isothiocyanate-conjugated mouse antihu-
man CD56-specific antibodies (BD PharMingen, San Diego, CA).
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Mass spectrometry
Mass spectrometry was performed on an Applied Biosystems Voy-

ager DE-STR matrix-assisted laser desorption/ionization time-of-flight
instrument (Applied Biosystems, Foster City, CA) using a sinapinic acid
matrix to analyze hCG protein.

Statistical analysis
Before statistical analysis, data were tested for, and shown to exhibit,

gaussian distribution by applying the Shapiro-Wilk normality test to the
data. Where appropriate, values were presented as mean � SEM. Com-
parison of the different parameters for the various treatment groups was
determined by repeated measures. Significant differences were assigned
using the Kruskal-Wallis post hoc test. The criterion for significance for
all tests was set at P � 0.05. Specific software was used to assist in the
data analysis [GraphPad Prism version 4.0b for Macintosh (Apple Com-
puter, Inc., Cupertino, CA); GraphPad Software Inc., San Diego, CA].

Results

Isolation and characterization of uNK cells from
nonpregnant late-secretory phase human endometrium
and first-trimester human decidua

FACS analysis demonstrated that the purity of the purified
uNK cells from nonpregnant late-secretory phase human endo-
metrium was approximately 95% (Fig. 1D). Immunocytochem-
istry confirmed that these isolated cells expressed CD56 on their
surface (Fig. 1E). Decidual NK (dNK) cells isolated using the
same procedures were typically more than 90% pure (supple-
mental Fig. S1, which is published as supplemental data on The
Endocrine Society’s Journals Online web site at http://endo.
endojournals.org).

uNK cells express the MR (CD206) but not the LH/hCG
receptor

RNA was extracted from highly purified populations of NK
cells obtained from both nonpregnant endometrium and first-
trimester decidua, and RT-PCR was performed using primers
specific for LHR and MR. MR mRNA was detected in all sam-
ples of purified NK cells (Fig. 2A), but these samples did not
contain measurable LHR mRNA, even though this was readily
detected in an extract from human corpus luteum (Fig. 2B). Ex-
pression of MR protein on the surface of CD56 positive uNK
cells was demonstrated using the FACS (Fig. 2, C–H) and im-
munofluorescence (Fig. 3) with a specific anti-CD206 antibody.
Although MR is a cell surface receptor, it is internalized after
binding to carbohydrates, and, thus, the cells were permeabilized
before immunostaining; approximately 40% of the CD56 pos-
itive uNK cell (Fig. 2F) population was confirmed as positive for
MR (CD206), using the FACS (Fig, 2G, upper-left quadrant). In
parallel analyses approximately 35% of uNK cells stained pos-
itive for both CD206 and CD56 (Fig. 2H, upper-right quadrant).
When immunostained cells were visualized using a confocal mi-
croscope, MR was clearly localized to the purified uNK cells (Fig.
3, middle column). Notably the antibody staining was not uni-
form but appeared clustered (Fig. 3, I, II, and V), and the intensity
of the immunopositive staining varied between cells (Fig. 3, II, V,
VIII, and XI).

Binding of hCG to uNK cells is dependent upon the
presence of N-linked carbohydrate side chains
containing terminal mannose residues

After intact hCG was added to incubation medium, it could
be detected on the surface of the majority of purified uNK cells
(Fig. 3VI), and notably colocalization with antigenic sites posi-
tive for MR was also demonstrated (Fig. 3IV, yellow staining),
although there was not a complete/uniform overlap in immuno-
reactivity. Because we expected binding of hCG to be dependent
upon the presence of N-linked carbohydrate side chains con-
taining terminal mannose residues, we also performed immuno-
staining with intact hCG in the presence of excess D-Mannose
(Fig. 3, VII–IX) or with deglycosylated hCG (Fig. 3, X–XII). In
both cases, although MR immunoexpression was still detectable
(green, Fig. 3, VIII and XI), no hCG was detected bound to the
cell surface.

FIG. 1. Isolation and characterization of uNK cells from nonpregnant late-
secretory phase human endometrium. FACS analysis showing cells incubated
with the isotype-matched negative control (A) or CD56 antibody (B): y-axis is
forward scatter, and x-axis is the fluorescein isothiocyanate (FITC) value. C and D,
The region represented by M1 indicates the number of cells that are positive for
fluorescein isothiocyanate. This is approximately 1% in isotype control (C) and
approximately 95% after incubation with anti-CD56 (D). E, I–IV, uNK cells
immunostained for CD56 (red) and DAPI (Invitrogen Corp., Carlsbad, CA)
(nuclear counterstain, blue). I, Purified uNK cells stained with mouse antihuman
CD56. II, A high-power view of the same cells. III, Formalin-fixed section of first-
trimester decidua, (positive control). IV, Negative control. Scale bar, 20 �m.
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hCG stimulates nonpregnant late-secretory phase uNK
cell proliferation (Fig. 4)

To investigate whether there was a link between expression of
the MR in uNK cells, hCG binding and uNK cell number, we
evaluated uNK cell proliferation in cells incubated with a range
of concentrations of hCG alone or in the presence of excess

D-Mannose (1 mg/ml) for 24 h (Fig. 4A). A significant dose-
dependent increase in proliferation of uNK cells was observed at
1000 ng/ml hCG (P � 0.05) and 10000 ng/ml hCG (P � 0.001).
Incubation of uNK cells with �10000 ng/ml hCG did not result
in any further increase in cell proliferation (preliminary data, not
shown). No proliferation was induced at any concentration of
hCG in the presence of excess D-Mannose (1 mg/ml) (Fig. 4A).

To test whether the protein backbone of hCG was able to alter
uNK cell number, the protein was deglycosylated with PNGase
(Fig. 4, B–D) and incubated with uNK cells at identical concen-
trations to that used for the intact, glycosylated protein. Under
these conditions no uNK cell proliferation was detected (Fig.
4A). We were also unable to demonstrate any increase in the
number of uNK cells when cells were incubated with either LH
(10,000 ng/ml) or FSH (10,000 ng/ml) for 24 h (supplemental
Fig. S2A). Furthermore, treatment of dNK cells isolated from
first-trimester human decidua with hCG did not result in cell
proliferation (supplemental Fig. S2B).

Discussion

NK cells represent the largest leukocyte population in the pla-
centa of early pregnancy, and although the increase in the num-
ber of uNK cells coincides with implantation and early stages of
placentation, the mechanism remains unknown. Chorionic go-
nadotrophin (hCG) is one of the earliest proteins secreted by the
fetal trophoblast. In the present study, we have described exper-

FIG. 2. Expression of receptors in uNK cells. A, Expression of MR mRNA (203 bp,
upper panel) was detected in isolated uNK cells from first-trimester decidua and
late-secretory phase endometrium; GAPDH (205 bp, lower panel) was detected
in all samples. B, Expression of LH/hCG receptor (203 bp, upper panel) was not
detected in isolated uNK cells from first-trimester decidua or late-secretory phase
endometrium, but as expected, was present in a sample of CL, GAPDH (205 bp,
lower panel) was detected in all samples. Lane M (Marker) represents the DNA
hyper-ladder. Lanes 1–4 show uNK cells from first-trimester decidua. Lanes 5–7
show uNK cells from nonpregnant late-secretory phase endometrium. Lane 8
shows a first-trimester decidual sample, and lane 9 (B only) is a sample of corpus
luteum (positive control for LHR). C–H, FACS analysis of uNK cell surface antigen
expression. In all panels the y-axis is the phycoerythrin (PE) value, and the x-axis is
the fluorescein isothiocyanate (FITC) value; C are unstained cells, isotype-
matched negative controls for fluorescein isothiocyanate and phycoerythrin (E),
late-secretory endometrial MACS-isolated uNK cell sample negative controls and
stained for CD56 (F) or MR (G). H, Analysis of cells costained for CD56 and MR;
note cells positive for both markers in upper-right quadrant. One representative
data set is shown of nine experiments performed.

FIG. 3. Localization of hCG and MR on uNK cells. Staining of purified uNK cells
with antibodies directed against MR (green) and/or hCG (red). Yellow staining
shows areas of colocalization. Blue shows nuclear counterstain, DAPI. The left-
hand column shows both MR and hCG staining superimposed. The middle
column shows MR alone (green channel) and the right-hand column hCG alone
(red channel). I– III, Cells were untreated. IV–VI, Cells were incubated with hCG
alone (10,000 ng/ml). VII–IX, Cells were incubated with hCG plus D-Mannose
(1 mg/ml). X–XII, Cells were incubated with deglycosylated hCG alone (10,000
ng/ml). XIII, Negative control. Scale bar, 10 �m.
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imental results that have identified chorionic gonadotrophin
(hCG), one of the earliest proteins secreted by the preimplanta-
tion conceptus, as a novel regulator of uNK cell proliferation.
Our data suggest that the impact of hCG on uNK cells was likely
mediated via the MR (CD206) rather than by the classical hCG/
LHR because this was not expressed. MR and hCG were colo-
calized on the surface of uNK cells, and proliferation did not
occur if cells were incubated with deglycosylated hCG or intact
hCG in the presence of excess D-Mannose.

Our results suggest that cell surface lectins, which have the
ability to recognize carbohydrate moieties in glycosylated pro-
teins, may play a role in hCG-mediated uNK cell proliferation.
The MR (CD206) contains eight tandemly arranged C-type lec-
tin-like domains that mediate binding to mannose, fucose, or
N-acetylglucosamine in a Ca2�-dependent manner (24). Binding
of hCG to peripheral blood monocytes has previously been at-
tributed to C-type lectins, although the expression of MR was
not investigated (18). MR mRNA, but not LHR mRNA, was
detected in all samples of purified CD56bright NK cells, and ex-
pression of MR protein was demonstrated on the surface of pu-
rified uNK cells using both the FACS and immunofluorescence.
Although the MR is a cell surface receptor, it is internalized after

binding to carbohydrates, and this was the reason for perme-
abilizing the cells before immunostaining. Variations in percent-
ages between the FACS and lack of uniform hCG and MR co-
localization with immunocytochemistry may be attributable to
either the primary antibody masking antigenic sites or preventing
binding of the other antibody to the cells, and may be influenced
by shuttling of the MR, so that the pattern of staining observed
is a reflection of the rapid recycling of the MR between the cell
surface and intracellular compartments (15). Low-level expres-
sion of another c-type lectin receptor [CD205 (19)] on peripheral
blood NK cells has been reported, and if this was also expressed
by uNK cells might provide an alternative explanation for the
observation that hCG binding could be localized to areas of the
cell surface that were not MR positive. To our knowledge our
evidence demonstrating expression of MR on uNK cells is the
first report of a c-type lectin receptor expressed by this cell type.

To establish whether hCG could bind directly to uNK cells,
CD56Bright NK cells were isolated from late-secretory (nonpreg-
nant) endometrium using positive selection with CD56 antibody
coated magnetic microbeads and magnetic-assisted cell separa-
tion. We reasoned that because these cells had not been exposed
to proteins from the conceptus, any putative binding sites would
not be blocked by endogenous protein(s). Mature hCG and LH
are modified by N-linked carbohydrate side chains that are im-
portant for the stability and assembly of the proteins (14). We
further demonstrated that binding of hCG to uNK cells was
dependent upon the presence of N-linked carbohydrate side
chains containing terminal mannose residues.

A significant dose-dependent increase in proliferation of late-
secretory (nonpregnant) uNK cells was observed in response to
incubation with hCG, whereas no proliferation was induced at
any concentration of hCG in the presence of excess D-Mannose.
Furthermore, no uNK cell proliferation was detected when the
protein backbone of hCG was deglycosylated with PNGase and
incubated with uNK cells at identical concentrations to that used
for the intact, glycosylated protein. These observations indicated
that not only is hCG-mediated binding to uNK cell carbohydrate
specific, but cell proliferation was also carbohydrate dependent.
In addition, no proliferation was observed in dNK cells incu-
bated with exogenous hCG. These cells would have been ex-
posed to very high levels of hCG in utero, and we believe that this
would have saturated the potential hCG binding sites on MR,
providing an explanation for the lack of a response to hCG
in vitro.

We were unable to induce uNK cell proliferation with two
other closely related glycoprotein hormones, LH and FSH. LH
and FSH share a common �-subunit with hCG, but their carbo-
hydrate side chains are not identical (25). Despite a high degree
ofhomologybetween theLHandchorionic gonadotropin �-sub-
units, they are reported to differ in their effect on the N-linked
oligosaccharide processing of the �-subunit (26). Therefore, it is
tempting to speculate that hCG-specific binding to MR may be
due to the C-terminal elongation and differential carbohydrate
side chains of the �-subunit of hCG compared with the LH
�-subunit.

Although we have demonstrated no proliferation with LH
and FSH, we cannot discount that other endogenous or synthe-

FIG. 4. Analysis of uNK cells using the MTT proliferation assay and mass
spectrometry demonstrating effective deglycosylation of hCG. Panel A,
Treatment with hCG alone induced proliferation of uNK cells in a dose-
dependent manner, with maximal proliferation observed with 10,000 ng/ml hCG
treatment (P � 0.001) (green bars). Treatment of uNK cells with hCG plus
D-Mannose (1 mg/ml) did not induce proliferation, and this was also the case
when cells were incubated with deglycosylated hCG (10,000 ng/ml). a, P �
0.001, two-way ANOVA between groups; *, P � 0.05 and ***, P � 0.001, one-
way ANOVA within group (n � 5 secretory phase endometrial uNK cell samples).
Panel B, Mass spectrometry analysis of glycosylated hCG, intact protein is
approximately 36 kDa (arrow), and �-subunit is 13 kDa. Panel C, Mass
spectrometry analysis of deglycosylated hCG with the size of protein reduced to
approximately 22 kDa (*), and �-subunit is 11.5 kDa. D Mass spectrometry
analysis of the deglycosylation enzyme, PNGase alone. C, Control.
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sized oligosaccharides with a mannose terminal may induce a
proliferative response in uNK cells. In addition, it should be
noted that the MTT assay is not without its limitations and only
measures the reduction of a tetrazolium component (MTT) into
an insoluble formazan product by the mitochondria of viable
cells and not proliferation directly.

A previous study reported that a hyperglycosylated form of
hCG is formed early in pregnancy and is then rapidly replaced by
less glycosylated isoforms, suggesting that the hCG glycoforms
also change dynamically as pregnancy progresses (27). This find-
ing in conjunction with the results of the present study is of
particular interest when considered in parallel with the fluctua-
tion in NK cell number during pregnancy; the dNK population
is maximal in the first trimester of pregnancy but declines in the
second trimester. These observations provide an explanation for
the results of our study showing that uNK proliferation was only
stimulated by glycosylated hCG and not by LH, and provide a
mechanism by which the embryo signals its presence to local
maternal immune systems facilitating trophoblast implantation
and successful establishment of pregnancy. During the normal
cycle, a peak of LH occurs at ovulation, however, a significant
increase in the number of uNK cells occurs several days later at
decidualization, and this is consistent with our results showing
that LHR was not expressed on uNK cells. Because LH did not
stimulate uNK cell proliferation, the expansion in cell number
during the nonpregnant cycle must be mediated by alternative, as
yet to be elucidated, mechanism(s). Paracrine signals from the
endometrium, in response to elevated ovarian steroid hormones,
are thought to induce either the recruitment or proliferation of
uNK cells; however, our data suggest that in the event of concep-
tion, hCG can augment the increase in uNK numbers via the MR.

The daily rate of increase in hCG is lower in failing pregnan-
cies, and circulating hCG concentrations are predictive of viable
or nonviable (miscarriage and ectopic gestation) pregnancy out-
come (28). The endometrium of women with RPL exhibits a
greater percentage of CD16Bright, CD56dim uNK cells and a
smaller percentage of the CD16dim, CD56Bright uNK cell popu-
lation, compared with the endometrium of fertile control pa-
tients (29, 30). Because CD16Bright cells demonstrate greater cy-
tolytic activity than CD16dim NK cells, an increased number of
CD16Bright cells in the decidua may be a factor in early miscar-
riage (5). Reduced NK cell populations are also reported in preg-
nancies complicated by FGR with or without accompanying pre-
eclampsia (7). In this context, reduced NK cell numbers in the
decidua basalis of women with FGR support a crucial role for
uNK cell-trophoblast interactions in adequate placental devel-
opment. Indeed, it is likely that uNK cells play an important role
at the earliest stage of pregnancy, both in the remodeling of the
spiral arteries (31) and the decidualization of the endometrium.
Adequate decidualization and vascular remodeling are essential
for the establishment of a successful pregnancy.

CD56Bright NK cells are also considered to be distinct clini-
copathological entities in malignant conditions and are typically
referred to as NK cell lymphoma (32). Clinically, most cases of
NK cell lymphoma affect the nasal cavity or other parts of the
upper aerodigestive tract. Other sites such as the skin, gastroin-
testinal tract, and testis have also been documented, and are

usually referred to as extranasal NK cell lymphoma (32). hCG is
an established tumor-associated antigen that is overexpressed in
a variety of common cancers (33), and serum hCG levels have
proved to be a useful diagnostic tool, both for monitoring tumor
burden and for evaluating the effectiveness of therapeutic inter-
vention (34). For example, elevated hCG has been an indepen-
dent predictor of an unfavorable disease outcome, and has been
associated with a more aggressive disease course in renal, colo-
rectal, bladder, and pancreatic cancers (35, 36). It has been pro-
posed mechanistically that hCG may act at several different lev-
els to facilitate cancer progression, as a transforming growth
factor, an immunosuppressive agent, an inducer of metastasis,
and/or as an angiogenic factor (33). To date, no data are avail-
able on hCG levels in patients with NK cell lymphomas, how-
ever, our new findings suggest that therapies blocking hCG pro-
duction or action could provide a novel therapy for this type of
cancer or others in which the MR is expressed.

In summary, we have shown for the first time that the MR is
expressed on CD56bright NK cells isolated from both nonpreg-
nant endometrium and first-trimester decidua. Furthermore, we
report that uNK cells can bind hCG but do not express the clas-
sical LH/hCG receptor. MR and hCG were colocalized to the
surface of uNK cells, and incubation with intact glycosylated
hCG induced uNK cell proliferation that was blocked if cells
were incubated with hCG in the presence of excess D-Mannose.
We propose that the proliferation of uNK cells in the early stages
of pregnancy is regulated by hCG produced by the trophoblast
of the conceptus and that hCG-carbohydrate side chain recog-
nition by the MR is fundamental in propagating noncanonical
hCG signaling. Therefore, carbohydrate recognition, a highly
conserved process, may orchestrate the dynamic and complex
milieu of the uterine environment in which an immune-endocrine
network involving hCG and uNK cells exists, and could be the
focus of future therapeutic interventions. These data have im-
plications for the management of miscarriage and the develop-
ment of conditions such as FGR that have a life-long impact on
health and well-being.
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ORIGINAL ARTICLE Fertility control

Randomized placebo-controlled trial
of CDB-2914 in new users of a
levonorgestrel-releasing intrauterine
system shows only short-lived
amelioration of unscheduled bleeding
P. Warner1,†, A. Guttinger2,†, A.F. Glasier2,3, R.J. Lee1, S. Nickerson3,
R.M. Brenner4, and H.O.D. Critchley2,5
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background: The levonorgestrel-releasing intrauterine system (LNG-IUS) is a highly effective contraceptive. However, during early
months of use unscheduled vaginal bleeding is common, sometimes leading to discontinuation. This study aimed to determine whether inter-
mittent administration of progesterone receptor modulator CDB-2914 would suppress unscheduled bleeding during the first 4 months after
insertion of the LNG-IUS.

methods: CDB-2914 150 mg, in divided doses, or placebo tablets, were administered over three consecutive days starting on Days 21,
49 and 77 after LNG-IUS insertion, in a double-blind randomized controlled trial of women aged 19–49 years, newly starting use of LNG-
IUS. Daily bleeding diaries were completed for 6 months, and summarized across blocks as percentage days bleeding/spotting (BS%).

results: Of 69 women randomized to receive CDB-2914, and 67 placebo, 61 and 55, respectively, completed the trial. BS% decreased
with time in both arms, but showed a much steeper treatment-phase gradient in the placebo arm (P , 0.0001), so that a benefit of CDB-
2914 in the 28 days after first treatment (211% points, 95% CI 219 to 22), converted to a disadvantage by 64 days after the third treat-
ment (þ10% points, 95% CI 1–18).

conclusions: The effect of CDB-2914 on BS% was initially beneficial but then by third treatment was disadvantageous. Nevertheless,
only 3% (4/136) of all women discontinued LNG-IUS. These findings give insight into possible mechanisms and suggest future research
directions.
ISRCTN Trial no. ISRCTN58283041; EudraCT no. 2006-006511-72.

Key words: CDB-2914 / LNG-IUS / endometrium / unscheduled bleeding

Introduction
If hormonal methods of contraception are used consistently and cor-
rectly they are more than 98% effective in preventing unplanned preg-
nancy [National Institute for Health and Clinical Excellence (NICE),
2005]. Yet one third of pregnancies worldwide are unintended or mis-
timed and over 20 million end in induced abortion every year

(Guttmacher Institute, 2008). Enthusiasm has therefore grown for
long-acting methods which do not depend on compliance for their
effectiveness, particularly implants and intrauterine devices/systems
which have failure rates of less than 1% (Peterson and Curtis,
2005). An estimated 9.8 million women worldwide use the
levonorgestrel-releasing intrauterine system (LNG-IUS). The uptake
of LNG-IUS has undoubtedly been further increased because the
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low dose of LNG released into the uterine cavity leads to endometrial
atrophy, so that for many women its use is associated with little or no
vaginal bleeding [National Institute for Health and Clinical Excellence
(NICE), 2005; Peterson and Curtis, 2005].

However, all hormonal methods of contraception are prone to high
discontinuation rates (Trussell, 2007). The commonest reason for pre-
mature discontinuation of all methods is unscheduled vaginal bleeding
(d’Arcangues et al., 1992). Many women experience persistent vaginal
spotting and bleeding during the first 3–6 months of use of the
LNG-IUS (Backman et al., 2000; Cox et al., 2002). In a UK study,
10.5% of new users of LNG-IUS had stopped using it by the end of
the first year because of bleeding problems, and this accounted for
much of the total 5-year cumulative discontinuation rate for bleeding
problems (16.7%) (Cox et al., 2002). In a Brazilian study 25% of
women complained of vaginal spotting in the first 6 months of use
of LNG-IUS and removals due to menstrual bleeding problems were
concentrated in this time period (Hidalgo et al., 2002). The cost of
LNG-IUS is relatively high, and both insertion and removal use health-
care resource, so premature discontinuation reverses the cost-benefit
ratio that applies if used for the full 5 years (Peterson and Curtis,
2005). Although there is a widely held clinical belief that counselling
women about unscheduled bleeding with LNG-IUS prevents prema-
ture discontinuation, there is no published evidence to support this
view (Halpern et al., 2006).

The mechanism underlying irregular/unscheduled bleeding in
association with progestogen-only contraceptives (POC) remains to
be determined, but may be associated with estrogen withdrawal,
especially when the mode of delivery is oral or systemic (Cheng
et al., 2000; Gemzell-Danielsson et al., 2002; Massai et al., 2004;
Weisberg et al., 2006). With use of LNG-IUS, fewer than half of
cycles are ovulatory (Barbosa et al., 1990). In common with other
POCs most women continue to have follicle development (Xiao
et al., 1990) and thus incomplete suppression of ovarian activity is
one mechanism for unscheduled bleeding.

Progesterone receptor modulators (PRMs) have shown a benefit in
treating women experiencing unscheduled bleeding with progestogen-
releasing contraceptive implants (Cheng et al., 2000; Weisberg et al.,
2006). PRMs have also shown a beneficial effect on unscheduled bleed-
ing in prevention studies, administered in conjunction with medroxypro-
gesterone acetate (Jain et al., 2003), progestogen-only implants (Massai
et al., 2004) and the progestogen-only contraceptive pill (Gemzell-

Danielsson et al., 2002). That any therapeutic effect of PRMs might be
via an ovarian pathway is supported by the finding in the last-mentioned
trial, where subjects treated with ORG31710 had better bleeding pro-
files, that ovulation occurred in 29% of the ORG31710 group compared
with 3% or fewer in untreated women (Gemzell-Danielsson et al.,
2002). The mechanisms for the effects of PRMs are not known. Follow-
ing menstruation, a period of unopposed estrogen exposure is required
for regeneration of endometrial sex steroid receptors. Administration of
a PRM may, via a direct effect on steroid receptor expression, permit
simulation of the normal physiological expression of sex steroid recep-
tors post-menses (Cheng et al., 2000).

CDB-2914 is a PRM which binds to the progesterone receptor with
high affinity and antagonizes the action of progesterone. CDB-2914 is
currently being evaluated for use in several clinical areas including,
emergency contraception, and the management of fibroids and endo-
metriosis (Blithe et al., 2003).

LNG-IUS is unique among progestogen-only methods in that trou-
blesome unscheduled bleeding is generally limited to the early months
of use (Hidalgo et al., 2002; Baldaszti et al., 2003). The aim of the clini-
cal trial reported here was to determine whether intermittent admin-
istration of PRM CDB-2914 (Laboratoire HRA Pharma, Paris, France)
would prevent or suppress unscheduled bleeding if taken over the first
3 months after insertion of the LNG-IUS, with the objective of
improved LNG-IUS continuation rates.

Materials and Methods
The trial was randomized, double-blind and placebo-controlled; received
ethical approval from Lothian research ethics committee; and all partici-
pants gave written informed consent. CDB-2914 (50 mg/day) and
placebo were packaged to look identical by HRA Pharma, randomized
(1:1 in blocks of 20), and numbered sequentially, so that randomization
was achieved by dispensing packs in numeric order. ‘Treatment’ com-
prised taking study medication orally for three consecutive days, with sep-
arate treatments starting 21, 49 and 77 days after LNG-IUS insertion
(Fig. 1), and study participants were reminded of their treatment dates
by email, text messages, telephone calls or letter. Subjects kept a daily
record of vaginal bleeding for at least one complete spontaneous men-
strual cycle before insertion of the LNG-IUS, and throughout the study.
LNG-IUS insertion was not timed to cycle but done at the next available
IUS-insertion appointment after completion of screening diaries. At 1, 3
and 6 months after LNG-IUS insertion women completed follow-up

Figure 1 Timing of treatments, follow-up visits, questionnaire completion and diary data segments.
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questionnaires (the final one asking about continuing LNG-IUS use and
overall satisfaction with the method) and returned to the clinic for
review. Screening/recruitment commenced January 2005, with randomiz-
ation (at LNG-IUS insertion) occurring between March 2005 and January
2007, and follow-up ending July 2007. Women eligible to participate were
those attending a large family planning clinic and initiating use of an
LNG-IUS for contraception, aged 19–49 years with regular menstrual
cycles lasting 17–42 days, menstrual periods lasting less than 11 days,
and no contraindications to LNG-IUS insertion [WHO Medical Eligibility
Criteria Category 3 or 4 conditions (World Health Organization Repro-
ductive Health and Research (WHO), 2008)]. Women breastfeeding,
within 3 months of childbirth, or with a chronic medical or psychiatric con-
dition, gynaecological disorders (including fibroids, ovarian cysts or unex-
plained irregular vaginal bleeding) or on long-term medication were
excluded. Adverse events and use of concomitant medication were
recorded throughout the study. Premature removal of the LNG-IUS con-
stituted withdrawal from the study. Women requesting this, or otherwise
withdrawing from the study, were asked to complete a withdrawal ques-
tionnaire collecting data similar to the final questionnaire. A subset of 19
subjects had an endometrial biopsy at insertion and at one or more of
the follow-up visits (data on biopsy findings are reported elsewhere).

Data analyses
Retention of LNG-IUS to 6 months and providing 6 months questionnaire
data was deemed study completion, but some who defaulted nevertheless

provided information on LNG-IUS continuation. Given the 28 days inter-
vals between treatments, and the ever-changing hormonal background due
to the newly inserted LNG-IUS, bleeding diary data was analysed in sep-
arate blocks delimited by treatment dates, that is, for the 21 days prior
to first treatment, for the 28 days after each of the first two treatments,
and for 64 days after third (last) treatment. The primary study outcome
was amount of bleeding/spotting after treatment. In order to be able to
accommodate occasional non-completed diary days within a block, and
for ease of comparison across differing block lengths, bleeding diary data
was summarized by follow-up block as percentage days with bleeding/
spotting (BS%). However, if the timing of a woman’s withdrawal/defaulting
meant that half or less of the current diary block was completed, she con-
tributed no BS% value for that block. Secondary outcomes were removal
of LNG-IUS within 6 months; the longest run of amenorrhea in the 64 days
after third treatment; and five subjective assessments at 6 months of
acceptability of bleeding patterns experienced. The final questionnaire
also assessed 16 side-effects (tertiary outcomes). Analysis was
‘intention-to-treat’. Mean BS% in the two treatment groups and mean
longest run of amenorrhea were compared using the two-sample t-test
and proportions in the two treatment groups were compared using
Fisher’s exact test for binary outcomes and x2 test for trend for ordinal
outcomes. The trend in percentages of days with bleeding/spotting
during treatment/follow-up was also analysed using a mixed model with
the patient as a random effect and a toeplitz covariance structure to
allow for the correlations between the repeated measurements on the

Figure 2 Flow of participants through the trial.
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same patient, both with and without covariate adjustment for pretreat-
ment bleeding/spotting (first 21 days post LNG-IUS). This approach
allows patients to have some missing data, but as a further check for
potential distortion of trends, sensitivity analyses were undertaken
restricted to women with data for all blocks.

Protocol sample size was calculated (assuming SD of 8) to give approxi-
mately 90% power to detect as significant (at the 5% level) a difference of
4.5 days or more between active and placebo treated groups in the mean
number of days of bleeding or spotting in a month of follow-up (equivalent
to an absolute difference in BS% of 15%). The calculated 66 patients per
group was inflated to a target of 75 women per group, to allow for
withdrawals.

Results
Of 398 women who attended the clinic for advice about using the
LNG-IUS, 169 agreed to be screened for eligibility, of whom three
subsequently declined to participate, 30 were excluded, and 136
were randomized, 69 to CDB-2914, 67 placebo (Fig. 2). Withdrawals/
defaulting in diary completion meant that not all women contributed
data to bleeding outcome analyses, with numbers decreasing across
follow-up (63 to 61 for women treated with CDB-2914, 60 to 57
for placebo). Rates of study completion were 88% (61/69) and 82%
(55/67), respectively (Fig. 2). No serious adverse events were
reported and there were minimal differences between groups in com-
pliance with treatment. Considering drug compliance for women who
contributed diary or final questionnaire data, 97% (62/64) of the
CDB-2914 group took all 45 tablets (or in one case omitted one
tablet), and 95% (58/61) of the placebo group took almost all
tablets (two women missed five tablets).

The groups were similar with respect to demographic character-
istics, BMI and most menstrual characteristics assessed (Table I),
but women randomized to CDB-2914 more often had a history of
past discontinuation of a contraceptive method because of weight
gain or heavy/irregular bleeding. The timing of insertion of
LNG-IUS was similar in both groups, being evenly spread across
the range of possible menstrual cycle days, with about half of all
women having insertion by 12th to 15th day of cycle, and 21 days
later at first treatment about a quarter of each group would have
been in the mid-luteal phase.

After the first treatment there was a statistically significant differ-
ence in BS% in favour of CDB-2914 (Table II), by the equivalent of
3 days [difference 210.6% points, P ¼ 0.011], but for the 64 days fol-
lowing the third treatment women in the CDB-2914 arm reported
more days bleeding/spotting, by 6 days [þ9.5% points, P ¼ 0.022].
However, in that last block the difference in longest run of days free
of bleeding or spotting i.e. days of continuous amenorrhea was not
statistically significant (CDB-2914 24 days versus placebo 26 days).
Over the treatment and follow-up phase (Days 21–166), both
groups showed a decline in BS% (Fig. 3 which for more detailed
description splits the third treatment block into the first 28 days and
the remainder, and includes data for an additional 26 days, to total
90), with a highly statistically significant time by treatment group inter-
action (P , 0.0001). This reflects the switch from lower BS% in the
CDB-2914 group after first treatment, to greater BS% in the first
two diary blocks after third treatment (albeit BS% was very similar
across the two groups in the last 26 days). This finding of differing

........................................................................................

Table I Patient characteristics at recruitment, by
randomized group

CDB-2914
(n 5 69)

Placebo
(n 5 67)

Age (years) at LNG-IUS
insertion—Mean (SD)

36.9 (6.5) 35.8 (7.0)

Reported length (days) of most
recent menstrual period—Mean
(SD)

5.9 (1.7) 5.6 (1.5)

Length (days) of diary-screened
menstrual cycle—Mean (SD)

28.8 (4.7) 28.0 (4.1)

Days prior to LNG-IUS insertion
that most recent menstrual
period started—Median (Q1,
Q3)

12 (7, 19) 15 (10, 21)

IUD in situ at insertion visit—N
(%)

5 (7) 9 (13)

Current smoker—N (%) 13 (19) 11 (16)

Employment—N (%)

Full-time 30 (43) 32 (48)

Part-time 28 (41) 26 (39)

No job 11 (16) 8 (12)

Number of deliveries—N (%)

0 14 (20) 20 (30)

1 18 (26) 13 (19)

2 30 (43) 27 (40)

3 6 (9) 7 (10)

4 1 (1) 0 (0)

Previous contraceptive method—N (%)

Pill 4 (6) 3 (4)

Cu-IUD 5 (7) 9 (13)

Barrier—mainly condom* 53 (77) 52 (78)

Rhythm/withdrawal/
spermicide

3 (4) 2 (3)

None 4 (6) 1 (1)

Heaviness of menstrual periods in last 6 months—N (%)

Light loss 2 (3) 0 (0)

Moderate loss 25 (38) 25 (40)

Heavy loss 26 (40) 29 (46)

Very heavy loss 12 (18) 9 (14)

Bleeding or spotting in quarter
or more of menstrual cycles in
past year—N/n (%)

10/66 (15) 10/62 (16)

Ever stopped using method of contraception due to following reason

Unacceptable weight gain—
N/n (%)

20/54 (37) 15/58 (26)

Irregular bleeding or
spotting—N/n (%)

16/53 (30) 12/57 (21)

Unacceptably heavy
bleeding—N/n (%)

10/51 (20) 6/57 (11)

Periods stopped altogether—
N/n (%)

1/48 (2) 1/57 (2)

*Includes the one woman (in Placebo group) who was using diaphragm.

348 Warner et al.

D
ow

nloaded from
 https://academ

ic.oup.com
/hum

rep/article-abstract/25/2/345/671341 by Edinburgh U
niversity user on 27 February 2020



trends persisted regardless of whether: the final 26 days were
excluded; an adjustment was made for post-IUS-pretreatment rate
of bleeding/spotting; or only women with a complete set of data
values were included in the analysis.

There was no statistically significant difference (P ¼ 0.36) in the
number of women requesting premature removal of the LNG-IUS,
1/69 (1.6%) in CDB-2914 group and 3/67 (4.5%) in placebo group.
The main and secondary reasons given for removal are presented in
Table III, together with main reasons given by a further ten women

(seven receiving CDB-2914 and three placebo) who indicated in the
final questionnaire that they were considering LNG-IUS removal in
the next few months.

With regard to experience of bleeding as ascertained from final 6
month questionnaire responses, the groups were very similar in
reporting menstrual periods having stopped altogether [CDB-2914
24% (14/59) and placebo 23% (12/52), P ¼ 1.00], and having experi-
enced a menstrual period in the last month [72% (43/60) and 70%
(38/54), respectively, P ¼ 1.00]. Table IV shows that responses

..................... ..................... .................................................................................

.............................................................................................................................................................................................

Table II Percentage days diary-recorded bleeding or spotting (BS%) by study block, and longest consecutive run of days
without bleeding/spotting (after third treatment): separately by randomized group, and difference between groups

Outcome and study
interval

Duration of
study interval
(days)

CDB-2914 Placebo CDB-2914—Placebo difference

N Mean
(SD)

N Mean
(SD)

Difference (95% CI) P-value Difference in
percentage expressed
in days (for the
assessment interval)

Percentage days B/S (BS%)

Post-LNG-IUS and
pretreatment

21 63 64.7 (24.7) 60 70.6 (24.1) 25.9 (214.8 to 2.8) # 21.2

After first treatment 28 63 46.7 (20.6) 60 57.3 (24.8) 210.6 (218.7 to 22.5) 0.011 23.0

After second
treatment

28 63 39.6 (19.9) 60 41.2 (24.8) 21.6 (29.6 to 6.4) 0.68 20.4

After third treatment 64 61 38.2 (23.7) 57 28.7 (20.7) 9.5 (1.4 to 17.7) 0.022 þ6.1

Longest consecutive run of days without B/S

After third treatment 64 61 23.7 (14.5) 57 25.6 (13.4) 22.0 (27.1 to 3.1) 0.44 n.a.

#Pretreatment therefore not a study outcome and so not formally tested.

Figure 3 Percentage days bleeding/spotting by diary block, separately by treatment arm. KEY: *mean for group for diary block, plotted at mid-point
of block.
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regarding acceptability of vaginal bleeding experience were on the
whole favourable, and similar across the two groups—for example,
92% in each group reported lighter bleeding than before insertion
(57/60 CDB-2914, 48/52 placebo). However, although a minority
of women found vaginal bleeding patterns were ‘more inconvenient
than before’, they were predominantly from the CDB-2914 group
[39% (22/56) versus 19% (9/48), P ¼ 0.036)]. The groups also
showed favourable and similar responses regarding general health
and heaviness of most recent menstrual period, compared with
before LNG-IUS (Fig. 4). The two groups reported very similar
rates over the past 4 weeks of having experienced 13 of the 14 symp-
toms enquired about in the final in the questionnaire, but women
treated with CDB-2914 were more likely to report a ‘tendency to
weight gain’ [23% (14/61) versus 4%, (2/55), difference 19%, 95%
CI 7% to 32%, P ¼ 0.003).

Discussion
Against an expectation of diminishing bleeding/spotting across the first
months of LNG-IUS use, our comparison of PRM CDB-2914 against
placebo showed a short-lived beneficial effect on vaginal bleeding
after the first treatment only, which by the last treatment had con-
verted into a disadvantageous effect. Our unexpected findings have
high-lighted some important methodological issues.

This is the first study of CDB-2914 in women using LNG-IUS. We
therefore selected objective measures of outcome (BS%) and we also
undertook questionnaire assessment of acceptability of bleeding
experienced. In an exploratory trial such as ours, it is important to
have coverage of a range of end-points, and assessment of effect
after each of the three intermittent doses. As a check against multiple
testing, a single overall analysis was undertaken to compare trends in

............................................................... .............................................................

......................... .........................

.............................................................................................................................................................................................

Table III Reasons given for having had removal of LNG-IUS before 6 months or for, at Month 6, ‘considering removal in
next few months’

Reason given IUS removed before 6 months Considering IUS removal in next few
months

CDB-2914
(n 5 1)

Placebo (n 5 3) CDB-2914 (n 5 7) Placebo (n 5 3)

Main 288888 Main 288888 Main Main

Bleeding 1 1 1

Weight gain 1 1 1 1

Depression/Mood change 1 1 1

Issues with device inside body 1 1

Pain/discomfort/painful breasts 2 1 1

Bloating/fluid retention 2

Loss of libido 1

Skin problems 1

Possibly to plan pregnancy 2

.............................. .............................. .............................. .............................. ..............................

.............................................................................................................................................................................................

Table IV Comparison between randomized groups in 6 month follow-up questionnaire responses regarding bleeding,
both compared with before LNG-IUS, and in absolute terms

Bleeding since
using IUS has
been

Lighter than before More frequent than
before

More inconvenient
than before

Inconvenient Worrying

CDB-2914 Placebo CDB-2914 Placebo CDB-2914 Placebo CDB-2914 Placebo CDB-2914 Placebo

Number
responding, n

60 52 54 50 56 48 56 49 54 48

% % % % % % % % % %

Not at all true 5 6 44 48 52 67 39 41 70 85

Slightly true 0 2 17 14 9 15 21 31 17 8

Moderately true 7 0 4 14 14 4 27 16 9 6

Largely true 13 17 20 10 5 10 5 8 4 0

Very much so 75 75 15 14 20 4 7 4 0 0

P-value (CDB v
placebo)

1.00 0.61 0.036 0.51 0.093
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BS% within groups across treatment blocks, and this confirmed a
highly statistically significant group by block interaction (P , 0.001).
Nevertheless, to reflect the multiple-testing of outcomes, statistical
findings should be interpreted with appropriate caution.

The study was a pragmatic trial aiming to test an intervention which
could be used in a routine clinical service setting, so this posed
additional challenges. For example, LNG-IUS insertion was not
timed to any particular cycle phase, and it was not feasible to classify
ovarian function across time, which would have required frequent
blood sampling or urine collections. However, the findings are repre-
sentative of what would transpire in routine clinical practice and the
participants are likely to be representative of women in the UK receiv-
ing an LNG-IUS for contraception. Over 90% of study participants
provided diary data for treatment comparisons, and up to Day 141
after insertion these comparisons had less than 1% of days of record-
ing incomplete. Sensitivity analyses were undertaken to rule out distor-
tions due to patterns of data contribution across time, or chance
differences between the groups in tendency to bleed with the
LNG-IUS.

A key methodological issue our findings have high-lighted is the dis-
parity in effect sizes between a ‘therapeutic’ study, which recruits into
the trial only women already experiencing unscheduled bleeding
(Alvarez-Sanchez et al., 1996; Cheng et al., 2000; Glasier et al.,
2002; Weisberg et al., 2006), and prevention studies, which recruit
from all new users of the contraceptive method. In a prevention
study, such as ours, only a subset of participants will have been at
risk of unscheduled bleeding and hence able to benefit from the treat-
ment. Even if the treatment is effective, it’s apparent ‘effect’, estimated
for the entire trial, will be diluted by all the women not susceptible to
such bleeding, and hence appear smaller than the effect if estimated in
a therapeutic study. There are only two published randomized
placebo-controlled double-blind prevention trials using PRMs. Massai
et al. (2004) demonstrated, among new users of a levonorgestrel-

releasing implant, a reduction by 10% in number of days with bleed-
ing/spotting (by 3 days per month) if treated with mifepristone
(100 mg for 2 days every 30 days for 6 months). Among women
newly using the oral progestogen-only pill (Cerazettew 75 mg desoges-
trel daily), a pilot study evaluating the effect of administration of a
different PRM, Org 31710 150 mg (Organon, Oss, The Netherlands)
once every 28 days for four to seven cycles (Gemzell-Danielsson et al.,
2002), found an overall reduction in days bleeding/spotting, per
28 day cycle, of 5% or 1.5 days. Therefore, in prevention trials
similar in size to ours, the effect of PRMs on bleeding/spotting has
been only modest—reduction in days bleeding/spotting during treat-
ment of 1.5–3 days per month (Gemzell-Danielsson et al., 2002;
Massai et al., 2004), and comparable to our finding for the month
after first treatment. Where our study differs is in the apparent loss
of this treatment efficacy by the third month of LNG-IUS use (negli-
gible effect), and an apparent reversal of effect thereafter.

The disadvantageous bleeding profile for CBD-2914 over the
64 days after last treatment was not much evident in responses to
bleeding acceptability items (Table IV). Perhaps this is partly because
acceptability was assessed against such a positive change over
6 months, of vaginal bleeding having generally diminished markedly
over time, and compared with before LNG-IUS (Table IV, Fig. 4).
This raises concern that there is disconnection between objective
measures used in research, and acceptability to women of bleeding
experienced.

The only side-effect to show a difference between groups was ‘ten-
dency to weight gain’, with an excess in the group administered
CDB-2914. There are a number of reasons for caution in interpreting
this finding. Since this was one of 14 side-effects assessed, the finding
could be chance. Secondly, weight gain has frequently been attributed
to LNG-IUS [National Institute for Health and Clinical Excellence
(NICE), 2005], and LNG-IUS had been in situ over the entire
6 months, whereas CDB-2914 was administered at three points, the

Figure 4 Comparison between randomized groups in 6 month follow-up questionnaire responses regarding heaviness of last menstrual period and
general health, as compared with before LNG-IUS and study medication.
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last time 3 months before the questionnaire assessment. Thirdly,
despite removals for reported weight gain being higher for LNG-IUS
than non-hormonal IUDs, there is no evidence of a difference in
actual weight gain between users of the two methods (National Insti-
tute for Health and Clinical Excellence (NICE), 2005). Similarly, when
we compared actual weight change over the 6 months from LNG-IUS
insertion (for the 57 CDB-2914 and 52 placebo-treated women with
pre- and 6 months weight measurements), we found no difference
between groups (mean gain for placebo minus CDB-2914 ¼ 0.4 kg
(95%CI 20.9 to 1.7 kg)). Finally, despite randomization there was a
pre-existing (chance) difference between groups in prior discontinu-
ation of contraception due to weight gain, with an excess of women
with such a history in the group administered CDB-2914. Further-
more, the average weight gain of women who had responded
‘tendency to weight gain’, was 3.2 kg for the CDB-2914 subgroup
(n ¼ 12), and 2 kg for the one placebo group woman. This highlights
the difficulty of differentiating effects due to the LNG-IUS that all
women received, to the intermittent intervention administered to
half the women, and to individual participant characteristics (in
terms of susceptibilities to/tolerance of symptoms).

A systematic review of interventions for unscheduled bleeding
occurring with POC included no trials involving the LNG-IUS
(Abdel-Aleem et al., 2007). Therefore a key question is whether adju-
vant administration of PRM CDB-2914 would have a beneficial effect
on unscheduled bleeding with LNG-IUS. The beneficial effect found
during the second month of LNG-IUS use (after first treatment)
may be consistent with an effect on ovarian function. However, with
the LNG-IUS, high-dose local delivery of LNG results in local
changes in endometrial steroid response and structural integrity of
endometrial blood vessels (Fraser and Hickey, 2000; Guttinger and
Critchley, 2007). Within a few months this profound endometrial
atrophy may mask the endocrine effects of ovarian disruption, and if
so, would also mask any benefit of a treatment that reduced bleeding
due to ovarian disruption. Another consequence of treatment to be
considered is that it might itself precipitate bleeding. In a prevention
study with a PRM administered in new users of oral progestogen-only
contraception, the active treatment group had relatively more
bleeding/spotting episodes commencing in the 7 days following treat-
ment (Gemzell-Danielsson et al., 2002). A similar withdrawal bleed
effect is apparent in our study also, with a marked difference between
groups in timing of onset of next bleeding/spotting episode after the
third ‘treatment’. Of the women administered CDB-2914, 53% (32/
62) began a new bleeding/spotting episode within 4 days of starting
the treatment, compared with 15% (9/58) of placebo-treated
women, and the episodes were twice as likely to exceed 8 days. There-
fore, preventative administration of PRM has the regrettable property
that it might induce bleeding in a woman who would otherwise have
had (virtually) none. This might explain the excess BS% in the
CDB-2914 group for the 28 days following third treatment (by 9%
points, or 2.5 days). However, induced withdrawal bleeds cannot
explain the excess bleeding/spotting persisting over the following
36-day diary block (Fig. 3). This might have been a chance finding, or
CDB-2914 might exacerbate whatever mechanism accounts for
unscheduled bleeding persisting in the fourth/fifth months of
LNG-IUS use.

In summary, our study is the first report of an intervention in
women using a LNG-IUS. There appears to be some beneficial

preventative effect of CDB-2914 on bleeding/spotting, but only in
the very earliest months of use. In our study the first treatment
started on Day 21 after insertion, yet before this there were high
average rates of bleeding/spotting reported (67% of days). We do
not know if CDB-2914 would have provided timelier benefit if admi-
nistered earlier. Given the unpredictability as to which LNG-IUS
users will in the first 3 months experience unscheduled bleeding,
and our observations that PRMs appear to induce withdrawal bleed-
ing, these compounds have little promise for prevention. However, in
the absence of anything better, and given the safety profile of PRMs,
they have potential for therapeutic use, among women experiencing
excessive bleeding in the first few weeks of LNG-IUS use. An
exploratory therapeutic trial is needed, with not only drug
(CDB-2914 and placebo) but also stopping point (10 or 14 weeks)
randomized.

Effective interventions to ameliorate unacceptable bleeding for
women using long-acting progestogen contraception remain elusive.
Discontinuation of LNG-IUS is only the tip of the iceberg. If an inter-
vention could be found, improved bleeding profiles would enhance
quality of life worldwide for the many women wishing to continue
with a LNG-IUS for contraception.
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Abstract

Background: Decidualization (differentiation) of the endometrial stromal cells during the secretory phase of the menstrual
cycle is essential for successful implantation. Transforming Growth Factor b1 (TGFb1) canonically propagates its actions via
SMAD signalling. A role for TGFb1 in decidualization remains to be established and published data concerning effects of
TGFb1 on markers of endometrial decidualization are inconsistent.

Methodology/Principal Findings: Non-pregnant endometrial stromal cells (ESC) and first trimester decidual stromal cells
(DSC) were cultured in the presence or absence of a decidualizing stimulus. Incubation of ESCs with TGFb1 (10 ng/ml)
down-regulated the expression of transcripts encoding the decidual marker proteins prolactin (PRL), insulin-like growth
factor binding protein-1 (IGFBP-1) and tissue factor (TF). TGFb1 also inhibited secretion of PRL and IGFBP-1 proteins by ESCs
and surprisingly this response preceded down-regulation of their mRNAs. In contrast, DSCs were more refractory to the
actions of TGFb1, characterized by blunted and delayed down-regulation of PRL, IGFBP-1, and TF transcripts, which was not
associated with a significant reduction in secretion of PRL or IGFBP-1 proteins. Addition of an antibody directed against
TGFb1 increased expression of IGFBP-1 mRNA in decidualised cells. Knockdown of SMAD 4 using siRNAs abrogated the
effect of TGFb1 on expression of PRL in ESCs but did not fully restore expression of IGFBP-1 mRNA and protein.

Conclusions/Significance: TGFb1 inhibits the expression and secretion of decidual marker proteins. The impact of TGFb1 on
PRL is SMAD-dependent but the impact on IGFBP1 is via an alternative mechanism. In early pregnancy, resistance of DSC to
the impact of TGFb1 may be important to ensure tissue homeostasis.
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Introduction

Decidualization, the process by which progesterone acts on the

estrogen-primed endometrium to convert precursor stromal cells

into decidual cells, is essential for successful implantation and

maintenance of pregnancy (reviewed in [1,2,3]). The decidualiza-

tion reaction is initiated in the perivascular stromal cells and under

the influence of progesterone, spreads ‘wave-like’ throughout the

stromal region. It is characterised by the phenotypic transforma-

tion of the elongated fibroblast-like endometrial stromal cells

(ESC) into a larger, spherical decidual cell. This change in cell

shape is associated with rearrangements in cellular architecture,

the accumulation of glycogen and increased expression of

prolactin (PRL) and insulin growth factor binding protein 1

(IGFBP-1) [4,5,6]. Studies using primary cultures of human

endometrial stromal cells (ESCs) have revealed that this process is

complex and likely to involve multiple factors including PGE2,

relaxin and cAMP in addition to progesterone [4,7,8,9].

A strong association exists between the degree of trophoblast

invasion and the extent of decidualization in species with a

hemochorial placenta [10]. Not only does human trophoblast

exhibit the greatest degree of trophoblast invasion observed in all

species, but also human endometrium undergoes the most

extensive decidualization reaction [11,12]. Decidualized stromal

cells are temporally and spatially positioned to promote local

homeostasis during implantation and counteract the threat of

haemorrhage during trophoblast invasion [13]. Production of

tissue factor by decidual cells is also thought to be important in
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preventing uterine bleeding in the peri-implantation phase of the

cycle [14].

It has been hypothesised that menstruation only occurs in

species where the decidualization reaction is initiated spontane-

ously during each cycle regardless of the presence of a blastocyst

[10]. Although the classic ‘‘trigger’’ for the onset of menstruation

is the withdrawal of progesterone associated with the demise of

the corpus luteum, multiple cytokines and growth factors have

been reported to play a role in this process [15,16,17]. Based on

several lines of evidence we have previously proposed that

transforming growth factor b1 (TGFb1), which canonically

transduces its signal from type II serine/threonine kinase

transmembrane receptors to the nucleus through the Sma- and

mothers against decapentaplegic (MAD)-related protein (SMAD)

signalling cascade [18], might play a role in initiating the process

of menstruation [19]. For example, expression of TGFb1 is

increased in stromal cells as they undergo decidualization [20,21].

We have previously demonstrated that treatment of decidualized

ESC with TGFb1 suppresses expression of progesterone receptor

(PR) suggesting that TGFb1 may potentiate the effects of

progesterone withdrawal[19]. In contrast, several studies have

reported that TGFb1 may increase expression of PRL in

endometrial stromal cells (ESC) [21,22].

An enhanced understanding of local mechanisms involved in

the regulation of endometrial events preceding menstruation is an

essential prerequisite for delineating the aetiology of early

pregnancy complications as well as abnormal endometrial tissue

activity associated with common gynaecological complaints such

as heavy menstrual bleeding (HMB). In the current study we have

complemented and extended our previous investigation [19] by

investigating the possibility that local production of TGFb1 within

the endometrium plays a critical role in triggering the process of

menstruation in cells from non-pregnant endometrium by

inhibiting biosynthesis and/or secretion of PRL, IGFBP-1 and

tissue factor (TF) via a SMAD-dependent pathway. We have also

examined the effects of TGFb1 in cells obtained from early

pregnancy to compare the TGFb1 response between stromal cells

decidualized in vitro and in vivo.

Materials and Methods

Patients and tissue collection
Human endometrial tissue specimens (n = 20; proliferative and

secretory phase samples) were obtained from women undergoing

surgery for benign gynaecological conditions. Written informed

patient consent was provided prior to tissue collection. Local

research ethical committee approval for the study was granted.

Biopsies were collected with an endometrial suction curette

(Pipelle, Laboratoire CCD, Paris, France) or alternatively, full

thickness endometrial samples were obtained. These latter biopsies

included superficial and basal endometrium plus the endometrial-

myometrial junction. All patients were of reproductive age,

described regular menstrual cycles between 25–35 days and had

not received exogenous hormones or used an intrauterine

contraceptive device in the three months prior to surgery. All

subjects had a serum sample collected at the time of surgery for the

determination of circulating estradiol (E2) and progesterone (P)

levels by Radio Immunoassay (RIA). All samples were consistent

for the designated cycle stage based on standard histological

criteria of Noyes et al [23], the patient’s reported last menstrual

period and circulating E2 and P levels at time of biopsy collection.

Decidual tissue specimens were obtained from women (n = 7; 8–

10 weeks gestation) who had undergone surgical termination of

pregnancy during the first trimester of pregnancy. All women had

an ultrasound scan to confirm viability of pregnancy and

gestational age. All material from the suction curettage procedure

was collected. Decidua parietalis tissue (n = 7) was selected by

macroscopic inspection from the products of the termination

aspiration procedure and subjected to cytokeratin staining to

confirm exclusion of trophoblast. Endometrial and decidual tissue

was collected in sterile RPMI 1640 culture medium (Sigma, Poole,

Dorset, UK) and processed in one of two ways: fixed in 10%

neutral buffered formalin (NBF) 24 h at 4uC followed by storage in

70% ethanol prior to wax embedding, or used for isolation of

primary stromal cells as detailed below.

Isolation of stromal cells from non-pregnant
endometrium

Endometrial specimens (n = 21) were separated into epithelial

and stromal cell preparations by enzymatic digestion as previously

described [19]. Briefly, specimens were washed in Dulbecco’s

Phosphate Buffered Saline (Sigma), minced into 1 mm3 pieces

and digested in collagenase (1 mg/ml, Sigma) and DNAase

(0.1 mg/ml, Sigma) for 80 min at 37uC. Repeated passage

through an 18 g needle was used to aid tissue dispersion. The

tissue homogenate was re-suspended in 10 ml of RPMI 1640

medium (Sigma) and centrifuged (1700 rpm, 3 min). Cell pellets

were then re-suspended in 10 ml of RPMI 1640 medium (Sigma)

supplemented with 10% fetal calf serum (FCS) (Mycoplex, PAA

Laboratories, Kingston-Upon-Thames, UK), penicillin (50 mg/ml;

Sigma), streptomycin (50 mg/ml; Sigma) and gentamycin (5 mg/

ml; Sigma) and the stromal cells were separated from endometrial

glands by filtration through a 73 mm nylon sieve (Falcon, VWR

International Ltd, Leicestershire, UK). The filtrate, containing the

primary ESC, was plated in 75 cm3 culture flasks (Corning

Incorporated, Corning, NY) for a minimum period of 5 days and

allowed to reach confluence.

Isolation of stromal cells from 1st trimester deciduas
All decidual samples were processed to remove both glandular

material and deplete them of CD56bright uterine natural killer cells

(uNKs). Briefly, decidual tissue was finely minced into 1 mm3

sections using surgical blades (Swann, Morton Ltd, Sheffield, UK)

and residual blood clots were removed. Approximately 10 g of the

minced tissue was placed in 20 ml of RPMI with 10% FCS, 4 ml

of collagenase (2 mg/ml) and 0.5 ml of DNAse (0.1 mg/ml;

Sigma) for 1 h 20 min on a roller at 37uC. After digestion, 30 ml

of RPMI 10% FCS was added and the mixture was left to stand

for 5 min to allow sedimentation. The supernatant was decanted

by aspiration and passed sequentially through 73 mm and 40 mm

filters (VWR). The filtrate was centrifuged at 400 g for 5 min and

the resulting cell pellet was re-suspended in 15 ml of PBS

supplemented with 2% FCS and 0.1% NaN3 and subsequently

overlaid onto 15 ml of LymphoprepTM (Axis-Shield, Oslo, Nor-

way) before further centrifugation at 710 g for 20 min with no

brake. The cells at the interface were collected; these consisted of

60–80% uNKs, 5–15% CD14+ macrophages, 10–20% T cells as

well as stromal and epithelial cells. Cells were washed in 20 ml of

RPMI 10% FCS and centrifuged at 710 g for 5 min. CD56bright

uNKs were removed by positive selection using CD56 antibody-

coated magnetic Microbeads as previously described[24]. The

remaining cells were transferred to a 75 cm3 cell culture flask in

10 ml of RPMI 10 FCS and incubated at 37uC in a humidified

atmosphere of 5% CO2. After 24 h the media was changed non-

adherent cells were discarded and the adherent decidualized

stromal cells (DSCs) were allowed to attain confluence and used

for experimentation at first passage.

TGFb1 and Decidualization
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In vitro primary cell culture experiments
ESCs and DSCs were maintained at 37uC in 5% (v/v) CO2 in

RPMI 1640 medium (Sigma) supplemented with 2% FCS

(Mycoplex), penicillin (50 mg/ml; Sigma), streptomycin (50 mg/ml;

Sigma) and gentamycin (5 mg/ml; Sigma). The cells were seeded

in 6-well plates at a concentration of 2.56105 cells/ml and allowed

to adhere and attain 90% confluence. Supernatant was changed

every 3 days. Decidualization of the cells was induced in

decidualization medium (DM) consisting of RPMI 1640 medium

containing 2% FCS, 8-Bromoadenosine 39,59-cyclic monophos-

phate sodium salt (8-Br-cAMP) (0.5 mM; Sigma) and 6a-Methyl-

17a-acetoxyprogesterone (MPA) (1 mM) for 6 days. Following

decidualization cells were incubated in 2% FCS RPMI 1640 and

DM containing TGFb1 (R&D Systems, Abingdon, UK) for up to

72 h.

Targeted knockdown of SMAD 4
Two HP GenomeWide siRNA duplexes to SMAD 4 (Genbank

accession no. NM_005359) were purchased from Qiagen (Craw-

ley, United Kingdom): SMAD 4-1 (59- AAGCAGCGTCACTC-

TACCTAA), SMAD 4-2 (59- CCCTGTTAAACAGTAGT-

TGTA). An additional siRNA (Qiagen), targeting MAPK (59-

AATGCTGACTCCAAAGCTCTG) and a non-silencing control

(59-AATTCTCCGAACGTGTCACGT) were used in all exper-

iments (Qiagen). In addition, a negative control duplex (59-

AATTCTCCGAACGTGTCACGT) labelled with Alexa Fluor

488 (Qiagen) was used to monitor transfection efficiency. Cells

were transfected with siRNA duplexes using HiPerfect transfection

reagent (Qiagen). All experiments were performed in duplicate

using cells in 6-well culture dishes at 70% confluence [19]. Cells

were decidualized in vitro for 36 h, washed twice with PBS,

transfected with duplexes (5 nM) and incubated in RPMI

supplemented with 10% FCS for a further 24 h. Thereafter, cells

were treated with DM and TGFb1 (10 ng/ml) for 72 h. Following

treatment; conditioned medium was removed and analysed for

IGFBP-1 and PRL protein levels by ELISA and time-resolved

fluorimmunoassay respectively (see below). In parallel, mRNA was

prepared and analysed by Q-RT-PCR.

Taqman Quantitative Real Time PCR (Q-RT-PCR)
RNA was extracted from cells in Tri reagent (ABgene House,

Surrey, UK); RNA samples were reverse transcribed using

random hexamers. Gene-Specific Primers and Probes were

designed using Primer Express software (PerkinElmer/Applied

Biosystems, Cheshire, UK); PRL Forward: ‘5- GCCCCGGA-

GGCTATCCTA-3’, dPRL Reverse, ‘5-TCAGCTCCATGCC-

CTCTAGAA-3’, dPRL Probe ‘5-CCAAAGCTGTAGAGATT-

CAGGAGCAAACCA-3’. IGFBP-1 Forward: ‘5-CACAGGAGA-

CATCAGGAGAAGAAA-3’, IGFBP-1 Reverse: ‘5-ACACTGT-

CTGCTGTGATAAAATCCAT-3’, IGFBP-1 Probe: ‘5-TTCC-

AAATTTTACCTGCCAAACTGCAACAA-3’. Tissue Factor

Forward: 59-CAC CGA CGA GAT TGT GAA GGA-39, Tissue

Factor Reverse; 59-CCC TGC CGG GTA GGA GAA-39, Tissue

Factor Probe: 59-TGA AGC AGA CGT ACT TGG CAC GGG

T-39. Primers were diluted to 250 mM and probes to 50 mM in TE

buffer (10 mM Tris; 1 mM EDTA in Depc H2O). PCR reaction

mixtures contained TaqManH Universal PCR Master Mix, No

AmpEraseH UNG (Applied Biosystems) (7.2 mM MgCl2; 1.6 mM

Stratagene dNTP mix; 1.6 mM Boehringer dNTP mix; 0.05 U/ml

Taq Polymerase; 2x PCR buffer and 0.06% reference dye diluted

in Depc H2O) and specific forward and reverse primers (250 nM;

Biosource, Nivelles, Belgium) and probe (50 nM; Biosource) in a

final volume of 25 ml/well. Ribosomal 18S primers and probe (PE

Biosystems, Warrington, UK) were added at a final concentration

of at 50 nM. PCR reactions were run on ABI Prism 7900 (Applied

Biosystems). Samples were measured in duplicate and mean values

were used in subsequent analysis. Relative quantification was

achieved using the formula 2-DDCt, which relates the amount of

cDNA of the specific amplicon to the 18S internal control and the

control cDNA.

Enzyme-Linked Immunoadsorbant Assay (ELISA)
Culture supernatants were stored at 220uC. The IGFBP-1

assay used matched antibody pairs (R&D, Abingdon, Oxford) and

was conducted according to manufacturer’s protocols. Non-

decidualized and decidualized control samples were assayed in

duplicate and the concentration of IGFBP-1 was determined by

interpolation from a standard curve using known concentrations of

IGFBP-1 standards. The inter-assay variation was calculated as a

relative standard deviation and found to be 8.79% whilst intra-

assay variation was 5.98%.

Time-resolved fluorimmunoassay
Culture supernatants were stored at 220uC until assayed.

Prolactin (PRL) release was measured by a DELFIAH Prolactin

time-resolved fluoroimmunoassay kit (PerkinElmer Life Sciences).

The fluoroimmunoassay was a solid phase, two-site assay based

on the direct sandwich technique. The fluorescence of each

sample is proportional to the concentration of PRL in the media

sample and was measured on a time-resolved fluorometer,

VICTORTM 1420 Multilevel Counter (Wallac, PerkinElmer

LAS (UK) Ltd, Beaconsfield, UK). The concentration of PRL

was determined by interpolation from a standard curve prepared

from the PRL standards. The assay was conducted according to

the manufacturer’s protocol. All samples from each experiment

were analysed in the same assay in order to preclude inter-assay

variability.

Statistical Analysis
Prior to any statistical analysis data were tested for and shown to

exhibit Gaussian distribution. Gaussian distribution was deter-

mined by applying the Shapiro-Wilk normality test to the data.

Where appropriate, values were presented as means 6 S.E.M.

Comparison of the different parameters for the various treatment

groups was determined by repeated measures analysis of variance

(ANOVA). Significant differences were assigned using Kruskal-

Wallis post hoc test. The criterion for significance for all tests was

set at p,0.05. Specific software was used to assist in the data

analysis (GraphPad Prism v4.0b for Macintosh, GraphPad

Software, San Diego, USA).

Results

TGFb1 down-regulates the production of decidualization
markers

To determine the impact of TGFb1 on decidualization, primary

human ESC (n = 8, endometrial samples) were decidualized in vitro

for 6 days and then further treated with DM in the presence or

absence of TGFb1 (10 ng/ml) for 72 h. Incubation of decidua-

lized ESC with TGFb1 down-regulated the expression of IGFBP-1

mRNA in a time-dependent manner with a significant decrease

observed at 48 h (p,0.01) and 72 h (p,0.001), as compared to

time-matched controls (Figure 1A). In contrast a significant

decrease in the amount of IGFBP-1 protein released from the

cells was detected after only 2 h incubation with TGFb1 and the

amounts declined further during the rest of the experiment (12 h,

24 h, 48 h and 72 h, Figure 1B; all p,0.001). Treatment of cells

with TGFb1 was also associated with a significant decrease in
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intracellular concentrations of PRL mRNA (Figure 1C) and the

amount of PRL released into the culture media (Figure 1D).

Notably the patterns of expression closely paralleled those

observed for IGFBP with significant inhibition of mRNA levels

observed at 48 h (p,0.001) and 72 h (p,0.001) but a reduction in

release of PRL into the medium after only 2 h of TGFb1

treatment (p,0.05) (Figure 1D). Treatment of decidualized ESC

with TGFb1 also reduced the amount of tissue factor mRNA, with

significant suppression of mRNA levels observed at 24 h (p,0.05),

48 h (p,0.001) and 72 h (p,0.001) (Figure 1E).

Anti-TGFb1 neutralizing antibody negates TGFb1
inhibition of gene expression

hESC (n = 6 endometrial samples) were decidualized in vitro for

6 days then cultured in DM in with TGFb1 (10 ng/ml) or an anti-

TGFb1 antibody (1 mg/ml) for a period of 72 h. As detailed above

incubation with TGFb1 significantly reduced the amount of PRL

(p,0.05, Figure 2A) and IGFBP-1 (p,0.001, Figure 3B) mRNAs.

We have previously demonstrated that decidualization of hESC is

associated with biosynthesis of TGFb1 [19]; in the current

experiments addition of anti-TGFb1 antibodies maintained

Figure 1. TGFb1 inhibited expression of decidualization markers when ESC were decidualized in the presence or absence of TGFb1
for up to 72 h. A: TGFb1 reduced expression of mRNA IGFBP-1 in a time dependent manner, 48 h, p,0.01, 72 h, p,0.001. 1.0 = absolute value of
DCT = 12. B: TGFb1 inhibited release of IGFBP-1 protein release after only 2 h of treatment (p,0.001) and this continued to decline in a time-
dependent manner (all time points p,0.001). C: TGFb1 inhibited expression of PRL mRNA in a time dependent manner, 48 h (p,0.01), 72 h
(p,0.001). 1.0 = absolute value of DCT = 11. D: TGFb1 inhibited PRL protein release after only 2 h of treatment (p,0.05) and this was sustained for
up to 72 h (12 h, p,0.01, 24 h, p,0.05, 48 h and 72 h, p,0.01). E: TGFb1 inhibited expression of TF mRNA in a time dependent manner; 24 h
(p,0.05), 48 h (p,0.001), 72 h (p,0.001). 1.0 = absolute value of DCT = 14. Data are mean 6 S.E.M; * p,0.05, ** p,0.01, *** p,0.001 vs. control.
n = 8 endometrial samples (in triplicate).
doi:10.1371/journal.pone.0012970.g001
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expression of PRL mRNA (Figure 2A) and significantly potenti-

ated expression of IGFBP-1 mRNA in comparison with ESCs

treated with DM alone (p,0.001, Figure 2B).

TGFb1 suppresses the expression and release of PRL,
IGFPB-1 and TF by cells obtained from first trimester
decidua

In order to determine whether incubation with TGFb1 had a

similar impact on primary DSC to hESC incubated in vitro, cells

were obtained from decidua recovered from pregnancies of

,10 wks gestation. Incubation with TGFb1 for up to 72 h

(n = 7) resulted in a significant reduction in the amount of IGFBP-

1 mRNA (Figure 3A, p,0.05), PRL mRNA (p,0.001, Figure 3C)

and TF mRNA (p,0.05, Figure 3E) at 72 h as compared to

unstimulated, time-matched controls (Figure 3). Notably in

contrast to the results obtained with decidualized hESC incubation

of DSC with TGFb1 had no significant impact on the release of

IGFBP-1 or PRL protein (Figure 3, B and D).

TGFb1 attenuates the expression and release of PRL in a
SMAD 4-dependent manner

So as to determine whether the impact of TGFb1 on expression

and release of IGFBP-1 and PRL was mediated by the SMAD

signalling pathway, cells were transfected with SMAD 4-specific

siRNAs, a siRNA directed against MAPK (a pre-validated control

siRNA) or RNA of an unrelated sequence. Western blotting was

used to confirm .90% reduced expression of SMAD 4 (and

MAPK) in cells transfected with the sequence specific siRNAs

(data not shown). Targeted knockdown of SMAD 4 in decid-

ualized ESCs using two independent siRNAs (n = 5) had no

significant impact on the TGFb1-dependent decrease in concen-

trations of IGFBP-1 mRNA (Figure 4A) and release of IGFBP-1

protein remained significantly depressed in all cells treated with

TGFb1 regardless of the addition of any of the siRNAs (Figure 4B).

In contrast, targeted knockdown of SMAD 4 prevented the

TGFb1-dependent decrease in expression of PRL mRNA

(Figure 4C) and the amount of PRL released (Figure 4D) remained

at control levels; the amount of PRL released by cells transfected

with an siRNA directed against MAPK was similar to that released

by cells incubated with TGFb1 alone.

Discussion

In the present study we have demonstrated that TGFb1 reduces

the expression and secretion of PRL, IGFBP-1, and TF by human

ESCs decidualized in vitro, as well as primary DSCs obtained from

1st trimester decidua. Notably the latter appeared more refractory

to the treatment. Targeted knockdown of SMAD 4, the protein

which translocates phosphorylated SMAD members to the nucleus

mediating the transcriptional downstream biological actions of

TGFb1, [18] revealed that the impact of TGFb1 on expression

and release of IGFBP1was SMAD independent. In contrast

inhibition of PRL protein release was SMAD-dependent demon-

strating that TGFb1 can act via more than one signalling pathway

in this cell type.

Previous studies have reported that TGFb1 can alter expression

of decidual proteins although impacts on endometrial decidualiza-

tion have been inconsistent. To our knowledge the current study

reports the first data directly comparing the response to TGFb1 in

cells decidualized in vitro with primary cells recovered from decidua

i.e. those exposed to the presence of a blastocyst. Primary ESCs,

obtained from non-pregnant endometrium and decidualized

in vitro, are considered a model for cells that decidualize during

the non-pregnant menstrual cycle. In primary ESCs we demon-

strated incubation of cells with TGFb1 reduced both the

concentrations of IGFBP-1 and PRL mRNAs as well as the

amounts of these proteins secreted into the culture media. The

findings in the current study are in agreement with a number of

studies reporting a marked inhibitory effect of TGFb1 on basal

and stimulated PRL secretion, mRNA levels and de novo PRL

synthesis in rat anterior pituitary cells [25], decidual cells from 1st

trimester [26] and term pregnancy [27]. However in contrast to

the current findings, it has been reported that TGFb1 can potentiate

the decidualization process in ESCs with increased production of

PRL independent of the presence of progesterone [21,22]. With a

further study reporting a TGFb1-dependent increase in expression

of PRL in ESCs [28] although these cells were not exposed to a

decidualization stimulus. One limitation to our study is that all the

Figure 2. Anti-TGFb1 antibody neutralizes endogenous TGFb1 and potentiates the decidualization process. Cultured ESCs were
decidualized in vitro in the prescence and absence of TGFb1. To confirm the specificity of the TGFb1 response anti-TGFb1 antibody (1 mg/ml) or
mouse IgG control were added, for 72 h. A: TGFb1 inhibited expression of decidual PRL (p,0.05), addition of anti-TGFb1 blocked this reduction. 1.0 =
absolute value of DCT = 11.5. B: TGFb1 reduced expression of IGFBP-1 mRNA (p,0.001), whilst anti-TGFb1 antibody increased expression IGFBP-1
(p,0.001) above that of controls. 1.0 = absolute value of DCT = 12.3. Data are mean 6 S.E.M; * p,0.05, *** p,0.001. n = 6 endometrial samples (in
triplicate).
doi:10.1371/journal.pone.0012970.g002
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decidual markers we examined are also regulated by progesterone.

As we have cultured all our cells in the presence of MPA

(decidualization stimulus) we are unable to reject the possibility

that augmentation of the decidual markers is occurring as an

indirect consequence of TGFb1 mediated suppression of PR

expression [19]. Interestingly, we detected a very rapid reduction

in protein release for both IGFBP-1 and PRL in ESCs that

preceded any reduction in total concentrations of the mRNAs.

This would suggest that TGFb1 might also be repressing

translation/export of proteins or could be modulating expression

of tissue-specific microRNAs (miRNAs), short nucleotide sequenc-

es involved in post-transcriptional gene regulation that have been

implicated in endometrial function [29,30]. However, no direct

association between TGFb1 and recently identified menstruation-

specific miRNAs has been identified [31] and these suggestions

therefore remain speculative. The impact of TGFb1 on functional

activity and differentiation of ESC during the normal cycle may

also extend beyond the impact on decidualization as studies using

primary ESC reporting that TGFb1 down-regulates PR expres-

sion [19] and inhibits cell proliferation and migration [32].

Together with evidence detailing that in vivo TGFb1 expression is

increased at menstruation [33], and TGFb1 can induce contrac-

Figure 3. TGFb1 suppresses expression and release of markers of decidualization by cells from 1st trimester decidua. A: TGFb1
reduced expression of IGFBP-1 mRNA after 72 h treatment. (p,0.05) 1.0 = absolute value of DCT = 12.2. B: TGFb1 was without significant effect on
protein release of IGFBP-1. C: TGFb1 reduced expression of PRL mRNA after 72 h treatment (p,0.001). 1.0 = absolute value of DCT = 11.5. D: TGFb1
was without significant effect on PRL protein release, although did display a trend toward inhibition. E: TGFb1 reduced expression of TF mRNA after
72 h treatment (p,0.05). 1.0 = absolute value of DCT = 13.75. Data are mean 6 S.E.M; * p,0.05, *** p,0.001 vs. no TGFb1 treatment. n = 7 decidual
samples (in triplicate).
doi:10.1371/journal.pone.0012970.g003
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tion of decidualized stromal cells [34] it has been proposed that

TGFb1 may play a role in the onset of menstruation in normal

cycling endometrium. Furthermore, aberrant expression of

TGFb1 may contribute to menstrual disorders, such as heavy

menstrual bleeding and painful menstruation, by modifying local

haemostatic mechanisms (reviewed in [35]).

To determine if decidualized stromal cells would respond to

TGFb1 in the same manner as primary ESCs that were

decidualized in vitro, we isolated stromal cells from first trimester

decidua. Although, the present studies have demonstrated that

TGFb1 markedly inhibits the expression of PRL, IGFBP-1, and

TF mRNAs in DSCs this inhibition was delayed by at least 24 h

when compared to the response observed in ESC. Furthermore,

this inhibitory effect at the level of mRNA was not reflected by a

reduction in mature protein secretion of PRL and IGFBP-1 by

DSC, implying that decidualization in vivo, confers some resistance

to the actions of TGFb1. The findings in the current study are in

agreement with studies reporting that TGFb1 inhibited both

IGFBP-1 and PRL production in a time-dependent manner in

decidual cells from 1st trimester [26,36] and term pregnancy [27].

However, the effect of TGFb1 on PR expression in DSCs remains

unknown making it difficult to interpret the results in terms of

direct effects of TGFb1 on DSCs as opposed to an indirect effect

via suppression of PR [19]. It may be that the presence of a

blastocyst and increasing concentrations of hCG in the first

trimester of pregnancy evokes an increase in cellular protection

against potentially harmful cytokines and growth factors. Alterna-

tively, the role of TGFb1 in pregnant endometrium could differ

Figure 4. TGFb1 attenuates expression and release of prolactin in a SMAD-dependent manner. Incubation with TGFb1 (10 ng/ml; 72 h)
significantly reduced expression of mRNAs encoding IGFBP-1 and PRL (p,0.001 IGFBP1; graph A 1.0 = absolute value of DCT = 12.2, p,0.05 PRL;
graph C 1.0 = absolute value of DCT = 11) and the amount of each of these proteins recovered from culture media (p,0.001 IGFBP1, graph B, p,0.01
PRL, graph D) after incubation of decidualized ESCs for 72 h. Depletion of SMAD 4 using two independent target-specific siRNAs had no significant
impact on the TGFb1-dependent reduction in IGFBP-1 mRNA or protein (graphs A 1.0 = absolute value of DCT = 12.2, B) but reversed the reduction in
PRL mRNA (p,0.001, graph C 1.0 = absolute value of DCT = 11.25) and protein (p,0.01, graph D) induced by treatment. No response was observed
with cells depleted of MAPK siRNA. Data are mean 6 S.E.M; * p,0.05, ** p,0.01, *** p,0.001 vs. TGFb1 alone. n = 5 endometrial samples (in
triplicate).
doi:10.1371/journal.pone.0012970.g004
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from that in non-pregnant, pre-menstrual endometrium. This view

is supported by data reporting high expression of TGFb1 in first

trimester decidua without any detrimental effect on pregnancy

[37,38,39]. Aberrant increases in active TGFb1 during early

pregnancy may be detrimental as a consequence of inadequate

decidualization of the endometrium.

To determine if TGFb1 was conferring its actions via its

canonical signalling cascade we interrogated the common

mediator of all SMAD signal transduction, SMAD 4 [40]. We

have demonstrated via knockdown of SMAD 4 that TGFb1-

induced suppression of IGFBP-1 is not SMAD-dependent and

these data suggest that TGFb1 is mediating its effects via an

alternative pathway or an indirect mechanism, as has been

suggested previously [41]. This may include the involvement of

Wnt signalling pathways as previous reports have shown that

progesterone-dependent changes in expression of the Wnt

antagonist DKK parallel changes in secretion of IGFBP-1 protein

[42]. This report was complemented by our own study

demonstrating that TGFb1 inhibits expression of DKK-1 mRNA

in a SMAD-independent manner [19]. In contrast TGFb1-specific

down regulation of expression of PRL was SMAD-dependent and

the impact of TGFb1 was reversed in cells transfected with

SMAD-4 specific si-RNAs. This finding would be consistent with

previous reports demonstrating that activin-dependent inhibition

of expression of PRL in the pituitary is mediated by the SMAD

signalling pathway [43]. Other studies reporting conflicting results

to our own have also demonstrated a role for SMAD signalling in

propagating TGFb1 actions [22,28], with the authors claiming

that both ERK and SMAD dependent signalling may play a role

in the TGFb1-dependent increase in expression of PRL in ESC

[28]. However, in contrast, the impact of TGFb1 in our

decidualized cells appeared to be independent of expression of

MAPK. It is likely that TGFb1 may be evoking responses in genes

that are not normally associated with decidualization e.g induction

of smooth muscle actin a (Kane et al, unpublished observations);

however genome-wide transcriptional profiling is beyond the

scope of this research.

In summary, the findings presented in the current study have

demonstrated that TGFb1 is capable of suppressing expression

and secretion of decidualization marker proteins via both SMAD-

dependent and independent mechanisms. Our findings support

the hypothesis that local TGFb1 signalling may coordinate de-

differentiation of endometrial stromal compartment and tissue

remodelling associated with menstruation, but raise the possibility

that this factor may play a different role in the pregnant

endometrium.
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There is general inconsistency in the nomenclature used to describe abnormal uterine bleeding (AUB), in
addition to a plethora of potential causes—several of which may coexist in a given individual. It seems clear
that the development of consistent and universally accepted nomenclature is a step toward rectifying this
unsatisfactory circumstance. Another requirement is the development of a classification system, on several
levels, for the causes of AUB, which can be used by clinicians, investigators, and even patients to facilitate
communication, clinical care, and research. This manuscript describes an ongoing process designed to achieve
these goals, and presents for consideration the PALM-COEIN (polyp; adenomyosis; leiomyoma; malignancy
and hyperplasia; coagulopathy; ovulatory dysfunction; endometrial; iatrogenic; and not yet classified)
classification system for AUB, which has been approved by the International Federation of Gynecology and
Obstetrics (FIGO) Executive Board as a FIGO classification system.

© 2011 Published by Elsevier Ireland Ltd. on behalf of International Federation of Gynecology and Obstetrics.
1. Introduction

The investigation and management of abnormal uterine bleeding
(AUB)amongnongravidwomenof reproductive agehas beenhampered
both by confusing and inconsistently applied nomenclature and by the
lack of standardizedmethods for investigation and categorization of the
various potential etiologies [1,2]. These deficiencies hamper theability of
investigators to study homogenous populations of patients experiencing
AUB, and make it difficult to compare studies performed by different
investigators or research groups. The investigative leverage provided by
meta-analysis is undermined and, in some instances, made counterpro-
ductive because inaccurate conclusions may result. Consequently, a
universally accepted system of nomenclature and classification seems a
necessary step in the evolution of collaborative research and evidence-
based application of results to clinical practice. The development of such
a system is made somewhat more complex by the fact that a variety of
potential causes may coexist in a given individual and because many
definable entities that often contribute to, or cause, AUB are frequently
asymptomatic. As a result, to be clinically reliable, the design of any AUB
classification system must take this into consideration.
nd Gynecology, Kaiser Perma-
rd, Station 3-B, Los Angeles, CA
241.

sevier Ireland Ltd. on behalf of Inter
Experience with universal nomenclature and classification sys-
tems in the gynecologic specialty is mixed. For more than 85 years,
cancer of the genital tract has been classified and staged according
to what are now the International Federation of Gynecology and
Obstetrics (FIGO) oncology staging systems. The systems are practical,
universally accepted, and aid clinicians and investigators in the
guidance of research, treatment, and prognostication [3]. Where
necessary, they are modified by a standing committee that follows
evidence-based principles and meets regularly. By contrast, the
American Society for Reproductive Medicine (ASRM) staging system
for endometriosis has been less successful [4]. This system, which uses
laparoscopy-based visual assessment of disease extent, is hampered
by complexity, the need for surgical assessment, and the lack of any
consistent relationship among visual staging of disease and symp-
toms, appropriate treatment, and clinical outcome. Another system
that has met with mixed review is the pelvic organ prolapse
quantification system of pelvic floor defects, which seems to have
clinical relevance but also a level of complexity that makes it difficult
for most clinicians to use in practice [5]. As a result of these
deliberations, it would seem important to develop a nomenclature
and classification system that fits research/educational requirements
and clinical needs, but is also practicable.

The present report, which includes contributions from an inter-
national group of clinician–investigators from 6 continents and over
17 countries, proposes a new system for the classification of AUB. A
national Federation of Gynecology and Obstetrics.

http://dx.doi.org/10.1016/j.ijgo.2010.11.011
mailto:mmunro@ucla.edu
http://dx.doi.org/10.1016/j.ijgo.2010.11.011
http://www.sciencedirect.com/science/journal/00207292
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system for symptom nomenclature has been described in previous
publications reporting the deliberations of this group [6,7].

2. Methods

This multistage development process was part of the methodology
described formenstrual symptomnomenclature using amodification of
the RAND/UCLA Delphi process, which is a nominal group process
designed to elicit opinion about a clearly defined topic [8,9]. A group
of panelists is presented with a series of items, which they rate
anonymously and independently using a numerical scale. The aggregate
ratings are then shared with the entire group and re-rated at an in-
person meeting. After discussion, the panelists re-rate each item. The
process has been used extensively to develop clinical guidelines, and
guidelines developed in this way have been found to be both reliable
and associated with improvements in clinical outcome [10].

The goal of our panel was to develop an agreed pragmatic classi-
fication system with a standardized nomenclature to be used world-
wide by researchers and clinicians investigating and treating women
of reproductive age with AUB. The panelists were selected to rep-
resent the international community of gynecologists, reproductive
endocrinologists, and other clinicians and researchers—with a partic-
ular emphasis on including participants from low-income as well
as high-income countries. Gynecologists in full-time clinical practice,
together with those with both a primary clinical and a research orien-
tation, were involved.

We began by developing a conceptual model of the elements
necessary to diagnose AUB and then created a survey to elicit
panelists’ beliefs about classification. The survey also asked panelists
to rate a variety of assessment tools and techniques for evaluating the
cause of AUB. The panel was asked to complete the survey before the
first face-to-face meeting. Results were tabulated as the proportion of
respondents giving a particular answer and as to whether there was
“agreement” among respondents. Most items were rated on a 4-point
scale, and agreementwas defined as at least 80% of respondents rating
the item either 1 and 2, or 3 and 4. For example, if the rating scale was
1 = strongly disagree, 2 = disagree, 3 = agree, and 4 = strongly
agree, at least 80% of respondents had to give either a “disagree”
answer (1 or 2) or an “agree” answer (3 or 4) for there to be
agreement on that item. Results were reported as the mean of the
responses (e.g. 3.2).

The panelists met in person in Washington, USA, for 2.5 days from
February 26 to 28, 2005, to discuss the survey results andwork toward
an internationally based agreement on the classification of diagnoses
related to AUB. The aggregate survey responses were reviewed in a
plenary session of all meeting participants, and again in small groups
dedicated to particular aspects of classification and terminology.

After extensive discussion, the small groups identified areas of
agreement and disagreement, which were used to create new survey
questions. These modified surveys were then administered—using
electronic voting—to all participants during a plenary session. In this
second round of ratings, 2 levels of agreement were identified.
Panelists were considered to have agreed on an item if ratings met the
original criteria (≥80% of answers were either 1 and 2, or 3 and 4).
Panelists were considered to have unanimously agreed if all rated an
item either 1 and 2, or 3 and 4 (e.g. 100% of respondents selected
either 4 [strongly agree] or 3 [agree]). Following the in-person
meeting, the Scientific Committee of the group merged and refined
the components into a unified system, then distributed the draft to the
members of the entire group for comment and approval. Contentious
issues were further addressed via another short Delphi-type ques-
tionnaire. A draft system was developed and revised, distributed for
comments, then discussed at a face-to-face meeting held in
association with the 2009 FIGO World Congress in Cape Town,
South Africa. Following minor modifications, the system was
presented to a group of over 700 FIGO attendees, 250 of whom had
anonymous keypad response systems with which to provide
feedback. A preliminary version of the system was included in the
book Abnormal Uterine Bleeding [11].

Throughout the process, the concept was the creation of a “living”
document, together with a system of periodic analysis and appropri-
ate modification/revision.
3. Results

3.1. Results of the rating process

The results of the nomenclature development process have been
published elsewhere [6,7]. The group agreed that AUB was not
restricted to just menstrual bleeding that was abnormally heavy, but
also included bleeding that was abnormal in timing (27/28 [96.4%
agreement])—a feature that was felt to be necessary for inclusion in
the classification system.

There was near unanimity among participants in agreeing that the
term “dysfunctional uterine bleeding (DUB)” should be discarded (29/
31 [93.5%]). There was general agreement that abnormalities of
bleeding associated with pathology of the lower reproductive tract
that could be defined as "abnormal reproductive tract bleeding" but
which were not within the domain of AUB would not be included in
the classification system (26/30 [86.7%]).

In Cape Town, 215/237 (90.7%) respondents agreed that “AUB”was
a suitable overarching term for the symptom of disturbed menstrual
bleeding, and 96/141 (68.1%) and 171/223 (76.7%), respectively, sup-
ported proposals that the terms “menorrhagia” and “DUB” be dis-
carded. Finally, 198/237 (83.5%) agreed that the term “heavymenstrual
bleeding (HMB)” should replace the term “menorrhagia” for the symp-
tom of excess menstrual bleeding.

Members of the group determined that the following general sources
of bleeding shouldbe considered in the classification system: (1)primary
disorders of the endometrium that most often manifest as disturbances
of local endometrial hemostasis, but which may also include other
entities such as altered vasculogenesis or abnormalities in the local
inflammatory response; (2) endometrial polyps; (3) leiomyomas
(fibroids); (4) adenomyosis; (5) disorders of ovulatory function;
(6) systemic disorders of hemostasis that could be called coagulopathies;
(7)malignant andpremalignant conditions; (8) iatrogenic causes suchas
gonadal steroid administration; and (9) other local lesions or systemic
conditions that may be rare causes of AUB (e.g. arteriovenous
malformations and myometrial hypertrophy) or those which may
sometimes cause abnormal bleeding (e.g. endometriosis). Detailed
stratification of malignant and premalignant diseases and disorders—
including endometrial hyperplasia and carcinoma, in addition to
sarcomas of the endometrium andmyometrium—were felt to be outside
the scope of the system, in part because there are existent classification
systems for these entities [12,13]. Consequently, they would be
referenced in the relevant category, but detail would be left to the
appropriate disease-specific classification, grading, or staging system.

The Cape Town audience was polled [14], with 96/141 (68.1%)
supporting the proposal that “coagulopathy,” “endometrial dysfunc-
tion,” and “ovulatory disorders” replace the collection of disorders
previously encompassed by the discarded term “DUB” [15].

In Washington, USA, there was general agreement to include the
following investigations for determining the presence or cause of AUB
(mean scores [1–4]): duration of flow (3.32); measurement of
hemoglobin and/or hematocrit (3.26); evaluation of the uterus for
myomas by ultrasound (3.28); assessment of the endometrial cavity
by any method (3.44); and assessment for coagulopathies (3.14). A
separate agreement process, co-chaired by members of the current
agreement process, convened in 2004 and determined that systemic
disorders of hemostasis (coagulopathies) should be screened for using
a structured history [16].
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Because it was felt to be important to ensure that the system
would be both applicable and practicable in the spectrum of
healthcare environments worldwide, the group was polled as a way
to estimate the ease or difficulty in undertaking a number of
evaluations. More than 80% determined that the following were
“not at all” or only “somewhat” difficult to assess (provided that
one had access to basics of modern diagnostic technologies): predict-
ability, duration, and volume of flow; presence of moderate or se-
vere adenomyosis, determined via transvaginal ultrasound (TVUS);
presence of leiomyomas, determined by hysteroscopy or ultrasound
(including saline infusion sonography [SIS]); systemic disorders of
hemostasis, identified by any of a number of means; ovulation; and
hemoglobin and/or hematocrit measurement.

3.2. Acute, chronic, and intermenstrual AUB

It is recognized that the available literature has not formally
distinguished between acute and chronic AUB in non-pregnant
women. The group attending the Cape Town meeting in 2009
recommended that chronic AUB be defined as bleeding from the uterine
corpus that is abnormal in volume, regularity, and/or timing, and has
been present for the majority of the past 6 months. Chronic AUB would
not, in the opinion of the clinician, require immediate intervention.

By contrast, acute AUBwas defined as an episode of heavy bleeding
that, in the opinion of the clinician, is of sufficient quantity to require
immediate intervention to prevent further blood loss [17,18]. Acute
AUB may present in the context of existing chronic AUB or might
occur without such a history. Although women of reproductive age
with acute AUB require immediate intervention, their follow-up may
be largely dependent upon whether they require investigation and
ongoing care for an underlying chronic condition.

Intermenstrual bleeding (IMB) occurs between clearly defined cyclic
and predictable menses. Such bleeding may occur at random times or
maymanifest in a predictable fashion at the sameday in each cycle. This
designation is designed to replace the word “metrorrhagia,”which was
one of the terms that the group recommended should be abandoned.

4. Proposed classification system

The basic/core classification system is presented in Fig. 1. The
categories were developed based on the group recommendations
Fig. 1. Basic classification system. The basic system comprises 4 categories that are defined
malignancy and hyperplasia), 4 that are unrelated to structural anomalies (COEI: coagulopat
not yet classified (N). The leiomyoma category (L) is subdivided into patients with at least 1
cavity (LO).
described earlier; each was designed to facilitate the development of
subclassification systems, as necessary. It was envisioned that the
most straightforward parts of the system would be used at a primary
care level and that the subclassifications would be most relevant at
specialist and research levels. The system has been approved by the
FIGO Executive Board as a FIGO classification system.

There are 9 main categories, which are arranged according to the
acronymPALM-COEIN(pronounced “pahm-koin”):polyp;adenomyosis;
leiomyoma; malignancy and hyperplasia; coagulopathy; ovulatory
dysfunction; endometrial; iatrogenic; and not yet classified. In general,
the components of the PALM group are discrete (structural) entities that
can be measured visually with imaging techniques and/or histopathol-
ogy,whereas theCOEINgroup is related to entities that arenot definedby
imaging or histopathology (non-structural).

The term “DUB,” which was previously used as a diagnosis when
there was no systemic or locally definable structural cause for AUB, is
not included in the system and should be abandoned, per the
agreement process [6,7]. Women who fit this description generally
have 1 or a combination of coagulopathy, disorder of ovulation, or
primary endometrial disorder—the last of which is most often a
primary or secondary disturbance in local endometrial hemostasis.

Abnormal uterine bleeding associated with the use of exogenous
gonadal steroids, intrauterine systems or devices, or other systemic or
local agents is classified as “iatrogenic.” A category of “not yet classified”
was created to accommodate entities that are rarely encountered or are
ill-defined. For the “malignancy and hyperplasia” group, it is proposed
that malignant or premalignant lesions (e.g. atypical endometrial
hyperplasia, endometrial carcinoma, and leiomyosarcoma) be catego-
rized as such within the major category, but further dealt with using
existent WHO and FIGO classification and staging systems [12,13].

The systemwas constructed recognizing that any patient could have
1 or several entities that could cause or contribute to AUB and that
definable entities such as adenomyosis, leiomyomas, and endocervical/
endometrial polypsmay frequently be asymptomatic and, therefore, not
contribute to the presenting symptoms.

4.1. Polyp (AUB-P)

There seems to be little controversy regarding the inclusion of endo-
metrial and endocervical polyps. These epithelial proliferations comprise
a variable vascular, glandular, and fibromuscular and connective tissue
by visually objective structural criteria (PALM: polyp; adenomyosis; leiomyoma; and
hy; ovulatory dysfunction; endometrial; iatrogenic), and 1 reserved for entities that are
submucosal myoma (LSM) and those with myomas that do not impact the endometrial
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component and are often asymptomatic, but it is generally accepted
that at least some contribute to the genesis of AUB [19]. The lesions
are usually benign but a small minority may have atypical or
malignant features [20,21].

For the basic classification system, polyps are categorized as being
either present or absent, as defined by 1 or a combination of ultra-
sound and hysteroscopic imaging with or without histopathology.
Although there is no distinction regarding the size or number of polyps,
it is probably important to exclude polypoid-appearing endometrium
from this category because such an appearance may well be a variant
of normal.

The P category enables the development of a subclassification
for clinical or investigative use that may include a combination of
variables, including polyp dimension, location, number, morphology,
and histology. Until that time, individual clinicians or investiga-
tors could include such information, if appropriate, in their own data
collection systems.

4.2. Adenomyosis (AUB-A)

The relationship between adenomyosis and the genesis of AUB is
unclear, lending strength to the notion that extensive additional
research is required [22]. Estimates of the prevalence of adenomyosis
vary widely, ranging from 5% to 70% [23]—an observation that, at
least in part, is probably related to inconsistencies in the histopath-
ologic criteria for diagnosis. Generally, these criteria have been based
on histopathologic evaluation of the depth of “endometrial” tissue
beneath the endometrial–myometrial interface, as determined via
hysterectomy. The histopathologic criteria vary substantially [23] and
the requirement to diagnose adenomyosis solely from specimens
obtained at hysterectomy is an approach that has limited value in a
clinical classification system. Consequently, and because there exist
both sonographic [24] and magnetic resonance imaging (MRI)-based
[25,26] diagnostic criteria, adenomyosis has been included in the
classification system.

Recognizing women's limited access to MRI worldwide, it is
proposed that sonographic criteria for adenomyosis comprise the
minimum requirements for assigning an individual the diagnosis of
adenomyosis in the PALM-COEIN classification system [27]. The
sonographic appearance of adenomyosis is partly related to the
absolute presence of heterotopic endometrial tissue in the myome-
trium and partly due to the related myometrial hypertrophy. Issues
that must be addressed in such an imaging-based system include the
minimum sonographic criteria for diagnosis, the distinctions between
diffuse and focal (or multifocal) disease, and whether a metric
indicating volume or extent of the disease should or can be included at
this time.

As is the case with polyps and leiomyomas, adenomyosis is a
disorder that should have its own subclassification system [28], and it
is clear that there should be an initiative to standardize methods of
both imaging and histopathologic diagnosis.

4.3. Leiomyoma (AUB-L)

Benign fibromuscular tumors of the myometrium are known by
several names, including “leiomyoma,” “myoma,” and the frequently
used “fibroid.” “Leiomyoma” is generally accepted as the more
accurate term and was selected for use in the present system. The
prevalence of these lesions (up to 70% in Caucasians and up to 80% in
women of African ancestry [29]), their spectrum of size and location
(subendometrial, intramural, subserosal, and combinations of these),
and the variable number of lesions in a given uterus require that they
be afforded a separate categorization in the system. Like polyps and
adenomyosis, many leiomyomas are asymptomatic, and frequently
their presence is not the cause of AUB. Furthermore, leiomyomas have
widely varying rates of growth, even in a single individual [30].
Consequently, several issues were considered when constructing
the classification system, including: the relationship of the leiomyoma
to the endometrium and the serosa; the uterine location of the
leiomyoma (upper segment, lower segment; cervix, anterior, poste-
rior, lateral); the size of the lesions; the number of lesions; and
existing leiomyoma classification systems [31].

In addition to the primary classification system, both secondary
and tertiary classification systems for leiomyomas are submitted;
these latter systems have potential clinical applications but should
also be useful for clinical investigation (Fig. 2).

The primary classification system reflects only the presence or
absence of 1 or more leiomyomas, regardless of the location, number,
and size. It is proposed that the criteria for determining the presence
of leiomyomas would require only sonographic examination con-
firming that 1 or more such lesions are present.

In the secondary system, the clinician is required to distinguish
leiomyomas involving the endometrial cavity (submucosal [SM]) from
others (O) because it is generally considered that submucosal lesions
are the most likely to contribute to the genesis of AUB.

The root of the tertiary classification system is a design for sub-
endometrial or submucosal leiomyomas that was originally submitted
by Wamsteker et al. [31] and subsequently adopted by the European
Society for Human Reproduction and Embryology (ESHRE). This
system has been in use worldwide for more than 15 years and was
considered important when designing the present system. As a result,
the PALM-COEIN system includes the categorization of intramural
and subserosal leiomyomas, in addition to a category that includes
types such as the parasitic lesions that become detached from the
uterus after establishing blood supply from another source. When a
leiomyoma abuts or distorts both the endometrium and the serosa, it
is categorized initially via the submucosal classification, then by the
subserosal location—with the 2 values separated by a hyphen. It is
thought that this tertiary classification would be most useful for
clinical investigators but it is possible that clinicians, particularly
those who perform resectoscopic myomectomy, would find immedi-
ate clinical use.

Considered but not yet included are the size of the uterus (weeks
of gestation) and/or the single longest measurement, the location
(e.g. fundus, lower segment, or cervix), and the estimated number of
leiomyomas. Clinicians and investigators would be free to include such
data in their recording systems and forms. For example, an investigator
could choose to categorize by a single leiomyoma or they could provide
detailed classification, including documentation of size by mean
diameter or volume, for each leiomyoma identified in the uterus.

4.4. Malignancy and hyperplasia (AUB-M)

Although relatively uncommon, atypical hyperplasia and malig-
nancy are important potential causes of, or findings associated with,
AUB and must be considered in nearly all women of reproductive age.
The present classification system is not designed to replace those of
WHO and FIGO for categorizing endometrial hyperplasia and
neoplasia [12,13]. Consequently, when a premalignant hyperplastic
or malignant process is identified during investigation of women of
reproductive age with AUB, it would be classified as AUB-M and then
subclassified using the appropriate WHO or FIGO system.

4.5. Coagulopathy (AUB-C)

The term “coagulopathy” encompasses the spectrum of systemic
disorders of hemostasis that may be associated with AUB. High-
quality evidence demonstrates that approximately 13% of women
with HMB have biochemically detectable systemic disorders of
hemostasis, most often von Willebrand disease [32]. However, it is
not clear how often these abnormalities cause or contribute to the
genesis of AUB and how often they are asymptomatic or minimally



Fig. 2. Classification system including leiomyoma subclassification system. The system that includes the tertiary classification of leiomyomas categorizes the submucosal (SM) group
according to theWamsteker et al. system [31] and adds categorizations for intramural, subserosal, and transmural lesions. Intracavitary lesions are attached to the endometrium by a
narrow stalk and are classified as type 0, whereas types 1 and 2 require a portion of the lesion to be intramural—with type 1 being less than 50% and type 2 at least 50%. The type 3
lesions are totally extracavitary but abut the endometrium. Type 4 lesions are intramural leiomyomas that are entirely within themyometrium, with no extension to the endometrial
surface or to the serosa. Subserosal (types 5–7) leiomyomas represent the mirror image of the submucosal leiomyomas—with type 5 being at least 50% intramural, type 6 being less
than 50% intramural, and Type 7 being attached to the serosa by a stalk. Classification of lesions that are transmural would be categorized by their relationship to both the
endometrial and the serosal surfaces. The endometrial relationship would be noted first, with the serosal relationship second (e.g. 2-3). An additional category, Type 8, is reserved for
leiomyomas that do not relate to the myometrium at all, and would include cervical lesions, those that exist in the round or broad ligaments without direct attachment to the uterus,
and other so-called “parasitic” lesions.
Adapted, with permission, from Ref. [11].
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symptomatic biochemical abnormalities. Nevertheless, it seems
important to consider such disorders, partly because they probably
do contribute to some cases of AUB and partly because evidence
indicates that relatively few clinicians consider systemic disorders of
hemostasis in the differential diagnosis of women with HMB [33].

For some reproductive-aged women, chronic anticoagulation is a
necessary and life-preserving intervention, but one that may result in
the undesirable adverse effect of AUB, most often HMB. Although such
AUB could justifiably be considered iatrogenic and classified accord-
ingly, the group determined that it would be more appropriate to
classify affected women as having a coagulopathy (AUB/HMB-C).

4.6. Ovulatory dysfunction (AUB-O)

Ovulatory dysfunction can contribute to the genesis of AUB,
generally manifesting as a combination of unpredictable timing of
bleeding and variable amount of flow (AUB), which in some cases
results in HMB [34]. In many regions, particularly (but not limited to)
the USA, ovulatory disorders comprised the vast majority of cases
encompassed by the now-discarded term “DUB.” Disorders of
ovulation may present as a spectrum of menstrual abnormalities—
ranging from amenorrhea, through extremely light and infrequent
bleeding, to episodes of unpredictable and extreme HMB requiring
medical or surgical intervention. Some of these manifestations relate
to the absence of predictable cyclic progesterone production from the
corpus luteum every 22–35 days, but in later reproductive yearsmany
relate to unusual “disturbed” ovulations, which have been labeled as
“luteal out-of-phase” events [34,35].

Although most ovulatory disorders elude a defined etiology, many
can be traced to endocrinopathies (e.g. polycystic ovary syndrome,
hypothyroidism, hyperprolactinemia, mental stress, obesity, anorexia,
weight loss, or extreme exercise such as that associated with elite
athletic training). In some instances, the disorder may be iatrogenic,
caused by gonadal steroids or drugs that impact dopamine metabo-
lism, such as phenothiazines and tricyclic antidepressants. It is also
well recognized that otherwise-unexplained ovulatory disorders
frequently occur at the extremes of reproductive age: adolescence
and the menopause transition.

4.7. Endometrial (AUB-E)

When AUB occurs in the context of predictable and cyclic
menstrual bleeding, typical of ovulatory cycles, and particularly
when no other definable causes are identified, the mechanism is
probably a primary disorder of the endometrium. If the symptom is
HMB, there may exist a primary disorder of mechanisms regulating
local endometrial “hemostasis” itself. Indeed, high-quality evidence
has demonstrated deficiencies in local production of vasoconstrictors
such as endothelin-1 and prostaglandin F2α, and/or accelerated lysis
of endometrial clot because of excessive production of plasminogen
activator [36], in addition to increased local production of substances
that promote vasodilation, such as prostaglandin E2 and prostacyclin
(I2) [37,38]. Despite this evidence, some of which has been available
for more than 2 decades, tests measuring such abnormalities are not
currently available to clinicians.

There may be other primary endometrial disorders that do not
present as HMB per se, but instead may cause IMB or prolonged
bleeding, the latter of which may be a manifestation of deficiencies in
themolecularmechanismsof endometrial repair. Suchdisordersmaybe
secondary to: endometrial inflammation or infection; abnormalities in
the local inflammatory response; or aberrations in endometrial
vasculogenesis. However, the role of infection and other local
inflammatory disorders in the genesis of AUB is not well defined and
is sometimes confounded by the normal presence of inflammatory cells
in the endometrium. Retrospective evaluation of women with chronic
endometritis has failed to demonstrate a consistent relationship

image of Fig.�2


8 M.G. Munro et al. / International Journal of Gynecology and Obstetrics 113 (2011) 3–13
between histopathologic diagnosis and presence of AUB [39,40] but
there are data indicating a relationship between otherwise subclinical
infection with Chlamydia trachomatis and AUB [41].

As a result of these issues, and for the present version of the
classification system, the diagnosis of endometrial disorders should
probably be determined by exclusion of other identifiable abnormal-
ities in women of reproductive age who seem to have normal
ovulatory function.
4.8. Iatrogenic (AUB-I)

There are several mechanisms by which medical interventions or
devices can cause or contribute to AUB (AUB-I). These include
medicated or inert intrauterine systems and pharmacologic agents
that directly impact the endometrium, interfere with blood coagula-
tion mechanisms, or influence the systemic control of ovulation.

Unscheduled endometrial bleeding that occurs during the use
of gonadal steroid therapy is termed “breakthrough bleeding (BTB)”
and is the major component of the AUB-I classification. For the clini-
cian faced with patients experiencing unscheduled vaginal bleeding
while using gonadal steroid therapy, it is important to ensure that
the bleeding is coming from the endometrium (and not serious
pathology), then be properly equipped to counsel and, if necessary,
treat the patient appropriately.

Systemically administered single-agent or combination gonadal
steroids—including estrogens, progestins, and androgens—impact the
control of ovarian steroidogenesis via effects on the hypothalamus,
pituitary, and/or ovary itself, and also exert a direct effect on the
endometrium. These features of gonadal steroids are exploited in the
form of hormonal contraceptive agents such as oral, transdermal/
vaginal, and injectable progestin or estrogen–progestin compounds.
When estrogen–progestin agents are administered cyclically, scheduled
uterine bleeding generally occurs in conjunction with the periodic
withdrawal of the steroidal agents. However, when unscheduled
bleeding occurs in the context of cyclic administration, the woman
may be considered to have BTB and be categorized as AUB-I. Combined
estrogen–progestin preparations may be administered continuously
(in the case of progestin-only agents suchasdepomedroxyprogesterone
acetate, continuous administration is the norm)with the goal of achiev-
ing amenorrhea. In such instances, any bleeding may be considered to
be unscheduled and, therefore, classified as AUB-I.

It is likely that many episodes of unscheduled bleeding/BTB are
related to reduced circulating gonadal steroid levels secondary to
compliance issues such as missed, delayed, or erratic use of pills,
transdermal patches, or vaginal rings. With the resulting reduced
suppression of follicle-stimulating hormone production and subse-
quent development of follicles that produce endogenous estradiol,
additional and irregular stimulation of the endometriummay result in
BTB. In a pooled study of 7 trials, 35% of womenwith large follicles had
BTB [42]. Other potential causes of reduced levels of circulating
estrogens and progestins include the use of agents such as anticon-
vulsants and antibiotics (e.g. rifampin and griseofulvin) [43]. Cigarette
smoking can reduce levels of contraceptive steroids because of en-
hanced hepatic metabolism, which may explain the relatively high
incidence of BTB in smokers [44].

Many women experience unscheduled vaginal spotting/bleeding
in the first 3–6 months of use of the levonorgestrel-releasing
intrauterine system (LNG-IUS) [45,46]. In a UK study [46], 10% of
new users of the LNG-IUS ceased use by the end of the first year
because of bleeding complaints. This contributed to a reported total
5-year cumulative discontinuation rate for bleeding problems of
16.7% [46]. In a Brazilian study [47], 25% of women complained of
vaginal spotting in the first 6 months of LNG-IUS use, and removals
because of menstrual bleeding problems were concentrated in this
time period.
Systemic agents that interfere with dopamine metabolism have
the potential to cause AUB secondary to disorders of ovulation.
Tricyclic antidepressants (e.g. amitriptyline and nortriptyline) and
phenothiazines belong to a group of drugs that impact dopamine
metabolism by reducing serotonin uptake. It is thought that the
resulting reduced inhibition of prolactin release causes prolactin-
related disruption in the hypothalamic–pituitary–ovarian axis and
consequent disorders of ovulation, including anovulation. Conse-
quently, any agent that impacts serotonin uptake is a candidate for
causing ovulatory dysfunction and resulting amenorrhea or irregular
uterine bleeding.

Finally, HMB is a relatively common consequence of the use of
anticoagulant drugs such as warfarin, heparin, and low molecular
weight heparin. The mechanism seems to be straightforward because,
in such instances, there is impairment of the formation of an adequate
“plug” or clot within the vascular lumen. Women using such agents
essentially have a systemic disorder of hemostasis that is similar in
manifestation and management to inherited disorders of hemostasis.
Consequently, by convention, the group determined that this type of
iatrogenic AUB should be placed in the AUB-C category.
4.9. Not yet classified (AUB-N)

Several uterine entities might contribute to, or cause, AUB in a
given individual; however, this has not been demonstrated conclu-
sively because these entities—such as chronic endometritis, arterio-
venous malformations, and myometrial hypertrophy—have been
poorly defined, inadequately examined, or both. In addition, there
may be other disorders, not yet identified, that would be defined only
by biochemical ormolecular biology assays. Collectively, these entities
(or future entities) have been placed in a category termed “not yet
classified.” As further evidence becomes available, they may be
allocated a separate category or be placed into an existing category in
the system.
5. Notation

Following appropriate investigation, discussed below, an individ-
ual may be found to have 1 ormore potential causes of, or contributors
to, their AUB symptoms. Consequently, the system has been designed
to enable categorization and notation in a fashion that allows for this
circumstance. It is recognized that this increased level of complexity
will be of most value to specialists and researchers.

The formal approach follows the example of theWHO TNM staging
of malignant tumors, with each component addressed for all patients
(Fig. 3). For example, if it were determined that an individual had a
disorder of ovulation, a type 2 leiomyoma, and no other abnormalities,
they would be categorized as follows in the context of a complete
evaluation: AUB P0 A0 L1(SM) M0 - C0 O1 E0 I0 N0. Recognizing that, in
clinical practice, the full notation might be considered to be
cumbersome, an abbreviation option has been developed. The patient
previously described would be categorized AUB-LSM; O.
6. Guidelines for investigation

Women with AUB may have 0, 1, or multiple identifiable factors
that may contribute to the genesis of the abnormal bleeding. There
may also be pathology (e.g. subserosal leiomyoma) that is present but
thought not to be a contributor to AUB. Consequently, the investiga-
tion of women with AUB must be undertaken in as diligent and
comprehensive a fashion as is practicable given the clinical situation
and the available resources. This suggested approach is demonstrated
in Figs. 4 and 5, and described below.



Fig. 3. Notation. A. In all cases, the presence or absence of each criterion is noted using
“0” if absent, “1” if present, and “?” if not yet assessed. Each of the cases shown has 1
abnormality identified. From the top: at least one submucosal leiomyoma (LSM);
adenomyosis (A)—focal and/or diffuse; endometrial polyps (P); and an absence of any
abnormality, leavingendometrial causes (E) as a diagnosis of exclusion. B. Eachof the cases
shown has more than 1 positive category. From the top: submucosal leiomyoma and
atypical endometrial hyperplasia (M), asdiagnosedbyendometrial sampling; endometrial
polyps and adenomyosis; endometrial polyps and subserosal leiomyoma (LO); and
adenomyosis, subserosal leiomyoma and coagulopathy (C), as determined by positive
screening test and subsequent biochemical confirmation of von Willebrand disease.
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6.1. General assessment

Presented with a woman of reproductive age with either acute or
chronic vaginal bleeding thought to be AUB, the clinician would
perform a careful evaluation to ensure that the bleeding was not
related to an undiagnosed pregnancy and was emanating from the
cervical canal, rather than another location. The presence of a
pregnancymay be reliably determinedwith a combination of directed
history and urine/serum assay for the presence of the β-subunit of
human chorionic gonadotropin. (Determination of the location or
viability of a pregnancy is not considered to be within the domain of
the classification system.) Women with both acute and chronic AUB
should be evaluated for anemia with an assay of hemoglobin and/or
hematocrit (preferably a full blood count, including platelets). Once
the bleeding has been confirmed or, in the absence of any other
identifiable source, suspected to be of uterine origin, the clinician
would proceed in a systematic fashion, designing the assessment to
address each of the components of the classification system.
6.2. Determination of ovulatory status

Predictable cyclic menses every 22–35 days are usually associated
with ovulation [48,49], whereas bleeding associated with AUB-O is
typically irregular in timing and flow, and often interspersed with
episodes of amenorrhea. If there is uncertainty regarding ovulatory
status, measurement of serum progesterone, timed to the best
estimate of mid-luteal phase or, alternatively, a similarly timed
endometrial biopsy may provide evidence supporting or refuting the
presence of ovulation in a given cycle. If a woman were deemed to
have a disorder of ovulation, she would be categorized as AUB-O.

6.3. Screening for systemic disorders of hemostasis

A structured history can be used as a screening tool with 90%
sensitivity for the detection of these relatively common disorders [50]
(Table 1). Forwomenwithapositive screen, and for selectedothers such
as those about to undergo surgery, further testing is necessary, often
following consultation under the direction of a hematologist. Such tests
may include assays for von Willebrand factor, ristocetin cofactor, and
othermeasures [51]; if positive, such resultswould lead towomenbeing
categorized as C1. By convention, individuals with AUB associated with
the use of anticoagulant therapy are also categorized as C1.

6.4. Evaluation of the endometrium

Endometrial sampling is not required for all patients with AUB,
making it necessary to identify those women for whom such an
evaluation would be appropriate. Patients are selected for endome-
trial sampling based on a combination of factors that reflect the risk
for the presence of atypical hyperplasia or carcinoma. Several reports
and guidelines use some combination of age, personal and genetic risk
factors, and TVUS screening for endometrial echo-complex thickness
to determine which patients should undergo endometrial sampling
[52–56]. Although some studies indicate that age is not important
as an independent variable [53], most suggest that endometrial
sampling be considered for all women over a certain age, usually
45 years [54]. Women from families with hereditary nonpolyposis
colorectal cancer syndrome have a lifetime risk of endometrial cancer
of up to 60%, with a mean age at diagnosis of 48–50 years [57,58].
Regardless of guideline structure, persistent AUB that is unexplained
or not adequately treated requires endometrial sampling—if possible,
in association with hysteroscopic evaluation of the uterine cavity.

Several techniques can be used to perform endometrial sampling,
but it is important that an adequate sample be obtained before the
patient can be considered at low risk for a malignant neoplasm [59].
Finally, given the apparent relationship between chlamydial infec-
tion of the endometrium and AUB, it may be prudent to consider eval-
uating for the organism in symptomatic patients [60]. Although cervical
sampling seems reasonable, the relationship between cervical speci-
mens and endometrial infection is not clear.

6.5. Evaluation of the structure of the endometrial cavity

Structural evaluation of the endometrial cavity is performed to
identify abnormalities—including endometrial/endocervical polyps
(AUB-P) and submucosal leiomyomas (AUB-LSM)—that could contribute
to AUB. Transvaginal ultrasound is an appropriate screening tool and, in
most instances, should be performed first or early in the course of the
investigation. For ideal imaging, the ultrasound equipment must be of
adequate quality to display myometrial and endometrial features
clearly, and the examiner must have the ability to operate the scanning
device and interpret the images displayed. Even in ideal circumstances,
TVUS is not 100% sensitive because polyps and other small lesions may
elude detection, even in the context of a normal study [61,62].

image of Fig.�3


Fig. 4. Initial evaluation. For a diagnosis of chronic abnormal uterine bleeding (AUB), the initial assessment requires the patient to have experienced 1 or a combination of
unpredictability, excessive duration, abnormal volume, or abnormal frequency of menses for at least the previous 3 months. Patients should undergo a structured history designed to
determine ovulatory function, potential related medical disorders, medications, and lifestyle factors that might contribute to AUB. For those with heavy menstrual bleeding, the
structured history should include the questions from Table 1. Understanding the future fertility desires of the patient will help to frame the discussion of therapy following
appropriate investigation. Ancillary investigations should include a hemoglobin and/or a hematocrit assessment, appropriate tests for features that could contribute to an ovulatory
disorder (thyroid function, prolactin, and serum androgens), and if the Table 1-based structured history is positive for coagulopathy either referral to a hematologist or appropriate
tests for von Willebrand disease.
Reproduced, with permission, from Ref. [11].
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If good ultrasonic images are obtained and there is an absence of
findings indicative of endometrial polyps or submucosal myomas, the
endometrial cavity may presumptively be considered normal from the
perspective of lesions causing or contributing to AUB. However, if there
Fig. 5. Uterine evaluation. The uterine evaluation is, in part, guided by the history and other
ovulatory disorder, or presence of other risk factors for endometrial hyperplasia or malignanc
of structural anomaly, particularly if previous medical therapy has been unsuccessful, eva
ultrasound (TVUS) examination. Unless the ultrasound image indicates a normal endomet
sonography (SIS) to determine whether target lesions are present. Such an approach is also d
these measures are inconclusive or, in the instance of virginal girls and women, not feasible o
(MRI) may be of value, if available. Abbreviations: AUB, abnormal uterine bleeding; CA, car
Reproduced, with permission, from Ref. [11].
are imaging features indicative of endometrial polyp(s), if there are
myomas that may be encroaching on the endometrial cavity, or if
the exam is suboptimal, imaging with other, more sensitive tech-
niques is recommended—generally SIS (also called sonohysteroscopy
elements of the clinical situation, such as patient age, presence of an apparent chronic
y. For those at increased risk, endometrial biopsy is probably warranted. If there is a risk
luation of the uterus should include imaging, at least with a “screening” transvaginal
rial cavity, it will be necessary to use either or both hysteroscopy and saline infusion
esirable if endometrial sampling has not provided an adequate specimen. Uncommonly,
utside of an anesthetized environment. In these instances, magnetic resonance imaging
cinoma.
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Table 1
Clinical screening for an underlying disorder of hemostasis in the patient with
excessive menstrual bleeding.a

Initial screening for an underlying disorder of hemostasis in patients with excessive
menstrual bleeding should be by a structured history (positive screen comprises any
of the following): b

Heavy menstrual bleeding since menarche
One of the following:

Postpartum hemorrhage
Surgical-related bleeding
Bleeding associated with dental work

Two or more of the following symptoms:
Bruising 1–2 times per month
Epistaxis 1–2 times per month
Frequent gum bleeding
Family history of bleeding symptoms

a Table reproduced, with permission, from Ref. [51].
b Patients with a positive screen should be considered for further evaluation,

including consultation with a hematologist and/or testing of vonWillebrand factor and
Ristocetin cofactor.
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and hysterosonography) or hysteroscopy, depending on the resources
available to the clinician. In most instances, SIS will be more readily
available, particularly when the only resources for hysteroscopy are in
an operating room. However, if office hysteroscopy is available, there
may be additional value should polyps be identified because they could
be removed in the same setting.

When vaginal access is difficult, as may be the case with ado-
lescents and virginal women, TVUS, SIS, and office hysteroscopy may
not be feasible. In such cases, there may be a role for MRI. Alter-
natively, hysteroscopic examination under anesthesia may be the
best approach.

With the PALM-COEIN classification, P (for endometrial and
endocervical polyps) is confirmed only with documentation of 1 or
more clearly defined polyps, generally with either SIS or hysteroscopy.
Usually, a patient may be categorized with 1 or more submucosal
leiomyomas (AUB-LSM) with either SIS or hysteroscopy, but care must
be taken not to infuse the distending mediumwith such pressure that
the natural relationships of the leiomyomawith the endometrium and
myometrium are distorted.
6.6. Myometrial assessment

The myometrium is assessed primarily with a combination of
TVUS and transabdominal ultrasound to identify leiomyomas, with
any such lesion leading to an L1 assignment. Should the combination of
TVUS with or without abdominal ultrasound plus either hysteroscopy
or SIS fail to identify leiomyomas, the patient would be classified as L0.
For the secondary subclassification, it is necessary to perform some
combination of TVUS, SIS, hysteroscopy, and MRI.

The tertiary subclassification of leiomyoma type requires the
clinician to determine the relationship of the leiomyomas with the
endometrium, myometrium, and serosa. Clinically, at least for non-
submucosalmyomas, thiswould probably require theuse ofMRI (Fig. 2).

The myometrium should also be evaluated for the presence of
adenomyosis or to distinguish between leiomyomas and adenomyo-
mas [26]. The sonographic criteria are described elsewhere in this
document. An assignment of A1 requires 3 of the criteria to be met;
otherwise, the patient is classified as A0.

If available, MRI may be used to evaluate the myometrium to
distinguish between leiomyomas and adenomyosis [25]. It may also
be superior to TVUS, SIS, and hysteroscopy for measuring the
myometrial extent of submucosal leiomyomas [61]. However, it was
determined that reliance on MRI would not be practical at the present
time because of the relative or absolute lack of access in many
healthcare systems.
7. Discussion

Abnormal uterine bleeding in women of reproductive age is a
manifestation of any of a number of disorders or pathologic entities. To
date, the absence of a universally accepted method for classifying such
patients has impeded basic science and clinical investigation, as well as
the practical, rational, and consistent application ofmedical and surgical
therapy. In the past, at least some staging and classification systems
have proven to be useful as a way to compare research on clinically
similar populations, and for the guidance of the clinician in the inves-
tigation and treatment of affected patients. The current agreement
process was designed to create a practical system that could be used by
clinicians in most countries worldwide to classify patients with AUB
readily and consistently, based on the results of a systematic evaluation.
Another recognized impediment to communication between and
among clinicians and patients was the absence of standardized
nomenclature for the description of symptoms of AUB. The results of
the present agreement process are published elsewhere [1,6,7] and the
proposed classification system presented in preliminary form [11].

The participation of clinicians from 6 continents was, in part,
designed to provide input into the practicality of performing the
investigations described for classifying patients according to the pro-
posed system. Clearly, at this time, the characterization of structural
lesions of the uterus usingMRI is not feasible and, consequently, use of
the modality is not included as a mandatory tool for classification of
patients with chronic AUB. This does not mean that clinicians cannot
or should not use MRI if it is deemed necessary and is available, with
the results of MRI assessments used to determine the presence or
absence of adenomyosis when classifying a patient according to the
present system.

8. Conclusion

A multinational group of clinician–investigators with broad ex-
perience in the investigation of AUB has agreed on a system of
classification to facilitate multi-institutional investigation into the
epidemiology, etiology, and treatment of women with acute and
chronic AUB. The system should also foster meta-analysis of clinical
trials that are appropriately designed and reported. It is recognized
that the system will require periodic modification and occasional
substantial revision depending on advances in knowledge and
technology, and increasing availability of investigative options across
geographic regions. Consequently, we recommend a scheduled
systematic review of the system on a regular basis by a permanent
committee of an international organization such as FIGO, which has
already endorsed the establishment of a suitable ongoing Working
Group on Menstrual Disorders.

Journal editors and editorial boards are encouraged to request that
materials, methods, and reporting sections of manuscripts dealing
with AUB be designed accordingly.
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of AUB at workshops inWashington and/or Cape Town, and in private



12 M.G. Munro et al. / International Journal of Gynecology and Obstetrics 113 (2011) 3–13
debate. They have all approved the listing of their names in the
present manuscript. The names are listed alphabetically and none of
the individuals represented the views of their organizations.

Ahmad Abdel-Wahed, MD, Jordan
Luis Bahamondes, MD, Brasil
Vivian Brache, PhD, Dominican Republic
Andrew Brill, MD, USA (AAGL)
Michael Broder, MD, USA
Ivo Brosens, MD, Belgium
Kris Chwalisz, PhD, USA
Hilary Critchley, MD, UK
Catherine d'Arcangues, MD, Switzerland (WHO)
Margit Dueholm, MD, Sweden
Cynthia Farquhar, MD, New Zealand
Mario Festin, MD, Switzerland (WHO)
Ian Fraser, MD, Australia
Marc Fritz, MD, USA
Rohana Hathtootuwa, MD, Sri Lanka
William Hurd, MD, USA, (Fertil Steril)
Lee Learman, MD, USA
Charles Lockwood, MD, USA
Andrea Lukes, MD, USA
Kristen Matteson, MD, USA
Ian Milsom, MD, Sweden
Andrew Mok, MD, Canada
Malcolm Munro, MD, USA
Anita Nelson, MD, USA
Shaughn O'Brien, MD, UK (RCOG)
David Olive, MD, USA
Rachel Pope, Medical Student (USA–Israel)
Oskari Heikinheimo, MD, Finland
Elisabeth Persson, MD, Sweden
Robert Rebar, MD, USA (ASRM)
Dorothy Shaw, MD, Canada (FIGO)
Shirish Sheth, MD, India (FIGO)
Robert Schenken, MD, USA
James Spies, MD, USA
Elizabeth Stewart, MD, USA
Zephne van der Spuy, MD, South Africa
Paolo Vercellini, MD, Italy (ESHRE)
Kirsten Vogelsong, PhD, Switzerland (WHO)
Pamela Warner, PhD, UK
References

[1] Woolcock JG, Critchley HO, Munro MG, Broder MS, Fraser IS. Review of the
confusion in current and historical terminology and definitions for disturbances of
menstrual bleeding. Fertil Steril 2008;90(6):2269–80.

[2] Fraser IS, Critchley HO, Munro MG. Abnormal uterine bleeding: getting our
terminology straight. Curr Opin Obstet Gynecol 2007;19(6):591–5.

[3] Benedet JL, Odicino F, Maisonneuve P, Beller U, Creasman WT, Heintz AP, et al.
Carcinoma of the cervix uteri. Int J Gynecol Obstet 2003;83(Suppl 1):41–78.

[4] Revised American Society for ReproductiveMedicine classification of endometriosis:
1996. Fertil Steril 1997;67(5):817–21.

[5] Bump RC, Mattiasson A, Bo K, Brubaker LP, DeLancey JO, Klarskov P, et al. The
standardization of terminology of female pelvic organ prolapse and pelvic floor
dysfunction. Am J Obstet Gynecol 1996;175(1):10–7.

[6] Fraser IS, Critchley HO, Munro MG, Broder M. A process designed to lead to
international agreement on terminologies and definitions used to describe
abnormalities of menstrual bleeding. Fertil Steril 2007;87(3):466–76.

[7] Fraser IS, Critchley HO, Munro MG, Broder M. Can we achieve international
agreement on terminologies and definitions used to describe abnormalities of
menstrual bleeding? Hum Reprod 2007 Mar;22(3):635–43.

[8] Brook RH, Chassin MR, Fink A, Solomon DH, Kosecoff J, Park RE. A method for the
detailed assessment of the appropriateness of medical technologies. Int J Technol
Assess Health Care 1986;2(1):53–63.

[9] Shekelle PG, Park RE, Kahan JP, Leape LL, Kamberg CJ, Bernstein SJ. Sensitivity and
specificity of the RAND/UCLA Appropriateness Method to identify the overuse and
underuse of coronary revascularization and hysterectomy. J Clin Epidemiol
2001;54(10):1004–10.
[10] Park RE, Fink A, Brook RH, Chassin MR, Kahn KL, Merrick NJ, et al. Physician ratings
of appropriate indications for six medical and surgical procedures. Am J Public
Health 1986;76(7):766–72.

[11] Munro MG. Abnormal Uterine Bleeding. Cambridge: Cambridge University Press;
2010.

[12] Tavassoli FA, Devilee P. World Health Organization Classification of Tumors:
Pathology and Genetics of Tumours of the Breast and Female Genital Organs. Lyon:
IARC Press; 2003.

[13] Creasman WT, Odicino F, Maisonneuve P, Quinn MA, Beller U, Benedet JL, et al.
Carcinoma of the corpus uteri. FIGO 6th Annual Report on the Results of Treatment
in Gynecological Cancer. Int J Gynecol Obstet 2006;95(Suppl 1):S105–43.

[14] Fraser IS, Critchley HO, Munro MG. A five year international review process
concerning terminologies, definitions and related issues around abnormal uterine
bleeding. Semin Reprod Med (in press).

[15] Munro MG, Broder M, Critchley HO, Matteson K, Haththootuwa, R. An international
response to questions about terminologies, investigation and management of
abnormal uterine bleeding: use of an electronic audience response system. Semin
Reprod Med (in press).

[16] Munro MG, Lukes AS. Abnormal uterine bleeding and underlying hemostatic
disorders: report of a consensus process. Fertil Steril 2005;84(5):1335–7.

[17] DeVore GR, Owens O, Kase N. Use of intravenous Premarin in the treatment of
dysfunctional uterine bleeding–a double-blind randomized control study. Obstet
Gynecol 1982;59(3):285–91.

[18] Munro MG, Mainor N, Basu R, Brisinger M, Barreda L. Oral medroxyprogesterone
acetate and combination oral contraceptives for acute uterine bleeding: a
randomized controlled trial. Obstet Gynecol 2006;108(4):924–9.

[19] Lieng M, Istre O, Sandvik L, Qvigstad E. Prevalence, 1-year regression rate, and
clinical significance of asymptomatic endometrial polyps: cross-sectional study.
J Minim Invasive Gynecol 2009;16(4):465–71.

[20] Anastasiadis PG, Koutlaki NG, Skaphida PG, Galazios GC, Tsikouras PN, Liberis VA.
Endometrial polyps: prevalence, detection, and malignant potential in women
with abnormal uterine bleeding. Eur J Gynaecol Oncol 2000;21(2):180–3.

[21] Shushan A, Revel A, Rojansky N. How often are endometrial polyps malignant?
Gynecol Obstet Invest 2004;58(4):212–5.

[22] WeissG,Maseelall P, Schott LL, Brockwell SE, SchockenM, Johnston JM. Adenomyosis
a variant, not a disease? Evidence from hysterectomized menopausal women in the
Study ofWomen's Health Across the Nation (SWAN). Fertil Steril 2009;91(1):201–6.

[23] DueholmM. Transvaginal ultrasound for diagnosis of adenomyosis: a review. Best
Pract Res Clin Obstet Gynaecol 2006;20(4):569–82.

[24] Brosens JJ, de Souza NM, Barker FG, Paraschos T, Winston RM. Endovaginal
ultrasonography in the diagnosis of adenomyosis uteri: identifying the predictive
characteristics. Br J Obstet Gynaecol 1995;102(6):471–4.

[25] Mark AS, Hricak H, Heinrichs LW, Hendrickson MR, Winkler ML, Bachica JA, et al.
Adenomyosis and leiomyoma: differential diagnosis with MR imaging. Radiology
1987;163(2):527–9.

[26] Togashi K, Nishimura K, Itoh K, Fujisawa I, Noma S, KanaokaM, et al. Adenomyosis:
diagnosis with MR imaging. Radiology 1988;166(1 Pt 1):111–4.

[27] Dueholm M, Lundorf E, Hansen ES, Sorensen JS, Ledertoug S, Olesen F. Magnetic
resonance imagingand transvaginalultrasonography for thediagnosis of adenomyosis.
Fertil Steril 2001;76(3):588–94.

[28] Gordts S, Brosens JJ, Fusi L, Benagiano G, Brosens I. Uterine adenomyosis: a need
for uniform terminology and consensus classification. Reprod Biomed Online
2008;17(2):244–8.

[29] Day Baird D, Dunson DB, Hill MC, Cousins D, Schectman JM. High cumulative
incidence of uterine leiomyoma in black and white women: ultrasound evidence.
Am J Obstet Gynecol 2003;188(1):100–7.

[30] Davis BJ, Haneke KE, Miner K, Kowalik A, Barrett JC, Peddada S, et al. The fibroid
growth study: determinants of therapeutic intervention. J Womens Health
(Larchmt) 2009;18(5):725–32.

[31] Wamsteker K, Emanuel MH, de Kruif JH. Transcervical hysteroscopic resection of
submucous fibroids for abnormal uterine bleeding: results regarding the degree of
intramural extension. Obstet Gynecol 1993;82(5):736–40.

[32] Shankar M, Lee CA, Sabin CA, Economides DL, Kadir RA. von Willebrand disease in
women with menorrhagia: a systematic review. BJOG 2004;111(7):734–40.

[33] Dilley A, Drews C, Lally C, Austin H, Barnhart E, Evatt B. A survey of gynecologists
concerning menorrhagia: perceptions of bleeding disorders as a possible cause.
J Womens Health Gend Based Med 2002;11(1):39–44.

[34] Hale GE, Hughes CL, Burger HG, Robertson DM, Fraser IS. Atypical estradiol
secretion and ovulation patterns caused by luteal out-of-phase (LOOP) events
underlying irregular ovulatory menstrual cycles in the menopausal transition.
Menopause 2009;16(1):50–9.

[35] Hale GE, Manconi F, Luscombe G, Fraser IS. Quantitativemeasurements of menstrual
blood loss in ovulatory and anovulatory cycles in middle- and late-reproductive age
and the menopausal transition. Obstet Gynecol 2010;115(2 Pt 1):249–56.

[36] Gleeson NC. Cyclic changes in endometrial tissue plasminogen activator and
plasminogen activator inhibitor type 1 in women with normal menstruation and
essential menorrhagia. Am J Obstet Gynecol 1994;171(1):178–83.

[37] Smith SK, Abel MH, Kelly RW, Baird DT. A role for prostacyclin (PGi2) in excessive
menstrual bleeding. Lancet 1981;1(8219):522–4.

[38] Smith SK, Abel MH, Kelly RW, Baird DT. Prostaglandin synthesis in the
endometrium of women with ovular dysfunctional uterine bleeding. Br J Obstet
Gynaecol 1981;88(4):434–42.

[39] Pitsos M, Skurnick J, Heller D. Association of pathologic diagnoses with clinical
findings in chronic endometritis. J Reprod Med 2009;54(6):373–7.

[40] Heatley MK. The association between clinical and pathological features in
histologically identified chronic endometritis. J Obstet Gynaecol 2004;24(7):801–3.



13M.G. Munro et al. / International Journal of Gynecology and Obstetrics 113 (2011) 3–13
[41] Toth M, Patton DL, Esquenazi B, Shevchuk M, Thaler H, Divon M. Association
between Chlamydia trachomatis and abnormal uterine bleeding. Am J Reprod
Immunol 2007;57(5):361–6.

[42] Endrikat J, Gerlinger C, Plettig K, Wessel J, Schmidt W, Grubb G, et al. A meta-
analysis on the correlation between ovarian activity and the incidence of
intermenstrual bleeding during low-dose oral contraceptive use. Gynecol
Endocrinol 2003;17(2):107–14.

[43] Murphy PA, Kern SE, Stanczyk FZ, Westhoff CL. Interaction of St. John's Wort with
oral contraceptives: effects on the pharmacokinetics of norethindrone and ethinyl
estradiol, ovarian activity and breakthrough bleeding. Contraception 2005;71(6):
402–8.

[44] Rosenberg MJ, Waugh MS, Stevens CM. Smoking and cycle control among oral
contraceptive users. Am J Obstet Gynecol 1996;174(2):628–32.

[45] Backman T, Huhtala S, Blom T, Luoto R, Rauramo I, KoskenvuoM. Length of use and
symptoms associated with premature removal of the levonorgestrel intrauterine
system: a nation-wide study of 17, 360 users. BJOG 2000;107(3):335–9.

[46] Cox M, Tripp J, Blacksell S. Clinical performance of the levonorgestrel intrauterine
system in routine use by the UK Family Planning and Reproductive Health Research
Network: 5-year report. J Fam Plann Reprod Health Care 2002;28(2):73–7.

[47] Hidalgo M, Bahamondes L, Perrotti M, Diaz J, Dantas-Monteiro C, Petta C. Bleeding
patterns and clinical performance of the levonorgestrel-releasing intrauterine
system (Mirena) up to two years. Contraception 2002;65(2):129–32.

[48] Metcalf MG. Incidence of ovulation from the menarche to the menopause:
observations of 622 New Zealand women. N Z Med J 1983;96(738):645–8.

[49] Malcolm CE, Cumming DC. Does anovulation exist in eumenorrheic women?
Obstet Gynecol 2003;102(2):317–8.

[50] Kadir RA, Economides DL, Sabin CA, Owens D, Lee CA. Frequency of inherited
bleeding disorders in women with menorrhagia. Lancet 1998;351(9101):485–9.

[51] Kouides PA, Conard J, Peyvandi F, Lukes A, Kadir R. Hemostasis and menstruation:
appropriate investigation for underlying disorders of hemostasis in women with
excessive menstrual bleeding. Fertil Steril 2005;84(5):1345–51.
[52] Farquhar CM, Lethaby A, Sowter M, Verry J, Baranyai J. An evaluation of risk factors
for endometrial hyperplasia in premenopausal women with abnormal menstrual
bleeding. Am J Obstet Gynecol 1999;181(3):525–9.

[53] Ash SJ, Farrell SA, Flowerdew G. Endometrial biopsy in DUB. J Reprod Med
1996;41(12):892–6.

[54] 44 NCG. Heavy menstrual bleeding. United Kingdom: National Institute for Health
and Clinical Excellence; 2007.

[55] An evidence-based guideline for the management of heavy menstrual bleeding.
Working Party for Guidelines for the Management of Heavy Menstrual Bleeding.
N Z Med J 1999;112(1088):174–7.

[56] Guidelines for the management of abnormal uterine bleeding. J Obstet Gynaecol
Can 2001;104:1–6.

[57] Lu KH, Broaddus RR. Gynecological tumors in hereditary nonpolyposis colorectal
cancer: We know they are common–now what? Gynecol Oncol 2001;82(2):
221–2.

[58] Lu KH, DinhM, KohlmannW,Watson P, Green J, Syngal S, et al. Gynecologic cancer
as a "sentinel cancer" for women with hereditary nonpolyposis colorectal cancer
syndrome. Obstet Gynecol 2005;105(3):569–74.

[59] Critchley HO, Warner P, Lee AJ, Brechin S, Guise J, Graham B. Evaluation of
abnormal uterine bleeding: comparison of three outpatient procedures within
cohorts defined by age andmenopausal status. Health Technol Assess 2004;8(34):
iii-iv, 1–139.

[60] Srivastava A, Mansel RE, Arvind N, Prasad K, Dhar A, Chabra A. Evidence-based
management of Mastalgia: a meta-analysis of randomised trials. Breast 2007;16(5):
503–12.

[61] Dueholm M, Lundorf E, Hansen ES, Ledertoug S, Olesen F. Evaluation of the uterine
cavitywithmagnetic resonance imaging, transvaginal sonography, hysterosonographic
examination, and diagnostic hysteroscopy. Fertil Steril 2001;76(2):350–7.

[62] Breitkopf DM, Frederickson RA, Snyder RR. Detection of benign endometrial
masses by endometrial stripe measurement in premenopausal women. Obstet
Gynecol 2004;104(1):120–5.



The American Journal of Pathology, Vol. 178, No. 3, March 2011

Copyright © 2011 American Society for Investigative Pathology.

Published by Elsevier Inc. All rights reserved.

DOI: 10.1016/j.ajpath.2010.11.070
Metabolic, Endocrine, and Genitourinary Pathobiology

Novel Roles for Hypoxia and Prostaglandin E2 in the

Regulation of IL-8 During Endometrial Repair
Jacqueline A. Maybin,* Nikhil Hirani,†

Henry N. Jabbour,‡ and Hilary O.D. Critchley*
From the University of Edinburgh Centre for Reproductive

Biology,* MRC Centre for Inflammation Research,† and MRC

Human Reproductive Sciences Unit,‡ The Queen’s Medical

Research Institute, Edinburgh, Scotland

The endometrium has a remarkable capacity for effi-
cient repair; however, factors involved remain unde-
fined. Premenstrual progesterone withdrawal leads to
increased prostaglandin (PG) production and local
hypoxia. Here we determined human endometrial ex-
pression of interleukin-8 (IL-8) and the roles of PGE2

and hypoxia in its regulation. Endometrial biopsy
specimens (n � 51) were collected. Endometrial cells
and explants were exposed to 100 nmol/L of PGE2 or
0.5% O2. The endometrial IL-8 concentration peaked
during menstruation (P < 0.001) and had a significant
proangiogenic effect. IL-8 was increased by PGE2 and
hypoxia in secretory but not proliferative explants,
which suggests that exposure to progesterone is es-
sential. In vitro progesterone withdrawal induced sig-
nificant IL-8 up-regulation in proliferative explants
primed with progestins, but only in the presence of
hypoxia. Epithelial cells treated simultaneously with
PGE2 and hypoxia demonstrated synergistic increases
in IL-8. Inhibition of HIF-1 by short hairpin RNA abol-
ished hypoxic IL-8 induction, and inhibition of NF-�B
by an adenoviral dominant negative inhibitor decreased
PGE2-induced IL-8 expression (P > 0.05). Increased
menstrual IL-8 is consistent with a role in repair. Pro-
gesterone withdrawal, hypoxia, and PGE2 regulate en-
dometrial IL-8 by acting via HIF-1 and NF-�B. Hence,
progesterone withdrawal may activate two distinct
pathways to initiate endometrial repair. (Am J Pathol

2011, 178:1245–1256; DOI: 10.1016/j.ajpath.2010.11.070)

Menstruation exhibits many of the classic hallmarks of
inflammation. The withdrawal of progesterone in the late
secretory phase of the cycle triggers a cascade of in-
flammatory mediators, leading to a dramatic influx of

leukocytes into the premenstrual endometrium.1 After
shedding, the human endometrium exhibits a remarkable
and immediate regenerative capacity. This cyclical injury
and repair is tightly controlled and, unlike resolution of
inflammation at other sites in the body, does not involve
loss of function or scarring. However, the precise local
mechanisms involved in this efficient repair have not yet
been fully elucidated. Aberrations may lead to menstrual
disorders including heavy menstrual bleeding and dys-
menorrhea. Delineation of the physiologic processes of
the endometrium could result in new therapeutic targets
for these common debilitating conditions. In addition, the
efficient endometrial model may provide an informative
comparator for other tissue sites associated with prob-
lematic scarring or persistent inflammation.

Withdrawal of progesterone occurs in the late secre-
tory endometrium as the corpus luteum regresses. Pro-
gesterone withdrawal leads to up-regulation of endo-
metrial cyclooxygenase-2 (COX-2) and subsequent
increased levels of prostaglandins (PGs), namely,
PGE2 and PGF2�.1,2 PGF2� induces myometrial con-
tractions and vasoconstriction of the endometrial spiral
arterioles. Consequently, it is believed that there is an
episode of transient hypoxia in the uppermost endo-
metrial zones. The existence of hypoxia was confirmed
in a murine model of menstruation using pimonidazole,
a marker of pO2 less than 10 mm Hg.3 The luminal portion
of the endometrial functional layer was demonstrated to
be intensely hypoxic during simulated menstruation, with
negligible detection of pimonidazole by day 5. It was
hypothesized that PGF2� along with other endometrial
vasoconstrictors induces hypoxic conditions in the hu-
man perimenstrual endometrium to increase repair gene
expression. The role of the other major prostaglandin
present during the premenstrual phase, PGE2, is not fully
understood. It was proposed, therefore, that PGE2 may
also independently increase expression of genes respon-
sible for endometrial repair.
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Interleukin-8 (IL-8, CXCL8) is a CXC chemokine, best
known for its role as a potent chemoattractant for neutro-
phils and T cells.4 In addition, it has mitogenic properties
and a key role in angiogenesis in vivo.5 These processes
are fundamental for endometrial shedding and repair.
The present study demonstrated significant changes in
IL-8 mRNA and protein expression during the menstrual
cycle, with maximal expression at menstruation. Concen-
trations of IL-8 secreted by menstrual endometrium ex-
hibited significantly greater angiogenic potential in vitro
than did concentrations secreted by mid-secretory endo-
metrium. IL-8 expression is up-regulated in endometrial
epithelial cells by hypoxic conditions and by PGE2, with a
synergistic increase observed in the presence of both
factors. An in vitro model of progesterone withdrawal also
increased IL-8 expression in human endometrial tissue,
but only with the addition of hypoxic conditions. The
presence of indomethacin, a COX enzyme inhibitor, at-
tenuated the increase in IL-8 expression in this model.
These observations suggest a role for progesterone with-
drawal in the initiation of endometrial repair and indicate
that subsequent hypoxia and PGE2 are necessary for
increased expression of IL-8, an angiogenic factor with a
putative role in the repair process.

Materials and Methods

Human Endometrial Tissue Collection and
Culture

Human endometrial biopsy specimens were collected from
women undergoing hysterectomy or investigation in the gy-
necologic outpatient setting (n � 51). Ethical approval was
obtained from the Lothian Research Ethics Committee, and
written informed consent was obtained from all participants
before tissue collection. Participants were aged 31 to 52
years (median, 41 years; mean, 41 years). All women re-
ported regular menstrual cycles (duration, 21 to 35 days)
and had not taken exogenous hormones or used an intra-
uterine device during the 3 months before endometrial bi-
opsy. Women with known uterine disease such as large
myomas (�3 cm) and endometriosis were excluded. Endo-
metrial biopsy specimens were collected using an endome-
trial suction curette (Pipelle; Laboratoire CCD, Paris,
France). Immediately after collection, tissue was divided
and i) placed in RNA stabilization solution (RNA Later; Am-
bion (Europe) Ltd., Warrington, UK), ii) stored at �70°C for
RNA extraction, iii) fixed in neutral buffered formalin for wax
embedding or iv) placed in PBS for in vitro culture. The

Table 1. Circulating Estradiol and Progesterone Concentrations a

Histologic stage of cycle
Age, mean,

years

Menstrual (n � 8) 41
Proliferative (n � 16) 42
Early secretory (n � 10) 42
Mid secretory (n � 11) 40
Late secretory (n � 6) 42
specimens were dated according to the criteria of Noyes
et al6 based on histologic appearance, which was consis-
tent with the participants’ reported last menstrual period. In
addition, serum samples were collected from each woman
at biopsy to determine circulating serum progesterone and
estradiol concentrations, and were consistent for both last
menstrual period and histologic assessment. For analysis,
biopsy specimens were classified as proliferative, early se-
cretory, mid secretory, late secretory, or menstrual (Table
1). Seven women consented to undergo a second endo-
metrial biopsy, and returned for this procedure three to six
months after insertion of the levonorgestrel-releasing intra-
uterine system (LNG-IUS) for treatment of subjective report
of heavy menstrual bleeding.

In Vitro Culture of Endometrial Tissue

Endometrial biopsy specimens (secretory phase, n � 7;
proliferative phase, n � 3) were divided into three equal
explants and incubated for at least 16 hours on raised
platforms in 24-well plates just covered with serum-free
RPMI 1640 medium plus 50 �g/ml of penicillin, 50 �g/ml
of streptomycin, and 5 �g/ml of gentamicin (all from
Sigma Aldrich, St. Louis, MO), and 8.4 �mol/L of indo-
methacin. The next day, two explants were treated with
vehicle under normoxic conditions, 1 with 21% O2, 5%
CO2, and 37°C, and one with 100 nmol/L of PGE2. The
last explant was placed in a sealed hypoxic chamber
(Coy Laboratory Products Inc., Grass Lake, MI) set at
0.5%O2, 5% CO2, and 37°C for 24 hours.

Five endometrial biopsy specimens from the prolif-
erative phase were divided into 8 equal-sized explants
and placed on raised platforms in four wells of 2 �
24-well plates. All explants were treated with 1 �mol/L
of medroxyprogesterone acetate (MPA) for 24 hours.
Explants were then treated with either 1 �mol/L of MPA
plus vehicle, 1 �mol/L of MPA plus 8.4 �mol/L of indo-
methacin (a COX enzyme inhibitor), 1 �mol/L of MPA
and 1 �mol/L of RU486 (a progesterone-receptor an-
tagonist) plus vehicle, or 1 �mol/L of MPA and RU486
plus 8.4 �mol/L of indomethacin. One plate was placed
in normoxic conditions, and the other in hypoxic con-
ditions, for 48 hours.

Culture of Endometrial Cells

Human Ishikawa endometrial adenocarcinoma cells (Euro-
pean Collection of Cell Cultures, Centre for Applied Micro-
biology, Wiltshire, UK) stably expressing the EP2 receptor
(EP2S)7 were maintained in Dulbecco modified Eagle me-

metrial Biopsy

mean (range), pmol/L P4, mean (range), nmol/L

192.25 (55–514) 3.71 (1.24–10.59)
441.18 (79–1105) 2.81 (0.97–7.1)
497.50 (289–841) 59.60 (23.2–112.91)
638.00 (242–1949) 64.30 (25.47–114.53)
318.22 (59.09–819) 8.22 (1.06–16.95)
t Endo

E2,
dium nutrient mixture F-12 with glutamax-1 and pyridoxine,
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supplemented with 10% fetal calf serum, 1% antibiotic
(stock 500 IU/ml of penicillin and 500 �g/ml of streptomy-
cin), and 200 �g/ml of G418 at 37°C. Primary human endo-
metrial stromal cells were isolated from mid-secretory en-
dometrial tissue (n � 3) via enzymatic digestion as
previously described,8 and were maintained in RPMI 1640
medium plus 50 �g/ml of penicillin, 50 �g/ml of streptomy-
cin, and 5 �g/ml of gentamicin (all from Sigma Aldrich).

Approximately 4 � 105 EP2S or 3 � 105 human endo-
metrial stromal cells were seeded in 6-well plates. The
following day, cells were incubated for at least 16 hours in
serum-free culture medium containing antibiotics and 8.4
�mol/L of indomethacin. Cells were then treated with
either vehicle or 100 nmol/L of PGE2 and placed at 37°C,
21% O2, and 5% CO2 for 2, 4, 8, 24, and 48 hours or
placed in hypoxic conditions (0.5%O2 and 5% CO2) in a
sealed chamber (Coy Laboratory Products Inc.) for the
same amount of time. Alternatively, EP2S cells were pre-
treated with vehicle or 5 nmol/L of echinomycin (a spe-
cific inhibitor of HIF-1 DNA binding activity).9 After 1 hour,
cells were stimulated for 6 hours with vehicle, 100 nmol/L
of PGE2 with or without 5 nmol/L of echinomycin,or hyp-
oxia with or without 5 nmol/L of echinomycin. A short-
hairpin RNA (shRNA) sequence against human HIF-1�
and scrambled control oligonucleotide (TIB MOLBIOL)
were donated by Prof. T. Cramer (Charité-Universitäts-
medizin Berlin, Berlin, Germany). A 19-nucleotide se-
quence derived from human HIF-1� mRNA (U22431; bp
1470 to 1489) was used and was termed HIF-1�/
shRNA.10,11 Cells were transiently transfected with lenti-
virus at a multiplicity of infection of 10 for 24 hours. Cells
were incubated in serum-free medium overnight before
treatment with 100 nmol/L of PGE2 or placed in the hy-
poxic chamber for 8 hours. Cells were washed with PBS
and harvested, and RNA or protein was extracted for
PCR or Western blot analysis. To determine the role of
NF-�B in IL-8 up-regulation, EP2S cells were seeded at a
density of 1 � 105. The following day, cells were infected
with an adenovirus containing a dominant-negative I�-B�
mutant, which maintains NF-�B in a cytoplasmic location,
or control adenovirus (Ad-d1703) at a total multiplicity of
infection of 50 for 8 hours. Ad-d1703 and Ad–I�-B� have
been described previously.12,13 Cells were serum-
starved with 8.4 �mol/L of indomethacin for at least 16
hours before treatment with 100 nmol/L of PGE2 or hy-
poxic conditions for 6 hours.

Nuclear Protein Extraction

Protein was extracted from endometrial cells with a cyto-
plasmic protein lysis buffer (10 mmol/L of HEPES, pH
7.8), 10 nmol/L of KCl, 2 mmol/L of MgCl2, 1 mmol/L of
dithiothreitol, 0.1 mmol/L of EDTA, and 10% Nonident
P-40) containing protease inhibitors (Complete Mini Pro-
tease Inhibitor Cocktail; Roche Diagnostics, Ltd., Lewes,
UK). After centrifugation at 13,000 rpm for 1 minute at
4°C, the cytoplasmic fraction supernatant was removed
and stored at �80°C. The nuclear fraction was extracted
using a nuclear protein lysis buffer (50 mmol/L of HEPES
[pH 7.8], 50 nmol/L of KCl, 300 mmol/L of NaCl, 0.1

mmol/L of EDTA, 1 mmol/L of dithiothreitol, and 10%
glycerol) containing protease inhibitors (Roche Diagnos-
tics, Ltd), followed by agitation for 20 minutes at 4°C and
centrifugation at 13,000 rpm for 5 minutes at 4°C. The
nuclear fraction supernatant was removed and stored at
�80°C. Protein content was determined using protein
assay kits (Bio-Rad; Hemel Hempstead, UK).

HIF-1� Western Blot Analysis

For detection of HIF-1� and �-actin, 10 �g of nuclear pro-
tein was resuspended in a 2:1 ratio with Laemmli buffer (125
mmol/L Tris-HCl [pH 6.8], 4% SDS, 5% 2-mercaptoethanol,
20% glycerol, and 0.05% bromophenol blue) and dena-
tured for 5 minutes at 90°C. Proteins were separated on 4%
to 12% Bis-Tris gels (NuPAGE Novex; Invitrogen Corp.,
Carlsbad, CA) and transferred onto polyvinylidene difluo-
ride membrane (Millipore Corp., Billerica, MA). Membranes
were blocked overnight in 5% milk solution in Tris-buffered
saline solution and Tween 20 (50 mmol/L of Tris HCl, 150
mmol/L of NaCl, and 0.05% v/v of Tween 20). After washing
with Tris-buffered saline solution and Tween 20, the mem-
branes were incubated with mouse monoclonal anti–HIF-1�
antibody (BD Biosciences, Oxford, UK) (1:250) and rabbit
polyclonal anti–�-actin (Abcam, Cambridge, UK) (1:5000).
After washing, the membrane was incubated with horserad-
ish peroxidase–conjugated goat anti-mouse IgG (DAKO
Corp, Carpinteria, CA) or horseradish peroxidase–conju-
gated mouse anti-rabbit IgG (Sigma Aldrich) at 1:20,000.
The chemiluminescent horseradish perioxidase substrate
(Immobilon; Millipore Corp.) was used for immunoreactive
protein detection according to the manufacturer’s instruc-
tions.

Quantitative RT-PCR

Expression of IL-8 mRNA in endometrial tissue and
Ishikawa cells was determined using quantitative RT-PCR
(Taqman) analysis. Total RNA from cells and endometrial
biopsy specimens was extracted using a kit (RNeasy Mini
Kit; Qiagen Ltd, Sussex, UK) according to the manufac-
turer’s instructions. Samples were treated for DNA con-
tamination via DNA digestion during RNA purification.
After extraction, RNA was quantified using a spectropho-
tometer (NanoDrop 1000, version 3.7; ThermoScientific,
Wilmington, DE) and stored at �80°C. Quality of the RNA
was assessed using a bioanalyzer (Agilent 2100 Bio-
analyser System) in combination with RNA 6000 nano
chips (Agilent Technologies, Palo Alto, CA).

RNA samples were reverse transcribed using 5.5
mmol/L of MgCl2, 0.5 mmol/L each of deoxynucleotide
triphosphates, 2.5 �mol/L of random hexamers, 0.4 U/�lL
of RNA inhibitor, and 1.25 U/�L of multiscribe reverse
transcriptase (all from PE Biosystems, Warrington, UK).
The mix was aliquoted into individual tubes, and 200 to
400 ng of RNA was added. A tube with no reverse trans-
criptase and a further tube with water were included to
control for DNA contamination. After mixing, samples
were incubated for 20 minutes at 25°C, 60 minutes at
42°C, and 5 minutes at 95°C. cDNA samples were sub-

sequently stored at �20°C.
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To measure cDNA expression, a reaction mix was pre-
pared containing Taqman buffer (5.5 mmol/L of MgCl2,
200 �mol/L of deoxyadenosine triphosphate, 200 �mol/L
of deoxycytidine, 200 �mol/L of deoxyguanosine, and
400 �mol/L of deoxyuridine triphosphate), ribosomal 18S
primers and probe (Applied Biosystems, Warrington,
UK), and specific forward and reverse primers and probe
for IL-8 and EP2: IL-8 forward primer, 5=-CTGGCCGTG-
GCTCTCTTG-3=; reverse primer, 5=-TTAGCACTCCTTG-
GAAAACTG-3=; and probe, 5=-CCTTCCTGATTTCTG-
CAGCTCTGTGTGAA-3=; and EP2 forward primer,
5=-TGAAGTTGCAGGCGAGCA-3=; reverse primer, 5=-GA-
CCGCTTACCTGCAGCT-3=; and probe, 5=-CCACCCT-
GCTGCTGCTGCTTCT-3=. After mixing, 36-�L aliquots
were placed in separate tubes, and 1.5 �L of cDNA was
added. Into one aliquot, 1.5 �L of water was added as a
no template control. Triplicate 12-�L samples were
placed in a PCR plate. PCR was performed using ABI
Prism 7900 (Applied Biosystems). Data were analyzed
and processed using Sequence Detector version 2.3 (PE
Biosystems). Expression of target mRNA was normalized
to RNA loading for each sample using the 18S ribosomal
RNA as an internal standard.

IL-8 Enzyme-Linked Immunosorbent Assay

Endometrial tissue from women at each stage of the
menstrual cycle was collected in PBS (n � 20), weighed,
and incubated for 24 hours on raised platforms in 1 ml of
serum-free RPMI 1640 medium with 50 �g/ml of penicil-
lin, 50 �g/ml of streptomycin, and 5 �g/ml of gentamicin
(all from Sigma Aldrich).

IL-8 protein secretion into the culture medium by EP2S
cells and endometrial biopsy specimens after 24 hours
was quantified using an in-house enzyme-linked immu-
nosorbent assay as described previously.14 A mouse
monoclonal anti-human IL-8 capture antibody and a bio-
tinylated polyclonal goat anti-human IL-8 detection anti-
body were used (R&D Systems, Oxford, UK). Protein
concentrations in the conditioned medium were normal-
ized to tissue weight.

IL-8 Immunohistochemistry

IL-8 was immunolocalized in endometrial tissue sections
as previously described.15 In brief, slides were dewaxed
and rehydrated before antigen retrieval in 0.01mmol/L of
sodium citrate on high power in a pressure cooker for 5
minutes. Primary antibody (rabbit polyclonal, 1:100) was
added overnight at 4°C. After incubation with secondary
antibody (goat anti-rabbit, 1:200) and avidin biotin per-
oxidise complex (ABC Elite; Vector Laboratories, Peter-
borough, UK), staining was detected with liquid biamino-
benzidine (DAB kit; Zymed Laboratories, Inc., South San
Francisco, CA). Localization and intensity of immuno-
staining were evaluated blindly by two independent ob-
servers using a previously validated semiquantitative
scoring system (J.A.M.). Intensity was graded using a
three-point scale (0 � no staining, 1 � mild staining, and
2 � strong staining). The percentage of cells stained at

each of these intensities was assessed in each cellular
compartment. A value was derived for each compartment
using the sum of these percentages after multiplication
by the intensity of staining.

Capillary Tube Formation Assay

Matrigel, 100 �L (BD Biosciences, Bedford, MA), was
added in each well of a 48-well plate and allowed to polym-
erize for 1 hour at 37°C. Human umbilical vascular endo-
thelial cells were seeded at a density of 2 � 104 in 200 �L
of EBM-2 medium (Lonza, Walkersville, MD) supplemented
with GA1000 and ascorbic acid SingleQuots (Lonza). Cells
were then treated with 250 �L of culture supernatant from
menstrual and mid-secretory tissue explants incubated in
vitro for 24 hours (40 mg of tissue per milliliter of RPMI
medium) or 0.5 or 20 ng of recombinant human IL-8 (R&D
Systems) in 250 �L of medium. Each dose of IL-8 was
assessed in triplicate in three separate experiments. Capil-
lary tube formations were visualized after 8 hours. Images
were captured in the same position in each well using an
inverted microscope at �5 magnification. Branch points of
the formed tubes were counted by an observer (J.A.M.)
blinded to the sample origin, and an average of the repli-
cates was determined after unblinding.

Statistical Analysis

For mRNA expression in explants and cell culture, results
are given as fold increase where relative expression of
mRNA in cells treated with PGE2 was divided by the
relative expression in vehicle-treated cells. Data are
given as mean (SEM). Significant difference was deter-
mined using one-way analysis of variance of delta cycle
threshold values using Tukey posttest analysis. For en-
dometrial biopsy specimens from across the menstrual
cycle, results are given as quantity relative to a compar-
ator, a sample of RNA from the liver. Significant differ-
ence was determined using the Kruskal-Wallis nonpara-
metric test with the Dunn multiple comparison posttest
(Instat; GraphPad Software, Inc., San Diego, CA).

Results

Expression of IL-8 mRNA and Protein in Human
Endometrium

IL-8 mRNA was present at low levels in endometrium from
the proliferative, early secretory, and mid secretory stages
of the menstrual cycle. A nonsignificant increase in IL-8
mRNA expression was observed in the late secretory
phase. By the menstrual stage, IL-8 concentrations had
increased significantly compared with endometrium from
the proliferative (P � 0.01), early secretory (P � 0.001), and
mid secretory (P � 0.05) stages (Figure 1A. The amount of
IL-8 protein secreted from endometrial biopsy specimens
cultured in vitro for 24 hours demonstrated a similar pattern
(Figure 1B). Endometrium from the menstrual stage se-
creted significantly higher concentrations of IL-8 protein
than did tissue from the early and mid secretory phases

(P � 0.05). There was no significant decrease in IL-8 protein
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between the menstrual and proliferative stages. Immunolo-
calization of IL-8 demonstrated positive cytoplasmic stain-
ing in glandular epithelial, surface epithelial, stromal, and

Figure 1. IL-8 is increased in endometrium from the menstrual phase of the
cycle. A: Relative IL-8 mRNA expression in endometrium from across the
menstrual cycle. Note logarithmic scale on the y axis. B: Secreted IL-8 protein
levels by endometrial explants from different stages of the menstrual cycle
cultured in vitro for 24 hours. Immunohistochemical staining for IL-8 in
menstrual (C and D) and mid secretory (E and F) endometrium. Inset:
Negative control menstrual endometrium. Scale bar � 50 �m. Arrows indi-
cate perivascular cells. GE, glandular epithelial cells; St, stromal compart-
ment. G: Semiquantitative scoring of IL-8 staining in endometrial surface
epithelial (SE) cells, glandular epithelial (GE) cells, stromal compartment,
and perivascular cells. Each box represents the 25th and 75th percentiles, and
the whiskers the 10th and 90th percentiles. Horizontal lines represent the
median. M, menstrual; P, proliferative; ES, early secretory; MS, mid secretory;
LS, late secretory. *P � 0.05. **P � 0.01. ***P � 0.001. KW, Kruskal-Wallis
statistical test.
perivascular cells in endometrium from the menstrual phase
of the cycle (Figure 1, C and D). In contrast, during the mid
secretory phase of the cycle, stromal staining was negligi-
ble and glandular epithelial cells were only faintly positive
(Figure 1, E and F). Semiquantitative scoring of staining
intensity revealed that the strongest staining was in the
glandular epithelial and perivascular cells (Figure 1G). IL-8
perivascular staining was significantly increased during the
menstrual phase of the cycle when compared with the pro-
liferative (P � 0.05), early secretory (P � 0.01), and mid
secretory (P � 0.05) stages (Figure 1G). There was a non-
significant increase in IL-8 staining in glandular epithelial
and stromal cells during the menstrual phase (Figure 1G).

Increased IL-8 Secretion by Menstrual
Compared with Mid Secretory Endometrium
Translates into Enhanced Angiogenic Activity

To assess the angiogenic potential of IL-8 produced by the
endometrium, branching of human umbilical vascular en-
dothelial cells (HUVECs) was quantified after various treat-
ments. Compared with cells treated with unconditioned me-
dium, cells treated with conditioned medium from menstrual
tissue incubated for 24 hours in vitro demonstrated a signif-
icant increase in HUVEC capillary branch point formation
(Figure 2A). No significant increase in angiogenesis was
observed with conditioned medium from mid secretory
phase explants. These endometrial explants are likely to
produce several angiogenic factors. To assess the contri-
bution of IL-8 alone, HUVECs were also treated with recom-
binant human IL-8. The mean (SEM; median) amount of IL-8
secreted by menstrual endometrial explants was 18.94
(7.57; 19.4) ng. Mid secretory endometrium secreted the
lowest levels of IL-8: 0.53 (0.13; 0.44) ng. Therefore, HU-
VECs were treated with control medium, 20 ng or 0.5 ng of
human recombinant IL-8. Compared with cells treated with
0.5 ng of IL-8 or control medium, treatment of HUVECs with
20 ng of IL-8 resulted in a significantly higher number of
capillary tube branch points (Figure 2B). Mid-secretory lev-
els of IL-8 had no significant effect on branch points when
compared with control medium.

IL-8 mRNA Expression Is Increased by PGE2

and Hypoxia in Secretory Endometrial Tissue

To investigate the regulation of endometrial IL-8, human endo-
metrial explants were cultured for 24 hours with vehicle, 100
nmol/L of PGE2, or hypoxic conditions. Secretory endometrium
from seven women demonstrated a nonsignificant increase in
IL-8 expression with PGE2 treatment under normoxic condi-
tions. Culture of endometrial explants under hypoxic condi-
tions significantly elevated IL-8 mRNA expression (P � 0.05)
(Figure 3A). In contrast, neither treatment induced up-regula-
tion of IL-8 in endometrium from the proliferative phase (n � 3)
(Figure 3B). This suggests that previous exposure to proges-
terone is essential for up-regulation of IL-8 by PGE2 and hyp-
oxia. There was no significant difference in EP2 receptor
mRNA expression in response to PGE2 or hypoxia between
explants from the proliferative and secretory phases of the

cycle (data not shown).
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In Vitro and in Vivo Models of Progesterone
Withdrawal Increase IL-8 mRNA Expression

To establish whether progesterone withdrawal induces
IL-8 mRNA expression, proliferative endometrial biopsy
specimens were divided into 8 explants (n � 5). All ex-
plants were treated with MPA for 24 hours. After proges-
terone exposure, progesterone withdrawal was simulated
in four of the explants by co-treating with RU486, a pro-
gesterone-receptor antagonist. Progesterone withdrawal
under normoxic conditions did not significantly up-regu-
late IL-8 mRNA expression (Figure 4).

It was postulated that in vivo, progesterone withdrawal
in the late secretory phase induces synthesis of prosta-
glandins and constriction of spiral arterioles, resulting in
an episode of transient hypoxia. Therefore, to mimic the
in vivo condition more accurately, two endometrial ex-
plants were exposed to hypoxic conditions at simu-
lated progesterone withdrawal. Addition of hypoxic
conditions induced significant induction of IL-8 mRNA
expression 48 hours after progesterone withdrawal

Figure 2. Menstrual levels of IL-8 can up-regulate network formation in
HUVECs. A: The number of capillary tube branch points formed by HUVECs
significantly increased when treated for 8 hours with conditioned medium
(CM) from menstrual endometrial biopsy specimens cultured for 24 hours in
vitro versus control medium. No such increase was seen with conditioned
medium from mid secretory explants (n � 4 or 5). B: The number of capillary
tube branch points formed by HUVECs treated with 20 ng of human recom-
binant IL-8 (M, menstrual levels) was significantly greater that those formed
when treated with control medium or 0.5 ng of IL-8 (MS, mid secretory levels)
(n � 3). *P � 0.05.
(P � 0.05) (Figure 4A).
To assess the contribution of prostaglandins after
progesterone withdrawal, explants were concomitantly
treated with MPA (progestogen), RU486 (progesterone-
receptor antagonist), and indomethacin (a COX enzyme
inhibitor). Addition of indomethacin attenuated up-regu-
lation of IL-8 mRNA after progesterone withdrawal under
hypoxic conditions (Figure 4A).

To further investigate the role of progesterone and hyp-
oxia in regulating endometrial IL-8 expression, endometrial
biopsy specimens from seven women obtained before and
3 to 6 months after LNG-IUS insertion were examined. The
LNG-IUS markedly down-regulated the progesterone receptor
in all components of the endometrium,16 resulting in a human
model of progesterone deficiency. At comparison of endome-
trium obtained during the proliferative, early secretory, and mid
secretory stages with paired samples obtained after 3- to
6-month exposure to LNG-IUS (n � 7), significant up-regula-
tion of IL-8 mRNA expression was observed after LNG-IUS
exposure (P � 0.05) (Figure 4B). This increase in endometrial
IL-8 after LNG-IUS insertion was also identified at the protein
level. Increased IL-8 immunohistochemical staining was visi-
ble in the decidualized stromal cells present after LNG-IUS
exposure (Figure 4, C and D). Endometrial biopsy specimens
obtained during the late secretory and menstrual phases (n �
2) demonstrated no significant change in IL-8 mRNA expres-
sion on exposure to the LNG-IUS (data not shown). This sug-

Figure 3. IL-8 mRNA up-regulation by PGE2 and hypoxia depends on cycle
stage. A: IL-8 mRNA expression in early-mid-secretory endometrium (n � 7)
after in vitro culture for 24 hours under normoxic conditions with vehicle
(NV), normoxic conditions (21% O2) with 100 nmol/L PGE2 (NPGE2), or
hypoxic conditions (0.5% O2) plus vehicle (HV). B: IL-8 mRNA expression in

proliferative endometrium cultured in identical conditions (n � 3). *P � 0.05.
ns, not significant.
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gests that endometrium already exposed to progesterone
withdrawal in vivo has no further capacity for IL-8 induction on
insertion of LNG-IUS.

PGE2 and Hypoxia Increase IL-8 mRNA and
Protein Expression in Endometrial Epithelial
Cells and Together Result in a Synergistic
Increase

To delineate the mechanisms by which PGE2 and hyp-
oxia induce IL-8 expression, an Ishikawa endometrial
epithelial cell line stably expressing the EP2 receptor was
used. This cell line was used to mimic primary endome-
trial epithelial cells, which express receptors for PGE2.17

Cells were exposed to treatment with vehicle or 100
nmol/L of PGE2 for up to 48 hours under normoxic and
hypoxic conditions. Treatment with PGE2 under normoxic
conditions (Figure 5A) demonstrated a significant in-
crease in IL-8 mRNA expression, with maximal up-regu-
lation after 8 hours (P � 0.01). Hypoxic conditions also
significantly increased IL-8 mRNA expression (Figure 5B)
but exhibited a more delayed induction, reaching maxi-
mum up-regulation after 8 to 24 hours (P � 0.01). When
cells were exposed to both PGE2 and hypoxic conditions
for 24 hours (Figure 5C), there was a synergistic increase
in IL-8 mRNA expression that was significantly greater
than with treatment with PGE2 in normoxia (P � 0.05) or
hypoxia (P � 0.05) alone. Levels of secreted IL-8 protein
demonstrated a similar pattern, with a synergistic in-
crease in IL-8 protein secretion with PGE2 treatment un-
der hypoxic conditions (Figure 5D). In contrast, in human

endometrial stromal cells, hypoxic conditions had no sig-
nificant effect on IL-8 mRNA expression or protein levels
at any time examined (data not shown). Treatment with
100 nmol/L of PGE2 resulted in a significant increase in
IL-8 mRNA expression after 48 hours (P � 0.05) and a
nonsignificant increase in secreted protein levels at the
same time point (data not shown).

IL-8 Up-Regulation by PGE2 Under Normoxic
Conditions Is Inhibited by a Dominant-Negative
of NF-�B

To determine the role of NF-�B in up-regulation of IL-8
in the endometrium, cells were infected with a domi-
nant-negative inhibitor of NF-�B (Ad–I�-B�) and cul-
tured for 6 hours either in the presence of vehicle or
PGE2 or under hypoxic conditions. Infection of cells
with Ad–I�-B� resulted in significant reduction of
PGE2-induced IL-8 mRNA expression (P � 0.05) when
compared with uninfected cells or cells infected with
control Ad-d1730 (Figure 6B). Hypoxia-induced IL-8
mRNA expression was not significantly affected by
inhibition of NF-�B (Figure 6C).

IL-8 Up-Regulation by Hypoxia Is Inhibited by
Echinomycin, a Pharmacologic Inhibitor of
Hypoxia-Inducible Factor-1� Binding

Echinomycin is a small molecule that inhibits the DNA
binding of hypoxia-inducible factor (HIF) to the hypoxic
response element sequence but does not affect AP-1 or
NF-�B binding9 (Figure 6D–F). Cells concomitantly

Figure 4. Progesterone withdrawal results in el-
evated IL-8 mRNA expression but only under hy-
poxic conditions. A: Significant up-regulation of
IL-8 mRNA expression was observed in prolifera-
tive endometrium (n � 5, five different women)
subjected to in vitro progesterone withdrawal
(Pw/d) in the presence of hypoxia (*P � 0.05).
This effect was abrogated by the addition of 8.4
�mol/L of indomethacin (Indo), a COX inhibitor.
B: Insertion of the LNG-IUS, with consequent local
progesterone deprivation analogous to local pro-
gesterone withdrawal, resulted in a significant in-
crease in IL-8 mRNA (P � 0.05). Note logarithmic
scale on the y axis. Immunohistochemical staining
of IL-8 in mid secretory phase endometrium before
IUS insertion (C) and in endometrium from the
same woman four months after IUS insertion (D).
GE, glandular epithelial cells; St, stromal compart-
ment; dSt, decidualized stromal cells. Arrows in-
dicate perivascular cells.
treated with PGE2 and 5 nmol/L of echinomycin demon-
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strated a significant (P � 0.05) but not absolute reduction
in IL-8 mRNA expression when compared with cells
treated with 100 nmol/L of PGE2 alone (Figure 6E). Hy-
poxia-induced IL-8 mRNA expression was abolished
when cells were concomitantly treated with 5 nmol/L of

Figure 5. IL-8 mRNA and protein expression is up-regulated by PGE2 and
hypoxic conditions (0.5% O2) in endometrial epithelial cells. A: An endome-
trial epithelial cell line (EP2S cells) treated with 100 nmol/L of PGE2 under
normoxic conditions (21% O2) showed significantly increased levels of IL-8
mRNA at 4 and 8 hours, compared with cells treated with vehicle (V) at the
same time point (n � 3). B: EP2S cells under hypoxic conditions showed a
slower pattern of IL-8 mRNA induction, reaching significance after 8 hours
(n � 3). C: EP2S cells treated simultaneously with PGE2 and hypoxia re-
vealed a synergistic increase in IL-8 mRNA expression after 24 hours when
compared with treatment with PGE2 in normoxia or hypoxia alone (n � 3).
D: This synergistic increase was also observed when examining IL-8 secreted
protein levels in EP2S-conditioned medium from the same experiments (n �
3). *P � 0.05. **P � 0.01.
echinomycin (P � 0.05) (Figure 6F).
Silencing of HIF-1� with shRNA Confirms
Involvement of HIF-1� in Upregulation of
IL-8 by Hypoxia and PGE2

HIF-1� knockdown was confirmed at Western blot anal-
ysis (see Supplemental Figure S1A at http://ajp.amjpathol.
org). There was a marked decrease in HIF-1� protein in
cells transfected with shRNA against HIF-1� before hy-
poxic incubation versus untransfected cells or those
transfected with a scrambled shRNA sequence. Speci-
ficity of the knockdown was confirmed by examination of
lamin A/C mRNA expression, which was not significantly
different with transfection of any construct (Figure S1B).
IL-8 expression was increased with PGE2 or hypoxic in-
cubation. Transfection of cells with a scrambled sequence
did not significantly change IL-8 mRNA expression. In
agreement with pharmacologic inhibition of HIF-1� binding,
the hypoxic increase in IL-8 was significantly abrogated
when HIF-1� was silenced before treatment (P � 0.05)
(Figure 6H). PGE2-induced IL-8 mRNA expression was non-
significantly decreased when HIF-1� was silenced, when
compared with untransfected cells.

Discussion

In the present study, significant menstrual up-regulation
of endometrial IL-8 mRNA and protein was observed. The
timing of this elevation in IL-8 expression is consistent
with the onset of endometrial repair. The data support the
hypothesis that progesterone withdrawal followed by in-
creased PGE2 and hypoxic conditions up-regulates en-
dometrial repair factor expression. Furthermore, NF-�B
and HIF-1 are two transcription factors that have a role in
the induction of IL-8 for menstrual repair. Cross-talk be-
tween these factors presents a mechanism for the syner-
gistic increase in IL-8 observed when PGE2 and hypoxia
are present simultaneously, as occurs in the perimen-
strual endometrium.

Previous studies have found an increase in IL-8 mRNA
and protein expression during the late secretory phase of
the menstrual cycle.18,19 However, those studies did not
examine tissue from the menstrual phase; thus, the max-
imal increase in IL-8 during this stage was not demon-
strated. The finding of significant elevation of IL-8 protein
during menstruation is in agreement with the findings of
Jones et al,20 who reported undetectable levels of IL-8
mRNA during the menstrual cycle until a dramatic up-
regulation at menstruation. As endometrial repair has
been shown microscopically to commence on cycle day
2,21 the finding of maximal IL-8 levels during menstrua-
tion is consistent with a role in endometrial repair. A
recent study of the menstrual endometrium revealed an
increase in genes associated with extracellular matrix
biosynthesis in stromal cells from the functional layer
when compared with those from the basal layer.22 Over-
expression of these genes, which includes IL8 (�4-fold
increase), suggests that fragments of the functional layer
of endometrium participate in endometrial repair.

IL-8 is a potent chemokine,4 and is reported to control

the migration and activation of leukocytes during men-

http://ajp.amjpathol.org
http://ajp.amjpathol.org
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struation. A host of chemokines are present in the pre-
menstrual endometrium, including monocyte chemotac-
tic protein-3, eotaxin, fractaline, and 6Ckine (chemokine
with 6 cysteines).20 By using a gene array approach and
validation with RT-PCR, Jones et al20 demonstrated that
of all of the chemokines assessed, only IL8 was signifi-
cantly increased in menstrual phase endometrium. In-
flammatory cells produce and secrete proteases, such as
matrix metalloproteinases, that have the ability to break
down the extracellular matrix.23 Therefore, the maximal
expression of IL-8 at menstruation described herein is
consistent with a role in chemotaxis and inflammatory cell
accumulation in the endometrium, key events in the initi-
ation of menstruation. In addition, leukocytes form an
essential component of the endometrial repair process.
Neutrophil depletion using the antibody RB6 8C5 mark-
edly delayed endometrial repair in the mouse model of
menstruation.24 In addition to its role in neutrophil che-
motaxis, IL-8 has important angiogenic properties5 and
induces mitogenesis of vascular smooth muscle cells.25

IL-8 interacts with two chemokine receptors, CXCR1 and
CXCR2. Both are expressed in the endometrium through-
out the menstrual cycle.26 Therefore, it was postulated
that IL-8 has a functional role in human endometrial an-
giogenesis and repair. The present study demonstrated
that menstrual phase endometrial explants have the abil-
ity to produce factors with significant angiogenic poten-
tial. In addition, the elevated levels of IL-8 present during
menstruation have increased angiogenic potential when
compared with levels secreted during the mid secretory
phase. Numerous angiogenic factors are present in the
endometrium during menstruation, including vascular en-
dothelial growth factor,3 the angiopoietins,27 and platelet-
derived growth factor.28 All likely have a role in vascular

proliferation and differentiation, enabling rapid repair of
damaged blood vessels. An element of functional redun-
dancy of these factors is to be expected to ensure efficient
endometrial repair. Although IL-8 may not be essential for
angiogenesis during endometrial repair, the IL-8 protein
levels present during menstruation are sufficient for an ac-
tive contribution to this physiologic process.

Postmenstrual repair was traditionally considered es-
trogen-dependent. However, using scanning electron mi-
croscopy, Ludwig and Spornitz21 demonstrated that ep-
ithelial cell proliferation and migration commenced on
day 2 of the menstrual cycle and that full coverage of the
uterine lumen was achieved by day 6. Because estrogen
levels remain low throughout the menstrual phase, these
observations suggest that initiation of repair may be es-
trogen-independent. The murine model of menstruation
also supports the hypothesis that estrogen is not essen-
tial for endometrial repair.29 Ovariectomized mice were
maintained on a soy-free diet and treated with an aromatase
inhibitor to remove all estrogenic influence. When assessed
morphologically, no significant difference in the rate of en-
dometrial repair was observed in the complete absence of
estrogen. Notwithstanding the limitations of the mouse
model of simulated menstruation, these results support find-
ings in the human endometrium that suggest that estrogen
is not necessary for repair, although it may contribute to the
process. Therefore, it was postulated that progesterone
withdrawal rather than an increase in estradiol is the stimu-
lus for endometrial repair factor expression.

Progesterone withdrawal in vivo causes significant up-
regulation of endometrial IL-8 mRNA expression after 48
hours.1,19 However, the mechanisms by which proges-
terone withdrawal manifests this effect remain undefined.
Progesterone withdrawal during the late secretory phase
of the menstrual cycle results in up-regulation of COX-2,

Figure 6. NF-�B and HIF-1 contribute to PGE2

and hypoxia-induced IL-8 mRNA expression. A:
Infection of endometrial epithelial cells (EP2S
cells) with a dominant-negative inhibitor of
NF-�B (Ad–I�-B�) or control adenovirus (Ad-
d1703) had no significant effect on basal IL-8
levels. B: Cells infected with Ad–I�-B� demon-
strated significant attenuation of PGE2-induced
IL-8 mRNA expression compared with unin-
fected cells or cells infected with Ad-d1703. C:
Infection of cells with Ad–I�-B� had no signifi-
cant effect on the hypoxic induction of IL-8 ex-
pression. D: Treatment of cells with echinomy-
cin alone for 8 hours did not significantly alter
IL-8 mRNA expression. E: Concomitant treat-
ment of cells with 100 nmol/L of PGE2 and 5
nmol/L of echinomycin (EC), an inhibitor of
HIF-1 binding, showed a significant reduction in
IL-8 mRNA expression. F: Echinomycin treat-
ment under hypoxic conditions abolished hy-
poxia-induced IL-8 mRNA up-regulation. G:
PGE2-induced IL-8 mRNA expression in EP2S
cells was not significantly decreased by silencing
of HIF-1� by shRNA. Transfection of a scram-
bled shRNA sequence (SCR) had no significant
effect on IL-8 expression when compared with
untransfected cells (n � 3). H: Hypoxic induc-
tion of IL-8 expression was significantly de-
creased when HIF-1� was silenced in cells be-
fore hypoxic incubation (n � 3–5). Hypoxia,
0.5% O2; normoxia, 21% O2; V, vehicle. *P �
0.05. **P � 0.01. ***P � 0.001).
an enzyme responsible for prostaglandin synthesis.1,30
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PGF2� is a potent vasoconstrictor.31 Premenstrual in-
creases in PGF2� and other vasoconstrictors such as en-
dothelin-1 result in constriction of spiral arterioles. This
causes a transient episode of hypoxia in the functional layer
of the endometrium (Figure 7). The hypothesis that hypoxia
exists during the perimenstrual phase was derived from
classic experiments in the rhesus monkey.32 Direct obser-
vation of changes in intraocular endometrial implants dem-
onstrated vasoconstriction of the spiral arterioles and a de-
crease in blood flow. Hypoxia has also been demonstrated
in the mouse model of menstruation using pimonidazole.33

Furthermore, although some controversy remains about the
presence of hypoxia in the human endometrium,34 late se-
cretory and menstrual endometrium exhibits positive nu-
clear immunohistochemical staining for HIF-1� and CAIX,
two markers of hypoxia.35,36 Therefore, it is proposed that
hypoxia is involved in the initiation of postmenstrual repair
factor expression after progesterone withdrawal.

Herein, it has been demonstrated that PGE2 and hyp-
oxia independently up-regulate IL-8 mRNA expression in
endometrial epithelial cells and in endometrial explants
that have had previous progesterone exposure. Endome-
trial tissue from the proliferative stage, that is, with no
significant in vivo progesterone exposure, demonstrated
no such increase in IL-8 expression with PGE2 or hyp-
oxia. There was no significant difference in EP2 mRNA
expression between explants from the proliferative and
secretory phases of the cycle. In addition, previously
published data on the endometrial expression of the EP2
receptor demonstrated no significant variation across the
menstrual cycle.17 These data suggest that the variation
observed in explants from various phases of the cycle in

Figure 7. It was hypothesized that up-regulation of IL-8 in the perimenstrual
endometrium after progesterone withdrawal occurs by two pathways. Ele-
vation of COX-2 induces synthesis of PGE2 and PGF2�. PGF2� is a potent
vasoconstrictor and, along with other vasoconstrictors, causes an episode of
transient hypoxia in the superficial endometrial zones. It was demonstrated
that both PGE2 and hypoxic conditions can increase endometrial IL-8 mRNA
and protein levels, with synergistic increases in IL-8 observed in the presence
of both treatments simultaneously. NF-�B and HIF-1� seem to mediate
transcription of IL-8 for endometrial repair.
response to PGE2 and hypoxia is not due to differing
levels of EP2 receptor expression. When proliferative ex-
plants were subjected to an in vitro model of progester-
one withdrawal using the progesterone-receptor antago-
nist mifepristone, there was no up-regulation of IL-8
under normoxic conditions. Under in vitro conditions, en-
dometrial architecture is disturbed, and up-regulation of
COX-2 and subsequent synthesis of PGF2� are unlikely to
result in vasoconstriction and local tissue hypoxia. To
overcome the limitations of the in vitro culture system,
explants were placed in a hypoxic chamber (0.5% O2) at
the time of progesterone withdrawal to more accurately
simulate the in vivo environment. The addition of hypoxic
conditions induced a significant increase in IL-8 mRNA
expression 48 hours after progesterone withdrawal,
which suggests that hypoxia is necessary for the in-
crease in endometrial repair factors at menstruation. To
delineate the contribution of prostaglandins after proges-
terone withdrawal, the COX inhibitor indomethacin was
added to the in vitro progesterone withdrawal system.
This abrogated the up-regulation of IL-8 mRNA expres-
sion, indicating that both prostaglandins and hypoxia are
required after progesterone withdrawal for up-regulation
of repair factor expression.

To determine whether a similar human model of pro-
gesterone deprivation up-regulated IL-8 expression, en-
dometrial biopsy specimens from women obtained be-
fore and after insertion of LNG-IUS were examined. This
IUS markedly down-regulates the progesterone receptor
in all endometrial compartments,16 resulting in a proges-
terone-deficient environment that simulates the in vitro
model used in the present study. The added advantage
of this in vivo human model is that the endometrial archi-
tecture remains intact, enabling the physiologic pro-
cesses of chemoattraction and vasoconstriction. Previ-
ous studies of long-term progestogen exposure have
demonstrated reduced endometrial perfusion and pro-
foundly decreased vasomotion, which may induce a rel-
ative endometrial hypoxia.37 The results demonstrated
that IL-8 mRNA expression in normal endometrium during
the proliferative, early, and mid secretory phases is low.
Paired samples obtained four to six months after LNG-
IUS insertion demonstrated significantly increased IL-8
mRNA expression in all seven women. Levels after IUS
insertion were comparable to those observed during the
normal menstrual phase. The increased IL-8 mRNA ex-
pression in this LNG-IUS human model of progesterone
withdrawal is comparable to the finding of significantly
elevated IL-8 mRNA expression in endometrial samples
from women obtained 48 hours after withdrawal of vagi-
nal progesterone administration compared with mid se-
cretory control endometrium.1

After progesterone withdrawal during the late secre-
tory phase, both PGE2 and hypoxia are present in the
luminal portion of the endometrium. Therefore, the effect
of both PGE2 plus hypoxic conditions on IL-8 expression
in endometrial cells was examined. An Ishikawa endome-
trial epithelial cell line was used for these studies be-
cause primary human glandular endometrial epithelial
cells have a limited capacity to proliferate in culture.
Treatment with PGE2 and hypoxia induced a synergistic

increase in IL-8 mRNA and protein compared with either
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treatment alone, which suggests an interaction between
the two pathways of IL-8 stimulation. Another endometrial
proangiogenic factor, CYR61, has a similar regulation
pattern.38 Endometrial cells treated with hypoxia and
PGE2 demonstrated a synergistic increase in CYR61
mRNA and protein levels. Mechanistic studies have de-
scribed CYR61-mediated induction of IL-8 receptors
CXCR1 and CXCR2.39 Hence, there is evidence that hyp-
oxia and PGE2 initiate a perimenstrual angiogenic and
tissue repair response by activation of CYR61- and IL-8–
mediated signaling.

HIF-1 and NF-�B are two nuclear transcription factors
present in the endometrium during the perimenstrual
phase.35,40 The hypoxic response element and the
NF-�B binding site have both previously been identified
in the IL-8 promoter.41,42 Both HIF-1 and NF-�B up-reg-
ulate IL-8 mRNA expression in cells from other tissue
sites in the body.41,43,44 An adenoviral dominant-nega-
tive inhibitor of NF-�B (Ad–I�-B�) maintains NF-�B in a
cytoplasmic location, preventing transcription of its target
genes. On infection of endometrial epithelial cells with
Ad–I�-B�, there was a significant decrease in PGE2-me-
diated IL-8 mRNA up-regulation. Concomitant treatment
with hypoxia and echinomycin revealed a significant re-
duction in hypoxia-mediated IL-8 mRNA expression.
These results suggest that PGE2-mediated IL-8 up-regu-
lation is NF-�B–dependent and that hypoxia-mediated
IL-8 up-regulation is HIF-1–mediated. Echinomycin also
reduces c-Myc and AP-1 binding by 30% and 50%, re-
spectively,45 and these transcription factors may also
contribute to the decrease in IL-8 production. However,
specific inhibition of HIF-1� with shRNA also demon-
strated a significant reduction in hypoxia-mediated IL-8
expression. This supports the presence of an interaction
between NF-kB and HIF-1� to regulate IL-8 expression.
There is mounting evidence for cross-talk between NF-�B
and HIF-1 in other tissue sites.46–49 Therefore, the pres-
ence of both of these transcription factors and possible
cross-talk between them may explain the synergistic up-
regulation of IL-8 mRNA observed in endometrial cells
exposed to PGE2 and hypoxic conditions simultaneously.

Aberrations in endometrial repair factor expression
may lead to prolonged heavy menstrual bleeding. In
women with menstrual blood loss in excess of 90 ml the
PGF2�-PGE2 ratio is significantly decreased50 and pros-
taglandin F2� receptor expression is also decreased.51

Excessive PGE2 production at the expense of PGF2� may
result in less constriction of the spiral arterioles and an
absent or decreased perimenstrual hypoxic insult. If en-
dometrial repair factor expression depends on the inter-
action between PGE2 and hypoxia-induced pathways, it
can be speculated that endometrial repair processes
may be defective in these women as a result of an altered
hypoxic episode.

In summary, IL-8 mRNA and protein are increased in
the human endometrium at menstruation. The present
data support the hypothesis that progesterone with-
drawal, followed by increased PGE2 and hypoxic condi-
tions, up-regulates endometrial repair factor expression.
Endometrial IL-8 mRNA up-regulation may be mediated

by NF-�B and HIF-1. Cross-talk between these two tran-
scription factors presents a mechanism for the synergis-
tic increases in IL-8 observed in endometrial cells when
PGE2 and hypoxia are present together. Further studies
are required to determine whether hypoxic conditions
and subsequent repair factor expression are aberrant in
women with heavy menstrual bleeding.
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After menstruation, the endometrium has a remarkable capacity for repair, but the factors in-
volved remain undefined. We hypothesize adrenomedullin (AM) plays a role in this process. Pre-
menstrually progesterone levels decline, stimulating prostaglandin (PG) synthesis, vasoconstric-
tion, and hypoxia. This study aimed to determine 1) AM expression throughout the menstrual (M)
cycle and 2) its regulation by PG and hypoxia. Human endometrial biopsies (n � 51) were collected
with ethical approval and consent. AM mRNA expression was examined by quantitative RT-PCR and
was found to be selectively elevated in endometrium from the menstrual (M) phase (P � 0.001). AM
immunohistochemical staining was maximal in M and proliferative (P) endometrium. Culture of
secretory, but not P, explants with 100 nM PGF2� or hypoxia (0.5% O2) increased AM mRNA (P �

0.05). P explants were induced to increase AM expression using in vitro progesterone withdrawal
but required the presence of hypoxia (P � 0.05). Short hairpin sequences against hypoxia-inducible
factor-1� (HIF-1�) inhibited AM hypoxic up-regulation but did not alter PGF2�-induced expression.
The AM receptor was immunolocalized to endothelial cells in both lymphatic and blood vessels.
Conditioned medium from PGF2�-treated cells increased endothelial cell proliferation and branch-
ing (P � 0.05). This was abolished by AM receptor antagonists. In conclusion, AM is elevated at the
time of endometrial repair and induces both angiogenesis and lymphangiogenesis by stimulating
endothelial cell proliferation and tube formation. In the human endometrium, AM expression is
up-regulated by two mechanisms: a HIF-1�-mediated hypoxic induction and a HIF-1�-independent
PGF2� pathway. These physiological mechanisms may provide novel therapeutic targets for disor-
ders such as heavy menstrual bleeding. (Endocrinology 152: 2845–2856, 2011)

The human endometrium is cyclically subjected to in-
flammation and tissue destruction during menstrua-

tion. Its capacity for scar-free repair is remarkable, but the
factors involved remain elusive. Delineation of this effi-
cient repair process may reveal novel therapeutic targets

for complaints such as heavy menstrual bleeding (HMB).
In addition, the physiological mechanisms of endometrial
repair may be applicable to tissues elsewhere in the body,
where inflammation can lead to pathogenic fibrosis and
scarring.
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receptor-like receptor; COX, cyclo-oxygenase; ES, early secretory; GE, glandular epithe-
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heavy menstrual bleeding; HUVEC, human umbilical vein endothelial cell; LS, late secretory;
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Premenstrually, the endometrium is exposed to high
levels of progesterone, secreted from the corpus luteum. In
the absence of pregnancy, the corpus luteum regresses and
progesterone levels fall dramatically. It is well established
that this progesterone withdrawal initiates a cascade of
inflammatorymediators thatculminates intissuedestruction
and menstruation (1). Hormone levels remain low during
menstruation, until the proliferative (P) phase commences
and estrogen levels rise. Traditionally, endometrial repair
was thought tobe regulatedbyestrogen,but recent studies in
a mouse model have suggested it is an estrogen-independent
event (2).Therefore,wehypothesizedthatpremenstrualpro-
gesterone withdrawal simultaneously triggers endometrial
breakdown and initiates repair.

Progesterone withdrawal is known to up-regulate cyclo-
oxygenase (COX)-2, the enzyme stimulating prostaglandin
(PG) synthesis (3, 4). PGF2� is a potent vasoconstrictor and,
alongside other vasoactive factors, causes constriction of en-
dometrial spiral arterioles. This leads to an episode of local,
transient hypoxia in the uppermost endometrial zones dur-
ing menstruation. This hypoxic episode was first observed in
classic experiments in the rhesus monkey (5) and was re-
cently detected in the mouse model of menstruation (6). Use
of pimonidazole, a marker of oxygen levels less than 10 mm
Hg, demonstrated intense hypoxia in the luminal portion of
theendometriumond2ofthecycle,withnegligibledetection
by d 5. In addition, markers of tissue hypoxia [carbonic an-
hydrase IX and hypoxia-inducible factor (HIF)-1�] have
been detected immunohistochemically in the human endo-
metrium during menstruation (7, 8).

Adrenomedullin (AM) is a pluripotent peptide that be-
longs to the calcitonin gene peptide superfamily. It has a
wide range of biological actions, including vasodilation
(9–11), induction of angiogenesis (12–14), cell growth
(15), and inhibition of apoptosis (16, 17). AM has an
attractive but previously undefined role in human endo-
metrial repair. AM acts through a G protein-coupled re-
ceptor, the calcitonin receptor-like receptor (CLR). Re-
ceptor activity-modifying proteins (RAMP) associate with
CLR to determine its ligand binding specificity (18). CLR
association with RAMP2 or RAMP3 promotes AM bind-
ing, whereas heterodimerization with RAMP1 promotes
calcitonin gene-related peptide (CGRP) binding. Hypoxia

is known to induce AM gene expression in tumor cells and
endothelial cells via the transcription factor, HIF-1 (19,
20). AM is known to be expressed in the human endome-
trium (12, 21), but its regulation and differential expres-
sion across the menstrual cycle remain unknown.

The purpose of this study was to investigate the expres-
sion and regulation of AM in human endometrium. We
hypothesized that endometrial hypoxia and PG produc-
tion initiate the up-regulation of factors involved in repair.
Here, we have demonstrated that endometrial AM mRNA
expression peaked during menstruation, with maximal
AM protein observed in M and P phase biopsies. We have
identified that progesterone withdrawal, followed by hy-
poxic conditions and PGF2� synthesis, increased endome-
trial AM expression. Hypoxia-regulated AM expression
was mediated by HIF-1, whereas PGF2� up-regulated AM
by a HIF-1-independent pathway. Furthermore, we have
demonstrated that endometrial production of AM signif-
icantly increased vascular and lymphatic endothelial cell
proliferation and branching, suggesting it plays an impor-
tant role in endometrial repair and regeneration.

Materials and Methods

Tissue collection
Endometrial biopsies were collected with a suction curette

(Pipelle; Laboratorie CCD, Paris, France) from women with a
subjective complaint of HMB having investigation in the out-
patient setting (n � 22) or undergoing hysterectomy (n � 29). At
hysterectomy, a full-thickness endometrial biopsy was also col-
lected for immunohistochemical studies. Ethical approval was
obtained from the Lothian Research Ethics Committee and writ-
ten informed consent from all participants. Women were aged
31–52 yr (median, 41; mean, 41) with regular menstrual cycles
(21–35 d) and no exogenous hormone or intrauterine device use
in the 3 months before biopsy. Women with large (�3 cm) or
submucosal fibroids on ultrasound examination were excluded.
Women with confirmed endometriosis or with a history of per-
sistent premenstrual dyspareunia or infertility were excluded.
Tissue was placed in 1) RNA later, RNA stabilization solution
(Ambion Ltd., Warrington, UK); 2) neutral buffered formalin; or
3) PBS for in vitro culture and dated according to the criteria of
Noyes et al. (22). The participant’s reported last menstrual pe-
riod was recorded and serum estradiol and progesterone levels
measured at the time of biopsy (Table 1). Biopsies were consis-

TABLE 1. Classification of endometrial samples examined in this study

Histological stage
of cycle Mean age Day of cycle

Mean E2 pmol/litre
(range)

Mean P4 nmol/litre
(range)

M (n � 8) 41 2–3 192.25 (55–514) 3.71 (1.24–10.59)
P (n � 16) 42 6–16 441.18 (79–1105) 2.81 (0.97–7.1)
ES (n � 10) 42 17–21 497.50 (289–841) 59.60 (23.2–112.91)
MS (n � 11) 40 21–25 638.00 (242–1949) 64.30 (25.47–114.53)
LS (n � 6) 42 22–29 318.22 (59.09–819) 8.22 (1.06–16.95)
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tent for all three criteria and classified as proliferative (P), early
secretory (ES), midsecretory (MS), late secretory (LS), or men-
strual (M) for analysis.

Immunohistochemistry
AM and CLR localization was studied by immunohistochem-

istry, using standard methods. Antigen retrieval was performed
by pressure cooking in boiling 0.01 M citrate buffer (pH 6.0), and
endogenous peroxidase activity was quenched with 10% (vol/
vol) H2O2 in methanol. After blocking for 30 min in nonimmune
goat serum, sections were incubated overnight at 4C with 1:1000
rabbit antihuman AM (Phoenix Pharmaceuticals, Karlsruhe,
Germany) or rabbit antihuman CLR, previously described in
Ref. 15. An avidin-biotin peroxidase detection system was used
(Dako Ltd., Cambridge, UK) with 3,3-diaminobenzidine. Con-
trols were incubated with isotype-matched IgG or nonimmune
serum instead of primary antibody.

CLR, CD31 (platelet endothelial cell adhesion molecule), and
podoplanin expression was studied by triple immunofluores-
cence immunohistochemistry. Sections were prepared as above,
blocked with 20% nonimmune serum, and incubated sequen-
tially with rabbit anti-CLR antibody (1:3000), rabbit anti-CD31
antibody (1:1000) (Abcam, Cambridge, UK), and sheep antihu-
man podoplanin (1:500) (R&D Systems, Abingdon, UK), for
18 h at 4 C. Control sections were incubated with an equivalent
concentration of normal IgG or nonimmune serum. Detection
was performed using goat antirabbit or donkey antisheep Fab
fragment-peroxidase, as appropriate, at a dilution of 1:500
(Dako Ltd.) followed by incubation with Tyr fluorescence (CLR;
green), TyrCy5 (CD31; blue), and TyrCy3 (podoplanin; red) for
10 min at a dilution of 1:50 (PerkinElmer, Wokingham, UK).
Between antibodies, sections were microwaved for 2.5 min in
0.01 M citrate buffer (pH 6.0). Sections were counterstained with
4�,6-diamidino-2-phenylindole (Invitrogen, Carlsbad, CA) in
PBS and mounted in PermaFluor (Immunotech-Coulter, Brea,
CA) and coverslipped. Controls included replacement of the an-
tibody to CLR with an antibody that does not bind to vessels
(antihuman CD56 as the first antibody) and preimmune serum
from the same rabbit that was used to raise the anti-CLR anti-
body. Fluorescent images were visualized and photographed us-
ing a Carl Zeiss (Jena, Germany) laser scanning microscope Meta
LM 510.

Scoring of immunohistochemical staining
Localization and intensity of AM immunostaining was eval-

uated blindly by two independent observers using a previously
validated semiquantitative scoring system (23). Intensity and dis-
tribution of staining was rated as described previously (24). In-
tensity was graded using a three-point scale (0, no staining; 1,
mild staining; 2, strong staining). The percentage of cells stained
at each of these intensities was assessed in the glandular epithelial
cells and stromal cells in both the basal and functional layer of the
endometrium. The surface epithelial cells and endothelial cells
were also assessed where visible. A value was derived for each of
the cellular compartments by using the sum of these percentages
after multiplication by the intensity of staining.

Cell culture
Human Ishikawa endometrial adenocarcinoma cells (Euro-

pean Collection of Cell Culture, Centre for Applied Microbiol-
ogy, Wiltshire, UK) stably expressing the EP2 receptor (EP2S) or

the FP receptor (FPS) were maintained as previously described
(25). Approximately 4 � 105 EP2S or FPS cells were seeded in
six-well plates. The next day, cells were washed in PBS and in-
cubated in serum-free culture medium containing antibiotics and
8.4 �M indomethacin for at least 16 h. Cells were treated with
vehicle, 100 nM PGE2 (EP2S cells), or 100 nM PGF2� (FPS cells)
and placed in either normoxia (21% O2, 5% CO2, 37 C) or
hypoxic conditions (0.5% O2, 5% CO2, 37 C) in a sealed cham-
ber (Coy Laboratory Products, Inc., Grass Lake, MI) for 24 h.

To examine the contribution of HIF-1, cells were pretreated
with vehicle or 1, 2, 5, or 10 nM echinomycin (an inhibitor of
HIF-1 DNA binding activity) for 1 h. Cells were then stimulated
with vehicle, 100 nM PGF2� � echinomycin, or hypoxia � echi-
nomycin for 8 h.

Tissue culture
Endometrial biopsies (secretory phase, n � 4; P phase, n � 3)

were divided into four equal explants and incubated on raised
platforms in 24-well plates, with 1 ml of serum-free RPMI 1640
medium and 8.4 �M indomethacin for 16 h. One explant was
then treated with vehicle and one with 100 nM PGF2� in nor-
moxia (21% O2, 5% CO2, 37 C). The remaining two explants
were treated in the same way and placed in a sealed hypoxic
chamber (Coy Laboratory Products) set at 0.5%O2, 5% CO2, 37
C for 24 h.

Five further P biopsies were divided into eight equal-sized
explants and placed on raised platforms. All explants were
treated with 1 �M medroxyprogesterone acetate (MPA) for 24 h.
Explants were then treated with either 1) 1 �M MPA plus vehicle,
2) 1 �M MPA plus 8.4 �M indomethacin (a COX enzyme inhib-
itor), 3) 1 �M MPA and 1 �M RU486 (a progesterone receptor
antagonist) plus vehicle, or 4) 1 �M MPA and RU486 plus 8.4 �M

indomethacin. One plate was placed in normoxic conditions and
the other in hypoxic conditions for 48 h.

Quantitative RT-PCR (Q-RT-PCR)
Total RNA from cells and homogenized endometrial tissue

was extracted using the RNeasy Mini kit (QIAGEN Ltd., Sussex,
UK) according to the manufacturer’s instructions. Samples were
quantified and assessed for quality as previously described (7,
26). RNA samples were reverse transcribed as described previ-
ously (26). A tube with no reverse transcriptase was included to
exclude DNA contamination. Real-time quantitative PCR was
carried out using an ABI Prism 7900 Sequence Detection System
(Applied Biosystems, Warrington, UK) as previously described
(26). Primer and probe sequences are listed in Table 2. Data were
analyzed and processed using Sequence Detector version 2.3 (PE
Biosystems, Foster City, CA). Expression of target mRNA was
normalized to RNA loading for each sample using the 18S ri-
bosomal RNA as an internal standard.

TABLE 2. Sequences of primers and probes used for
TaqMan RT-PCR analysis

AM Forward 5�-CCGACGGCCGCGTTGAC-3�
Reverse 5�-GACACAACTCCTCTCTCTT-3�
Probe 5�-FAM-CAAACTCCCTTGGCTCACC-TAMRA-3�

CLR Forward 5�-GGACTCAATTCAGTTGGGAGTTACTAG-3�
Reverse 5�-GAGCCATCCATCCCAGGTT-3�
Probe 5�-FAM- CCCCATTCAACAAGCAGAAGGCGTTT-

3�-TAMRA
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Short hairpin RNA (shRNA) against HIF-1�
Two different 19-nucleotide shRNA sequences derived from

human HIF-1� mRNA (U22431; bp 1470–1489 and bp 2192–
2211) were used and termed HIF-1�/shRNA1470 and HIF-1�/
shRNA2192 (27, 28). In addition, control oligonucleotides (TIB
MOLBIOL) were used and termed (ShSCR). FPS cells were tran-
siently transfected with lentivirus at multiplicity of infection 10
for 24 h. Cells were incubated in serum-free medium overnight
before treatment with 100 nM PGF2� or placement in the hypoxic
chamber for 8 h. Cells were washed with PBS and harvested and
RNA or protein extracted for PCR or Western blot analysis.

Adrenomedullin enzyme immunoassay
AM concentration in conditioned media was measured using

a human AM (1-52) enzyme immunoassay kit from Phoenix
Peptides (Karlsruhe, Germany) according to manufacturer’s in-
structions. All samples were analyzed on the same plate. Mini-
mum detectable concentration, 0.13 ng/ml; interassay error, less
than 14%; intraassay error, less than 5%. There was 100%
cross-reactivity for rat AM (1-50) and human AM (13-52) and
mouse AM (1-50) but no reported cross-reactivity for endothe-
lin-1, amilin, CGRP, CGRP-2, �-atrial natriuretic peptide, or
brain natriuretic peptide-32.

Functional assays
Human umbilical vein endothelial cells (HUVEC) (Lonza,

Wokingham, UK) and human dermal lymphatic endothelial cells
(HDLEC) (TCS CellWorks, Buckingham, UK) were maintained
in endothelial cell growth medium, EGM-2 (Lonza) and MV2
(PromoCell, Heidelberg, Germany), respectively, with recom-
mended growth supplements. Flasks for maintenance of HDLEC
were precoated with fibronectin (1 mg/ml; Sigma, Poole, UK).

Preparation of conditioned medium
The 1 � 107 FPS cells were seeded in a 162-cm2 flask and

treated with vehicle or 100 nM PGF2� in 30 ml of serum-free
medium containing indomethacin for 48 h. Vehicle-treated con-
ditioned medium (control conditioned medium, CCM) or
PGF2�-treated conditioned medium (PCM) was then centrifuged
and the supernatant frozen at �20 C until use.

Proliferation assay
HUVEC and HDLEC cells were seeded in 96-well plates at a

concentration of 3 � 103 cells per well and starved overnight in
EBM-2 basal medium supplemented with 1% fetal bovine serum
and antibiotic. Cells were treated (six replicates per sample) with
vehicle, 1 nM AM, CCM, PCM, or the same in the presence of one
of two CLR antagonists, CGRP8–37, or AM22–52 (each used at 10
nM) for 96 h, with reagents replenished at 48 and 72 h. Prolif-
eration was then measured with Cell Titer 96 Aqueous One so-
lution reagent (Promega, Southampton, UK) according to the
manufacturer’s instructions. Results are displayed as PCM-
treated cells divided by relative controls, i.e. CCM-treated cells.

Network assay
If stimulated, HUVEC and HDLEC cells branch toward each

other to forming capillary tubes or networks in vitro. The degree
of network formation can be assessed by measurement of the
number of branch points between the tube-like structures
formed, providing a quantification of angiogenic potential. In-

serts of 12-well 0.4 mm transwell plates (Corning Costar, Cam-
bridge, UK) were coated in 80 �l of growth factor reduced Matri-
gel (BD Biosciences, Oxford, UK) either alone or in the presence
of 10 nM CGRP8–37 or 1 nM AM22–52. Matrigel was incubated
at 37 C for 30 min; 2.5 � 104 HUVEC or HDLEC cells in sus-
pension were then added to the inserts in a 500 �l volume of 1%
medium; 1 ml of control medium, AM, CCM, or PCM was added
to the bottom chamber and incubated for 16 h at 37 C.

Cells were fixed in ice-cold methanol and stained with he-
matoxylin. Networks were photographed using an Axiovert 200
microscope (Zeiss, Welwyn Garden City, UK), and the number
of branch points was counted by an observer blinded to the
treatment of the well. As each treatment was carried out in du-
plicate, the mean branch point count was calculated after
unblinding.

Statistics
For mRNA expression in tissue explants, cell culture, or func-

tional assays, results were expressed as fold increase, for which
relative expression of mRNA in treated samples was divided by
the relative expression in vehicle-treated samples. Data are pre-
sented as mean � SEM. Significant difference was determined
using one-way ANOVA of delta cycle threshold values, with
Tukey’s post hoc test analysis. For endometrial biopsies from
across the menstrual cycle, results were expressed as quantity
relative to a comparator, a sample of RNA from the liver. Sig-
nificant difference was determined using Kruskal-Wallis non-
parametric test with Dunn’s multiple comparison post hoc test
(Instat, GraphPad Software, Inc., San Diego, CA).

Results

AM expression across the M cycle
AM mRNA expression in homogenized endometrial

biopsies was low in samples from the P and secretory
phases of the cycle. Expression peaked at menstruation,
when AM mRNA levels were significantly higher than
during the P phase (P � 0.001) (Fig. 1A). Immunostaining
for AM was detected in a cytoplasmic location in the sur-
face epithelium (SE), glandular epithelium (GE), stromal
compartment (St), and endothelial cells (Fig. 1B). More
positive staining was observed in the functional endome-
trial layer than in cells located in the basal portion of the
endometrium (Figs. 1, B and C, i–iv). Strongest staining
was observed in the SE, and this did not vary significantly
throughout the cycle (Fig. 1C, v). In contrast, semiquan-
titative assessment of staining in the GE revealed signifi-
cantly greater staining in the M phase, compared with MS
endometrium, in both the functional and basal layers (P �

0.05). There was also increased staining of P phase GE
cells, but this did not reach statistical significance (Fig. 1C,
i and ii). There was no significant difference in staining
score of the stromal cell compartment across the cycle (Fig.
1C, iii and iv). Endothelial cells from all phases stained
positively for AM (Fig. 1C, vi).
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Endometrial CLR expression
CLR mRNA was present throughout the menstrual cycle

(Fig. 2A). Highest levels were observed in the MS phase,
when CLR expression was significantly higher than in the P
(P � 0.01) and LS stage (P � 0.05) (Fig. 2A). To characterize
the siteofCLRexpression, sectionswere stainedsequentially
with antibodies to CLR, CD31 (a pan-endothelial marker),
and podoplanin (a lymphatic endothelial marker). CLR
and CD31 were expressed in all vessels (Fig. 2, B and C).
In contrast, podoplanin was expressed in only a propor-
tion of vessels, predominantly in the basal layer of the
endometrium (Fig. 2D). This shows CLR was present both
in the blood vessels (podoplanin-negative, CD31-, and
CLR-positive vessels) and lymphatics (CD31-, CLR-, and
podoplanin-positive vessels).

Regulation of endometrial AM expression

PGF2�andhypoxicconditionsup-regulateAMexpression
in endometrial epithelial cells

To determine the impact of PG and hypoxia on AM ex-
pression, we first used an endometrial epithelial cell line sta-
bly transfected with either the PGE2 receptor (EP2S) or with

the PGF2� receptor (FPS). Treatment of EP2S cells with 100
nM PGE2 had no significant impact on AM expression at 8 h
(Fig. 3A) or 2, 4, 24, or 48 h (data not shown). EP2S cells
placed in hypoxic conditions (0.5% O2) displayed a signif-
icantup-regulationofAMmRNAexpression,witha50-fold
increase over cells in normoxic conditions (P � 0.001) (Fig.
3A). There was no further increase when cells were cotreated
with hypoxia and 100 nM PGE2. Treatment with 100 nM

PGF2� significantly increased AM mRNA expression in FPS
cells, resulting in a more than 11-fold increase over vehicle-
treated cells after 8 h (P � 0.001) (Fig. 3B). Hypoxic condi-
tions significantly increasedAMexpression inFPScellsmore
than 6-fold (P � 0.001). Interestingly, cotreatment of FPS
cells with PGF2� and hypoxia resulted in a synergistic in-
crease in AM mRNA expression (�28-fold increase over
normoxic vehicle) that was significantly greater than treat-
ment with PGF2� or hypoxia alone (P � 0.05 and P � 0.001,
respectively). Analysis of culture supernatants by ELISA re-
vealed no significant differences in AM-secreted protein levels
after24h,butasimilarpatternemerged,withincreasedsecreted
AM protein from cells treated with both PGF2� and hypoxia
compared with vehicle treatment in normoxia (Fig. 3C).

FIG. 1. AM levels in the human endometrium at different stages of the menstrual cycle. A, AM mRNA expression was determined by Q-RT-PCR,
normalized using 18S rRNA as an internal standard. B, AM protein was present in the surface epithelial (SE), glandular epithelial (GE) cells, the
stromal compartment (St), and endothelial cells (arrows) during the M and P phase. Staining was markedly decreased during the secretory phase.
Inset, Negative control. Scale bar, 100 or 50 �m as marked. C, Scoring of immunohistochemical staining for AM in GE cells of the functional (F)
layer (i), GE cells in the basal (B) layer (ii), the St of the functional endometrial layer (iii), the St in the basal layer (iv), SE cells (v), and endothelial
cells in both endometrial layers (vi). My, Myometrium; KW, Kruskal Wallis statistical analysis. *, P � 0.05.
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PGF2� and hypoxia up-regulate AM expression in
secretory endometrial tissue

To further investigate PGF2� and hypoxia-mediated
AM expression, we treated endometrial tissue explants
with 1) vehicle, 2) 100 nM PGF2�, 3) hypoxic conditions,
or 4) PGF2� and hypoxia. P biopsies revealed no signifi-
cant differences in AM mRNA expression with these treat-

ments (n � 3) (Fig. 4A). In contrast, endometrial tissue
from the secretory phase did show a significant increase in
AM expression when placed in hypoxic conditions (n � 4)
(�4-fold, P � 0.05) (Fig. 4B). In addition, there was a
nonsignificant 2-fold increase in AM expression after
treatment with PGF2� in normoxia. This suggests that pre-
vious exposure to progesterone is a prerequisite to enable
up-regulation of AM by PGF2� and hypoxia.

Progesterone withdrawal, in the presence of
hypoxia and PG, up-regulates AM expression in P
endometrial tissue

To examine the contribution of progesterone exposure
and withdrawal, we used an in vitro model of progester-

FIG. 2. CLR in human endometrium from across the menstrual cycle. A,
CLR mRNA expression. ns, No significant difference. *, P � 0.05; **, P �
0.01; ***, P � 0.001. Immunolocalization of CLR (B) (green) was present
in the vasculature of the endometrium and colocalized both with
endothelial cell marker CD31 (C) (blue) and lymphatic vessel marker
podoplanin (PDPN) (D) (red). Blood vessel (BV) is negative for podoplanin,
but lymphatic vessel (LV) is positive for all three antibodies.

FIG. 3. PGF2� and hypoxia up-regulate AM expression in an
endometrial epithelial cell line. A, 100 nM PGE2 did not up-regulate
AM expression in EP2S cells after 8 h, whereas hypoxic conditions
(0.5% O2) significantly increased AM expression. B, 8-h treatment with
100 nM PGF2� or hypoxia significantly increased AM expression in FPS
cells. Cotreatment with both factors revealed a synergistic increase in
AM expression. C, Secreted AM protein levels in conditioned media
from FP cells treated with 100 nM PGF2� and/or hypoxia for 24 h. a and
b, P � 0.001; c and d, P � 0.05; e and f, P � 0.01.
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one antagonism. P explants were treated with progester-
one followed by progesterone and mifepristone (RU486,
a progesterone receptor antagonist), to mimic progester-
one withdrawal. There was no significant difference in
endometrial AM mRNA expression in explants subjected
to progesterone withdrawal when compared with those
maintained inprogesterone.However,whenprogesterone
withdrawal was carried out in hypoxic conditions, a sig-

nificant increase in AM mRNA expression was observed
(P � 0.05) (Fig. 4C). The contribution of PGs, which are
up-regulated downstream of progesterone withdrawal,
was assessed by coculture of explants with indomethacin,
a COX enzyme inhibitor. Addition of indomethacin re-
sulted in abrogation of the AM increase observed after
progesterone withdrawal in hypoxic conditions (Fig. 4C).

AM induction by hypoxia, but not by PGF2�, is
dependent on HIF-1�

To assess the contribution of the transcription factor
HIF-1�, we treated endometrial epithelial cells with echi-
nomycin. This small molecule inhibits HIF-1 binding to
hypoxic response elements on target genes, thereby pre-
venting HIF-1-induced transcription (29). Cotreatment of
FPS cells with 100 nM PGF2� and 1–10 nM echinomycin
had no significant effect on AM mRNA expression (Fig.
5A). In contrast, echinomycin prevented AM up-regula-
tion by hypoxia in a dose-dependent manner (Fig. 5B).
AM expression was significantly reduced in cells treated
with hypoxia and 5–10 nM echinomycin when compared
with hypoxia treatment in the absence of echinomycin.

To confirm these findings, we used two different
shRNA sequences against HIF-1� (HIF-1�/Sh1470 and
HIF-1�/Sh2192). HIF-1� silencing was confirmed by
Western blot analysis and TaqMan Q-RT-PCR (Supple-
mental Fig. 1, A and B, published on The Endocrine So-
ciety’s Journals Online web site at http://endo.endojour-
nals.org). Specificity of the shRNA sequences was
confirmed with measurement of Lamin A/C mRNA levels
(Supplemental Fig. 1C). HIF-1� silencing had no signifi-
cant impact on PGF2�-induced AM mRNA expression
(Fig. 5C). However, hypoxic induction of AM was signif-
icantly lower in those cells in which HIF-1� was silenced,
when compared with untransfected cells or cells trans-
fected with HIF-1�/ShSCR (P � 0.05) (Fig. 5D).

Endometrial AM regulates endothelial cell function
To investigate downstream effects of endometrial

AM production, we treated endothelial cells (HUVEC/
HDLEC) for 96 h with 1 nM AM, PCM, and the same
reagents in the presence of two AM receptor antagonists
CGRP8 –37 (10 nM) and AM22–52 (10 nM). Endothelial
cell proliferation and network formation were assessed
in both cell types and displayed in Fig. 6 as fold increase
over controls (vehicle treatment or cells treated with
control conditioned medium).

Treatment of HUVEC cells with AM or PCM induced
1.69 (�0.28)- and 2.1 (�0.1)-fold increases in HUVEC
proliferation, respectively. These effects were inhibited
by the AM antagonists (Fig. 6A). Similarly, treatment of
lymphatic endothelial cells (HDLEC) with AM and

FIG. 4. Hypoxia and PGF2� significantly increase AM expression in
endometrial tissue previously exposed to progesterone. A, P phase
explants of endometrium exposed to vehicle, 100 nM PGF2�, 0.5% O2

or both for 24 h (n � 3). B, Identical treatment of secretory phase
biopsies (n � 4). C, P phase explants (n � 5) were pretreated with1 �M

MPA and then 1) maintained in 1 �M MPA (P), 2) cotreated with 1 �M

MPA and 1 �M RU486, a progesterone receptor antagonist (P �
RU486), or 3) cotreated with 1 �M MPA, 1 �M RU486, and 8.4 �M

indomethacin, a COX enzyme inhibitor (P � RU486 � Indo). Identical
treatments were incubated in either normoxia (21% O2) or hypoxia
(0.5% O2). ns, Nonsignificant. *, P � 0.05.
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PCM induced small but significant increases in HDLEC
proliferation, which were inhibited by chemical antag-
onists (Fig. 6B).

To further investigate the effect of PGF2�-mediated en-
dometrialAMexpressiononendothelial cell function,net-
work formation of endothelial cells was studied in the
presence of AM and PCM. AM induced a 1.56 (�0.19)-
fold increase in the number of networks formed by
HUVEC, whereas PCM caused a 1.84 (�0.05)-fold in-
crease. These effects were significantly inhibited by the
AM receptor antagonists (P � 0.05) (Fig. 6C). A similar
effect of AM and conditioned media on network forma-
tion was observed in HDLEC. In this case AM and PCM
induced 1.25 (�0.05)- and 1.75 (�0.23)-fold increases in
network formation, respectively, which were again signif-
icantly inhibited by the antagonists (P � 0.05) (Fig. 6D).

Discussion

This study demonstrates significant, novel advances in our
understanding of human endometrial repair. Firstly, we

show significant menstrual up-regulation of
AMmRNAexpression.Protein levels arealso
highest during the M and P stages, a temporal
pattern consistent with a role in repair and
regeneration. Secondly, we demonstrate that
endometrial AM is regulated by two distinct
mechanisms: a HIF-1-mediated hypoxic in-
duction and a novel, HIF-1 independent,
PGF2� pathway. Both these pathways are in-
duced by progesterone withdrawal during the
LSphase.Finally,weshowthatAMproduced
by endometrial cells has a significant impact
on both vascular and lymphatic endothelial
cell function in vitro. These data suggest that
AM may have an active role in endometrial
repair.

The expression of AM in the human en-
dometrium has been studied previously (12,
21, 30, 31), but we present the first detailed
analysis of endometrial AM expression at
well-defined stages of the menstrual cycle.
We show, for the first time, that AM mRNA
and protein are high during menstruation,
when repair is initiated. Immunolocaliza-
tion revealed AM in the SE, GE, St, and en-
dothelial cells, in agreement with previous
in situ hybridization studies (30). We ac-
knowledge that our study population had a
subjective complaint of HMB. Previous
studies have shown that 64% of women
with subjective heavy loss actually had a

normal objective measurement (32). However, further
studies are required to determine whether blood loss has
an impact on endometrial AM expression. Maximal AM
localization was in the functional endometrial layer. A
recent study comparing the functional and basal endome-
trial layers at menstruation found that genes associated
with extracellular matrix biosynthesis were greatest in the
lysed functional layer (33), suggesting fragments of this
layer have an active role in endometrial repair. Our finding
of high levels of AM protein in P endometrium is consis-
tent with findings in the mouse and rat uterus (34, 35).
However, our study also revealed high levels of AM pro-
tein during the M phase, when estradiol levels are low.
This suggests an additional estradiol independent mech-
anism of AM up-regulation. This is consistent with ob-
servations in the mouse model of simulated menstruation
(2). The absence of estradiol support in ovariectomized
mice, with additional removal of extraovarian estrogenic
influence using an aromatase inhibitor, had no signifi-
cant impact on the rate of endometrial repair. Notwith-
standing the limitations of this mouse model, these data

FIG. 5. Inhibition of HIF-1 prevents hypoxia-mediated AM expression but not PGF2�-
induced expression. A, Endometrial epithelial cells (FPS) treated with 100 nM PGF2� and
echinomycin (EC) (a pharmacological inhibitor of HIF-1 binding) showed no significant
difference in AM expression (n � 3). B, Cells treated with 5–10 nM echinomycin in
hypoxic conditions significantly abrogated the hypoxic induction of AM expression (n �
3). C, Silencing of HIF-1� with two short hairpin sequences against HIF-1� (Sh1470 and
Sh2192) had no significant effect on PGF2�-mediated AM expression. D, Cells
transfected with shRNA against HIF-1� had a significantly abrogated response to
hypoxic stimulation, with low levels of AM expression compared with untransfected cells
or those transfected with a scrambled sequence (ShSCR). a and b, P � 0.001; b-c, P �
0.01; b-d, P � 0.05. ns, Nonsignificant; NV, normoxia and vehicle.
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support our findings in the human endometrium, sug-
gesting factors with a role in initial repair are not reliant
upon estrogen for their expression.

Nikitenko et al. (30) previously identified the endome-
trial expression of CLR by RT-PCR but did not assess its
level of expression across the cycle. We observed high CLR
expression during the ES phase, with low levels during the
M and P phases. This inversely correlates to the pattern of
endometrial AM expression. Internalization and desensi-
tization of the endogenous CLR in endothelial cells occurs
after exposure to AM (15), suggesting the function of CLR
is tightly regulated by its ligand. A similar pattern of re-
duced CLR expression was seen in the mouse model of
sepsis, where AM expression is markedly up-regulated
(36). Further studies of this receptor, in particular inves-
tigation of the endometrial expression of the receptor ac-
tivating binding proteins, are required to confirm its func-
tional role and affect on AM responsiveness.

Our finding that CLR protein is localized to endothelial
cells of blood vessels in the human endometrium is con-
sistent with previous studies (30, 37, 38). In addition, we
have demonstrated CLR localization in the lymphatic vas-
culature. Nikitenko et al. (15) have previously shown that
treatment of primary endometrial endothelial cells with

a synthetic AM peptide increased their
growth in vitro. Our study supports and ex-
tends this work. We have demonstrated sig-
nificantly increased proliferation and net-
work formation of macrovascular and
lymphatic endothelial cells treated with AM
produced endogenously by endometrial
cells. Confirmation of these findings in mi-
crovascular endothelial cells, as found in the
human endometrium, is necessary. These
processes are essential for the repair of dam-
aged blood vessels at menstruation (39, 40).
Endometrial lymphangiogenesis has re-
cently emerged as an important process in
the normal menstrual cycle (40). The lym-
phatics play a vital role in tissue fluid bal-
ance and immune surveillance. A study of
endometrial lymphatic vessels identified
small sparsely distributed vessels in the
functional layer, with larger lymphatic ves-
sels in the basal layer, often closely associ-
ated with spiral arterioles (41). This associ-
ation may indicate that the lymphatics have
a regulatory role in spiral arteriole function.
Importantly, AM has been shown to pro-
mote the proliferation, migration, and net-
work formation of cultured lymphatic mi-
crovascular endothelial cells and reduces
secondary lymphoedema in mice with tail

injury (42). Our results suggest that endometrial epithelial
cell AM production increases blood and lymphatic endo-
thelial cell proliferation and network formation. An al-
ternative explanation is that PGF2� has an autocrine effect
on endothelial cell AM production to increase their pro-
liferation (15). Either way, these data provide further sup-
port for a functional role for AM in human endometrial
repair.

The regulation of endometrial AM expression has not
previously been defined. Here, we have demonstrated that
endometrial cell AM expression is induced by hypoxia and
by a novel PGF2�-mediated pathway. As our immunohis-
tochemistry data showed strong staining in epithelial cells,
we used an endometrial epithelial cell line stably trans-
fected with either the PGE2 receptor (EP2) or the PGF2�

receptor (FP). These cell lines were used because primary
endometrial epithelial cells have a limited capacity for pro-
liferation in vitro but do express PG receptors in vivo (43,
44). We have shown that PGF2� significantly up-regulated
endometrial AM expression, whereas PGE2 had no such
effect. Inflammatory cytokines, such as TNF-� and IL-1�,
have previously been shown to regulate AM expression
(45), but our report is the first on AM regulation by PGF2�.

FIG. 6. PGF2�-induced AM secretion up-regulates proliferation and network formation
in human vascular endothelial cells and in HDLEC. Proliferation in HUVEC cells (A) and
HDLEC cells (B) in response to AM, AM in the presence of CLR antagonists (CGRP8–37

and AM22–52), PGF2� treated conditioned medium (PCM), or PCM in the presence of
CLR antagonists (n � 9–10). Network formation in HUVEC cells (C) and HDLEC cells (D)
in response to AM, PCM, and AM or PCM in the presence of CLR antagonists (CGRP8–37

and AM22–52) (n � 4–5). a and b, P � 0.05.
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PGF2� is emerging as a potential key player in the initiation
of endometrial repair factor expression. We have previ-
ously demonstrated PGF2� induction of a host of endo-
metrial angiogenic factors, including vascular endothelial
growth factor, fibroblast growth factor-2, and IL-8 (46–
48). In addition to this novel pathway of AM regulation,
we also confirmed hypoxic induction of endometrial AM
expression, an effect previously demonstrated in other cell
types (49, 50).

To further delineate the mechanisms controlling endo-
metrial AM expression, we assessed the contribution of
HIF-1�. HIF-1 is a transcription factor composed of two
subunits: the oxygen-destructible HIF-1� subunit and the
constitutively expressed HIF-1�. As a heterodimer, it
binds to hypoxic response elements on target genes, which
include angiogenic and mitogenic factors, such as AM,
vascular endothelial growth factor, connective tissue
growth factor, and IL-8 (51–54). In addition to its stabi-
lization in hypoxic conditions, there is evidence that in-
flammatory mediators, e.g. PG, can induce HIF-1 in nor-
moxia (7, 55). Therefore, we examined the contribution of
HIF-1 to both hypoxia and PGF2�-mediated up-regula-
tion of AM in our endometrial cell line. Both pharmaco-
logical inhibition of HIF-1 binding and silencing of
HIF-1� with shRNA elicited a significant abrogation of
hypoxia-induced AM up-regulation. These results concur
with findings in cardiomyocytes and human tumor cell
lines (53, 56). In contrast, we found that inhibition of
HIF-1 had no impact on the ability of PGF2� to increase
endometrial cell AM expression. Therefore, we propose
that two independent pathways are active in the endome-
trium to regulate AM expression: a HIF-1-dependent hy-
poxic pathway and a novel PGF2� pathway that is not
reliant on HIF-1 activity.

Interestingly, when examining the effect of PGF2� and
hypoxic treatment of primary endometrial explants, in-
creases in AM expression were only observed in explants
taken during the secretory phase of the cycle. This sug-
gested that previous progesterone exposure is necessary
for endometrial AM up-regulation. To test this hypothe-
sis, we subjected P endometrium to a previously described
ex vivo model of progesterone antagonism (57), to mimic
progesterone withdrawal in the LS phase. When explants
were cotreated with progesterone and a progesterone re-
ceptor antagonist, there was no significant increase in AM
expression over explants maintained in progesterone
alone. However, when progesterone is withdrawn in vivo
the spiral arterioles constrict, resulting in a hypoxic epi-
sode that was not accounted for in our model. Therefore,
we treated explants from the same biopsies in an identical
manner but placed them in a hypoxic chamber. Proges-
terone withdrawal in hypoxic conditions significantly in-

creased endometrial AM expression when compared with
explants treated in normoxic conditions. Addition of the
COX inhibitor indomethacin abrogated this AM up-reg-
ulation. These data suggest that progesterone withdrawal
up-regulates endometrial AM expression but only in the
presence of hypoxia and PGs. Although the contribution
of hypoxia to the initiation of menstruation is currently
controversial (58), our results suggest that endometrial
hypoxia has an important role in the initiation of repair.

In summary, our work describes the expression of AM
and its receptor in human endometrium across the men-
strual cycle. Our study identified a peak in AM mRNA and
protein expression at menstruation, coinciding with the
initiation of endometrial repair. We provide evidence that
AM produced endogenously by endometrial cells is func-
tionally active, in that it can stimulate proliferation and
capillary branching of vascular and lymphatic endothelial
cells. In addition, we demonstrate regulation of endome-
trial AM expression via two separate pathways: a novel
PGF2� pathway and hypoxic induction via HIF-1. We pro-
pose that these pathways are activated in the endometrium
after progesterone withdrawal in the LS phase, to up-reg-
ulate AM for endometrial repair. Aberrant AM expression
and regulation in the endometrium may contribute to
defective repair and subsequent clinical presentations of
prolonged bleeding or HMB. AM expression in women
with objective measurement of their menstrual loss re-
mains to be determined. Further work in this area may
aid development of effective medical treatments for this
common complaint.
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The Regulation of Vascular Endothelial Growth Factor
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Context: The human endometrium has an exceptional capacity for repeated repair after menses,
but its regulation remains undefined. Premenstrually, progesterone levels fall and prostaglandin
(PG) F2� synthesis increases, causing spiral arteriole constriction. We hypothesized that progester-
one withdrawal, PGF2�, and hypoxia increase vascular endothelial growth factor (VEGF), an en-
dometrial repair factor.

Design and Results: Endometrial biopsies were collected (n � 47) with ethical approval and con-
sent. VEGF mRNA, quantified by quantitative RT-PCR, was increased during menstruation (P �

0.01).VEGF protein was maximally secreted from proliferative endometrial explants. Treatment of
an endometrial epithelial cell line and primary human endometrial stromal cells with 100 nM PGF2�

or hypoxia (0.5% O2) resulted in significant increases in VEGF mRNA and protein. VEGF was maximal
when cells were cotreated with PGF2� and hypoxia simultaneously (P � 0.05–0.001). Secretory-
phase endometrial explants also showed an increase in VEGF with cotreatment (P � 0.05). However,
proliferative-phase explants showed no increase in VEGF on treatment with PGF2� and/or hypoxia.
Proliferative tissue was induced to increase VEGF mRNA expression when exposed to progesterone
and its withdrawal in vitro but only in the presence of hypoxia and PG. Hypoxia-inducible factor-1�

(HIF-1�) silencing with RNA interference suppressed hypoxia-induced VEGF expression in endo-
metrial cells but did not alter PGF2�-induced VEGF expression.

Conclusions: Endometrial VEGF is increased at the time of endometrial repair. Progesterone with-
drawal, PGF2�, and hypoxia are necessary for this perimenstrual VEGF expression. Hypoxia acts via
HIF-1� to increase VEGF, whereas PGF2� acts in a HIF-1�-independent manner. Hence, two pathways
regulate the expression of VEGF during endometrial repair. (J Clin Endocrinol Metab 96: 2475–2483, 2011)

The human endometrium has a remarkable capacity for
scar-free repair after the inflammatory process of

menstruation (1, 2). Currently, our understanding of this
process is limited, with the factors involved and their reg-
ulation remaining elusive. Delayed repair may result in the
common gynecological complaint of prolonged, heavy
menstrual bleeding (HMB). One in three women considers
their menstruation excessive, rising to one in two as meno-
pause approaches (3). Although medical treatment op-
tions are available, a significant proportion of women re-

quire surgery due to treatment failure (4). It is essential to
fully understand the endometrial repair processes to im-
prove medical treatments and avoid surgical risks. Fur-
thermore, elucidating the mechanisms of efficient endo-
metrial repair may have wider implications, identifying
novel treatment targets in tissue sites where persistent in-
flammation and scarring are problematic.

Angiogenesis is mandatory for efficient repair and re-
modeling. Vascular endothelial growth factor (VEGF) is a
key factor in physiological and pathological angiogenesis
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(5–7). This secreted protein stimulates endothelial cell
proliferation and migration (5, 8, 9). It acts through two
receptors, VEGFR1 and VEGFR2, both expressed in the
human endometrium (10, 11). In the primate, VEGF is
essential for neoangiogenesis during postmenstrual repair
(9). Aberrant endometrial expression of VEGF has been
demonstrated in women with HMB, with lower levels in
these women compared with normal controls (12). How-
ever, the regulation of VEGF during endometrial repair
remains undefined.

As the corpus luteum regresses at the end of the men-
strual cycle, progesterone levels fall. This triggers the re-
lease of inflammatory mediators within the endometrium
that initiate menstruation (1). Although endometrial re-
pair was traditionally considered to be regulated by es-
trogen, research in the mouse model of simulated men-
struation has suggested it may be an estrogen-independent
event (13). We propose that progesterone withdrawal si-
multaneously initiates menstruation and repair. After pro-
gesterone withdrawal, there is an increase in endometrial
prostaglandin (PG) synthesis, namely PGE2 and PGF2� (1,
14). PGF2� is a potent vasoconstrictor and, alongside
other factors, acts on the spiral arterioles to cause intense
vasoconstriction premenstrually (15). The role of PGE2

during endometrial repair has not been fully defined. Spi-
ral arteriole vasoconstriction is likely to cause an episode
of transient, local hypoxia in the uppermost endometrial
zones. Classic experiments in the rhesus monkey first sug-
gested the presence of perimenstrual hypoxia (15). More
recently, use of a marker of cell hypoxia, pimonidazole, in
mice has confirmed oxygen levels below 10 mm Hg during
menstruation (9). Hypoxia-inducible factor 1 (HIF-1) is a
transcription factor known to regulate the cellular re-
sponse to hypoxia. In hypoxic conditions the two subunits
(HIF-1� and HIF-1�) dimerize and initiate transcription
of target genes, including factors involved in angiogenesis
(16–18). HIF has been identified in the human endome-
trium during the late secretory and menstrual phases (19).

We hypothesized that 1) VEGF is increased during
menstruation when endometrial repair is initiated, and 2)
this increase is regulated by progesterone withdrawal, PG
synthesis, and hypoxic conditions. Herein we demonstrate
endometrial VEGF expression is maximal during the men-
strual phase. In vitro endometrial cell studies revealed that
hypoxia, PGE2, and PGF2� induce VEGF expression. Ex
vivo endometrial explant studies showed that VEGF ex-
pression was increased by hypoxia and PG only in tissue
from the secretory phase. However, when proliferative
explants were exposed to progesterone in vitro followed
by progesterone withdrawal in hypoxic conditions, VEGF
expression was significantly increased. Furthermore, we
show that hypoxia regulates VEGF expression via HIF-

1�, whereas PGF2� induces VEGF expression indepen-
dently of HIF-1�.

Materials and Methods

Human endometrial tissue collection
Endometrial biopsies (n � 47) were collected with a suction

curette (Pipelle, Laboratorie CCD, Paris, France) from women
(median age 42 yr, range 22–50) attending the gynecological
outpatient department. All reported regular menstrual cycles
(21–35 d) and no exogenous hormone exposure for 3 months
before biopsy. Women with large fibroids (�3 cm) or endome-
triosis were excluded. Tissue was divided and 1) placed in RNA-
later, RNA stabilization solution [Ambion (Europe) Ltd., War-
rington, UK], 2) fixed in neutral buffered formalin for wax
embedding, and 3) placed in PBS for in vitro culture. Biopsies
were consistent for 1) histological dating [criteria of Noyes et al.
(20)], 2) reported last menstrual period, and 3) serum proges-
terone and estradiol concentrations at time of biopsy (Table 1).
Seven women providing a biopsy in the proliferative, early/mid-
secretory phase returned for an additional biopsy 3–6 months
after insertion of the levonorgestrel-releasing intrauterine system
(LNG-IUS) for management of heavy menstrual bleeding. Writ-
ten consent was obtained from participants and ethical approval
granted from the Lothian Research Ethics Committee.

Immunohistochemistry
The 3-�m paraffin sections were dewaxed and rehydrated.

Antigen retrieval was undertaken by microwaving sections in a
high-pH heat-induced antigen retrieval buffer (pH 9.0). Endog-
enous peroxidase activity was blocked by 3% hydrogen perox-
ide. Sections were sequentially incubated in avidin and biotin
(Vector Laboratories, Peterborough, UK) and protein block
(Dako, Cambridge, UK). Mouse monoclonal anti-VEGF anti-
body (12.4 �g/ml; R&D Systems, Abingdon, UK) was applied
overnight at 4 C. Negative controls were incubated with an
equivalent concentration of mouse IgG2B. Biotinylated rabbit
antimouse secondary antibody was used at 1:200. Avidin-biotin-
peroxidase complex (ABC-Elite; Vector) was applied for 30 min
and liquid diaminobenzidine kit (Zymed Laboratories, San Fran-
cisco, CA) used for detection. The reaction was stopped with
distilled water and sections counterstained with hematoxylin,
dehydrated, and mounted with Pertex (Cellpath plc, Hemel
Hempstead, UK).

TABLE 1. Serum estradiol and progesterone levels at
the time of endometrial biopsy

Number

Mean estradiol
levels �pmol/liter

(range)�

Mean progesterone
levels �nmol/liter

(range)�

Menstrual 8 197.25 (55–514) 3.71 (1.24–10.59)a

Proliferative 14 476.18 (79–1105) 2.68 (0.97–7.1)a

Early secretory 9 497.50 (289–841) 59.60 (23.2–112.91)
Mid secretory 10 638.00 (242–1949) 64.30 (25.47–114.53)
Late secretory 6 318.22 (59.09–819) 8.22 (1.06–16.95)a

a Progesterone levels are significantly lower than in the early-mid
secretory phases (P � 0.001).
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Culture of endometrial explants
All explants were cultured on sterile capillary bedding just

covered with serum-free RPMI 1640 medium to minimize tissue
hypoxia. Four experiments were carried out.

1) Proliferative (n � 3) and secretory (n � 3–6) phase biopsies
were divided into four equal explants and treated with vehicle or
100 nM PGF2� and placed in normoxic conditions (21% O2, 5%
CO2, 37 C) or in a sealed hypoxic chamber (0.5% O2, 5% CO2,
37 C; Coy Laboratory Products, Grass Lake, MI) for 24 h.

2) Proliferative biopsies (n � 4) were divided into eight ex-
plants. All were treated with 1 �M medroxyprogesterone acetate
(MPA) for 24 h. Explants were then treated for 48 h with 1) 1 �M

MPA plus vehicle, 2) 1 �M MPA plus 8.4 �M indomethacin [a
cyclooxygenase (COX) inhibitor], 3) 1 �M MPA plus 1 �M mife-
pristone (RU486, a progesterone receptor antagonist), or 4) 1 �M

MPA plus 1 �M mifepristone plus 8.4 �M indomethacin. This
48-h incubation was carried out in both normoxic and hypoxic
conditions.

3) Four additional endometrial biopsies were divided into
four explants and treated with progesterone (1 �M) for 24 h
before washing with PBS followed by treatment with progester-
one or vehicle in normoxic and hypoxic conditions for 48 h.

4) Endometrial tissue from across the menstrual cycle (n� 22)
was weighed and cultured for 24 h in 1 ml RPMI 1640 at 37 C
in normoxia and the culture supernatant analyzed by ELISA.

Culture of endometrial cells
Human Ishikawa endometrial adenocarcinoma cells (Euro-

pean Collection of Cell Cultures, Centre for Applied Microbi-
ology, Wiltshire, UK) were stably transfected with the PGF2�

receptor (FPS cells) (21). Primary human endometrial stromal
(HES) cells were isolated from endometrial tissue (n � 3) by
enzymatic digestion as previously described (22).

To determine the effect of PGF2� and/or hypoxic conditions
on VEGF expression, approximately 4 � 105 FPS or HES cells
were seeded in six-well plates. The following day, cells were
incubated in serum-free culture medium containing 8.4 �M in-
domethacin (COX enzyme inhibitor) for at least 16 h. Cells were
then treated with vehicle or 100 nM PGF2� and placed in nor-
moxia (21% O2, 5% CO2, 37 C) or a sealed hypoxic chamber
(0.5% O2, 5% CO2, 37 C) for 2, 4, 8, 24, and 48 h.

Two different 19-nucleotide short hairpin RNA (shRNA) se-
quences derived from human HIF-1� mRNA (U22431; bp
1470–1489 and bp 2192–2211) and a scrambled control oligo-
nucleotide were used and have been described previously (23,
24). These sequences are termed HIF-1�/shRNA1470 and HIF-
1�/shRNA2192. Cells were transiently transfected with the
shRNA sequences using a lentiviral vector at MOI 10 for 24 h.
Cells were incubated in serum-free medium overnight before
placement in the hypoxic chamber for 8 h. Cells were washed
with PBS and harvested, and RNA or protein was extracted for
PCR or Western blot analysis.

Quantitative RT-PCR
Expression of VEGF in endometrial tissue and cells was de-

termined by quantitative RT-PCR (TaqMan) analysis. Total
RNA from cells and endometrial biopsies was extracted using the
RNeasy Mini Kit (QIAGEN Ltd., Sussex, UK) according to man-
ufacturer’s instructions. Samples were treated for DNA contam-
ination by DNA digestion during RNA purification. RNA sam-
ples were reverse transcribed using MgCl2 (5.5 mM), deoxy (d)

nucleotide triphosphates (0.5 mM each) random hexamers (2.5
�M), ribonuclease inhibitor (0.4 U/�l), and multiscribe reverse
transcriptase (1.25 U/�l; all from PE Biosystems, Warrington,
UK); 200–400 ng of RNA was added. A tube with no reverse
transcriptase and another tube with water were included as con-
trols. To measure cDNA expression, a reaction mix was pre-
pared containing TaqMan buffer (5.5 mM MgCl2, 200 �M dATP
200 �M dCTP, 200 �M dGTP, 400 �M deoxyuridine triphos-
phate), ribosomal 18S primers/probe (Applied Biosystems, War-
rington, UK) and specific forward and reverse primers and
probes: VEGF forward primer 5�-TACCTCCACCATGC-
CAAGT-3�, reverse primer 5�-TAGCTGCGCTGATAGACAT-
3�, and probe 5�-ACTTCGTGATGATTCTGCC-3�; lamin A/C
forward primer 5�-AGCAAAGTGCGTGAGGAGTT-3�, re-
verse primer 5�-AGGTCACCCTCCTTCTTGGT-3�, and Uni-
versal probe library no. 17. A 0.4-�l volume of cDNA was added
for each PCR. Negative controls (water instead of cDNA) were
included in each run. PCR was carried out using ABI Prism 7900
(Applied Biosystems). Samples were analyzed in triplicate using
Sequence Detector version 2.3 (PE Biosystems). Expression of
target mRNA was normalized to RNA loading for each sample
using the 18S rRNA as an internal standard. There was no sig-
nificant change in 18S rRNA expression between normoxic and
hypoxic conditions.

Nuclear protein extraction
Cytoplasmic proteins were extracted from endometrial epi-

thelial (FPS) cells with a cytoplasmic protein lysis buffer [10 mM

HEPES (pH 7.8), 10 nM KCl, 2 mM MgCl2, 1 mM dithiothreitol,
0.1 mM EDTA, 10% Nonidet P-40] containing protease inhib-
itors (Roche Diagnostics Ltd., Lewes, UK). The membrane frac-
tion was pelleted by centrifugation at 13,000 rpm for 1 min at 4
C. Cytoplasmic fraction supernatant was removed and stored at
�80 C. The nuclear fraction was extracted with a nuclear protein
lysis buffer [50 mM HEPES (pH 7.8), 50 nM KCl, 300 mM NaCl,
0.1 mM EDTA, 1 mM dithiothreitol, 10% glycerol] containing
protease inhibitors (Roche) followed by agitation for 20 min at
4 C and centrifugation at 13,000 rpm for 5 min at 4 C. Nuclear
fraction supernatant was stored at �80 C. Protein content was
determined using protein assay kits (Bio-Rad, Hemel Hemp-
stead, UK).

HIF-1� Western blot analysis
A total of 15 �g nuclear protein from FPS cells was resus-

pended in a 2:1 ratio with Laemmli buffer [125 mM Tris-HCl (pH
6.8), 4% sodium dodecyl sulfate, 5% 2-mercaptoethanol, 20%
glycerol, and 0.05% bromophenol blue] and denatured for 5 min
at 90 C. Proteins were separated on 4–12% Bis-Tris gels (Nu-
PAGE Novex; Invitrogen, Carlsbad, CA) and transferred onto
polyvinylidene difluoride membranes (Millipore, Watford, UK).
Membranes were blocked overnight before incubation with pri-
mary antibodies for 2 h at room temperature: mouse monoclonal
HIF-1� antibody (BD Biosciences, Oxford, UK) at 1:250 and
rabbit polyclonal to �-actin (Abcam, Cambridge, UK) at 1:5000.
After washing, the membrane was incubated with horseradish
peroxidase-conjugated goat antimouse IgG (Dako) or horserad-
ish peroxidase-conjugated mouse antirabbit IgG (Sigma Aldrich
Company Ltd. Dorset, UK) at 1:20000. Chemiluminescent
horseradish peroxidase substrate (Immobilon Western; Milli-
pore Corp., Billerica, MA) was used for detection according to
manufacturer’s instructions.
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VEGF ELISA
Levels of VEGF in culture supernatants were determined in

triplicate samples using a commercially available ELISA kit (Pe-
proTech, London, UK), according to manufacturer’s instruc-
tions. Protein values in explant experiments were normalized for
tissue weight.

Statistics
For cell and tissue culture, mRNA results are expressed as fold

increase, where relative expression of mRNA on treatment was
divided by the relative expression after vehicle treatment. Data
are presented as mean 	 SEM, and significance of raw data was
determined using one-way ANOVA with Tukey’s multiple-com-
parison test. For endometrium from across the menstrual cycle,
mRNA results are expressed as quantity relative to a compara-
tor, a sample of RNA from the liver. Significant differences in
mRNA and protein were determined using Kruskal-Wallis non-
parametric test with Dunn’s multiple-comparison posttest
(Prism version 4.02; GraphPad Software, Inc., San Diego, CA).

Results

VEGF levels are increased at menstruation
Endometrial VEGF mRNA expression varied signifi-

cantly across the menstrual cycle (P � 0.0005) (Fig. 1A).

Maximal expression was observed in menstrual endome-
trium, when levels were significantly higher than in the
proliferative (P � 0.05) and early secretory (P � 0.01)
phases. VEGF protein secreted by endometrial explants
from across the menstrual cycle was measured by ELISA.
VEGF protein secretion was significantly greater from
proliferative explants compared with late secretory endo-
metrium (P � 0.05) (Fig. 1B). Immunolocalization of
VEGF protein in menstrual endometrium (Fig. 1C)
showed positive cytoplasmic staining in the surface epi-
thelial cells (SE), glandular epithelial cells (GE), stromal
compartment (St), and perivascular cells (arrows).

Regulation of VEGF in endometrial epithelial cells
An endometrial epithelial cell line stably transfected

with the PGF2� receptor (FPS cells) was used to investigate
the regulation of VEGF expression. This cell line was used
because primary endometrial epithelial cells have a limited
capacity for proliferation in culture but do contain this PG
receptor in vivo (25, 26). FPS cells treated with 100 nM

PGF2� or hypoxia showed a trend toward increased VEGF
mRNA expression; this increase reached significance
when both factors were present simultaneously (P � 0.05)

(Fig. 2A). VEGF secreted protein levels
were significantly increased in the cul-
ture supernatants from FPS cells
treated for 24 h with PGF2�, hypoxia,
or both (P � 0.001) (Fig. 2B).

Regulation of VEGF in primary
HES cells

Treatment of HES cells with 100 nM

PGF2� in normoxia had no effect on
VEGF mRNA expression (Fig. 2C).
However, incubation of HES cells in
hypoxic conditions for 24 h revealed a
significant increase in VEGF (P �
0.01). Simultaneous treatment of HES
cells with PGF2 and hypoxia also sig-
nificantly elevated VEGF mRNA ex-
pression (P � 0.01) (Fig. 2C). VEGF
secreted protein levels were signifi-
cantly increased when HES cells were
incubated for 24 h with PGF2� and
hypoxia vs. vehicle-treated cells in nor-
moxia (P � 0.05) (Fig. 2D).

Regulation of VEGF levels in
human endometrial tissue
explants

Proliferative endometrial explants
treated with 100 nM PGF2� in nor-
moxia or hypoxia showed no signifi-

FIG. 1. Endometrial VEGF is increased during menstruation. A, VEGF mRNA expression in
endometrial biopsies from across the menstrual cycle; B, VEGF secreted protein from
endometrial explants collected at each menstrual cycle stage; C, immunolocalization of VEGF
in menstrual endometrium; D, menstrual negative control tissue. ES, Early-secretory; GE,
glandular epithelial cells; KW, Kruskal Wallis; LS, late-secretory; M, menstrual; MS,
mid-secretory; P, proliferative; SE, surface epithelial cells; St, stromal cell compartment. *, P �
0.05; ***, P � 0.001. Arrows indicate perivascular cells. Scale bar, 50 �m.
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cant changes in VEGF mRNA expression (Fig. 3A). In
contrast, explants from the secretory phase displayed sig-
nificant increases in VEGF mRNA expression after cotreat-
ment with PGF2� and hypoxia (P � 0.05) (Fig. 3B). This
variedresponsebetweenendometriumfromtheproliferative
and secretory phase suggests previous progesterone expo-
sure may influence the ability of tissue to respond.

The effect of progesterone, and its withdrawal, on
VEGF expression

To test the hypothesis that previous progesterone ex-
posure is necessary for VEGF induction, we used ex vivo
models of progesterone withdrawal. Proliferative endo-
metrial biopsies were divided into eight equal explants and
pretreated for 24 h with progestin (MPA). Explants were
then cotreated with MPA plus 1) vehicle; 2) indomethacin,
a COX inhibitor; 3) a progesterone receptor antagonist
(RU486); or 4) RU486 and indomethacin for 48 h. Ex vivo
progesterone antagonism in normoxia did not show sig-
nificant up-regulation of VEGF mRNA (Fig. 3C). In vivo,
progesterone withdrawal is followed by hypoxia due to
spiral arteriole vasoconstriction. When we antagonized
progesterone in hypoxic conditions to mimic the in vivo
scenario more accurately, there was a significant increase
in VEGF mRNA expression (Fig. 3C). This increase was
abrogated by cotreatment with indomethacin to suppress

PG production, suggesting that both
hypoxia and PG are necessary to in-
crease endometrial VEGF expression
after progesterone withdrawal. Be-
cause synthetic agents such as MPA
and RU486 may have off-target effects,
additional endometrial biopsies were
treatedwithprogesterone for24hbefore
treatmentwithvehicleormaintenance in
progesterone. Again, only explants ex-
posed to progesterone withdrawal in hy-
poxic conditions showedasignificant in-
crease in VEGF expression (P � 0.05)
(Fig. 3D).

We examined paired endometrial bi-
opsies collected from the same woman
before and 3–6 months after LNG-IUS
insertion (n � 7). The LNG-IUS is
known to down-regulate the endome-
trial progesterone receptor (27) and may
represent an in vivo model of progester-
one deprivation. We identified a signifi-
cant up-regulation of VEGF mRNA ex-
pression in endometrium collected after
LNG-IUS insertion when compared
with preinsertion biopsies (P � 0.05)
(Fig. 3D).

The contribution of HIF-1� to the regulation of
endometrial VEGF

To assess the contribution of the transcription factor
HIF-1� to endometrial VEGF expression, we transfected
FPS cells with two different shRNA sequences against
HIF-1� (HIF-1�/sh1470 and HIF-1�/sh2192) and con-
firmed HIF-1� silencing by Western blot analysis (Fig.
4A). Transfection with either sequence reduced HIF-1�

protein levels in response to hypoxia, whereas a control
scrambled sequence had no such effect (Fig. 4A). Speci-
ficity of the shRNA sequences was examined by measure-
ment of lamin A/C mRNA levels, which revealed no sig-
nificant changes upon transfection with any construct
(Fig. 4B). HIF-1� silencing had no significant impact on
PGF2�-induced VEGF mRNA expression (Fig. 4C). In
contrast, hypoxic induction of VEGF was significantly
lower in cells where HIF-1� was silenced when compared
with untransfected cells or cells transfected with HIF-1�/
shSCR (P � 0.05) (Fig. 4D).

Discussion

The novel data presented herein detail the requirement for
progesterone withdrawal, hypoxic conditions, and PG

FIG. 2. The regulation of VEGF in human endometrial cells. A, VEGF mRNA expression in a
human endometrial epithelial cell line (FPS cells) treated with vehicle, 100 nM PGF2�, hypoxia,
or both hypoxia and PGF2� for 24 h; B, VEGF secreted protein levels in the culture
supernatants from FPS cells; C, VEGF mRNA expression in primary HES cells treated with
vehicle, 100 nM PGF2�, hypoxia, or both hypoxia and PGF2� for 24 h; D, VEGF secreted protein
levels in the culture supernatants from these HES cells. All results are from three separate
experiments; HES cells were isolated from three different women. Normoxia � 21% O2;
hypoxia � 0.5% O2. *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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production to increase endometrial VEGF during men-
struation. We confirm that hypoxia increases endometrial
VEGF production and describe, for the first time, its de-
pendence upon endometrial HIF-1�. In addition, we re-
veal a novel PGF2�-mediated increase in endometrial
VEGF expression that is independent of HIF-1�.

Electron microscopy of the human endometrium has
shown that repair commences on d 2 of the menstrual cycle
(28). Because repair is initiated at menstruation, the fac-

tors involved must be up-regulated during
this phase. Herein we have shown signifi-
cant up-regulation of endometrial VEGF
mRNA and protein during menstruation.
This is consistent with findings in the rhe-
sus macaque, where heightened expres-
sion of VEGF was present in the newly
formed surface epithelium and stroma
during postmenstrual repair (29). Previous
immunohistochemical and in situ hybrid-
ization studies have also shown increased
VEGF expression in the human endome-
trium during menstruation (30, 31). VEGF
is a potent angiogenic factor that stimu-
lates endothelial cell proliferation and mi-
gration (5). A recent study examining the
decidualized mouse uterus and rhesus ma-
caque endometrium found that VEGF
blockade with VEGF-Trap (a VEGF blocker)
completely inhibited neovascularization
and reepithelialization during endometrial
repair (9). Interestingly, a previous study of
thehumanendometriumfoundsignificantly
decreased VEGF mRNA and protein levels
in women with HMB when compared with
controls (12). Therefore, delineation of the
regulation of this important repair factor
may provide novel therapeutic targets
for HMB.

Herein we have shown that progester-
one withdrawal, hypoxia, and PG produc-
tion are required to increase VEGF expres-
sion in endometrial explants. An elegant
study of ovariectomized, artificially cy-
cling macaques reported an estrogen-inde-
pendent elevation in stromal VEGF imme-
diately after progesterone withdrawal
(29). An estrogen-dependent increase in
VEGF occurred subsequently, during the
proliferative phase, suggesting estradiol is
involved in remodeling but not in the ini-
tial phase of endometrial repair. Our ex
vivo models further delineate events after
progesterone withdrawal in the human en-

dometrium. Progesterone withdrawal appears necessary,
but alone is not sufficient, to induce endometrial VEGF.
Downstream hypoxia and PG production are also re-
quired for endometrial VEGF expression. Previous studies
have shown hypoxic induction of VEGF in isolated endo-
metrial stromal and epithelial cells (32), but to our knowl-
edge, this is the first time hypoxia has been shown to be
involved in VEGF induction in endometrial tissue. PGs

FIG. 3. The effect of progesterone withdrawal, prostaglandins, and hypoxia on VEGF
expression in the endometrium. A, VEGF mRNA expression in endometrial explants from
the proliferative phase treated with vehicle, 100 nM PGF2�, hypoxia, or both hypoxia and
PGF2� (n � 3) for 24 h. B, VEGF mRNA expression in secretory endometrial explants
treated with vehicle, 100 nM PGF2�, hypoxia, or both hypoxia and PGF2� (n � 3) for 24 h.
C, Proliferative-phase explants (n � 4) were pretreated with1 �M MPA and then 1)
maintained in 1 �M MPA (P), 2) cotreated with 1 �M MPA and 1 �M RU486, a
progesterone receptor antagonist (P
RU486), or 3) cotreated with 1 �M MPA, 1 �M

RU486, and 8.4 �M indomethacin, a COX enzyme inhibitor (P
RU486
IndoM). Identical
treatments were incubated in either normoxia (21% O2) or hypoxia (0.5% O2). D,
Endometrial explants pretreated with 1 �M progesterone followed by maintenance in
progesterone (P) or incubation with vehicle to induce progesterone withdrawal (Pw/d) in
normoxia and hypoxia. E, Insertion of the LNG-IUS (IUS), with consequent local reduction
in progesterone receptor expression analogous to local progesterone withdrawal, resulted
in a significant increase in VEGF mRNA expression; note logarithmic scale on y-axis.
Normoxia � 21% O2; hypoxia � 0.5% O2. *, P � 0.05; **, P � 0.01.
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have previously been shown to increase VEGF expression
in cancer cells (16, 33), but we demonstrate a potential
physiological role in the human endometrium.

We examined endometrial biopsies from women col-
lected before and 3–6 months after LNG-IUS insertion for
treatment of HMB. LNG-IUS insertion dramatically down-
regulates endometrial progesterone receptors, providing an
in vivo model of local endometrial progesterone deprivation
(27, 34). In addition, progestogen exposure has been shown
to reduce endometrial perfusion and profoundly decrease
vasomotion (35). This may lead to endometrial hypoxia. En-
dometrial samples taken after LNG-IUS insertion showed a
significant increase in VEGF mRNA expression. Because
normal endometrial architecture ismaintained in thismodel,
our findings support the role of progesterone withdrawal
and downstream hypoxia in the up-regulation of endome-
trial VEGF. Furthermore, the LNG-IUS is well established as
a treatment for HMB, and this stimulation of VEGF pro-
duction may contribute to its efficacy.

For the first time, we have demonstrated that hypoxic
induction of VEGF in endometrial cells is mediated via
HIF-1�. HIF-1 is a heterodimeric factor. The HIF-1� sub-

unit undergoes proteasomal degradation in normoxia,
whereas HIF-1� is constitutively expressed. In hypoxic
conditions, HIF-1� binds with HIF-1�, translocates to the
nucleus, and increases the transcription of target genes, in-
cluding those involved in angiogenesis (16, 17, 36). HIF-1�

hasbeen showntobe induced in late secretoryandmenstrual
endometrium (19). A hypoxic response element is present in
the VEGF promoter region, and HIF-1 has been shown to
regulate VEGF expression in hypoxic Hep3B cells (37). In
contrast, HIF-1-independent hypoxic regulation of VEGF
has been described in colon cancer cells (23). Our results
suggest HIF-1 is involved in hypoxia-induced increases in
endometrial VEGF production at menstruation but that
PGF2� acts independently of HIF to increase VEGF. A pre-
vious study of endometrial adenocarcinoma explants and
cells showedthatPGF2� activates theERK1/2signalingpath-
way inanepidermalgrowth factor receptor-dependentman-
ner to increase VEGF promoter activity (33). Additional
studies are required to determine whether a similar mecha-
nism of action is present in normal endometrial tissue.

In conclusion, our data generated from 1) in vitro cell
studies, 2) ex vivo explant culture, and 3) an in vivo model

FIG. 4. HIF-1� silencing in FPS cells prevents hypoxic induction of VEGF- but not PGF2�-mediated increases. A, Confirmation of HIF-1� protein
knockdown by Western blot with transfection of two short hairpin sequences against HIF-1� (HIF-1/sh1470 and HIF-1�/sh2192), compared with a
scrambled sequence (shSCR) or untransfected cells after 8 h in hypoxic conditions (0.5% O2); B, specificity of the knockdown was confirmed by
examining lamin A/C mRNA expression, which showed no significant changes with transfection of any construct; C, silencing of HIF-1� had no
significant effect on PGF2�-mediated VEGF expression; D, cells transfected with shRNA against HIF-1� had a significantly abrogated response to
hypoxic stimulation, with low levels of VEGF expression compared with untransfected cells or those transfected with a scrambled sequence.
*, P � 0.05; **, P � 0.01; ns, nonsignificant.
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of progesterone deprivation indicate that progesterone
withdrawal, hypoxia, and PGF2� are involved in produc-
tion of VEGF for endometrial repair. There is evidence
that women with HMB have decreased levels of VEGF
during menstruation (12). These women are also known
to have aberrant PG production and signaling (38, 39) and
may therefore have suboptimal initiation of repair leading
to heavy, prolonged bleeding. Additional studies are re-
quired to determine whether there is a defective hypoxic
response in women with HMB, resulting in less menstrual
expression of VEGF. Delineation of the physiological reg-
ulation of endometrial repair may lead to novel, effica-
cious treatments for these women.
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Abstract

Endometrial regeneration is mediated, at least in part, by the existence of a specialized somatic stem cell (SSC) population
recently identified by several groups using the side population (SP) technique. We previously demonstrated that
endometrial SP displays genotypic, phenotypic and the functional capability to develop human endometrium after
subcutaneous injection in NOD-SCID mice. We have now established seven human endometrial SP (hESP) cell lines (ICE 1–7):
four from the epithelial and three from the stromal fraction, respectively. SP cell lines were generated under hypoxic
conditions based on their cloning efficiency ability, cultured for 12–15 passages (20 weeks) and cryopreserved. Cell lines
displayed normal 46XX karyotype, intermediate telomerase activity pattern and expressed mRNAs encoding proteins that
are considered characteristic of undifferentiated cells (Oct-4, GDF3, DNMT3B, Nanog, GABR3) and those of mesodermal
origin (WT1, Cardiac Actin, Enolase, Globin, REN). Phenotype analysis corroborated their epithelial (CD9+) or stromal
(vimentin+) cell origin and mesenchymal (CD90+, CD73+ and CD452) attributes. Markers considered characteristic of
ectoderm or endoderm were not detected. Cells did not express either estrogen receptor alpha (ERa) or progesterone
receptor (PR). The hESP cell lines were able to differentiate in vitro into adipocytes and osteocytes, which confirmed their
mesenchymal origin. Finally, we demonstrated their ability to generate human endometrium when transplanted beneath
the renal capsule of NOD-SCID mice. These findings confirm that SP cells exhibit key features of human endometrial SSC and
open up new possibilities for the understanding of gynecological disorders such as endometriosis or Asherman syndrome.
Our cell lines can be a valuable model to investigate new targets for endometrium proliferation in endometriosis.
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Introduction

The existence of somatic stem cells (SSC) in the human and

murine endometrium has been postulated and attributed to a

particular subpopulation of mesenchymal origin located in the

basal layer [1–16]. Nevertheless, the main limitation of these

studies is the absence of specific markers that identify the

endometrial SSC population.

The side population (SP) phenotype was first described in bone

marrow where a somatic stem cell population was identified based

on the ability of these cells to extrude the DNA binding dye,

Hoechst 33342 [17] a phenomenon associated with the expression

of an ATP binding cassette transported encoded by the breast

cancer resistance protein gene (BCRP1/ABCG2) [18]. In general,

the SP phenotype is thought to be a universal marker of somatic

stem cells and has been used to isolate them from many adult

tissues, such as the mammary gland, skin, myometrium, lung and

dental pulp [19–23]. Accumulated evidence has suggested that the

endometrial SP population could represent, at least in part, the

SSC population in this particular tissue [24–27]. Functional proof

of concept has been demonstrated by the ability of endometrial SP

to reconstruct human endometrium after subcutaneous injection

[26] or transplantation under the kidney capsule [27] in NOD-

SCID mice. Nevertheless, the efficiency of this endometrium

reconstruction is very low, as only two cases from the total of 24

injected animals [27] and one out of 50 [26] were successful.

To further explore our previous finding [26], the aim of the

present study was to establish and characterize human endome-

trial SP cell lines from the epithelial and stromal compartments

providing a model system for studies on human endometrial SSC.

Methods

Ethics statement
This study was approved by the Institutional Review Board and

Ethics Committee of Instituto Universitario-IVI (Universidad de

Valencia, Spain), and informed written consent was obtained from

each patient prior to tissue collection. Procedures performed on

animals were also approved by CIPF and Instituto Valenciano de

Infertilidad (IVI) review boards (Animal ethical Committee 08/0065).
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Human tissue collection
Human endometrium from healthy women was obtained from

endometrial biopsies using a Pipelle sampler (Genetics, Namont-

Achel, Belgium) under sterile conditions.

Epithelial and stromal separation
Endometrial biopsies were disaggregated by mechanical and

enzymatic means in order to obtain single cell suspensions. Then,

epithelial and stromal single cells were isolated from human

endometrial tissue using established protocols [26,28]. Cell suspen-

sions were also treated with erythrocyte lysis solution (ammonium

chloride, potassium bicarbonate, tetrasodium ethylene-diaminete-

traacetic acid (EDTA)) to avoid red blood cell contamination by

hypotonic shock, and evaluation of cell viability was performed with

Propidium Iodide (PI; 5 mg/ml,Sigma-Aldrich, Spain).

Flow cytometry and side population isolation
Epithelial and stromal cell suspensions were labeled with 10 mg/

ml of Hoechst 33342 dye (Sigma-Aldrich, Spain) either alone or in

combination with 50 mM verapamil (Sigma-Aldrich, Spain) in

order to obtain Side Population cells, according to a previously

described protocol [26]. Labeled cells were analyzed and sorted by

a MoFloH (Dako, Denmark, http://www.dako.com) jet-in-air

high-speed sorter as described previously by Cervelló et al., 2010

[26]. The gates for cell sorting were defined to collect live cells

with a low Hoechst 33342 fluorescence (SP fraction), as well as live

cells with a high Hoechst 33342 fluorescence (NSP fraction).

Cell culture and generation of cell lines
Cell lines generated were established in several steps. Briefly, the

human endometrial SP cells from epithelial and stromal fractions

isolated by flow cytometry were plated at clonal density (20–200

cells/cm2) and cultured in DMEM F-12 (Invitrogen, Spain)

containing 10% of fetal bovine serum (FBS), glutamine 2 mM

(Sigma-Aldrich, Spain), and antibiotic-antimycotic solution (Am-

photericin B-Gentamicin). These cells were maintained at 37uC in

hypoxic conditions (1–2% O2). Two weeks after seeding, the

largest individual primary clones derived from single cells were

selected, picked, and re-plated to generate secondary clones. After

an additional two weeks in culture, secondary clones were picked

and re-cloned to generate tertiary clones. At the fourth and

following passages, cells reached 80–100% confluence. Serial cell

culture continued in this manner through 12–15 passages.

Immunophenotypic characterization
Once the putative epithelial and stromal somatic stem cell lines

were established, a preliminary characterization was necessary to

confirm purity, origin, and features of the generated cell lines.

Analysis was assessed by the staining with typical antibodies: CD9

for epithelial cells; vimentin for stromal cells; CD90, CD73, and

CD105 for mesenchymal stem cells; CD34 and CD45 for

hematopoietic stem cells; CD31 for endothelial cells; Stro-1 for

bone marrow stromal cells, and CD133 for endothelial progenitor

cells (antibodies are detailed in supporting information Table S1).

Immunophenotypic analysis was performed in a Cytomics FC500

flow cytometer (Beckman-Coulter, CA, USA).

RNA isolation and reverse transcription
Total RNA extraction was performed by two methods

depending on the desired outcome. For molecular characteriza-

tion, RNA was extracted from cell cultures using the Mini RNA

Isolation I Kit according to the manufacturer’s protocol (Zymo,

Irvine, CA 92614, U.S.A.). In addition, the TRIzol method was

used in order to assess differentiation results (Life Technologies

Inc., Gaithersburg, MD). In both cases, one mg of RNA was used

for cDNA synthesis with the Reverse Transcription System

(Clontech, Palo Alto, CA, USA).

PCR for undifferentiated and differentiated markers
A semiquantitative PCR was performed for typical undifferen-

tiated and differentiated markers in order to characterize the cell

lines. The primers used are listed in the Table 1 (list of primers

used for cell line characterization). GAPDH expression was used as

a housekeeping gene for normalization.

The molecular analyses of these genes were carried out in ICEp

and ICEs cell lines. Human embryonic stem cell (hESC) line VAL-

9 [29] was used as a positive control for undifferentiated markers

and diverse tissues (heart, kidney, etc.) were used to test

mesodermal origin. PCR was carried out using a BIOMETRA

thermal cycler, with the following conditions 59uC and 30 cycles.

Finally, the PCR products were run on a 2% agarose

electrophoresis gel.

Karyotype
In passage 8 to 9, the cells were treated with culture medium

containing colchicine (KaryoMAXHColcemidTM solution, Invitro-

gen) for 30 minutes and treated with hypotonic buffer 0.075 M

KCl (Potassium Chloride, Invitrogen) during 15 minutes. Cell

suspensions were fixed in 3:1 methanol-acetic acid and air-dried.

Finally cells were stained with 49,6-diamidino-2-phenylindole

(DAPI, Invitrogen) to performed cytogenetic analysis.

Telomerase activity
Telomerase activity was analyzed using the TRAPEZEH

Telomerase Detection Kit (Chemicon), and further staining was

performed with SYBRH Green I (Molecular probes). Briefly,

cultured cells (100,000 cells) were harvested, washed once in Ca2+/

Mg2+-free PBS, and were immediately resuspended in lysis buffer.

After treatment on ice and spinning at high speed, samples were

subjected to a PCR reaction following the manufacturer’s

instructions. PCR products were run in polyacrylamide gel

(BioRad) under non-denaturing conditions and amplified frag-

ments were then stained with SYBR green for visualization in a

transilluminator. Each experiment included the human embryonic

stem cell line, VAL-9 as a positive control, and foreskin (somatic

cell line) as a negative control.

Estrogen and progesterone receptor expression
To investigate the expression of estrogen receptor alpha (ERa)

and progesterone receptor (PR) in human endometrial SSC lines

(ICEp and ICEs), cytospins were made from the cell suspensions

and fixed in 90% acetone/10% methanol. Cytospins of the human

breast adenocarcinoma MCF-7 (ATCC reference HTB22) and

estrogen-treated human endometrial adenocarcinoma Ishikawa

(ISH) (ECACC reference 99040201) cell lines served as positive

controls for ERa and PR antibodies, respectively. Immunocyto-

chemistry was performed as follows: endogenous peroxidase was

blocked using a solution of 0.15% H2O2 (Fisher Scientific,

Leicestershire, UK) in methanol before permeabilizing the cytospins

in 0.2% IGEPAL, 1% BSA (both Sigma-Aldrich, Steinheim,

Germany), and 10% normal goat serum (NGS) (Biosera, East

Sussex, UK). Non-specific binding was blocked using 20% NGS/

5% BSA before endogenous strepavidin and biotin were blocked

per kit instructions (Vector Labs, Burlingame, CA). The mouse

monoclonal primary antibodies ERa (Vector Labs, Burlingame,

CA) and PR (Novocastra Laboratories, Newcastle upon Tyne, UK)

Isolation of Human Endometrial Stem Cell Lines
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were each diluted 1:20 in blocking serum and applied to cytospins

overnight at 4uC. The primary antibody was omitted on negative

control slides. A biotinylated goat anti-mouse secondary antibody

(1:500 dilution, Vector Labs, Burlingame, CA) followed by HRP-

conjugated strepavidin (1:1000 dilution, Vector Labs, Burlingame,

CA) were both applied for 30 minutes at room temp before addition

of the substrate diaminobenzidine per kit instructions (Vector Labs,

Burlingame, CA). The sections were counterstained in haematox-

ylin and mounted in pertex.

In vitro differentiation
The ICEp and ICEs lines were cultured in vitro with adipogenic

and osteogenic differentiation media. Normoxic conditions were

used to maintain the cells under differentiation protocols (18–20%

O2, 37uC, 5% CO2, 90% humidity). Both cell lines were treated

with the adipogenic induction media: h-insulin, L-Glutamine,

MCGS, Dexamethasone, Indomethacin, IBMX and Penicillin/

streptomycin (Lonza, Barcelona, Spain), and osteogenic induction

media: Dexamethasone, L-Glutamine, Ascorbate, MCGS, Peni-

cillin/streptomycin and b-Glycerophosphate (Lonza), during two-

three weeks according established manufacturer’s protocols. Cells

treated with the maintenance media were the negative control of

the differentiation process. Afterward, cells were fixed and the

adipogenic/osteogenic differentiation was detected by particular

staining and specific gene expression. In the adipogenic differen-

tiation procedure, Oil Red O staining and mRNA levels of specific

genes, such as lipoprotein lipase, were used to detect the presence

of lipid vacuoles [30]. For osteogenic differentiation, bone

sialoprotein (BSP, MAB1061, Chemicon International) immuno-

cytochemistry was performed and expression of osteoblast marker

Osterix [31,32] was measured at the mRNA level. RNA extraction

and real-time PCR were performed to ensure the differentiation

results. Our positive controls for Oil Red O and LPL expression

were adipocyte cells cultured from tissue explants. Positive controls

for bonesialoprotein expression and genes battery were osteocytes

removed from bone explants. In all cases, negative controls were

cultured endometrial cells.

Animal Model: Xenotransplantation assays
All procedures involving animals in this study were approved by

CIPF and Instituto Valenciano de Infertilidad (IVI) review board.

Female NOD-SCID mice (strain code 394; NOD. CB17-

Prkdcscid/NCrCrl from Charles River Laboratories, Spain) were

ovariectomized at 5–6 weeks and then used for xenotransplanta-

tion experiments. Subsequently, mice were anesthetized with

sevofluorane inhalation followed by kidney externalization

through a dorsal-horizontal incision for the cell injection. In order

to guarantee the optimal technical procedure, we performed this

procedure on two mice treated with the complete endometrial

fraction, as Masuda described in PNAS 2007 [33].

In our experimental approach, the single-cell suspensions

(200,000 to 1,000.000 cells) from ICEp and ICEs were

resuspended in 30 ml of medium (DMEMF-12, Sigma-Aldrich,

Spain) and injected under the kidney capsule. Negative controls

were injected using only medium. During transplantation,

estradiol pellets (SE121, 17b-estradiol 0.18 mg/60 days; Innova-

tive Research of America) were also implanted subcutaneously at

the neck. Moreover, some mice treated with estradiol pellets were

injected subcutaneously every day with 1 mg of progesterone (P

(P4), Dr. Carreras, Hospital14, Barcelona, Spain) for two weeks

within a 3-week interval. After this period, mice were subjected to

a second cycle of daily P4 injections for 2 weeks until they were

sacrificed. Animals were injected with ICEp, ICEs and ICE-

p+ICEs. Throughout this assay, xenotransplanted mice were

maintained in specified pathogen free (SPF) facilities and fed ‘‘ad

libitum’’ for 60 days after the injection. After that, mice were

nephrectomized according to the experimental protocol.

Results

SP isolation and generation of the endometrial SP
epithelial and stromal cell lines

We first isolated the SP population from both fractions of the

human endometrium as described in our previous work [26]. SP

represents 1.6860.27% of the total living cell population in the

epithelial fraction and 0.3960.06% of the stromal fraction.

The establishment of SP cell lines required the following steps.

SP cells isolated from both endometrial fractions were cultured at

clonal densities (20–200 cells/cm2) under hypoxic conditions for 2

weeks. The largest colonies, described as putative SSC [28], were

re-plated at least three times to purify the cell population obtained.

Subcultures were performed every 7–9 days and the generated cell

Table 1. List of primers used for cell line characterization.

Gene Fw 59-39 Rv 59-39 Characterization

Oct-4 AAGAACATGTGTAAGCTGCGGCCC GGAAAGGCTTCCCCCTCAGGGAAAGG Undifferentiation

Nanog GATTTGTGGGCCTGAAGAAA TGGGGTAGGTAGGTGCTGAG Undifferentiation

GDF3 CTTCACCCCAGAAGTTCCAA GCAGGTTGAAGTGAACAGCA Undifferentiation

GABR3 CTTGACAATCGAGTGGCTGA CAACCGAAAGCTCAGTGACA Undifferentiation

DNMT3B TTTGGCCACCTTCAATAAGC GGCAACATCTGAAGCCATTT Undifferentiation

WT1 TCCTTCATCAAACAGGAGCCGAGC CTGTAGGGCGTCCTCAGCAGCAAAG Mesoderm origin

Renin AGTCGTCTTTGACACTGGTTCGTCC GGTAGAACCTGAGATGTAGGATGC Mesoderm origin

Cardiac Actin TCTATGAGGGCTACGCTTTG CCTGACTGGAAGGTAGATGG Mesoderm origin

Enolase TGACTTCAAGTCGCCTGATGATCCC TGCGTCCAGCAAAGATTGCCTTGTC Mesoderm origin

d-Globin ACCATGGTGCATCTGACTCCTGAGG ACTTGTGAGCCAAGGCATTAGCCAC Mesoderm origin

AMY GCTGGGCTCAGTATTCCCCAAATAC GACGACAATCTCTGACCTGAGTAGC Endoderm Origin

NFH TGAACACAGACGCTATGCGCTCAG CACCTTTATGTGAGTGGACACAGAG Ectoderm origin

GAPDH TGAGCTGAACGGGAAGCTCA GTCTACATGGCAACTGTGAGGA Housekeeping

doi:10.1371/journal.pone.0021221.t001
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lines required a change of medium after 3–4 days. After 12 to 15

passages (7 to 9 days per passage) a total of seven human

endometrial SP cell lines were obtained (ICE1-7) and cryopre-

served. Four lines were from epithelium and 3 lines from stroma.

Two lines of epithelial origin (ICEp) corresponding to ICE1 and

ICE6, and two from the stromal compartment (ICEs) correspond-

ing to ICE2 and ICE7 were selected for full characterization.

Phenotype of endometrial SP lines
ICEp cell lines displayed typical epithelial, round morphology

(Figure 1A), whereas ICEs cells presented with a typical fibroblast-like

appearance (Figure 1C). Phenotypic analyses by flow cytometry

demonstrate that ICEp contained 76.6% CD9 positive cells and ICEs

contained 91.4% vimentin positive cells. In all cases mesenchymal

commitment was demonstrated by the expression of CD90, CD105,

and CD73. In the case of ICEp, the percentages obtained were

88.4% for CD90, 67.8% for CD105, and 93.3% for CD73. For ICEs

lines expression was 53.4% for CD90, 48.2% for CD73, with no

detection of CD105. Moreover, we corroborated the absence of

typical markers for hematopoietic (CD45 and CD34), endothelial

(CD31), bone marrow stromal (stro-1), and endothelial progenitors

(CD133) in all the cell lines analyzed (Figure 1B and 1D).

Karyotype, molecular characterization and telomerase
activity

After the establishment of putative endometrial somatic stem

cell (hESC) lines, a preliminary molecular characterization was

necessary to confirm their lineage, their cytogenetic integrity, and

undifferentiated status. The molecular profiling of ICEp revealed

the expression of genes characteristic of undifferentiated cells, such

as Oct-4 (Octamer-binding transcription factor 4), NANOG, GDF3 (Growth

differentiation factor-3), GABR3, DNMT3B (DNA (cytosine-5-)-methyl-

transferase 3 beta), as well as those associated with mesodermal

commitment: WT1 (Wilms tumor protein), REN (Renin), Cardiac actin,

ENO (Enolase) and d-GLOB (gamma globulin) (Figure 2A). ICEs also

expressed a similar panel of genes including NANOG, GDF3,

GABR3 and DNMT3B as well as the mesodermal genes WT1,

Cardiac actin and d-GLOB (Figure 2A). These cell lines did not

express either endodermal or ectodermal genes, such as AMY

(Amylase) and NFH (Neurofilament heavy chain). Importantly a normal

karyotype corresponding to 46XX was confirmed in ICEp and

ICEs at passages 8 to 9 (Figure 2B). The pattern of telomerase

activity in these lines indicated it was intermediate between the

human embryonic stem cell line (hESC) VAL-9 [29] and human

foreskin fibroblast (Figure 2C).

Figure 1. Morphology and phenotype of endometrial somatic stem cell lines (ICE lines). A. Epithelial cell line (ICEp). Upper panel shows
aspect of cell growth in hypoxic conditions with typical epithelial features as polygonal/cuboidal shape. Lower panel, expression patterns related flow
cytometric analysis confirms positive expression (highlighted in red) of ICEp for epithelial CD9 (76.6%) and for mesenchymal stem cell markers like
CD73 (93.3%), CD90 (88.4%) and CD105 (67.8%). Negative expression in ICEp was distinguished for stromal origin (Vimentin), hematopoietic stem cell
markers (CD45 and CD34), endothelial cells (CD31), bone marrow stromal (stro-1) and endothelial progenitors (CD133). B. Stromal cell line (ICEs).
Upper panel shows the confluence cell culture with fibroblast-like appearance in hypoxic conditions. Lower panel, expression patterns related flow
cytometric analysis confirms positive expression (highlighted in red) of ICEs for stromal Vimentin (91.4%) and for mesenchymal stem cell markers like
CD73 (48.2%) and CD90 (53.4%). Negative expression in ICEs was distinguished for epithelial origin (CD9), mesenchymal stem cell marker (CD105),
hematopoietic stem cell markers (CD45 and CD34), endothelial cells (CD31), bone marrow stromal (stro-1) and endothelial progenitors (CD133). In all
the cases mouse FITC-labeled IgG1 (Millipore), FITC-labeled IgG2b (Chemicon), APC-labeled IgG1 (Milteny Biotec), Alexa647-labeled IgM (Biolegend),
and PE-labeled IgG1(Abcam) were used as isotypic controls (black) for staining of endometrial somatic stem cell lines (ICEp and ICEs).
doi:10.1371/journal.pone.0021221.g001
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Figure 2. Molecular and cytogenetic characterization of ICE lines. A. Results from PCR assay demonstrated the expression of undifferentiated
genes in both cell lines (highlighted in figure by asterisk). In addition the absence of typical endoderm and ectoderm markers suggest their
commitment to mesenchymal lineage throughout the presence of mesoderm genes. To assess the integrity of the samples analysed GAPDH gene
expression was performed. ICEp: Epithelial somatic stem cell line; ICEs: Stromal somatic stem cell line; C+: hESC, human embryonic stem cell line (VAL-
9) and C2: water. B. Normal karyotypes 46XX were obtained in both cases. C. Telomerase activity associated with length of telomeres was performed
in order to known the undifferentiated status of the cell lines. Telomerase activity of positive control, VAL, showed a ladder of amplification products
with six base increments starting at 50 nucleotides. An intermediate telomerase pattern was observed in both cases in comparison with hESC (VAL-9)
and differentiated cell line (Fsk).
doi:10.1371/journal.pone.0021221.g002
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Immunoexpression of estrogen receptor alpha (ERa) and
progesterone receptor (PR)

Immunocytochemical studies were performed to determine

whether the SP cell lines generated expressed the sex steroid

receptors, ERa and PR. ERa was not detected in the cellular

suspensions analyzed from either ICEp or ICEs (Figure 3A). In

contrast, strong expression of ERa was observed in HTB22, a

commercial cell line derived from adenocarcinoma of human

mammary gland that served as a positive control. Furthermore,

PR was not detected in ICEp or ICEs (Figure 3B) although

Ishikawa cells treated with estradiol (E2) were immunopositive.

Adipogenic and osteogenic differentiation of SP cell lines
The ability to differentiate into different cell types from a

specific lineage is one of the features of SSC cells. We examined

the in vitro potential of the SP cell lines ICEp and ICEs to undergo

osteogenic and adipogenic differentiation. At passage 6, both cell

lines were further cultured in the presence of adipogenic or

osteogenic induction media (see Materials and Methods) in

normoxic conditions.

Adipogenic differentiation was assessed by the accumulation of

lipid droplets demonstrated by Oil Red staining in the cytoplasm of

differentiated cells. Positive staining for lipid vacuoles was confirmed

in the cytoplasm of all cells differentiated from ICEp and ICEs.

Moreover, at the molecular level adipogenic transformation was

demonstrated by the increased expression of lipoprotein lipase (LPL)

[30] (Figure 4A). Osteogenic differentiation was investigated by an

immunocytochemistry assay using the specific biochemical marker of

mineralized tissues, bonesialoprotein (BSP). It was also confirmed at

the molecular levels by the increased expression of osterix in both cell

lines (Figure 4B) [31,32]. Therefore, similar to the results obtained

with SP cells [26], ICEp and ICEs were able to differentiate in vitro

into adipocytes and osteocytes using standard protocols.

Reconstruction of human endometrial-like tissue from SP
cell lines in NOD-SCID mice

Single-cell suspensions composed by 200,000 to 1,000,000 cells

obtained from ICEp, ICEs or ICEp+ICEs at passage 6 were

injected under the kidney capsule of immunosuppressed mice

treated with E2 or E2+P (see Materials and Methods). Mice treated

with single cell suspensions (500,000 cells) of total endometrium

were used as the positive control of the experimental procedure

[33]. In all cases, the injection of ICEp, ICEs or ICEp+ICEs and

treatment of the host with E2, or E2+P resulted in the

Figure 3. Immunostaining for ERalpha and progesterone receptor on cytospins of ICE and control cell lines. Immunopositive staining
for ERalpha was detected in the nuclei of HTB222 cells (lower left panel, insets high magnification and negative control). Immunopositive staining for
progesterone receptor was detected in nuclei of Ishikawa cells grown in the presence of E2 (lower left panel, insets high magnification and negative
control). In both the positive contol (+ve) cell lines a proportion of the cell nuclei were immunonegative (*). No immunopositive cell nuclei were
detected in any of the ICEp or ICEs cell lines tested. All ICE cell cytospins were stained in parallel with the appropriate positive control cell line using
identical conditions.
doi:10.1371/journal.pone.0021221.g003
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reconstruction of endometrial-like tissue in the kidney capsule

(Figure 5A and 5C). The endometrial reconstruction was

uncertain in only one case of ICEp exposed to E2 (Figure 5C).

To further assess the human origin of the reconstructed endometrial

tissues, we performed immunohistochemical analysis of the kidney

capsules removed from all cell lines as well as cell lines with hormonal

Figure 4. In vitro differentiation of ICE lines into mesenchymal lineages. A. Upper panel, adipogenic differentiation assay was visualised by
the presence of Oil Red O staining in lipids vacuoles. Cells non-treated with differentiation media were included as control, being negative for Oil Red
staining. Adipocytes from culture explant were included as positive control. Lower box indicated over-expression of lipoprotein lipase at mRNA levels
in induced differentiated cells. B. Upper panel, osteogenic differentiation process was detected by the reactivity against bone sialoprotein. Cells non-
treated with differentiation media were included as control being negative for bone sialoprotein expression. Osteocytes from culture explant were
included as a positive control. Lower box shows over-expression of osterix mRNA in induced differentiated cells.
doi:10.1371/journal.pone.0021221.g004
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treatment using human vimentin Figure 5B), human CD9, human

progesterone receptor, and human CD31 with proper controls (see

Figure 6). Results are presented in Figure 6 and summarized in

Figure 5C. The results demonstrated that endometrial SP lines were

capable of reconstructing total human endometrium determined by

the presence of human vimentin and CD9 positive cells in the renal

capsule. We further confirmed the expression of human progesterone

receptor (PR) in all the xenografts obtained from animals treated with

E2+P. Interestingly, in the endometrial-like tissue obtained in animals

treated with E2 alone after the injection of cells from ICEp+ICEs the

expression of PR was also detected. As expected, human endothelial

marker hCD31 was not detected in endometrial-like tissue suggesting

that the neovascularization derived from host.

Discussion

The results of this study extend and confirm our previous

finding suggesting that endometrial SP cells from both the stromal

and epithelial compartment are putative human endometrial stem

cells [26]. Here, we demonstrated that human endometrial SP

(hESP) lines expressed markers characteristic of undifferentiated

cells together with those of typical of cells committed to a

mesodermal lineage. Notably these cells were able to differentiate

into both adipocytes and osteocytes in vitro, and to give rise to

endometrial-like tissue in vivo. We have demonstrated that hESP

cells do not express ERa and PR and thus will be unresponsive to

sex steroid action mediated via these two steroid receptors.

Due to the absence of specific markers for endometrial stem

cells, we have used a two-step process for derivation of human

endometrial SP cell lines. The first process is based on the Side

Population (SP) method that relies on the capability of cells to

extrude the DNA binding dye Hoechst 33342 via the ATP-

binding cassette [17,18]. This method has been used for the

identification of putative SSC in skin [20], myometrium [21], lung

[22], dental pulp [23] and endometrium [24–27]. Utilisation of a

cloning efficiency method [6] under hypoxic conditions [26] has

Figure 5. Reconstruction of human endometrial-like tissue from ICE lines. A. Macroscopic and microscopic visualisation of the transplanted site
(arrow). H&E staining to assess the presence of endometrial reconstruction in the murine kidney after 60 days of xenotransplantation. B. Pictures showing
some results for human vimentin protein expression (green fluorescence signal) in mice treated with P4 and injected with stromal (ICEs) and
epithelial+stromal (ICEp+ICEs) cell lines. Nuclei stained with DAPI (blue fluorescence signal) and autofluorescence of kidney cells (red fluorescence signal) are
shown. C. Table summarizing the results of the samples analysed. In the first column H&E results concerning visual analysis are assigned as + (reconstructed
endometrial tissue), ++ (high appearance of endometrial-like tissue) and +/2 (poor observation of reconstructed tissue) in all the mice injected with human
cells. Serial markers for immunohistochemistry assays (hVimentin, hCD9, hCD31 and PR) were performed in a subset of mice injected with total
endometrium, ICEp, ICEs, ICEp+ICEs, ICEp+P4, ICEs+P4 and ICEp+ICEs+P4. Note positive expression is indicated as + and negative expression as 2.
doi:10.1371/journal.pone.0021221.g005
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been undertaken to further select the subpopulation that gives rise

to hESP lines. The hypoxic environment has been considered

essential to maintain SP cells derived from bone marrow [34] and

to enhance the proliferation of somatic stem cells [35,36].

Using these selection criteria four hESP lines were established

from epithelial compartment (ICEp lines 1-3-5-6) and three from

the stromal compartment (ICEs, lines 2-4-7). Two ICEp and two

ICEs were selected for full characterization and were shown to

maintain a stable 46XX karyotype. Epithelial (CD9) and stromal

(vimentin) cell markers confirmed their respective epithelial or

stromal origin, and the additional demonstration of homogenous

expression of WT1, cardiac actin, and d-GLOB further suggested

their mesenchymal origin [10,26].

The coexistence of undifferentiated markers with those of

mesodermal origin in the absence of ectoderm or endoderm

differentiation genes have been identified in other cell types, such

Figure 6. Immunohistochemical analysis of endometrial xenografts from mice. Panel summarizing the immunohistochemical analysis for
hvimentin, hCD9, hCD31 and PR in endometrial-like tissues obtained after the injection of total endometrial cell suspensions (End = positive control of
the cellular injection procedure) treated with E2, putative epithelial somatic stem cell lines from human endometrium (ICEp) treated with E2 and E2+P,
putative stromal somatic stem cell lines from human endometrium (ICEs) treated with E2 and E2+P and ICEp+ICEs treated with E2 and E2+P. Human
endometrial tissue sections were used as positive controls for all the antibodies described above (upper section of the panel).
doi:10.1371/journal.pone.0021221.g006
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as adipose-derived stem cells [37,38] and adult bone marrow-

derived stem cells [39]. Our hESP cell lines, like other adult-

derived stem cells described previously, not only co-expressed

mesenchymal and differentiated markers at protein and molecular

levels, but also demonstrated the capability to differentiate into

mesodermal specific lineages such adipocytes and osteocytes when

exposed to appropriate conditions.

Estrogen regulates endometrial cell survival, viability and

mitogenic effects via ERa, the predominant endometrial estrogen

receptor [40]. ERb is expressed in multiple cell populations

throughout the human endometrium [41] and studies in mice

suggest it may have a negative impact on Era mediated responses

[42]. Mouse PR knockout studies indicate that the anti-

proliferative effect of progesterone on endometrial epithelium is

mediated by the PR-A isoform [43]. ICEp and ICEs did not

express ERa or PR. This finding is in agreement with a report that

ERa was not expressed in putative endometrial stem/progenitor

cells identified using the label retaining cell (LRC) mouse model in

which slow-cycling (putative stem cells) were identified by injection

of bromodeoxyuridine [1]. In this study Chan and Gargett

immunolocalised ERa to the nuclei of differentiated epithelial and

stromal cells but found that epithelial LRC were ERa negative

although a small population (16%) of stromal LRC did express

ERa. A recent study has reported that, at least in mice, estrogen-

induced proliferation of uterine epithelium is not mediated by

expression of ERa [44] a finding in agreement with earlier studies

using tissue recombinants that reported estrogen regulates

endometrial epithelial proliferation through paracrine signaling

involving ERa positive stromal cells [45]. Notably in both

primates and mouse models during endometrial breakdown and

early repair ERa is expressed in stromal but not in epithelial cells

supporting the notion that the stromal compartment plays the key

role in the orchestration of normal endometrial reconstruction in

response to estrogen [46,47].

Although ERa and PR were not detected in the hESP lines

when these cells were injected into immunocompromised mice the

stromal cells were able respond to exogenous E2 and P and the

human epithelial cell layer formed in the reconstructed endome-

trium expressed PR (Figure 5). Therefore, we hypothesize that

signals coming from the stem cell niche may maintain the SSC

population in a hormonally naı̈ve state and that they become

responsive to steroids after differentiating into transient amplifying

cells.

We have also shown that hESP cell lines retain the capability to

differentiate in vitro into different mesodermal lineages, including

adipocytes and osteocytes [26]. The key achievement of the

current study was our ability to demonstrate that, when injected

into the renal capsule of immunodeficient mice (NOD-SCID),

hESP lines consistently generated endometrial human tissue.

Notably, we have injected ICEp or ICEs lines both separately or in

combination (ICEp+ICEs) into animals that were subsequently

treated with E2 alone or E2+P. All cases (except one) this regimen

resulted in the reconstruction of endometrial-like tissue in the

kidney capsule (Fig. 5A, 5B and 6) that was also further

characterized for the expression of human vimentin, hCD9,

hCD31 and PR (Figure 5C and 6) resulting in the following

findings. First, human endometrium could be regenerated from

hESP lines obtained from the epithelial (ICEp) as well as from the

stromal (ICEs) compartments. Second, the sequential treatment

with E2+P was superior in terms of the amount of reconstructed

endometrium produced. Finally, the vasculature of the newly

formed endometrium was derived from the host since hCD31 was

not detected in any of the xenografts analyzed.

In conclusion, we demonstrate that in vitro differentiation to

adipocytes and osteocytes, as well as in vivo formation of

endometrial-like tissue, can be obtained after renal capsule

injection of cells from hESP lines that are chromosomally normal,

ERa and PR negative, and committed to a mesoderm lineage.

Therefore, we have demonstrated that hESP cell lines display

similar phenotypic, molecular signatures, in vitro and in vivo

differentiation capabilities as ‘‘primary’’ endometrial SP cells

[26], creating a reliable in vitro model to test relevant targets for

endometrial physiology and pathology.

The limitations however of the present study are that the hESP

lines created have a limited number of passages, usually the total

culture period is about 20 weeks, after which they cease to

proliferate effectively. The next step is to further refine the model

focusing on specific markers and mechanisms.

Supporting Information

Table S1 List of antibodies used in the flow cytometric analysis.
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In Silico Analysis Identifies a Novel Role for
Androgens in the Regulation of Human Endometrial
Apoptosis
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Context: The endometrium is a multicellular, steroid-responsive tissue that undergoes dynamic
remodeling every menstrual cycle in preparation for implantation and, in absence of pregnancy,
menstruation. Androgen receptors are present in the endometrium.

Objective: The objective of the study was to investigate the impact of androgens on human en-
dometrial stromal cells (hESC).

Design: Bioinformatics was used to identify an androgen-regulated gene set and processes asso-
ciated with their function. Regulation of target genes and impact of androgens on cell function
were validated using primary hESC.

Setting: The study was conducted at the University Research Institute.

Patients: Endometrium was collected from women with regular menses; tissues were used for
recovery of cells, total mRNA, or protein and for immunohistochemistry.

Results: A new endometrial androgen target gene set (n � 15) was identified. Bioinformatics
revealed 12 of these genes interacted in one pathway and identified an association with control
of cell survival. Dynamic androgen-dependent changes in expression of the gene set were detected
in hESC with nine significantly down-regulated at 2 and/or 8 h. Treatment of hESC with dihy-
drotestosterone reduced staurosporine-induced apoptosis and cell migration/proliferation.

Conclusions: Rigorous in silico analysis resulted in identification of a group of androgen-regulated
genes expressed in human endometrium. Pathway analysis and functional assays suggest andro-
gen-dependent changes in gene expression may have a significant impact on stromal cell prolif-
eration, migration, and survival. These data provide the platform for further studies on the role of
circulatory or local androgens in the regulation of endometrial function and identify androgens
as candidates in the pathogenesis of common endometrial disorders including polycystic ovarian
syndrome, cancer, and endometriosis. (J Clin Endocrinol Metab 96: E1746–E1755, 2011)

The human endometrium is a multicellular, steroid-tar-
get tissue that undergoes dynamic remodeling during

every menstrual cycle (1). Cell proliferation, angiogenesis,
differentiation (decidualization), and shedding (menstru-

ation) are controlled by cyclical variations in estrogen and
progesterone secreted by the ovaries. In normal women
the circulating level of androgen is higher than estrogen;
the major circulating androgens include dehydroepi-
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androsterone (DHEA) and DHEA sulfate, androstenedi-
one, and testosterone (T) (2). During the normal men-
strual cycle, androgens are secreted by the ovary and
adrenal gland with the latter the major source of DHEA
and DHEA sulfate (3). Peripheral levels of androstenedi-
one and T peak midcycle, consistent with approximately
50% being derived from ovarian tissue (3). Although cir-
culating concentrations of dihydrotestosterone (DHT) are
low, both isoforms of 5�-reductase (types 1 and 2) are
expressed in endometrial epithelial cells, consistent with
the potential for local metabolism of T to DHT (4). Only
T and DHT are capable of binding with high specificity
and affinity to the androgen receptor (AR), a member of
a superfamily of ligand-activated transcription factors
that includes estrogen receptors (ER; ER�, ER�) and pro-
gesterone receptor (http://www.nursa.org/). In the human
endometrium, immunoexpression of AR in the functional
(upper) layer is most intense in stromal fibroblasts dur-
ing the estrogen-dominated proliferative phase (1, 4),
down-regulated during the secretory phase, but main-
tained in stromal cells within the basal compartment
throughout the cycle (Supplemental Fig. 1, published on
The Endocrine Society’s Journals Online web site at
http://jcem.endojournals.org). Expression in glandular ep-
ithelial cells is up-regulated in the functional compartment
during the mid-secretory phase and can be detected in both
stromal and epithelial cells in first trimester decidua (5).

A number of lines of evidence suggest that endogenous
or exogenous androgens can alter endometrial function.
For example, higher circulating concentrations of free T
and overexpression of endometrial AR (6) have been de-
tected in women with polycystic ovarian syndrome
(PCOS), a condition associated with increased rates of
miscarriage, endometrial hyperplasia, and endometrial
cancer (7). Local intrauterine delivery of the androgenic
progestagen levonorgestrel results in decidualization of
endometrial stromal cells, atrophy of the glandular and
surface epithelium and changes in vascular morphology
(8), and administration of androgens to female transsex-
uals results in endometrial atrophy (9). The mechanisms
responsible for these androgen-dependent changes in en-
dometrial cell function remain unexplored.

To date, most studies examining the impact of andro-
gens on gene expression have been conducted using cell
lines derived from prostatic cancers. The most robust ev-
idence for direct binding of ligand-activated AR to pro-
moters of androgen-regulated genes being obtained by
combining chromatin immunoprecipitation (ChIP) with
tiled oligonucleotide microarrays (10–12). The endome-
trium, like the prostate, has a well-defined stromal com-
partment and a steroid-dependent secretory epithelium
capable of forming hormone-dependent adenocarcino-

mas. When Nantermet et al. compared data sets obtained
from array studies using the ventral prostates (13) and
uterus (14) from rats, they found a common target gene set
(n � 28) regulated by DHT underlining the existence of
common androgen-regulated pathways in these two
organs.

In the current study, we screened gene data sets, per-
formed bioinformatics for promoter and pathway analy-
sis, and confirmed androgen-dependent changes in a tar-
get set of androgen-regulated genes using primary human
endometrial AR-positive stromal cells. These studies re-
vealed a novel role for androgen in endometrial cell sur-
vival and highlighted the opportunities to be gained by
bioinformatic analysis of genomic data sets from different
tissues/species.

Materials and Methods

In silico analysis of endometrial data sets and
identification of putative androgen-regulated
genes

Microarray, ChIP, and published gene data sets (Supplemental
Table 1) were recovered from the Gene Expression Omnibus
[GSE4888 (15), GSE7868 (12)] and published data sets (14, 16).
The strategy forcomparisonofdata sets isoutlined inSupplemental
Fig. 2. The GSE4888 data set included raw signal intensities; global
normalization to the 75th percentile was undertaken and all sub-
sequent calculations were done using log2-transformed values.
Fold change and false discovery rate was calculated using the
SAM (Significance Analysis Microarray software developed at
Stanford University and available free to academic users by reg-
istering at http://www-stat-class.stanford.edu/�tibs/clickwrap/
sam.html.). For the data set generated from rat uterus (14), gene
identifiers were mapped on to the human ortholog. Data gener-
ated from array analyses of endometrium of normoovulatory
women (15) were processed to identify those genes differentially
expressed between the proliferative [AR immunoexpression in-
tense in stromal cells (1, 4)] and midsecretory phases; this com-
parison was not made in the original study (15). The final en-
dometrial androgen target gene set was generated by filtering for
entries overlapping between all the data sets derived from the
studies in both human and rat endometrium (14–16) and human
prostatic cells (11, 17, 18) (Supplemental Fig. 2).

Promoter and pathway analysis
Promoter regions of genes in the endometrial androgen target

gene set (Table 1) were screened for transcription factor binding
sites using MAPPER (http://bio.chip.org/mapper (19); using se-
quences 10 kb upstream and 4 kb downstream from the tran-
scription start site of each gene as retrieved from Ensemble 54
(build NCBI36). Gene ontology and biological pathway analyses
were performed using MetaCore version 5.4 build 19940 (Ge-
neGo, Inc., St. Joseph, MI).
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Patients and tissues
Endometrial tissues were collected by suction curette (n � 14,

Pipelle; Laboratoire CCD, Paris, France) or after hysterectomy
(n � 10) from women with regular menstrual cycles who had not
received hormonal treatments during the 3 months before tissue
collection. Samples were staged based on standard histological
criteria, the patient’s reported last menstrual period, and circu-
lating estradiol (E2) and progesterone levels at the time of col-
lection. First-trimester decidua (n � 4; 8–12 wk gestation) were
collected from women undergoing the surgical termination of
pregnancy. Written informed consent was obtained from all sub-
jects and ethical approval granted by the Lothian Research Ethics
Committee. Tissues were fixed in 4% neutral buffered formalin,
immersed in RNAlater (Ambion, Austin, TX), or used for iso-
lation of primary cells.

Endometrial stromal cell culture
Primary human endometrial stromal cells (hESC) were puri-

fied from proliferative stage samples as previously described
(20). Cells were maintained at 37 C in DM-RPMI 1640 [con-
taining 10% heat inactivated fetal calf serum, penicillin (100 U),
streptomycin (0.1 mg/ml), Fungizone (1 �g/ml) (Life Technolo-
gies, Inc., Paisley, UK), L-glutamine (2 mM), and gentamicin
(0.02 mg/ml)]. For gene expression studies, they were seeded at
2 � 105/well in six-well culture plates and allowed to reach 80%
confluence, incubated for 24 h in phenol red-free DM-RPMI
1640 (10% charcoal stripped fetal calf serum and supplements
as above) followed by 24 h in phenol red-free, serum-free me-
dium. Treatments were performed using serum-free medium
containing vehicle (ethanol) or DHT (10�8 M) for 2, 8, or 24 h
(n � 6) for measurement of mRNA or 8, 24, or 48 h (n � 6) for
measurement of protein. hESC derived from proliferative phase
endometrium express both ER� and ER� [(21); Collins, F., un-
published observations]; therefore, DHT was chosen for these
studies because, unlike T, it is not metabolized to E2. To ensure
that concentrations of DHT were maintained throughout the
culture period, media were refreshed after 8 h.

Gene expression analysis
Total RNA was purified using TRIzol (Invitrogen, Paisley,

UK) according to the manufacturer’s instructions; cDNA was
prepared using the SuperScript VILO cDNA synthesis kit (In-
vitrogen) using 400 ng of template RNA. PCR was performed in
10-�l reactions that contained 5.0 �l of TaqMan master mix
(Applied Biosystems, Warrington, UK), 200 nM of each primer,

5 nM of probe, and 4.5 �l of template (1:20 dilution of cDNA).
Details of primer/probes are given in Supplemental Table 2; PCR
was 95 C for 10 min plus 40 cycles of 95 C for 15 sec and 60 C
for 60 sec. Target genes were quantified using standard template
dilution curves and normalization to endogenous controls (18S,
actin).

Immunohistochemistry
Primary antibodies are listed in Supplemental Table 3; neg-

ative controls had nonimmune serum. Tissues sections were im-
munostained using standard protocols with antigen retrieval at
pH 6. Primary hESC were fixed in cold methanol and perme-
abilized in 0.2% IGEPAL (octylphenoxypolyethoxyethanol;
Sigma, St. Louis, MO) with 1% BSA and 10% blocking serum.
Endogenous peroxidase was blocked using 0.15% hydrogen per-
oxide in methanol. For visualization of bound primary antibod-
ies, cells were incubated with biotinylated secondary antibodies
(goat antimouse Ig, goat antirabbit Ig, or rabbit antigoat Ig;
Dako UK Ltd., Ely, UK) diluted to 1:500 for 30 min at room
temperature followed by reagents from the ImmPACT diamino-
benzidine kit (Vector Laboratories, Burlingame, CA).

Apoptosis assay
Apoptosis was measured using the Apo-ONE homogeneous

caspase-3/7 assay kit (Promega Ltd., Hampshire, UK): the
amount of fluorescent product generated was proportional to the
amount of active caspase-3/7 in the sample. Cells were incubated
with staurosporine (30–500 nM) alone (positive control) or in the
presence of DHT, E2, or DHT plus E2 all at 10�8 M for 0.5–3 h.

Wound-healing assay
hESC (passage �5) were seeded at 2 � 105 well in six-well

plates in DM-RPMI 1640, supplemented as above, and grown
until confluent. Forty-eight hours before scratch, medium was
replaced with serum/phenol-free RPMI 1640. One hour before
the scratch, cells were pretreated for 1 h with 10�5 M flutamide
or medium supplemented with vehicle. Each well of cells was
scratched with a sterile 200-�l pipette tip and then incubated in
the presence of DHT (10�8 M) or vehicle in serum-free media
(n � 6 experiments, duplicate wells). For each well, six images
were captured along the length of each wound at 0 and 24 h using
an Axiovert 200M inverted microscope (Carl Zeiss, Jena, Ger-
many). Images were analyzed using AxioVision release 4.72, and
calculations of average distance closed for each sample were

TABLE 1. Endometrium androgen target gene set identified by stringent in silico screening of publicly available data
sets

Gene ID Name Predicted change* Gene ID Name Predicted change*
NM_018677 ACSS2 Up NM_000805 GAST Down
NM_000610 CD44 Up NM_002425 MMP10 Down
NM_006079 CITED2 Up NM_006207 PDGFRL Down
NM_000115 EDNRB Up NM_021127 PMAIP1 Down
NM_005797 EVA1/MPZL2 Up NM_138818 PRUNE2 Down
NM_000187 HGD Up NM_024745 SHCBP1 Down
NM_000240 MAOA Up NM_007117 TRH Down
NM_003621 PPFIBP2 Up

ID, Identification.

*The predicted change in expression in response to androgens is based on studies in prostatic cells (22, 23).

E1748 Marshall et al. Androgens and Endometrium J Clin Endocrinol Metab, November 2011, 96(11):E1746–E1755

D
ow

nloaded from
 https://academ

ic.oup.com
/jcem

/article-abstract/96/11/E1746/2833643 by Edinburgh U
niversity user on 27 February 2020



based on three measurements at identical positions along the
wound at 0 and 24 h.

Statistical analysis
Values presented are averages � SEM. Differences in mean

values were evaluated by an unpaired t test and two-way
ANOVA analysis using Bonferroni for post hoc comparisons.
P � 0.05 was considered to be statistically significant.

Results

Identification of putative androgen target genes
expressed in human endometrium

Rigorous in silico comparisons of a gene set extracted
from molecular phenotyping of human endometrium
from normoovulatory women (15) with data sets of an-
drogen-regulated genes identified in rat uterus, decidual-
ized human cells, and androgen-responsive prostatic cell
lines (Supplemental Table 1 and Supplemental Fig. 2) re-
sulted in the identification of only 15 genes, hereafter re-
ferred to as the endometrial androgen target gene set (Ta-
ble 1). Consistent with the inclusion of genes identified by

ChIP array (11, 12) in our screening
strategy, consensus androgen response
elements were identified in the pro-
moter regions of all candidate genes
(Supplemental Fig. 3). Sequences with
homology to consensus binding sites
for other proteins implicated in steroid-
dependent changes in gene transcrip-
tion, including estrogen and progester-
one receptors, activator protein-1, and
SP-1 were also represented in the same
promoter regions (Supplemental Fig. 3).

Validation of expression of
androgen target gene set in
human endometrium and decidua

mRNA encoded by all 15 of the an-
drogen target gene set were detected in
total tissue homogenates of endometrial
tissue obtained during the proliferative
phase (Fig. 1 and data not shown) when
immunoexpression of AR is restricted
to the stromal compartment (Supple-
mental Fig. 1). Fourteen were also de-
tected in extracts of first-trimester de-
cidua (TRH, not detectable, Fig. 1, and
data not shown). Expression of phorbol-
12-myristate-13-acetate-induced protein
1 (PMAIP1) mRNA was higher in pro-
liferative compared with midsecretory
phase endometrium (P � 0.01), whereas

the opposite result was obtained for monoamine oxidase
type A (MAOA) (Fig. 1). Using commercially available
antibodies, we were able to confirm expression of proteins
encoded by PMAIP1, MAOA, cAMP response element-
binding protein (CBP)/p300-interacting transactivator 2
(CITED2), prune homolog 2 (PRUNE2/BNIPXL), and
CD44 using sections of human endometrium and decidua;
all four proteins were expressed in the stromal compart-
ment during the proliferative phase (Supplemental Fig. 4).
Subcellular patterns of expression in primary hESC mim-
icked those in vivo with CITED2 detected in the nucleus,
PRUNE2 localized to the cytoplasm, and PMAIP1 in both
compartments (Supplemental Fig. 5).

Regulation of target genes in primary endometrial
stromal cells by DHT is time dependent

During in vitro incubation the primary hESC retained
the phenotype of the stromal cells within the functional
layer of the proliferative phase endometrium being immu-
nopositive both CD10 [a stromal cell marker (22)] and
AR; the latter was also detected as a full-length protein on

FIG. 1. Expression of candidate androgen-regulated gene mRNA in total tissue extracts from
human endometrium and decidua as determined by quantitative RT-PCR. Samples were
homogenized from functional endometrium recovered during the proliferative (P) and
midsecretory phases (MS) as well as from first-trimester decidua (Dec). Concentrations
displayed relative to those in proliferative phase in each case (n � 4–6 per group).
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Western blots (Supplemental Fig. 5). We confirmed that
expression of AR mRNA was maintained up to and in-
cluding passage 5 but thereafter declined (not shown), and
therefore, all subsequent evaluations were undertaken on
primary hESC at passages 3–5. Expression of 12 of 15 of
the endometrial target gene set was detected in primary
hESC (Fig. 2); concentrations of mRNA encoded by three
putative AR target genes [EVA1, gastrin (GAST), TRH]
were too low to be investigated further. For nine of 15 of
the genes [PMAIP1, SHC SH2 binding protein 1 (SHC
BP1), platelet-derived growth factor receptor-like (PDG-
FRL), acyl-CoA synthetase short-chain family member
2 (ACSS2), matrix metallopeptidase 10 (stromelysin
2/MMP10, CITED2, MAOA] incubation of cells with
DHT resulted in a significant reduction in their mRNA at
one or more time points. The exception was CD44, which

was increased at 2 h, returning to con-
trol levels at 8/24 h (Fig. 2).

Pathway analysis identifies
apoptosis as an androgen-
dependent process

Pathway analyses revealed 12 of 15
of the androgen target gene set inter-
acted, directly or indirectly, on one net-
work associated with androgen-regu-
lated cell function (Fig. 3) and an
association with cell death (Table 2).
Additionalbioinformaticanalysisof sub-
network interactions formed between
theandrogentargetgenesethighlighteda
relationship between AR-CD44-endo-
thelin receptor B and gastrin associated
with response to cell stress. A further as-
sociation was identified between AR-
CITED2-CD44 and PMAIP1 in control
of apoptosis (Table 3).

Functional studies confirm that
androgens may protect primary
stromal hESC against apoptosis
and reduce cell migration

The impact of DHT on apoptosis
was investigated using a caspase-3/7
fluorescent assay. Caspase activity was
not detected in control hESC cultures or
after treatment of cells with DHT alone
(not shown). When apoptosis was in-
duced by treatment of cells with stau-
rosporine (30–500 nM), addition of
DHT significantly reduced caspase ac-
tivation. Addition of E2 had no effect
and simultaneous addition of E2 and

DHT partially abrogated the antiapoptotic impact of the
DHT (Fig. 4A).

To determine whether exposure to androgens could have
adirect impactonmigrationofhESC,awound-healingassay
was performed using cells pretreated with vehicle or flut-
amide that were subsequently incubated with or without
DHT for 24 h (Fig. 4B). A significant reduction in the rate of
wound healing was detected when cells were incubated with
DHT alone (P � 0.05), whereas addition of flutamide
alone had no effect pretreatment of cells with flutamide
abrogated the impact of DHT (Fig. 4B).

Discussion

Expression of AR and enzymes capable of local biosyn-
thesis of androgenic ligands has been well documented in

FIG. 2. Time-dependent changes in androgen-regulated gene expression in primary hESC.
Cells were incubated with vehicle (gray bars) or 10�8 M DHT (black bars) for 2, 8, and 24 h
(n � 6 each time point). Concentration of mRNA was quantified by quantitative RT-PCR and
expressed as fold change compared with time-matched vehicle-treated hESC. Note that with
the exception of CD44, incubation of cells with DHT resulted in either a significant reduction
in concentration of mRNA or no significant change but with a trend to a reduction. For most
genes, changes in mRNA expression were time dependent with the most striking change in
total concentrations at 2 h for eight of 12 of the genes. *, P � 0.05; **, P � 0.01; ***, P �
0.001.
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human endometrium, but little is known about the direct
impacts of androgens on gene expression in this dynamic
tissue. In this study, rigorous in silico comparisons of
genomic data sets derived from normal human endome-

trium (15) with those identified as androgen regulated by
array analysis of uteri from DHT-exposed rats (14), an-
drogen-treated human decidualized cells (16), and genes
identified as containing regions within their promoters

TABLE 2. Gene ontology processes associated with the androgen candidate gene set identified by androgen
candidate gene ontology identified using Metacore

Processes Target P value Z-score
Regulation of biological quality (57.5%), regulation of apoptosis (42.5%), regulation

of programmed cell death (42.5%)
14 5.74e-43 119.50

Regulation of biological quality (54.5%), embryonic placenta development (13.6%),
oxygen homeostasis (9.1%)

6 2.18e-16 61.16

Regulation of ion transport (27.0%), positive regulation of hydrolase activity (32.4%),
positive regulation of phospholipase activity (24.3%)

4 5.94e-10 35.52

Note that the term target indicates the number of candidate genes/proteins/compounds (objects) in a data set that are associated with a given
network/process. The P value (the probability of a random intersection) indicates a measure of relevance of the intersection between a
gene/protein and an entity in a particular ontology. The lower the P value, the higher is the nonrandomness of finding such intersection. The Z-
score ranks the networks with regard to the number of objects present in the networks. The higher the Z-score, the higher the number of objects
from the data set.

FIG. 3. Pathway analysis of endometrial androgen target gene set. Note 12 of 15 androgen-regulated genes identified by in silico screening (indicated with
multicolored circles) were predicted to interact in a single Metacore pathway centered on AR; intermediate molecules are indicated to show putative intermediate
signaling molecules. Key shows the functional classification of the target genes and the arrows indicate predicted regulation (red, negative; green, positive).
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capable of binding ligand activated androgen receptors
(11, 12) and has enabled us to identify, for the first time,
a group of androgen-regulated genes expressed in primary
hESC. Our strategy included data sets based on ChIP-on-
chip (11, 12) conducted using in prostate cancer-derived
epithelial cells treated for short duration with androgen.
We included the ChIP data sets because they provided a
stringent, unbiased way of focusing on genes that were
direct targets of androgen action; unfortunately, ChIP
data sets for androgen-treated endometrial cells were not
available. Only a small number of genes were identified as
common to all of these data sets reflecting differences in
tissue/cell context.

One unexpected finding was that treatment of primary
hESC with DHT resulted in a transient but significant
reduction in expression of most of the mRNA encoded by
our androgen target gene set. Consistent with the likely
differences in availability of modulators of androgen ac-
tion (coactivators/corepressors) between the AR-positive
cells from endometrium (primary stroma) and those used
for the ChIP arrays (transformed AR positive prostatic
epithelial cells), four genes (ACSS2, CITED2, MAOA,
PPFIBP2) showed DHT-dependent changes in expression
that were opposite in the two cell types [Table 1 (11, 17)].

Notably, the regulation of three of our androgen target
gene set, namely PRUNE2, PMAIP1, and ACSS2, has
never been investigated in the context of endometrial func-
tion. Promoter analysis identified multiple binding sites
for both AR and Sp1 and pathway analysis (see Fig. 3)
supported a role for Sp1 in mediating AR-dependent
changes in expression of EDNRB and ACSS2. In this study

we focused on the impact of androgens on stromal cells
recovered from the functional layer of the endometrium
during the proliferative phase at a time when AR is not
expressed in epithelial cells (Supplemental Fig. 1). How-
ever, we did detect expression of MAOA, CD44, CITED2,
PRUNE2, and PMAIP1 in endometrial epithelial cells by
immunohistochemistry, and therefore, further studies are
required to determine whether androgens also have an
impact on their expression in this cell type.

Analysis of the androgen target gene set with Metacore
software (GeneGo) revealed a strong association with pro-
cesses regulating programmed cell death (Table 2). Apopto-
sis is an important regulator of endometrial function, with
reports that it occurs predominantly in the late secretory
and menstrual phases associated with alterations in the
expression of Bcl-2 and Bax (23). Two members of our
target gene set, PRUNE2 (BMCC1) and PMAIP1, encode
proapoptotic proteins not previously investigated in the
context of endometrial function. PRUNE2 (BMCC1) is
highly expressed in the nervous system; although some
studies have reported androgen regulation in prostate can-
cer cells (24), this has been disputed (25). PMAIP1, also
known as NOXA (Latin for damage), encodes a Bcl-2
homology 3-only member of the Bcl-2 family of proteins.
The protein has been implicated in controlling cell death
pathways in several cell types by virtue of competitive
binding to proteins including the antiapoptotic proteins
Bcl-2 protein A1 Bcl-xL and MCL1 (26). In neuroblas-
toma cells, gene knockdown of PMAIP1 significantly re-
duces apoptosis (26). Expression of PMAIP1 can be re-
pressed by glucocorticoids in lymphoblasts of children

TABLE 3. Subnetworks within the candidate gene set and associated processes identified by androgen candidate
gene ontology identified using Metacore

Network GO processes P value Z-score
AR, CD44, EDNRB, CITED2, gastrin Response to stress, regulation of

catalytic activity
3.00e-32 86.27

PDGF-R-�, CITED2, CD44 Response to hormone stimulus,
regulation of locomotion

7.21e-20 56.87

AR, CITED2, CD44, PMAIP1 Regulation of apoptosis,
regulation of programmed cell
death, regulation of
developmental process

2.14e-14 43.52

ACSS1, gastrin, pyrophosphate cytoplasm,
acetyl-CoA cytoplasm

Acetyl-CoA biosynthetic process,
IL-8 production

1.24e-08 43.12

EDNRB, HGD, TRH receptor, c-Src, connexin 43 Dopamine receptor signaling
pathway, regulation of
nucleotide biosynthetic process

3.06e-07 25.93

CITED2, ACSA, EDNRB, HNF4-�, HIF1A Developmental process, response
to hypoxia

2.52e-07 26.76

Note that the term target indicates the number of candidate genes/proteins/compounds (objects) in a data set that are associated with a
given network/process. The P value (the probability of a random intersection) indicates a measure of relevance of the intersection between a
gene/protein and an entity in a particular ontology. The lower the P value, the higher is the nonrandomness of finding such intersection. The
Z-score ranks the networks with regard to the number of objects present in the networks. The higher the Z-score, the higher the number of
objects from the data set. GO, Gene ontology.
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with acute lymphoblastic leukemia (27), consistent with
detection of a putative glucocorticoid response element in
our TRANSFAC analysis.

Conversely, introduction of AR into AR-negative pros-
tate cancer cells is reported to up-regulate expression of
PMAIP1 (28), highlighting the importance of cell context
in the regulation of this gene. Although initial studies re-
ported that PMAIP1 is a primary p53 response gene, it is
now apparent that multiple signals can induce its expres-
sion (reviewed in Ref. 29). Reduced expression of
PRUNE2 and PMAIP1 in the endometrium in response to

androgens is consistent with reports that the amount of
apoptosis is very low in the endometrium of patients with
PCOS (30), a condition associated with elevated circulat-
ing androgens, elevated expression of endometrial AR,
and infertility (6). CD44, the only gene identified as up-
regulated by androgen action in our primary stromal cells,
has also been implicated in regulatory pathways involving
the tumor suppressor p53. Its overexpression antagonizes
the tumor-suppressive apoptotic and growth-inhibitory
actions of p53 in mammary epithelial cells (31). Stromal
cell decidualization during the secretory phase is associ-
ated with reduced expression of AR in the functional layer,
but expression in the basal compartment is maintained
(Supplemental Fig. 1). These temporal and spatial differ-
ences in the pattern of expression of AR could result in
variations in expression of androgen-regulated genes in
the endometrium and may protect basal stromal cells from
apoptosis.

In addition to those genes implicated in control of ap-
optosis and/or associated with the activities of the tumor
suppressor p53 genes, several of the genes we have iden-
tified as androgen regulated in endometrial stromal cells
have also been implicated in development of cancers. For
example, SHCBP1 (SHC SH2 binding protein 1) has been
cited as one of a panel of six markers for the diagnosis of
early cervical cancer (32). PDGFRL, a gene that encodes
a secreted protein with significant sequence homology to
the ligand-binding domain of platelet-derived growth fac-
tor receptor-�, has been proposed as a tumor suppressor
(33). CITED2, a CBP/p300-dependent transcriptional co-
activator, was associated with increased expression of ma-
trix metalloproteinase (MMP) 13 and enhanced invasive-
ness of colon cancer cells (34). All three genes have been
detected in uterine tissue. For example, Kim et al. (35)
reported that expression of SHCBP1 was down-regulated
in endometrium recovered during the proliferative phase
from women with PCOS compared with controls, a result
consistent with our novel data demonstrating a striking
and significant reduction in hESC treated with DHT. Talbi
et al. (15) have reported that expression of PDGFL and
CITED2 were cycle dependent, and studies in mice iden-
tified Cited2 as one of a group of genes up-regulated in the
uterus 4 h after progesterone treatment (36). However, we
believe the current study is the first to report that these
genes might be targets for androgen action within the stro-
mal compartment of the human endometrium. Data
herein provide novel insight into the mechanisms that
might contribute to the increased risk of endometrial can-
cer observed in women with PCOS (7).

Endometriosis is a chronic condition characterized by
the presence of endometrial tissue outside the uterine cav-
ity and, like PCOS and endometrial hyperplasia, has been

FIG. 4. Treatment of hESC with DHT alters apoptosis and
proliferation. A, Apoptosis as measured by caspase-3/7 assay in cells
treated with staurosporine. Note addition of DHT had a significant
impact (*, P � 0.05) on the rate of apoptosis when compared with
controls but that the impact of DHT was blunted in the presence of E2
(n � 4). B, Wound-healing assay. Addition of DHT had a significant
impact (*, P � 0.05) compared with its vehicle control (ethanol),
whereas flutamide alone had no impact compared with vehicle
(methanol) and pretreatment of cells with flutamide blocked the DHT-
dependent reduction in wound closure. DHT, 10�8 M; flutamide, 10�5

M; n � 6.
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associated with a progesterone-resistant phenotype (37).
The synthetic androgen, Danazol (17�-ethinyl testoster-
one) is an effective treatment for pain associated with en-
dometriosis but is no longer used due to unacceptable side
effects (38). Although disturbances in androgen-depen-
dent gene expression have not been investigated in the
context of this disease, it is notable that both AR and
5�-reductase enzymes have been detected in pelvic endo-
metriosis (39). Altered expression of three of the genes in
our androgen target set has also been recorded in women
suffering from endometriosis. Cells recovered from men-
strual effluent of women with endometriosis are reported
to have increased expression of CD44 splice variants. Cells
from the endometrium of women with endometriosis are
reported to exhibit increased adherence to peritoneal me-
sothelial cells (40) and reduced expression of MAOA and
CITED2 (37). It has been suggested that alterations in
expression of MMP in endometriotic lesions would favor
disturbances in tissue invasion/remodeling within the en-
dometriotic tissue (41); expression of MMP10 has not
been investigated to date and would merit further inves-
tigation in these patients.

In conclusion, using rigorous bioinformatics to com-
pare data sets between species and between tissues, we
have identified a small cohort of androgen-responsive
genes expressed in the human endometrium. Pathway
analysis and functional assays suggest androgen-depen-
dent changes in gene expression may have a significant
impacton stromal cellmigrationandsurvival in this tissue.
These novel data provide the platform for further inves-
tigations on the role of circulatory or local androgens in
the regulation of endometrial function that will require
studies on intact tissue in which the dynamics of stromal-
epithelial interactions are maintained. These data identify
androgens as candidates in the pathogenesis of common
endometrial disorders including PCOS, endometrial can-
cer, and endometriosis.
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Technical Note

Ex Vivo Water Diffusion Tensor Properties of the
Fibroid Uterus at 7 T and Their Relation to
Tissue Morphology

Michael J. Thrippleton, PhD,1 Mark E. Bastin, DPhil,2* Kirsty I. Munro, MBChB,1

Alistair R. Williams, MD,1 Anca Oniscu, MD,1 Maurits A. Jansen, PhD,2

Gavin D. Merrifield, PgDip,2 Graham McKillop, FRCR,3 David E. Newby, DSc,4

Scott I. Semple, PhD,4 Ian Marshall, PhD,2 and Hilary O. Critchley, MD1

Purpose: To investigate the water diffusion tensor proper-
ties of ex vivo tissue in the fibroid uterus, including the
influence of degeneration, and the relevance of the princi-
pal eigenvector orientation to the underlying tissue
structure.

Materials and Methods: Following hysterectomy, high-re-
solution structural T2-weighted and diffusion tensor mag-
netic resonance imaging (DT-MRI) were performed on nine
uteri at 7 T. Mean diffusivity (MD), fractional anisotropy
(FA), and principal eigenvector orientation were measured
in myometrium and in myxoid and dense tissue in fibroids.
Imaging data and measurements of water diffusion param-
eters were compared with histopathology findings.

Results: The nine uteri yielded 23 fibroids. MD was 50%
higher in regions of myxoid degeneration compared to
dense fibroid tissue (P ¼ 0.001), while myometrium was
intermediate in value (dense fibroid tissue, P ¼ 0.15; myx-
oid degeneration, P ¼ 0.23). FA was lower in dense fibroid
tissue than in myometrium (P ¼ 3 � 10�5), but higher
than in myxoid tissue (P ¼ 0.003). Principal eigenvector
orientation corresponded qualitatively with that of uterine
smooth muscle fibers.

Conclusion: The water diffusion tensor measured ex vivo
in the fibroid uterus is a sensitive probe of tissue type,
myxoid degeneration, and morphology.

Key Words: MRI; diffusion tensor; uterus; fibroid; ex vivo
J. Magn. Reson. Imaging 2011;34:1445–1451.
VC 2011 Wiley Periodicals, Inc.

UTERINE FIBROIDS (leiomyomas) are benign growths
of uterine muscle, present in up to 70% of women of
reproductive age (1). They are the second most fre-
quent indication for hysterectomy, with over 600,000
procedures being performed annually in the United
States (2). There is a major, unmet need for a long-
term pharmacological agent able to reduce excessive
bleeding and other pressure-related symptoms in
order to avoid the necessity for surgical intervention.
As a first step toward the identification of such an
agent, it is necessary to develop imaging methods that
can accurately measure the structure and composi-
tion of uterine tissue so that the effects of novel thera-
peutic interventions can be quantitatively assessed.
One potential candidate is diffusion tensor magnetic
resonance imaging (DT-MRI), which has proved
remarkably successful in mapping white matter struc-
ture in the brain (3). This technique, which measures
the random 3D mobility of water molecules in tissue,
provides two scalar parameters, the mean diffusivity
(MD) and fractional anisotropy (FA), the former indi-
cating the magnitude and the latter the directional co-
herence of water molecule diffusion. In fibrous tissue,
where the presence of intact cellular membranes
causes water molecules to diffuse preferentially along
fiber bundles rather than across them, the diffusion
is anisotropic, and MD and FA take low and high val-
ues, respectively. Furthermore, the principal eigenvec-
tor (e1), which corresponds to the largest of the three
eigenvalues (l1) of the diffusion tensor and indicates
the direction of fastest diffusion, is assumed to be ori-
entated parallel to the underlying fiber direction in
each voxel, and can be used to map fiber pathways in
3D using tractography (4). In the fibroid uterus, the
simpler technique of diffusion-weighted MRI has been
applied to monitoring uterine artery embolization (5)
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and focused ultrasound therapies (6,7), and for differ-
entiating benign fibroids from leiomyosarcomas (8,9).
However, to date little research has been carried out
to determine the relevance of the full diffusion tensor
and its correlation to pathology and morphology in
the uterus (10,11). Weiss et al (12) described ex vivo
DT-MRI in the nonpregnant uterus at 3 T and showed
fiber pathways in uteri with normal gross structure;
however, only one uterus with significant fibroid vol-
ume was imaged in that study.

In this preliminary study we extended the work of
Weiss et al by investigating the hypothesis that stand-
ard structural T2-weighted (T2W) and DT-MRI can
provide quantitative information relating to tissue
morphology in the fibroid uterus by scanning nine
uteri removed at surgery at 7 T, and matching the
resulting imaging data to cut tissue sections. We
made quantitative region-of-interest (ROI) measure-
ments of water diffusion parameters and assessed
their relationship to tissue type. We also visually com-
pared the principal eigenvector orientation in fibroid
and uterine tissue to muscle fiber orientations seen at
histology and demonstrated the first example of 3D
fiber tractography in the fibroid uterus.

MATERIALS AND METHODS

Patients

Patients were recruited if they were aged over 18 years
and scheduled for a hysterectomy with a fibroid
uterus with at least one intramural, submucosal, or
subserosal fibroid (pedunculated fibroids were
excluded) with a diameter �2 cm or multiple small
fibroids with a uterine volume of �200 cm3 confirmed
by transvaginal or transabdominal ultrasonography.
No subject was receiving a pharmacological interven-
tion for leiomyomas. The study was approved by the
local Research Ethics Committee and written
informed consent was obtained from all participants.

MRI Protocol

MRI data of fresh, wrapped, ex vivo specimens were
obtained �1 hour after hysterectomy using a 7 T
scanner (Varian, Palo Alto, CA) with a 200 mT m�1

gradient coil and 150 mm inner diameter quadrature
radiofrequency volume resonator coil (RAPID Biomedi-
cal, Würzburg, Germany). The imaging plane was
established by prior insertion of a glass slide in the
sagittal plane of the uterus (see below). All imaging
protocols used a 2D multislice fast spin-echo pulse
sequence (field-of-view 200 � 200 mm, slice thickness
2 mm, echo train length 4, signal averages 1). The ex-
amination consisted of T2W (matrix 512 � 512, TR/
TE 4500–5410/56 msec) and DT-MRI, both acquired
with the same field-of-view and slice locations. DT-
MRI was performed with diffusion encoding gradients
applied in 12 directions (TR/TE 3035–6422/36 msec,
matrix size 128 � 128, effective b-value �915 sec
mm�2; gradient directions used were the six diagonals
on the faces of a cube, repeated with the reversed gra-
dient polarities) and two scans with b � 0 sec mm�2.

The total scan time for DT-MRI was 23–48 minutes
depending on uterine dimensions.

Pathology and Histology

Following hysterectomy, formalin was instilled into
the uterine cavity to prevent deterioration of the endo-
metrium; a cut was then made in the sagittal plane of
the uterus and a glass slide inserted to mark the
desired imaging plane. The specimen was then
wrapped in plastic film, sealed in a clear plastic bag,
and immediately transported to the 7 T MRI scanner.
Following MRI the uterus was fixed in formalin for at
least 48 hours before being sectioned and photo-
graphed in the approximate sagittal plane. This sec-
tioning was coincident with the glass slide localizer
and ensured that MRI and histopathology were per-
formed in approximately the same plane orientation.
Histological sections were stained with hematoxylin
and eosin (H&E). Fibroid tissue types were described
following macroscopic examination by an experienced
pathologist (A.R.W.), and verified by examination of
histological sections where applicable (A.R.W., A.O.).

Image Analysis

MD, FA, and principal eigenvector orientation maps
were generated by multivariate linear regression from
the DT-MRI data using in-house software written in
MatLab (MathWorks, Natick, MA) and analyzed using
ImageJ (http://rsb.info.nih.gov/ij/); a binary mask,
created by thresholding the averaged b � 0 sec mm�2

volume at 15 times the mean background noise level,
was applied so that voxels with low signal-to-noise
ratio could be excluded from the analysis.

ROI analysis was performed on all fibroids with di-
ameter �10 mm identifiable on both T2W-MRI and tis-
sue sections; ROIs were drawn by an MRI physicist
(M.J.T.) who had been trained by a radiologist (G.M.).
Fibroids were identified as preserved (‘‘dense’’) or
degenerated (myxoid) by a pathologist (A.R.W.); for het-
erogeneous fibroids, the pathologist selected regions
corresponding to the different tissue types. ROIs corre-
sponding to these regions were then carefully drawn
on the high-resolution T2W-MRI structural volumes by
visual matching of the pathology photographs and MRI
data. For fibroids of homogenous tissue type, spline
ROIs were drawn on the largest fibroid cross-section
encompassing as much of the fibroid as possible; for
fibroids exhibiting partial degeneration, circular ROIs
(maximum diameter 15 mm) were drawn correspond-
ing to each tissue type. Parameters for normal myome-
trium were estimated from the mean of five ROIs
(5 mm circles), distributed evenly around the myome-
trium neighboring the largest fibroid.

Fiber Tractography

3D fiber tractography was performed using the TRACT
algorithm (4) as implemented with the DTIStudio soft-
ware package (http://www.mristudio.org/). Fiber
tracts were seeded manually in regions of coherent
tissue structure, subject to the condition FA >0.35.
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Consistent with the stop criteria suggested by the
developers, fibers were terminated when FA <0.25, or
when the principal eigenvector orientation diverged by
more than 45� from that measured in the previously
tracked voxel.

Statistical Analysis

All descriptive statistics are presented as mean 6
standard deviation. Normality was assessed using the
Kolmogorov–Smirnov Z test. The significance of the dif-
ferences between MD and FA values measured in dense
fibroid tissue, myxoid tissue, and myometrium was
assessed using one-way analysis of variance (ANOVA)
with post-hoc testing using the Scheffé test. All statisti-
cal tests were performed using SPSS 14.0 (Chicago, IL),
with P < 0.05 considered statistically significant.

RESULTS

Nine patients with an age range 40–61 (mean age 52
6 6) years were enrolled in the study. Eight were Cau-
casian and one was African-Caribbean. The range of

body mass index (BMI) was 20.2–35.2 (mean 29.5 6
5.1) kg m�2. Six were premenopausal; three were
postmenopausal. Two were nulliparous and seven
were multiparous. All the premenopausal women
reported heavy menstrual bleeding and two reported
dysmenorrhea.

The sectioning protocols described above enabled
successful identification of macroscopic features on
high-resolution T2W-MRI, and good visual correspon-
dence between tissue sections and imaging was
obtained in most cases (Fig. 1). As noted previously
(13), fibroids were typically hypointense to surrounding
myometrium on T2W-MRI, although variation was
observed both within and between fibroids. One uterus,
classified as leiomyomatous using ultrasound, showed
an adenomyoma on structural T2W-MRI and pathol-
ogy, and did not contain fibroids (Fig. 1); this specimen
was therefore excluded from further analysis.

Diffusion Tensor Parameters

The water diffusion parametric maps (Fig. 1) reveal a
number of interesting features. First, MD and FA are

Figure 1. Cut tissue sections (first row) with corresponding slices from T2W-MRI, MD, and FA parametric maps of the nine
patients enrolled in the study. MD is displayed in units of mm2 s�1; FA is a dimensionless quantity. Since water diffusion pa-
rameters are masked in regions of low signal-to-noise, void areas are prominent in parameter maps for two of the uteri
(patients 4 and 5); when the sample size approaches the internal diameter of the scanner coil, poor tuning and radiofre-
quency heterogeneity results in reduced signal. The red arrow indicates an area of extensive myxoid change; the blue arrow
indicates an adenomyoma.
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generally lower in fibroid tissue compared to sur-
rounding myometrium; the difference is particularly
pronounced for FA. Significant variation is also
observed within myometrium and fibroid tissue, with
reduced FA and elevated MD in areas of myxoid
change.

ROI analysis (23 fibroids, giving a total of 28
regions; Table 1) shows that MD is �50% higher in
regions of myxoid degeneration compared to dense fi-
broid tissue (P ¼ 0.001). MD of the myometrium
appears to be intermediate between the two fibroid
tissue types, although the differences are not signifi-
cant (dense fibroid tissue, P ¼ 0.15; myxoid degenera-
tion, P ¼ 0.23). FA is lower in dense fibroid tissue
than in myometrium (P ¼ 3 � 10�5) and is lower still
in myxoid tissue (dense fibroid tissue, P ¼ 0.003;
myometrium, P ¼ 4 � 10�8). In addition to regions of
myxoid degeneration, one fibroid was found to contain
a region of calcification (Table 1); no other types of
degeneration were observed. (Kolmogorov–Smirnov Z
tests indicate that these data are approximately nor-
mally distributed.)

Principal Eigenvector Orientations

We hypothesized that principal eigenvector orienta-
tions in the uterus would correspond to those of
smooth muscle fascicles. Evidence for this is apparent
in regions of myometrium adjacent to uterine fibroids,
since diffusion anisotropy is high and muscle fibers
are frequently visible to the eye in tissue sections and
in high-resolution structural T2W-MRI. Fibers typi-
cally run tangentially to the fibroid-myometrium
interface, and this is reflected in the corresponding
principal eigenvector orientation maps (eg, Fig. 2a).

Initiation of 3D tractography in the myometrium
results in fiber pathways that are typically tangential
to the fibroid-myometrium interface (Fig. 2c–d). The
fiber architecture appears in most cases to be deter-
mined by the presence of fibroids; in one specimen,
however, a circular layer of fiber trajectories sur-
rounding the uterine cavity can be observed (Fig. 2d),
in agreement with the results of Weiss et al (12).

For most of the fibroids studied, principal eigenvec-
tor orientation maps resembled the textbook
‘‘whorled’’ appearance seen in cut sections of fibroid
tissue (Figs. 2a-b, 3a). Direct quantitative comparison
between histological photographs and DT-MRI data is
difficult, however, as muscle fibers are tightly wound
compared to those in myometrium and the correspon-
dence between tissue sections and MRI slices is ap-
proximate; in addition, diffusion anisotropy is lower
in fibroid tissue, resulting in higher uncertainty in the
principal eigenvector orientation and short fiber path-
ways (Fig. 2c). Nevertheless, in cases where the MRI
acquisition planes and tissue sections coincided pre-
cisely, we were able to identify well-defined whorls of
fibroid tissue in the principal eigenvector maps. An
example is shown in Fig. 3, where fiber directions,
just visible to the eye in H&E tissue sections and
more obvious under magnification, correspond
approximately to DT-MRI principal eigenvector orien-
tations. In addition to 2D orientation, the principal

eigenvector maps appear to distinguish between in-
plane fibers (nuclei are cut longitudinally, appearing
elongated, eg, Fig. 3i) and through-plane fibers (nuclei
are cut transversely, appearing circular, eg, Fig. 3j).

DISCUSSION

These data reveal that the water diffusion parameters
measured by DT-MRI in the fibroid uterus are sensi-
tive to tissue type and myxoid degeneration; further-
more, the orientation of the diffusion tensor principal
eigenvector corresponds qualitatively to the uterine
muscle fiber direction. Parameters derived from the
water diffusion tensor thus provide additional infor-
mation to standard structural T2W-MRI.

We have shown that, compared to myometrium, MD
appears to be lower on average in dense fibroid tissue
and elevated in myxoid degenerated tissue. The
reduction in MD in dense fibroid tissue may be
explained by the increased collagen content of the
extracellular matrix, which is the main factor known
to distinguish fibroid tissue from myometrium at his-
tology (14). It is possible that this excess collagen acts
as a barrier to diffusion in the extracellular matrix.
Conversely, myxoid tissue contains significant gelati-
nous content, where diffusion is likely to be less re-
stricted by barriers.

As far as we are aware, this study represents the
first quantitative survey of diffusion anisotropy in the
fibroid uterus. We found dense fibroid tissue to be
less anisotropic than the surrounding myometrium.
This is consistent with the visual appearance, where
fibroid tissue appears dense and tightly whorled,
while myometrium often appears directional and
stretched across the fibroid surface. Indeed, while
smooth muscle cells have a similar microscopic
appearance in both fibroids and the myometrium, col-
lagen fibrils are seen to differ, being tightly packed
and of parallel orientation in the myometrium, but
relatively disordered in fibroid tissue (15). Myxoid tis-
sue was less anisotropic than dense fibroid tissue,

)d )
e
)f

)g

Table 1

ROI Measurements Classified by Tissue Type

Pathology na
MD

(10-3 mm2 s-1)b FAb

Myometrium 8 1.31 6 0.22 0.395 6 0.032

Fibroid (dense) 19 1.05 6 0.20 0.280 6 0.053

Fibroid (myxoid) 8 1.59 6 0.54 0.201 6 0.056

Calcification c 1 1.83 0.235
aThe 23 fibroids identified on MRI provided 28 fibroid ROIs, since

in partially degenerated fibroids two ROIs were placed, where pos-

sible, to cover both normal and degenerating tissue.
bWater diffusion parameters are expressed as mean 6 standard

deviation; brackets indicate significant differences (P < 0.05).
cDue to the low signal-to-noise ratio typical of calcified regions,

measurements were only made from the 66% of the region where

the signal was sufficient to enable calculation of water diffusion pa-

rameters.
dP ¼ 0.001.
eP ¼ 4 � 10-8.
fP ¼ 3 � 10-5.
gP ¼ 0.003.
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probably because much of the extracellular water
exists in the relatively unstructured gelatinous envi-
ronment. We note that although group differences in
MD and FA may be rationalized in terms of tissue
structure, the wide variation seen within and between
specimens suggests that other factors, such as me-
chanical strain, may also be relevant in determining
these water diffusion properties.

Comparison of principal eigenvector orientation
maps with tissue sections suggests that water mole-
cule diffusion may indeed be fastest in a direction
colinear with muscle fibers in myometrium and dense
fibroid tissue. Qualitative and quantitative correla-
tions between muscle fiber and principal eigenvector
orientation have been previously noted in a range of
mammalian muscular tissues, including skeletal
muscle (16,17) and myocardium (18,19). The qualita-
tive nature of these findings is clearly a limitation of
this study, and a systematic quantitative study is
required to confirm our conclusions.

Fiber tractography also appears to be feasible in the
fibroid uterus; unsurprisingly, 3D fiber pathways gen-
erated in the myometrium are strongly influenced by
the presence of fibroids. As proof-of-principle we used

a deterministic tractography algorithm (TRACT) to
map fiber pathways in myometrium (4) in this study.
More advanced probabilistic methods could also be
used in this situation (20), albeit requiring more diffu-
sion encoding gradient orientations, and hence longer
acquisition times, than the 12 used here. However, as
probabilistic algorithms have been developed in part
to track brain white matter bundles through gray
matter and parenchymal regions characterized by
more than one fiber population, it is unclear whether
such an approach is in fact warranted in the uterus,
and is therefore left for future work.

Our findings are consistent with the observations of
Weiss et al (12), who performed DT-MRI on a sample
of five uteri, and one additional uterus with significant
fibroid content; the authors noted reduced diffusion
anisotropy in the fibroid tissue of the latter specimen
and qualitative correlation between muscle fibers and
DT-MRI fiber tracts in normal myometrium.

The present study was performed ex vivo in order to
facilitate comparison between DT-MRI water diffusion
parameters and the underlying uterine tissue struc-
ture. This provides more accurate fiber orientation in-
formation, longer acquisition times, and higher image

Figure 2. Principal eigenvector orientation map displayed as an overlay on a T2W image (a), with corresponding tissue sec-
tion (b), showing a uterine fibroid. Principal eigenvectors in the neighboring myometrium are generally aligned parallel to the
fibroid-myometrium interface; within the fibroid, principal eigenvectors are arranged in tightly whorled patterns. Lines shown
in principal eigenvector orientation maps are projections of the normalized 3D principal eigenvector; short lines indicate sig-
nificant through-plane diffusion, while green indicates prolate (l1 > l2 � l3) and red oblate (l1 � l2 > l3) diffusion. 3D fiber
trajectories may be generated using the TRACT algorithm (c,d); the background images are 2D FA parametric maps. Lines in
(c) show three groups of fiber pathways in the myometrium adjacent to the three largest fibroids, together with one group ini-
tiated within the largest fibroid. Lines in (d) also show fiber pathways in the myometrium, circling the uterine cavity and fol-
lowing a curved path around two fibroids.
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quality than is possible in the clinical setting. While
the above MD values are comparable to in vivo appa-
rent diffusion coefficients measured by the simpler
technique of diffusion-weighted MRI at 1.5 T (9), in
general in vivo water diffusion parameters might be
expected to differ from those reported here due to fac-
tors such as body temperature and microcirculation,
in addition to the significant susceptibility and
motion artifacts encountered when imaging the pelvis.
Given that our data supports the stated hypothesis
that DT-MRI can provide useful quantitative informa-
tion relating to fibroid uterine tissue structure ex
vivo, further work is now required to develop an effec-
tive in vivo DT-MRI protocol for use in the pelvis and
to investigate relationships between water diffusion
parameter values measured ex and in vivo in this
organ; we hope this may in turn prompt development
of new quantitative imaging biomarkers of treatment
response.
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Molecular and Cellular Causes of Abnormal
Uterine Bleeding of Endometrial Origin
Hilary O.D. Critchley, M.D.,1 and Jacqueline A. Maybin, M.B.Ch.B.1

ABSTRACT

Women today may reasonably anticipate in the order of some 400 menstrual
cycles over their reproductive lifespan. The endometrium is thus subject to repeat cycles of
shedding and repair and notably healing of the endometrium post menses is ‘‘scarless’’. The
local molecular and cellular mechanisms involved in post menstrual resolution of the
inflammatory events associated with menstruation and endometrial repair remain to be
fully determined. Menstrual complaints are common. It is highly likely that unrestrained
local inflammatory events and/ or deficient repair processes within the endometrium
contribute to the women’s experience of heavy menstrual bleeding (HMB). The manage-
ment of women with HMB may need to utilize therapeutic approaches that optimize
endometrial repair processes, post menses. These approaches may be necessary in addition
to current therapies that hitherto have focused on limiting the local inflammation
associated with menstruation. Research endeavors thus need to focus upon the molecular
and cellular causes of problematic uterine bleeding. Herein the events associated with pre-
menstrual progesterone withdrawal, limitation of blood loss, the expression of vasoactive
mediators and factors that may modulate vascular morphology are described. Such lines of
enquiry and knowledge will be essential if novel targets for treatment of menstrual bleeding
complaints, such as HMB, are to be identified.

KEYWORDS: Abnormal uterine bleeding, heavy menstrual bleeding, endometrium,

mechanisms

Monthly menses is a feature of modern civili-
zation. Easy access to effective contraception in today’s
society permits couples to choose when to procreate and
the size of their family. Historically women of reproduc-
tive age had high parity and long periods of lactation, so
menses were relatively infrequent. However, in developed
countries today, women may expect to menstruate >400
times during their reproductive lifespan. The classic study
of data derived from 22,754 calendar years of women’s
menstrual experience1 described the natural variation in
menstrual cycle length. Mean cycle length between the
ages of 20 and 34 years varies between 28 and 30.7 days
(5th centile¼ 19.7 days, 95th centile¼ 43.5 days). Reg-

ular menstrual cycles are the reflection of a physiologically
intact hypothalamic-pituitary-ovarian (H-P-O) axis.
Normal menstruation is a fundamental reproductive
process that involves periodic degradation and shedding
of an upper functional zone with preservation of a basal
zone adjacent to the myometrium. The repeated cycles of
bleeding (menstruation) and scar-free repair occur in
response to sequential exposure to estrogen, progesterone
(P), and P-withdrawal and were reviewed in 2009.2

Menstruation displays all the features of an inflammatory
event with tissue edema and an immune cell influx.3–5

The molecular and cellular mechanisms by which
sex steroids regulate the pivotal reproductive event of
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menstruation involve highly complex interactions be-
tween the endocrine, vascular, and immune systems.
Menstrual dysfunction may be a consequence of distur-
bances in regulation, expression, and signaling of local
mediators within the endometrium. Thus a delineation of
the mechanisms involved in this highly coordinated
reproductive process provide not only novel treatment
strategies for problematic uterine bleeding but also pro-
vide insight into pathologies elsewhere in the body, for
example inflammatory and fibrotic disorders. Indeed the
‘‘secrets of the womb’’ have yet to be fully realized.6

Abnormal uterine bleeding (AUB) creates signifi-
cant morbidity for women of reproductive age and
imposes major medical, social, and economic problems
for women, their families, the workplace, and health
services. Heavy menstrual bleeding (HMB) affects one
in three women.7,8 In the United Kingdom and United
States, 5% of women of reproductive age consult their
general practitioner annually with a menstrual complaint;
this equates to 1.5 million women per year in the United
Kingdom and up to 7 million in the United States. In
Australia, the estimated cost of investigation and man-
agement of HMB is AUS $6 million per annum.8

Current medical therapy may not be adequate and is
often associated with problematic side effects, leading to
noncompliance. Surgery is currently preferred by women
with severe symptoms.9,10 Hysterectomy is one of the
most common operations performed, with HMB a lead-
ing indication.8 It is essential to understand mechanisms
involved in normal and heavy/prolonged menstrual
bleeding if improved and effective medical treatment
strategies are to be developed. HMB may be iatrogenic,
secondary to a systemic disorder, or it may be the result of
structural uterine pathology such as endometrial polyps or
submucosal leiomyomas. However, �50% of cases of
HMB occur in the absence of such recognized pathology.
In these circumstances HMB is likely to be a consequence
of a disturbance of local endometrial mechanisms leading
to increased flow and/or prolonged bleeding. This short
review considers the published evidence to date concern-
ing mechanisms regulating normal menstruation. Cur-
rently, there are limited data available regarding the
mechanisms involved in abnormal (heavy) bleeding in
women who have no obvious structural or systemic
lesion/disease cause. The mechanisms involved in un-
scheduled bleeding associated with progestin-only con-
traception are outside the scope of this review.11

LOCAL MECHANISMS REGULATING
NORMAL MENSTRUAL BLEEDING
The endometrium is a complex multicellular steroid
target tissue whose composition and function reflects
its prevailing endocrine environment. Its constituent cell
types include stromal, epithelial, vascular, and immune
cells with dynamic cell–cell dialogue required to execute

functions, such as repeated menstruation and endome-
trial repair. P–withdrawal, due to regression of the
corpus luteum in the absence of pregnancy (Fig. 1), is
the trigger for a cascade of events culminating in shed-
ding of the upper functional zone of the endometrium
with preservation of the basal zone adjacent to the
myometrium. Therefore, it was traditionally believed
that endometrial repair was governed by this retained
basal endometrial portion. However, study of hysterec-
tomy specimens has documented retention of significant
amounts of the upper functional layer following men-
struation.12 Data derived from a xenograft model of
menstruation demonstrate that endometrial fragments
from the shed upper functional zone may also play an
important role in subsequent endometrial repair.13 The
physiological processes involved in normal menstruation
involve (1) a controlled inflammatory response, (2) the
limitation of blood loss, and (3) adequate resolution of
inflammation and efficient endometrial repair.

Progesterone Withdrawal and the Endometrial

Inflammatory Response

Progesterone withdrawal is the trigger for a cascade of
events that results in shedding of the upper functional
zone of the endometrium.14,15 At this time, the local
endometrial environment is inflammatory. Gene array
studies have further expanded our understanding of the
repertoire of changes in endometrial gene expression in
response to P-withdrawal; inflammatory mediators are
involved in apoptosis, hemostasis, and wound healing.16–

18 Following P-withdrawal the following events occur in
the functional layer of the endometrium: (1) increased
expression of prostaglandin (PG) synthesizing enzymes
(cyclooxygenases: COX-1 and 2); (2) subsequent pro-
duction of PGE and PGF2a, each of which influences
vascular tone; (3) expression of PGE and chemokines
(e.g., interleukin [IL]-8, monocyte chemotactic protein-
1, fractalkine, and CX3CR1) that collectively increase
leukocyte influx; (4) production of local vasoconstrictors
(endothelin-1, PGF2a) thereby exposing the endome-
trium to a period of hypoxia in the upper functional
zone; and (5) a coordinated upregulation of local matrix
metalloproteinases4,13,15,19–23 (Fig. 1) and consequent
breakdown of the extracellular matrix .

COX ENZYMES AND PROSTAGLANDINS

P-withdrawal is associated with an upregulation of the
enzymes responsible for PG synthesis, such as
COX-2,22,24 that has a pivotal role in both the ini-
tiation and resolution of inflammatory responses
throughout the body. As a result of increased COX-
2 activity, endometrial synthesis of PGs takes place in
the perimenstrual endometrium, namely PGE2 and
PGF2a. Receptors for both of these prostaglandins
(EP and FP receptors, respectively) are expressed in
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the perivascular compartment of the human endome-
trium.25,26 Genes activated by the EP and FP receptors
are involved in the regulation of vascular function,
immune cell recruitment, and tissue remodeling. The
receptor for PGF2a, the FP receptor, is expressed in
the functional layer of the human endometrium most
notably during the proliferative phase of the menstrual
cycle.25 Signaling of PGF2a through this receptor has
been shown to regulate angiogenic factors such as
vascular endothelial growth factor (VEGF), fibroblast
growth factor-2, and IL-827–29 and therefore influen-
ces blood and lymphatic vessel proliferation and per-
meability.

LEUKOCYTE INFLUX

The withdrawal of sex steroids in the late luteal/premen-
strual phase is associated with an influx of leukocytes,
particularly neutrophils and macrophages. Substantial
numbers of endometrial inflammatory cells are described
during the menstrual phase.30 The recruitment of leuko-
cytes into the endometrium is likely to be mediated via
paracrine factors such as chemokines.31 The premenstrual
withdrawal of P is coincident with an upregulation in the
endometrium of specific chemokines (i.e., CXCL-8,
CX3CL1, CCL11, and CCL22).32,33 These chemo-
kines bind to receptors on specific leukocytes and
promote expression of adhesion molecules.34 Adhesion

Figure 1 Local endometrial inflammatory and repair factor expression during the luteal-follicular transition. As the corpus

luteum regresses during the late secretory phase, progesterone levels fall. This triggers a cascade of inflammatory mediators in

the pre- and early-menstrual endometrium, including cyclo-oxygenase (COX)-2), interleukin (IL)-8, and prostaglandins (PGs) E2

and F2a. Glucocorticoids may be involved in limitation of this inflammatory response. Vasoconstriction of the endometrial spiral

arterioles occurs following progesterone (P)-withdrawal, due to increasing levels of endothelin (ET)-1 and PGF2a. This is thought

to lead to a transient hypoxic episode in the uppermost endometrial zones, which may stimulate endometrial repair factor

production. Vascular endothelial growth factor (VEGF), connective tissue growth factor (CTGF), adrenomedullin (AM),

fibronectin, and angiotensin (Ang)-1/2 are factors with a putative role in endometrial repair and remodeling postmenstruation.

There is evidence that expression of local endometrial factors is aberrant in women with heavy menstrual bleeding (HMB)

(arrows).59,62,68,75,82 Adapted from Maybin and Critchley (Ann NY Acad Sci 2011;1221:88–97)
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of leukocytes to the blood vessel endothelium leads to
extravasation and chemotaxis along a concentration
gradient35 and accumulation of leukocytes in the endo-
metrium. Although inflammatory in nature, neutro-
phils and monocytes play an important role in wound
repair. Neutrophils phagocytose foreign material and
release tissue-degrading enzymes. As neutrophil levels
decline, macrophages accumulate and promote wound
debridement. The timing of influx and number of
inflammatory cells is critical in tissue repair. In a
murine model of menstruation, the depletion of neu-
trophils was reported to affect endometrial breakdown
and delay endometrial repair.36 Furthermore, a persis-
tence of leukocytes at a site of injury results in poor
wound healing.37 The macrophage influx described
during the late luteal phase exhibits a lower level of
activation (CD69) and adhesion (CD54) molecules
than macrophages from the peritoneal fluid.38 These
features may limit the inflammatory response at the
time of menses, with consequently negligible/no scar
tissue formation.2

Limitation of Blood Loss

The containment of menstrual blood loss involves three
distinct mechanisms: vasoconstriction, hemostasis, and
reepithelialisation.39,40

VASOCONSTRICTION

Containment of menstrual blood loss is controlled in
large part by vasoconstriction. The transplantation of
autologous endometrial explants to the anterior chamber
of the eye of the rhesus macaque permitted Markee to
establish that vasoconstriction of the spiral arteries was
induced by the withdrawal of P.39 The observed con-
striction of spiral arteries was associated with regression
of stromal tissue and the onset of degradation of the
surrounding extracellular matrix. This observation was
recapitulated a few decades later by Abel and colleagues
using the hamster cheek pouch, an immune privileged
site, for engraftment of human endometrium and dem-
onstrating local generation of vasoactive mediators.41

In women, the constriction of spiral arteries as a
consequence of P-withdrawal in the late luteal phase
results in hypoxia in tissues closest to the uterine lumen.

The period of vasoconstriction lasts 4 to 24 hours
and is followed by vasodilatation and resumption of blood
flow into the distal endometrium. The amount of men-
strual blood loss reflects vessel diameter because the
radius of a vessel is the main determinant of resistance
to flow. Mature endometrial vessels demonstrate brisk
vasoconstriction. Adequate maturation of vessels is crit-
ical to effective and efficient endometrial shedding with
minimized blood loss. Locally generated vasoactive me-
diators regulate vascular tone and play a critical role in
determining the amount of menstrual bleeding.

The precise vasoconstrictor agent(s) involved in
this crucial event have yet to be established. Initial
studies of menstrual fluid identified vasoactive substan-
ces with the capability of inducing contractions in strips
of ileal muscle.42 Candidate vasoconstrictor agents thus
include PGs, particularly PGF2a, as well as other locally
produced agents, such as endothelins and angiotensin II
(Fig. 1). Differences in the ratio of the endothelin
receptors (ETA and ETB) mRNA levels in endome-
trium across the menstrual cycle have been reported,
although the functional relevance of such observations
remains to be established.43 Cyclical changes in angio-
tensin II and endometrial expression of angiotensin
receptor subtypes have also been implicated as playing
a role in the regulation of vascular tone within the
endometrium.44 Factors regulating vascular tone thus
play an important role and may also include vasodilator
agents such as nitric oxide and PGE2.

HEMOSTASIS

The fibrinolytic system has a major role in the develop-
ment of problematic scar tissue and adhesions postop-
eratively.45 It is thus important to note that endometrial
hemostasis differs from hemostasis elsewhere in the body
presumably to avoid the impairment of function asso-
ciated with scarring.

The normal local inflammatory reaction induced
by surgery is associated with an exudate rich in fibrin. The
fibrinolytic system converts plasminogen to active plas-
min and degrades fibrin deposits (Fig. 2). Tissue plasmi-
nogen activator (tPA) and urokinase plasminogen
activator (uPA) drive production of plasminogen. In
contrast, plasminogen activator inhibitor (PAI) inhibits
fibrinolytic activity. The endometrium is a rich source of
plasminogen activators (uPA and tPA), as well as PAI
and the uPA receptor,46,47 but coagulation is rapidly
reversed by marked fibrinolysis. This active fibrinolytic
system at the time of menses may confer protection
against scarring during endometrial repair. Platelets in
the endometrial cavity are deactivated. Platelet fibrin clots
are absent in the lumen and around the broken surfaces of
ruptured vessels in menstrual endometrium.46,48 Hemo-
static plugs only develop within the open vessels. Because
menstrual loss is mainly controlled by vasoconstriction,
there is a lesser need for coagulation in the initial stages.

Notwithstanding, women complaining of heavy
menstrual loss have had raised levels of t-PA activity
detected on the second day of bleeding when compared
with women with normal menstrual blood loss.46 Anti-
fibrinolytics are therefore commonly prescribed for the
complaint of HMB and can reduce menstrual blood loss
by �50%.49,50

REEPITHELIALISATION OF THE ENDOMETRIAL SURFACE

Early endometrial growth following menses has been
studied in detail with scanning electron microscopy.51
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The endometrial surface following shedding of the upper
functional zone at menses is reported to exhibit a ragged/
torn surface with gland openings and a lack of epithelial
covering.51 Regrowth of the epithelium occurs before
expansion of the stromal compartment. The epithelial
cells grow from the necks of glands and spread to meet
migrating cells from other glands, forming a new luminal
surface.51 This process of reepithelialization begins on
day 2 after the onset of menses. Full coverage of the
uterine cavity lumen is achieved by day 6 of the cycle.

The cellular and molecular mechanisms deter-
mining epithelial cell proliferation and migration follow-
ing wound damage have yet to be fully elucidated. Cao
et al proposed a working hypothesis that the endome-
trium, following P-withdrawal and subsequent tissue
shedding, would synthesize molecules crucial for endo-
metrial repair.52 Furthermore these molecules would be
concentrated at the endometrial surface. Because the
endometrium will heal in the absence of estrogen (men-
strual bleeding occurs after oophorectomy), the earliest
processes of endometrial repair may be independent of
estrogen.52

Cao et al did demonstrate that P-withdrawal
induced a significant rise in fibronectin, a major adhesive
molecule, and that the observed increase occurred ini-
tially in the upper portions of the glands, followed later
in the uppermost stromal compartment, and also that
estrogen was not required for the increased expression of
fibronectin.52 This study also reported a coordinated
increase in expression of the fibronectin receptor mainly
in the uppermost functional layer and thus in the right
place at the right time to modulate cell movement. The
authors also pointed out that other components of the
extracellular matrix and other integrins may act as
receptors for fibronectin and thereby play an important
role in menstruation and endometrial repair. Further
research on the molecular and cellular mechanisms
involved in these processes and delineation of how
endometrium serially heals, repairs, and regenerates is
required.2,52

The remarkable ability of the endometrium to
regenerate raises the possibility of the presence of adult
progenitor cells. Indirect evidence for their existence
comes from clinical scenarios, such as endometrial re-
generation after electrosurgical ablation53 or resection54

and the ability of the postmenopausal endometrium to
regenerate with estrogen replacement after significant
periods of quiescence. Early proliferation studies in the
endometrium show endometrial progenitor cells may
reside in the basal layer and give rise to transient
amplifying cells in the functional layer.55,56 Many groups
are researching the origin and action of these potential
endometrial progenitor cells to delineate their contribu-
tion to endometrial physiology and pathology (reviewed
in Gargett and Masuda57).

LOCAL MECHANISMS IMPLICATED
IN HEAVY MENSTRUAL BLEEDING

Expression of Vasoactive Mediators and

Amount of Bleeding at Menstruation

An aberrant expression of local regulators of vascular
tone has been reported in the problem of HMB. PGF2a

and PGE2 are the most abundant prostaglandins in the
human endometrium and menstrual fluid.58 Endome-
trium from women with HMB synthesizes more PGE2

than vasoconstrictor, PGF2a.59 A significantly increased
PGE2:PGF2a ratio has been described in luteal phase
endometrium from women with menstrual blood loss
>90 mL (inverse correlation between PGF2a:PGE2

ratio and blood loss; r¼ 0.36; p <0.025).59–61 Progester-
one priming of the endometrium, during the luteal
phase, is required for generation of PG substrate. Cyto-
solic phospholipase A2 (cPLA2) activity releases the
COX substrate arachidonic acid. Women with HMB
have greater endometrial synthesis of PGs and signaling
(increased mRNA COX-1 and COX-2, and enhanced
functionality of PGE receptors, coupled to cAMP pro-
duction) than women with normal menstrual blood

Figure 2 Fibrinolysis. Conversion of fibrinogen to fibrin allows formation of a hemostatic clot. Breakdown of this clot is called

fibrinolysis and is mediated by plasmin. Some women with heavy menstrual bleeding have increased endometrial levels of

tissue plasminogen activator (tPA) (arrow),46 leading to high plasmin levels and increased breakdown of the hemostatic clot.
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loss.62 In this context administration of COX-inhibitors
is first-line treatment during menses for women with
HMB.7

Prostacyclin (PGI) is also produced by the human
endometrium.63 This prostanoid acts via a heptahelical
G protein–coupled receptor (IP receptor).64 Knockout
studies in mice have demonstrated a role for PGI in the
prevention of thrombosis and increased inflamma-
tion.65,66 Therefore, this prostanoid may be involved in
menstruation and endometrial repair. Endometrial ex-
pression of the IP receptor has been demonstrated at
maximal levels during menstruation,67 and published
studies report localization to epithelial, stromal, and
perivascular cells. Furthermore, endometrium from
women with objectively measured HMB is reported to
be more efficient at producing PGI than endometrium
from normal controls.63 Because PGI is known to inhibit
platelet aggregation and stimulate vasodilatation, its
increased production may contribute to HMB.

A reduced expression of the vasoconstrictor en-
dothelin (ET-1) has also been implicated in the problem
of HMB.68 Women with HMB had decreased endo-
metrial expression of the potent vasoconstrictor ET-1
and increased expression of its metabolizing enzyme,
neural endopeptidase.68 The authors suggest that in-
creased metabolism of ET-1 could explain its decreased
endometrial expression and cause inefficient vasocon-
striction of endometrial vessels at menstruation.

Blood Vessel Structure in Women with Heavy

Menstrual Bleeding

Doppler ultrasound studies have described increased
uterine blood flow in women with HMB. There is a
significant inverse relation between impedance, as meas-
ured by uterine artery pulsatility index, and amount of
menstrual blood loss.69 In addition, women with HMB
appear to have less ‘‘mature’’ blood vessels than normal
controls. Vessel wall circumference and focal disconti-
nuities in the vessel wall are larger in endometrium from
this group of women.70 Women with heavy menstrual
blood loss are also reported to have deficiencies in
supporting mural cells, including pericytes and vascular
smooth muscle cells (VSMC).71 Furthermore it has been
reported that women with HMB have (1) reduced
VSMC proliferation in mid-late secretory phase endo-
metrium, (2) decreased myosin heavy chain contractile
protein,72 and (3) increased endometrial endothelial cell
proliferation.73 The consequence of these defects may be
inefficient vasoconstriction, an increase in vessel diam-
eter, and subsequent increased blood flow. A lack of
vasoconstriction during menstruation may not only in-
crease menstrual flow but also limit or prevent the
perimenstrual hypoxic insult in the upper endometrial
zones of women with HMB. There is evidence that
perimenstrual hypoxia may initiate endometrial repair

factor expression, such as VEGF.19 Any delay in endo-
metrial repair will further increase menstrual loss by
prolonging menses.

Evidence for Disturbed Angiogenesis in Women

with Heavy Menstrual Bleeding

Regulated angiogenesis is a critical component of endo-
metrial repair following menstruation. Disturbed angio-
genesis may be implicated in women with HMB.
Angiopoietin-1 (Ang-1) is a vasoactive mediator that
promotes vascular maturation via the Tie-2 receptor,
whereas angiopoietin-2 (Ang-2) is the natural antago-
nist that destabilizes vessels and initiates new blood
vessel development in the presence of VEGF. Hewett
et al examined the endometrial expression of Ang-1,
Ang-2, and Tie-2 across the menstrual cycle in endome-
trium collected from women with reported HMB.74

Data derived from ribonuclease protection assay and
Western blot studies demonstrated that in the endome-
trium from women with heavy bleeding, Ang-1 mRNA
and protein were either undetectable or downregulated
when compared with normal controls. However, endo-
metrial Ang-2 expression was similar in women with
normal and heavy bleeding. A >50% decrease in the
ratio of Ang-1 to Ang-2 was elicited in women with
HMB (Fig. 1). These data support a role for the
angiopoietin/Tie-2 system in vascular remodeling of
the endometrium at the time of menses and suggest
that aberrant Ang-1 expression may contribute to heav-
ier menstrual blood loss.

Women with blood losses>80 mL have also been
shown to have significantly lower expression of VEGF
mRNA at menstruation than women with a loss <80
mL.75 VEGF promotes the migration and differentia-
tion of vascular smooth muscle cells76 and contributes to
the initiation of coagulation.77 Hence decreased VEGF
expression at menstruation may delay repair of damaged
vessels and increase menstrual blood loss (Fig. 1).

Evidence for Disturbed Local Metabolism of

Glucocorticoid in Women with Heavy Menstrual

Bleeding

In the current context it is necessary to mention that in
the late 1700s, William Cullen, professor of the practice
of physic at the University of Edinburgh, first used the
term menorrhagia to describe HMB.78 His remedy for
heavy bleeding included extract prepared from the root
of the legume Glycyrrhiza glabra. This extract is the
major constituent of licorice. Licorice root is also de-
scribed in traditional Chinese medicine texts (Gan
Cao)79 as an agent to treat profuse menstruation. Within
the past 20 years, the major mechanism of action of the
active principle in licorice (glycyrrhizic acid, which is
metabolized to glycyrrhetinic acid) has been elucidated.
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This involves inhibition of the enzyme 11b-hydroxyste-
roid dehydrogenase (HSD) type 2, which inactivates
cortisol in target tissues.

Glucocorticoids inhibit angiogenesis both in vitro
and in vivo. Local effects of glucocorticoids on cells
mediated via the glucocorticoid receptor (GR) and
mineralocorticoid receptor will be cell and site specific.
Studies have demonstrated that mice unable to generate
glucocorticoids within new blood vessels due to defi-
ciency of the enzyme 11bHSD1 display increased angio-
genesis.80 Endometrial expression of the enzyme
11bHSD1, necessary for local generation of cortisol,
and expression of the GR is upregulated at time of
menses.81 It is of note that enhanced local inactivation
of cortisol by 11bHSD2 may be present in the endome-
trium of women with heavy menses.82 11bHSD2
mRNA increased 2.5 fold, predicting substantially lower
local cortisol concentrations (Fig. 1). In vitro, it has been
demonstrated that cortisol selectively induces the anti-
angiogenic factor thrombospondin (TSP)-1, and TSP-1
mRNA is required to mediate the angiostatic effect of
cortisol. TSP-1 mRNA levels were correspondingly two-
fold reduced in endometrium from women with HMB.82

TSP-1 is reported to play a role in the recruitment of
vascular smooth muscle cells,83 and thus decreased endo-
metrial TSP-1 and increased endometrial endothelial cell
proliferation84 in women with HMB may contribute to
weaker vessels and increased blood loss.

Anovulatory and Disturbed Ovulatory Bleeding,

including in Adolescence and during the

Menopause Transition

The systemic regulation of regular menstrual bleeding
requires an intact H-P-O axis (for overview of endocrine
regulation, see Munro85).

Disturbed menstrual bleeding originating
through primary endocrine disturbances within the
H-P-O axis results in AUB only through secondary
disturbances of endometrial function. For example, an-
ovulatory bleeding results from unopposed estrogen
exposure resulting in a persistent proliferative or hyper-
plastic endometrium.86 Endometrial hyperplasia is more
prevalent toward the end of a women’s reproductive
lifespan but may also be associated with women who
have a prolonged history of anovulatory cycles, such as
those with the polycystic ovary syndrome and those with
a high body mass index.

The local endometrial molecular and cellular
mechanisms by which abnormal bleeding occurs from
these types of abnormal endometrium are even less well
understood than bleeding during the ovulatory cycles
previously described. There is hysteroscopic evidence
demonstrating disturbed angiogenesis in women with
endometrial hyperplasia.87 Many cases of endometrial
hyperplasia exhibit irregular whorls of distended and

fragile surface vessels. These vessels bleed easily on
touching with the tip of the hysteroscope. There is no
consistent information on the local cellular and molec-
ular disturbances leading to this disturbed angiogenesis.
Hypotheses have been proposed that local nitric oxide
release (triggered by unopposed estrogen), and perhaps
disturbed prostaglandin metabolism, may be contribu-
ting to vascular dilatation during endometrial break-
down, but data are lacking.88

Irregular menstrual bleeding is the norm in the
first few years after menarche, and the usual explanation
for this is immaturity of the H-P-O axis and especially a
delay in development of the positive feedback mecha-
nisms of high levels of estradiol on the luteinizing
hormone (LH) surge. A very small proportion of these
young women develop excessive HMB in association
with these irregular cycles,89 and this appears to be
associated with failure of development of the estradiol
positive feedback mechanism90,91

Many adolescents with persistent irregular bleed-
ing are found to have polycystic ovaries,92 Of those
adolescents with very heavy but regular menses, a high
proportion are found to have an identifiable systemic
coagulopathy.93 In many cases there is a familial com-
ponent.

It is conventionally accepted that irregular cycles
in the menopause transition are anovulatory; however
recent data indicate that at least a third of irregular cycles
in the mid-to-late menopause transition are actually
ovulatory, albeit ‘‘disturbed ovulatory.’’ These distinct
endocrine disturbances have been termed luteal out-of-
phase (LOOP) cycles due to the development of a new
preovulatory follicle during the preceding luteal phase.94

This is often followed by an LH peak and ovulation
during subsequent menstruation. LOOP cycles usually
begin with markedly elevated follicle-stimulating hor-
mone (FSH), which presumably drives the follicle that
begins to develop during the luteal phase.95 This phe-
nomenon is probably a consequence of the very small
numbers of residual ovarian follicles, with very low
inhibin and anti-müllerian hormone levels, which allow
FSH to increase greatly to overcome the natural follicle-
inhibiting mechanisms during the luteal phase.

These LOOP cycles are usually found during
phases of erratically changing short and long cycles,
which are unpredictable.94 The disturbed ovulatory
LOOP cycles tend to be associated with the heaviest
objectively measured menstrual loss.96 The truly anov-
ulatory cycles were actually associated with the lightest
bleeding.96

A rarer, but clinically important subgroup of
women with perimenopausal heavy menstrual bleed-
ing have prolonged anovulatory cycles with very high
and persistent estradiol secretion from active multi-
cystic ovaries resulting in prominent endometrial
hyperplasia.97,98
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SUMMARY
Throughout the reproductive years of a woman’s life, the
endometrium is cyclically subjected to the inflammation
and tissue destruction of menstruation. However, each
month the endometrium can fully repair without loss of
function or scarring. The mechanisms involved in this
efficient system have still to be fully defined. Evidence for
the necessity of controlled perimenstrual inflammation,
followed by well-timed resolution and repair, is mount-
ing. Unrestrained inflammation or defective repair may
both contribute to the onset of HMB. Treatment of
women with resistant HMB may require maximization of
the repair process in addition to current treatments that
focus on a limitation of the inflammatory response.
Further research into the molecular and cellular causes
of AUB is mandatory to identify novel targets for treat-
ment of this common debilitating disorder.
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background: The human endometrium efficiently repairs each month after menstruation. The mechanisms involved in this repair
process remain undefined. Aberrations in endometrial repair may lead to the common disorder of heavy menstrual bleeding. We hypothe-
sized that connective tissue growth factor (CTGF) is increased at the time of endometrial repair post-menses and that this increase is regu-
lated by prostaglandins (PGs) and hypoxic conditions present during menstruation.

methods and results: Examination of 41 endometrial biopsies from 5 stages of the menstrual cycle revealed maximal CTGF
mRNA expression (using quantitative RT–PCR) at menstruation and peak protein levels during the proliferative phase. CTGF was immuno-
localized to epithelial and stromal cells, with intense staining of occasional stromal cells during the proliferative phase. Dual immunohisto-
chemistry identified these cells as macrophages. Treatment of endometrial epithelial cells with 100 nM PGE2, PGF2a or hypoxia (0.5%
O2) revealed a significant increase in CTGF mRNA expression (P , 0.01 for all, versus vehicle control). Cells treated simultaneously with
PGE2 and hypoxia revealed a synergistic increase in CTGF expression (P , 0.05 versus PGE2 or hypoxia alone) and maximal secreted
CTGF protein levels (P , 0.05 versus control).

conclusions: CTGF is increased in the human endometrium at the time of endometrial repair post-menses. The increase in CTGF
may be mediated by PG production and the transient hypoxic episode observed in the endometrium at menstruation.

Key words: menstruation / repair / prostaglandins / hypoxia / macrophage

Introduction
The human endometrium is an excellent physiological model of cyclical
tissue injury and repair. If pregnancy does not occur, the corpus
luteum regresses in the late secretory phase and progesterone levels
decline. This withdrawal of progesterone triggers an inflammatory re-
sponse in the endometrium, which culminates in the menstrual shed-
ding of the functional endometrial layer (Critchley et al., 2001; King
and Critchley, 2010). Subsequent repair is very efficient, occurring
without scarring or loss of function. However, the precise mechanisms
involved remain poorly understood. Observational studies have shown
that endometrial repair begins on Day 2, during active bleeding, and
full coverage of the lumen is usually achieved by Day 6 (Ludwig and
Spornitz, 1991). In addition, the endometrium is shed in a piecemeal
fashion at menstruation with simultaneous repair occurring in adjacent
areas (Garry et al., 2009). These studies highlight that factors involved
in the initiation of endometrial repair ‘post-menses’ must be present at
the time of menses itself.

Connective tissue growth factor (CTGF) is a multifunctional
growth factor that is expressed at high levels during wound repair
and at sites of connective tissue formation (Igarashi et al., 1993).
Its biological effects include chemotaxis, differentiation, extracellular
matrix (ECM) production, angiogenesis, tumour growth, wound
healing and fibrosis (Igarashi et al., 1993; Frazier et al., 1996;
Oemar et al., 1997; Hishikawa et al., 2000; Shimo et al., 2001;
Ivkovic et al., 2003). It is, therefore, an attractive candidate for
endometrial repair. CTGF protein and mRNA have previously
been detected in the human endometrium by immunohistochemistry
and northern blot analysis, respectively (Uzumcu et al., 2000). CTGF
was localized to epithelial and endothelial cells in proliferative and
secretory phase biopsies. Whereas, in contrast, endometrial
stromal cells were only stained after decidualization in the late secre-
tory phase (Uzumcu et al., 2000). Unfortunately, no menstrual phase
biopsies were included in this study, but the presence of CTGF in
the normal cycling endometrium suggests that it may facilitate
tissue repair and remodelling after menses.

& The Author 2012. Published by Oxford University Press on behalf of the European Society of Human Reproduction and Embryology.
This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/2.5), which
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Premenstrual progesterone withdrawal increases levels of
cyclo-oxygenase (COX) 2 enzyme in the endometrium (Critchley
et al., 1999), which stimulates the synthesis of endometrial prosta-
glandins (PGs), including prostaglandin E2 (PGE2) and F2a (PGF2a).
PGF2a is emerging as a potential key player in the initiation of ex-
pression of endometrial repair factors. PGs have been demon-
strated to induce a host of endometrial angiogenic factors
including vascular endothelial growth factor, adrenomedullin, fibro-
blast growth factor-2 and interleukin-8 (Keightley et al., 2010;
Maybin et al., 2011a,b,c). Functionally, PGF2a has been shown to
increase endometrial epithelial cell proliferation in culture (Milne
and Jabbour, 2003) and is known to induce vasoconstriction of
endometrial spiral arterioles (Baird et al., 1996). There is evidence
that this vasoconstriction results in a transient, local hypoxic insult
in the uppermost endometrial layer at menstruation (Critchley
et al., 2006; Fan et al., 2008).

We hypothesized that CTGF is increased at the time of endometrial
repair and regeneration and that this putative repair factor is regulated
by PGs and hypoxia.

Materials and Methods

Human endometrial tissue collection
Endometrial biopsies (n ¼ 41) were collected with a suction curette
(Pipelle, Laboratorie CCD, Paris, France) from women (median age: 42
years, range: 22–50) attending gynaecological out-patient departments
across National Health Service Lothian. All women reported regular men-
strual cycles (21–35 days) and no exogenous hormone exposure for 3
months prior to biopsy. Women with large fibroids (.3 cm) or endomet-
riosis were excluded. Tissue was divided and (i) placed in RNA later, RNA
stabilization solution [Ambion (Europe) Ltd., Warrington, UK], (ii) fixed in
neutral-buffered formalin for wax embedding and (iii) placed in phosphate-
buffered saline for in vitro culture. Biopsies were consistent for (i) histo-
logical dating using criteria of Noyes et al. (1950), (ii) reported last men-
strual period and (iii) serum progesterone and estradiol concentrations
at time of biopsy (Table I). Written consent was obtained from partici-
pants and ethical approval granted from Lothian Research Ethics
Committee.

Immunohistochemistry
Three micrometres of paraffin sections was dewaxed and rehydrated.
Antigen retrieval was undertaken by microwaving sections in a pH 6
antigen-retrieval buffer (Vector Laboratories, Peterborough, UK).
Endogenous peroxidase activity was blocked by 3% hydrogen peroxide.
Sections were sequentially incubated in avidin and biotin (Vector

Laboratories) and protein block (Dako, Cambridge, UK). Goat poly-
clonal CTGF antibody (Santa Cruz Biotechnology, CA, USA) was
applied overnight at 48C. Negative controls were incubated with
primary antibody pre-absorbed in antigen (CTGF peptide, Santa Cruz).
Biotinylated horse anti-goat secondary antibody was used at 1:200.
Avidin–biotin–peroxidase complex (ABC-Elite, Vector laboratories)
was applied for 30 min and liquid diaminobenzidine kit (Zymed Labora-
tories, San Francisco, CA, USA) used for detection. The reaction was
stopped with distilled water and the sections were counterstained
with haematoxylin, dehydrated and mounted with Pertex (Cellpath plc,
Hemel Hempstead, UK).

Dual staining immunohistochemistry
demonstrating co-localization of CD68 and
CTGF
Endometrial sections underwent dewaxing, rehydration, antigen retrieval
and treatment with 3% hydrogen peroxidase as above. Normal donkey
serum was used as a protein block and the sections were incubated
with mouse monoclonal CD68 (a pan-macrophage antigen) antibody
(Dako, Glostrup, Denmark) at a 1 in 1000 dilution overnight at 48C.
Donkey anti-mouse peroxidase secondary antibody (Abcam, Cambridge,
UK) at a 1:750 dilution was applied for 30 min followed by incubation
with TSATM fluorescein tyramide system (Perkin Elmer, Waltham, MA,
USA) for 10 min. The sections were incubated with normal donkey
serum for 10 min followed by goat polyclonal CTGF antibody (Santa
Cruz Biotechnology) at a 1 in 100 dilution overnight at 48C. Alexa 546
donkey anti-goat secondary antibody (Invitrogen, Paisley, UK) was
applied for 1 h, followed by a 4′,6-diamidino-2-phenylindole stain (Sigma,
Dorset, UK) for 10 min. Sections were then mounted with permaflour
(Thermo Scientific, Waltham, MA, USA) and analysed with a Zeiss
LSM710 confocal microscope system.

Semi-quantitative histoscoring of
endometrial CTGF expression
Localization and intensity of immunostaining was evaluated blindly by two
independent observers using a semi-quantitative scoring system (Aas-
mundstad et al., 1992). The intensity of staining was graded with a three-
point scale (0 ¼ no staining, 1 ¼ mild staining and 2 ¼ strong staining).
This was applied to the glands and stromal cells (n ¼ 41), as well as the
surface epithelium where visualized (n ¼ 36). The percentage of tissue
in each intensity scale was recorded. A value was derived for each of
the cellular compartments by using the sum of these percentages after
multiplication by the intensity of staining.

.............................................................................................................................................................................................

Table I Human endometrial biopsies used in this study.

Stage of cycle Number of biopsies Mean serum estradiol levels, pmol/l (range) Mean serum progesterone, nmol/l (range)

Menstrual 8 192.25 (55–514) 3.71* (1.24–10.59)

Proliferative 11 441.18 (79–1105) 2.81* (0.97–7.10)

Early secretory 7 497.50 (289–841) 59.60 (23.2–112.91)

Mid-secretory 8 638.00 (242–1949) 64.30 (25.47–114.53)

Late secretory 7 318.22 (59.09–819) 8.22* (1.06–16.95)

*Significantly different from early and mid-secretory levels, P , 0.05.
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Culture of endometrial cells
Human Ishikawa endometrial adenocarcinoma cells (European collection
of cell culture, Centre for Applied Microbiology, Wiltshire, UK) were
stably transfected with the PGF2a receptor (FPS cells) or a PGE2 receptor
(EP2S cells) as previously described (Sales et al., 2004). To determine the
effect of PGE2/F2a and/or hypoxic conditions on CTGF expression,
�4 × 105 FPS or EP2S cells were seeded in 6-well plates in Dulbecco’s
modified eagle’s medium F-12 supplemented with 10% fetal calf serum,
1% penicillin/streptomycin and 200 mg/ml G418. The following day,
cells were incubated in serum-free culture medium containing 8.4 mM
indomethacin (COX enzyme inhibitor) for at least 16 h. Cells were then
treated with vehicle or 100 nM PGE2/F2a and placed in normoxia (21%
O2, 5% CO2, 378C) or a sealed hypoxic chamber (0.5% O2, 5% CO2,
378C) for 2, 4, 6, 8 or 24 h.

Culture of endometrial tissue explants
Endometrial biopsies (proliferative n ¼ 3, secretory n ¼ 3) were divided
into four explants of equal size and incubated on raised platforms in
24-well plates, just covered with serum-free RPMI 1640 medium and
8.4 mM indomethacin for 16 h. One explant from each biopsy was then
treated with vehicle in normoxia, one with 100 nM PGF2a in normoxia,
one with 100 mM PGE2 in normoxia and one with vehicle in hypoxia for
24 h.

Quantitative RT–PCR
Expression of CTGF in endometrial tissue and cells was determined by
quantitative RT–PCR (QRT–PCR, Taqman) analysis. Total RNA from
cells and endometrial biopsies was extracted using the RNeasey Mini Kit
(Qiagen Ltd, Sussex, UK) according to manufacturer’s instructions. DNA
contamination of samples was removed by DNA digestion during RNA
purification. RNA samples were reverse transcribed using MgCl2
(5.5 mM), deoxynucleotide triphosphates (0.5 mM each), random hexam-
ers (2.5 mM), ribonuclease inhibitor (0.4 U/ml) and multiscribe reverse
transcriptase (1.25 U/ml; all from PE Biosystems, Warrington, UK).
Total RNA of 200 ng was added. A tube with no reverse transcriptase
and a further tube with water were included as controls. To measure
cDNA levels, a reaction mix was prepared containing Taqman buffer
(5.5 mM MgCl2, 200 mM dATP 200 mM dCTP, 200 mM dGTP and
400 mM deoxyuridine triphosphate), ribosomal 18S primers/probe
(Applied Biosystems, Warrington, UK) and specific forward and reverse
primers and probes: CTGF forward primer 5′-TGCACCGCCAAA-
GATGGT-3′, reverse primer 5′-GGCACGTGCACTGGTACTTG-3′,
probe 5′-CTCCCTGCATCTTCGGTGGTACGGT-3′ was added for
each PCR reaction. Negative controls (water instead of cDNA) were
included in each run. PCR was carried out using an ABI Prism 7900
(Applied Biosystems). Samples were analysed in triplicate using Sequence
Detector version 2.3 (PE Biosystems), using the comparative threshold
method. Expression of target mRNA was normalized to RNA loading
for each sample using the 18S ribosomal RNA as an internal standard.
There was no significant change in 18S rRNA expression between nor-
moxic and hypoxic conditions.

CTGF protein quantification
CTGF secreted protein concentrations were measured using a human
CTGF ELISA development kit (PeproTech, London, UK) according to
manufacturer’s instructions. Colour development was measured on an
enzyme-linked immunosorbent assay plate reader at 405 nm. The
minimum detectable concentration of CTGF was 63 pg/ml. There was
no significant cross-reactivity for human bone morphogenetic protein-4,
CTGF-L/WNT inducible signalling pathway (WISP)-2, cystine rich

protein-61, insulin-like growth factor (IGF)-I, IGF-II, IGF-BP1, nephroblas-
toma overexpressed gene, transforming growth factor-b, WISP-1 or
WISP-3.

Statistics
For endometrium from across the menstrual cycle, mRNA results were
expressed as the quantity relative to a comparator sample of RNA from
the liver. Significant differences in mRNA and protein were determined
using Kruskal–Wallis non-parametric test with Dunn’s multiple compari-
son post-test (Prism, version 4.02, GraphPad Software, Inc., San Diego,
CA, USA). For cell culture, mRNA results are expressed as fold increase,
where relative expression of mRNA after treatment was divided by the
relative expression after vehicle treatment. Data are presented as mean
+ SEM and significant differences among raw data determined using
one-way analysis of variance with Tukey’s multiple comparison test. A
value of P , 0.05 was considered significant.

Results

Endometrial CTGF mRNA expression
Endometrial CTGF mRNA expression varied significantly across the
menstrual cycle (P ¼ 0.0032; Fig. 1). Maximal CTGF mRNA expres-
sion was present in endometrium from the menstrual phase, with
levels significantly greater than those found during the early (P ,

0.01), mid- (P , 0.05) and late (P , 0.05) secretory phases.

Endometrial CTGF protein localization
CTGF was immunolocalized to the cytoplasm of surface epithelial,
glandular epithelial, stromal and vascular endothelial cells or

Figure 1 CTGF mRNA expression in human endometrial tissue
from across the menstrual cycle. Values of CTGF are presented as
relative to the 18S ribosomal RNA internal standard and to a
sample of RNA from the liver as a comparator. M, menstrual; P, pro-
liferative; ES, early secretory; MS, mid-secretory; LS, late secretory;
KW, Kruskal–Wallis statistical test (*P , 0.05, **P , 0.01). Box
and whisker plots: each box represents the 25th and 75th percentiles
and the whiskers are the 10th and 90th percentiles. Horizontal lines
represent the median.
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endometrium from the menstrual and proliferative phases (Fig. 2A–
D). There was an obvious reduction in staining intensity during the se-
cretory phase (Fig. 2E and F). Intense staining of occasional cells in the
stromal compartment of proliferative endometrium was observed
(Fig. 2H). These cells were usually found in close proximity to the
endometrial vasculature. Semi-quantitative scoring of immunohisto-
chemical staining revealed significantly greater staining of the glandular
epithelial, surface epithelial and stromal cells in proliferative phase
endometrium when compared with mid-secretory endometrium
(P , 0.001, P , 0.001, P , 0.01 respectively; Fig. 3).

Stromal CTGF was immunolocalized to
macrophage cells
Proliferative endometrial tissue was subjected to dual staining immu-
nohistochemistry for CTGF and CD68 (a pan-macrophage antigen).
This revealed that the occasional stromal cells that were positively
stained for CTGF also expressed CD68 (Fig. 4). Glandular epithelial
cells were positively stained for CTGF but did not reveal dual staining
for CD68.

CTGF expression was regulated by PGs
and hypoxia
A time course experiment in EP2S cells revealed a significant increase
in CTGF mRNA expression on treatment with 100 nM PGE2 com-
pared with vehicle at 4 and 8 h (P , 0.01) (Fig. 5A). Hypoxic condi-
tions (0.5% O2) also significantly increased CTGF mRNA expression
in EP2S cells at 2 h versus normoxic controls (P , 0.001; Fig. 5B).
Interestingly, in prolonged hypoxic conditions this up-regulation did
not take place. When cells were treated with both PGE2 and
hypoxia for 2 h, there was a synergistic increase in CTGF mRNA ex-
pression that was significantly greater than that seen with either treat-
ment alone (P , 0.05; Fig. 5C). As maximal CTGF mRNA expression
occurred between 2 and 4 h, the amount of CTGF protein secreted
into culture supernatants was assessed by ELISA at a 6 h time point.
CTGF secreted protein was below the level of detection of the
ELISA in vehicle-treated cells but was significantly increased when
EP2S cells were co-treated with PGE2 and hypoxia (P , 0.05; Fig. 5D).

Treatment of FPS cells with 100 nM PGF2a for 6 h resulted in signifi-
cant up-regulation of CTGF mRNA expression versus vehicle-treated
cells (P , 0.001; Fig. 5E). As in EP2S cells, hypoxic conditions did not
significantly increase CTGF mRNA expression at 6 h in FPS cells
(Fig. 5E). Secreted protein levels in culture supernatants at 24 h
demonstrated significant increases in CTGF protein over controls
after treatment with PGF2a (P , 0.001) (Fig. 5F).

Treatment of endometrial explants from the proliferative phase
showed a modest increase in CTGF mRNA expression when explants
were placed in hypoxic conditions (P , 0.05; Fig. 5G). Explants from
the secretory phase displayed a more marked increase in CTGF
mRNA expression in hypoxic conditions (P , 0.001; Fig. 5H). No sig-
nificant increase in CTGF mRNA was observed when explants were
treated with PGs, regardless of cycle stage.

Discussion
These data demonstrate maximal expression of CTGF in the human
endometrium during the menstrual and proliferative phases; a time

consistent with endometrial repair and regeneration. In addition,
CTGF protein is localized to glandular epithelial cells and macrophages
in the stromal cell compartment. Furthermore, this paper describes
significant increases in CTGF mRNA and secreted protein in endo-
metrial cells treated with PGs and/or hypoxia. These data provide a
potential mechanism for the up-regulation of CTGF during the time
of endometrial repair associated with menstruation.

The location and timing of endometrial
repair
The data presented herein were generated from examination of endo-
metrial biopsies collected with an endometrial sampler. The majority
of endometrium collected with this method is from the functional
layer. As this layer is sloughed off during menses, it has hitherto
been assumed that endometrial repair was governed by factors
present in the basal layer. An important recent study of menstrual
endometrium from the superficial layer has revealed an increase in ex-
pression of genes associated with ECM biosynthesis in stromal cells
from this upper layer when compared with those from the basal
layer (Gaide Chevronnay et al., 2009). This suggests that fragments
of the functional layer of endometrium do make an active contribution
to the endometrial repair process. Further, recent laser capture
microdissection techniques have identified that both the stromal and
epithelial cell compartments have an active role in this repair
process (Gaide Chevronnay et al., 2010).

Hysteroscopic, histological and scanning electron microscopy
studies have documented the time course of endometrial repair.
The endometrium is shed in a piecemeal fashion and repair com-
mences in delineated areas while shedding occurs simultaneously in
adjacent areas (Garry et al., 2009). Therefore, examination of endo-
metrial repair factors during the menstrual phase is essential when
examining the process of repair in the context of menstruation.

CTGF and endometrial repair
CTGF is a member of the CCN family of growth regulators (Brigstock,
2002) and has a putative role in endometrial repair. Data herein
demonstrate maximal CTGF mRNA expression in menstrual phase
endometrium. CTGF protein showed intensely positive immunohisto-
chemical staining during the proliferative phase, which was significantly
elevated in glandular epithelial, surface epithelial and stromal cells
when compared with the mid-secretory phase. This is the first de-
scription of CTGF mRNA expression and protein staining intensity
in human endometrium from all stages of the menstrual cycle, includ-
ing at menstruation. A previous study immunolocalized human endo-
metrial CTGF to epithelial, stromal and endothelial cells but did not
examine endometrium from the menstrual phase (Uzumcu et al.,
2000). In contrast to findings described herein, Uzumcu et al (2000)
found minimal staining of stromal cells in proliferative tissue and main-
tenance of epithelial staining throughout the secretory phase. These
differences may be explained by varying antibody specificities or by
the classification of endometrial tissue studied. We have carefully
staged the tissues used in this study based on reported day of cycle,
serum ovarian hormone levels on the day of biopsy and histological
dating. Other members of the CCN family also show significant
variation in human endometrial expression across the cycle. The
pro-angiogenic factor cysteine rich protein 61 (CYR61) was found
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to be significantly elevated during menses (Gashaw et al., 2008) and
authors proposed it contributes to repair, growth and maturation of
the endometrial vasculature after menstruation.

The mechanism by which CTGF exerts its effects remains undefined
at a molecular level, therefore examination of receptor expression for
this factor was not possible. CYR61 (a member of the CNN family)

has been shown to bind to integrin anb3 to mediate cell adhesion
and migration (Kireeva et al., 1998) and CTGF may elicit its biological
effects in a similar manner. Alternatively, it has been proposed that the
CCN family may not signal exclusively via cell surface receptors but
rather are a component of the ECM, bridging the functional gap
between structural and active molecules (Lau and Lam, 1999).

Figure 2 CTGF immunohistochemical staining in human endometrium from across the menstrual cycle: (A and B) menstrual phase endometrium,
(C and D) proliferative phase endometrium, (E and F) mid-secretory phase endometrium, (G) negative control menstrual endometrium, incubated
with the primary antibody pre-absorbed with blocking peptide and (H) intense staining of occasional cells (arrows) in the stromal cell compartment of
proliferative endometrium. Scale bar ¼ 50 mm. Arrows, endothelial cells; GE, glandular epithelial cells; St, stromal compartment.
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Other components of the ECM are known to have a fundamental role
in the repair process and have a similar endometrial pattern of expres-
sion to that of CTGF. Fibronectin (FN) is a large glycoprotein that
interacts with specific integrins to enhance cell adhesion and migration
during wound repair (Kim et al., 1992). Utilizing the ovariectomized
rhesus macaque model, Cao et al. (2007) demonstrated a 50-fold in-
crease in FN expression from the secretory to the menstrual phase
alongside a 17-fold increase in its receptor, integrin-b1. Real-time

PCR, in situ hybridization and immunohistochemistry confirmed
these findings and localized the increase in FN expression to the
uppermost endometrial glands and luminal epithelium. Significant
increases in adhesive molecules, such as CTGF and FN, in the func-
tional layer of the endometrium at this time implicate involvement in
surface healing post-menstruation.

Interestingly, we observed intense CTGF immunostaining of occa-
sional stromal cells during the proliferative phase. Dual staining immu-
nohistochemistry identified these cells as macrophages. Macrophages
have a fundamental role in the inflammatory response and are often
found at sites of intense tissue remodelling. They have been detected
in the endometrium throughout the menstrual cycle (Bonatz et al.,
1992) with a significant influx during the late secretory phase
(Kamat and Isaacson, 1987). The importance of endometrial leuko-
cytes in post-menstrual repair has been demonstrated in the mouse
model of menstruation. Neutrophil depletion using the antibody
RB6-8C5 markedly delayed endometrial repair when examined 48 h
after progesterone withdrawal versus control animals (Kaitu’u-Lino
et al., 2007). The role of macrophages during endometrial repair is
still to be fully defined but macrophage depletion in the mouse
model of endometriosis suggests a crucial role in growth and vascular-
ization (Bacci et al., 2009). Detection of CTGF within endometrial
macrophages is thought to be of an endocytotic nature from the sur-
rounding environment where it potentially acts as a chemoattractant
to peripheral mononuclear cells (Cicha et al., 2005). CTGF may be
involved in the influx of macrophages to the endometrium during
the latter stages of the menstrual cycle. There is recent evidence sug-
gesting communication between macrophages and stromal cells in the
human endometrium (Eyster et al., 2010). Endometrial stromal cells
co-cultured with macrophage cell supernatant demonstrated signifi-
cantly increased expression of CTGF over those cultured with
vehicle. Moreover, this response was found to be abrogated in the
presence of estradiol and progesterone. Hence, endometrial macro-
phages may contribute to the significant increase in stromal cell ex-
pression of CTGF at the time of menstruation, when ovarian
hormone levels are low.

Hypoxia and the induction of repair
Herein we have demonstrated a significant increase in CTGF mRNA
after exposure of endometrial epithelial cells and endometrial tissue
explants to hypoxic conditions. The timing of increased CTGF in re-
sponse to hypoxia was different in endometrial cells and tissue
explants, with cells demonstrating a rapid response and tissue main-
taining increased CTGF expression at 24 h. This may reflect the het-
erogeneous cell population that constitutes endometrial tissue.
Tissue explants allow maintenance of cell–cell communication in
vitro, mimicking the in vivo scenario more accurately than single cell
culture.

It is postulated that a period of transient hypoxia occurs in vivo in
the uppermost endometrial zones as spiral arterioles constrict follow-
ing progesterone withdrawal. An early study in the rhesus monkey
(Markee, 1940) revealed intense endometrial vasoconstriction, tissue
necrosis and menstruation following progesterone withdrawal. More
recently, the use of pimonidazole (hydroxyprobew), a marker of
oxygen partial pressures ,10 mmHg, in the mouse model identified
the presence of hypoxia during simulated menstruation (Fan et al.,

Figure 3 Semi-quantitative scoring of human endometrial CTGF
immunohistochemical staining across the menstrual cycle. (A) Glan-
dular epithelial cells, (B) surface epithelial cells and (C) the stromal
cell compartment. KW, Kruskal–Wallis statistical test (*P , 0.05,
**P , 0.01, ***P , 0.001).

Connective tissue growth factor in human endometrium 1117
D

ow
nloaded from

 https://academ
ic.oup.com

/hum
rep/article-abstract/27/4/1112/679164 by Edinburgh U

niversity user on 27 February 2020



2008). In contrast, negligible levels of pimonidazole were observed by
Day 5 after progesterone withdrawal. Furthermore, markers of tissue
hypoxia (CAIX and hypoxia inducible factor-1a) have been detected
immunohistochemically in the human endometrium during menstru-
ation, with a distinct reduction in staining of both markers after
cycle Day 5 (Critchley et al., 2006; Punyadeera et al., 2006).

Prostaglandins and the induction of repair
We also demonstrate significant increases in CTGF mRNA and
protein expression in endometrial cells after incubation with PGE2

and PGF2a. These results contrast with findings in rat fibroblast cells
and human airway smooth muscle cells, where PGE2 treatment
decreased CTGF mRNA expression (Yu et al., 2002; Burgess et al.,
2006); highlighting the cell and tissue-specific nature of CTGF induc-
tion. We have demonstrated a synergistic increase in CTGF mRNA
expression in endometrial cells treated with PGE2 and hypoxia simul-
taneously. Both PGE2 and PGF2a have previously been shown to in-
crease endometrial epithelial cell CYR61 mRNA expression
(Gashaw et al., 2008). Furthermore, a synergistic increase with both
hypoxia and PGE2 was also demonstrated for this other member of
the CCN family. Of note, CTGF mRNA was not increased in response

to PGE2/F2a in endometrial tissue explants examined herein. This may
be explained by a lack of FP receptors (the PGF2a receptor) in human
endometrial stromal cells (Milne and Jabbour, 2003), which may mask
any epithelial increase in CTGF mRNA in whole tissue explants. Alter-
natively, the response of endometrial tissue to PG exposure in vitro
may occur at a different time point. Owing to the limitations of
human tissue availability, time-course experiments could not be
performed.

As hypoxic conditions and increased PG synthesis have been
demonstrated in the premenstrual endometrium following progester-
one withdrawal, these factors may have an important role in the induc-
tion of CTGF. Their independent and synergistic actions may provide
a robust mechanism for the stimulation of endometrial repair.
Transforming growth factor (TGF)-b is well established as a transcrip-
tional regulator of CTGF in other cell types (Harlow et al., 2002;
Higgins et al., 2004). The role of TGF-b and other inflammatory med-
iators in endometrial CTGF expression remains to be determined.

Conclusions
This paper describes maximal CTGF levels in the menstrual and pro-
liferative endometrium; a time consistent with endometrial repair. We

Figure 4 Dual staining immunolocalization of CTGF and CD68 in endometrium from the proliferative phase: (A) nuclei staining in blue, (B) CD68
staining in green, (C) CTGF staining in red and (D) dual staining for CD68 (green) and CTGF (red) showing co-localization of CTGF in macrophage
cells.
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Figure 5 The regulation of CTGF by hypoxia and prostglandins. (A) CTGF mRNA expression in EP2S cells treated with vehicle or 100 nM PGE2 for
up to 48 h in normoxic conditions (n ¼ 3). (B) CTGF mRNA expression in EP2S cells cultured in normoxic and hypoxic conditions for up to 48h
(n ¼ 3). (C) CTGF mRNA expression in EP2S cells treated with 100 nM PGE2 and/or hypoxia for 2 h (n ¼ 3). (D) Secreted CTGF protein levels
in EP2S cell culture supernatant at 6 h (n ¼ 3). (E) CTGF mRNA expression in FPS cells treated with 100 nM PGE2 and/or hypoxia for 6 h
(n ¼ 3). (F) Secreted CTGF protein levels in FPS cell culture supernatant at 24 h (n ¼ 3). (G) CTGF mRNA in endometrial tissue explants from
the proliferative phase treated with vehicle, 100 nM PGE2, 100 nM PGF2a or hypoxia (n ¼ 3). (H) CTGF mRNA in endometrial tissue explants
from the secretory phase treated with vehicle, PGF2a, PGE2 or hypoxia (n ¼ 3). N, normoxia (21% O2), H, hypoxia (0.5% O2); V, ethanol
vehicle; PG, prostaglandin (*P , 0.05, **P , 0.01, ***P , 0.01). Fold changes are relative to findings in vehicle-treated controls in normoxic conditions.
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describe the induction of CTGF by PGE2, PGF2a and hypoxic condi-
tions and suggest these factors have a role in the perimenstrual endo-
metrium to up-regulate CTGF expression for endometrial repair.
Further studies are required to determine if aberrations in perimenstr-
ual PG production or vasoconstriction lead to decreased CTGF levels
and delayed repair, resulting in the clinical complaint of heavy or pro-
longed menstrual bleeding.
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The Journal of Immunology

Uterine NK Cells Regulate Endometrial Bleeding in Women
and Are Suppressed by the Progesterone Receptor Modulator
Asoprisnil

Julia Wilkens,* Victoria Male,†,1 Peter Ghazal,‡ Thorsten Forster,‡ Douglas A. Gibson,*

Alistair R. W. Williams,* Savita L. Brito-Mutunayagam,* Marie Craigon,‡

Paula Lourenco,* Iain T. Cameron,x Kristof Chwalisz,{ Ashley Moffett,†,2 and

Hilary O. D. Critchley*,2

Uterine NK cells (uNK) play a role in the regulation of placentation, but their functions in nonpregnant endometrium are not

understood. We have previously reported suppression of endometrial bleeding and alteration of spiral artery morphology in

women exposed to asoprisnil, a progesterone receptor modulator. We now compare global endometrial gene expression in asoprisnil-

treated versus control women, and we demonstrate a statistically significant reduction of genes in the IL-15 pathway, known to play

a key role in uNK development and function. Suppression of IL-15 by asoprisnil was also observed at mRNA level (p < 0.05), and

immunostaining for NK cell marker CD56 revealed a striking reduction of uNK in asoprisnil-treated endometrium (p < 0.001). IL-15

levels in normal endometrium are progesterone-responsive. Progesterone receptor (PR) positive stromal cells transcribe both IL-15

and IL-15RA. Thus, the response of stromal cells to progesterone will be to increase IL-15 trans-presentation to uNK, supporting

their expansion and differentiation. In asoprisnil-treated endometrium, there is a marked downregulation of stromal PR expression

and virtual absence of uNK. These novel findings indicate that the IL-15 pathway provides a missing link in the complex interplay

among endometrial stromal cells, uNK, and spiral arteries affecting physiologic and pathologic endometrial bleeding. The Journal

of Immunology, 2013, 191: 2226–2235.

U
terine NK cells (uNK) are the major leukocyte population
in nonpregnant secretory endometrium and decidua during
the first trimester of pregnancy (1). These cells develop and

mature in the nonpregnant endometrium to acquire phenotypic and
functional properties distinguishing them from peripheral blood NK
cells (pNK). Evidence is accumulating from genetic and functional

studies that function of uNK in pregnancy is to regulate placentation
(2, 3). Recent data suggest that uNK contribute to the initial stages
of remodeling of uterine spiral arterioles in the early stages of
pregnancy before the more dramatic destruction of the media by
invading trophoblast cells (4). This important observation is per-
tinent to pregnancy pathologies such as preeclampsia and fetal
growth restriction in which the failure of spiral artery remodeling
is implicated in disease pathogenesis.
In contrast, little is known about the function of uNK in the

normal cycling endometrium. They are sparse in the estrogen-
dominated follicular phase, but then vigorously proliferate in the
luteal phase after ovulation when circulating progesterone levels
increase, leading to a dense accumulation of uNK in the stroma in
the late secretory phase (5, 6). Menstrual breakdown occurs a few
days later unless the corpus luteum is maintained by a pregnancy,
in which case, progesterone levels continue to rise and the en-
dometrium is transformed to decidua. We have proposed that uNK
have a homeostatic role in this crucial switch between menstruation
and decidualization because they die a few days premenstrually,
coincident with involution of the corpus luteum and falling pro-
gesterone levels (7). Indeed, many studies indicate that uNK may
initiate arterial remodeling and maintain vascular stability (2, 4,
8–10). Menstrual bleeding complaints affect quality of life and
comprise a substantial societal burden, including major effects on
health care use and costs (11, 12). Thus, how endometrial bleeding
is controlled in normal and pathologic states and how uNK con-
tribute to this are important questions.
Progesterone receptor (PR) modulators, including PR antago-

nists and compounds with partial and mixed progesterone agonist
and antagonist activity, have been developed over the last decade as
primary therapeutics for a number of indications (13). Asoprisnil,
a progesterone receptor modulator (PRM) (14), has been evaluated
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as a treatment for heavy menstrual bleeding, uterine fibroids, and
endometriosis (15). Marked, dose-dependent suppression of uter-
ine bleeding has been the most profound and consistently reported
clinical effect of asoprisnil, both in healthy premenopausal women
(16) and in patients with heavy menstrual bleeding associated with
uterine fibroids (14). The exact mechanism of action of asoprisnil
on the endometrium remains to be established, but the most striking
histological effect is on the spiral arteries (17), which appear un-
usually prominent because of abnormally thick muscular walls.
This effect seems to be specific to asoprisnil, because it has not been
observed with other PRMs, including mifepristone. Expression
of PR is normally abundant in endometrial stroma, especially in
perivascular cells (18, 19), so that asoprisnil might initiate these
striking changes by affecting stromal PR expression; an effect via
alteration of uNK function is also possible. Uterine NK cells do not,
however, express the PR (20); therefore, any PR-associated regu-
lation of function will be indirect. IL-15 is crucial in the regulation
of uNK development, expansion, and maturation and is highly
expressed in perivascular stromal cells in the nonpregnant endo-
metrium where uNK cluster (21, 22).
To investigate the mechanisms by which asoprisnil exerts its

profound suppression of uterine bleeding, we used a whole genome
expression array to study gene expression profiles in asoprisnil-treated
versus placebo-treated patients with bleeding owing to symp-
tomatic uterine fibroids. Robust statistical and stringent threshold
analysis identified 245 genes, predominantly associated with immune-
inflammatory genes. Based on a statistical pathway analysis for
functional enrichment of these genes, the IL-15 pathway was iden-
tified as the principal network altered upon asoprisnil treatment.
Many of the downregulated genes fed into the IL-15 pathway,
known to have a key role in uNK development and function (23).
We therefore examined uNK distribution in the endometrium of
asoprisnil-treated women and found that uNK were substantially
reduced or absent. It is notable that these women also reported a
dramatic reduction or absence of menstrual bleeding (14). These
data provide convincing evidence to support a pivotal role for an
IL-15–uNK axis in the regulation of endometrial bleeding.

Materials and Methods
Sample collection

Studies with asoprisnil-exposed endometrium. Samples of endometrium
exposed to asoprisnil were derived from a phase II, multicenter, randomized,
double-blind, placebo-controlled study of asoprisnil administration in pre-
menopausal patients with symptomatic uterine fibroids scheduled for hys-
terectomy, as described previously (14, 17). Subjects received oral doses of
asoprisnil (10 mg, 25 mg, or placebo) once daily for 12 wk until hyster-
ectomy. The study protocol was approved by the Multicentre Research
Ethics Committee (LREC/2002/6/17). Endometrial tissue was collected at
hysterectomy and preferably obtained from areas not overlying any fibroids.
Samples were processed for RNA extraction and immunohistochemistry.

Studies with normal endometrium. IL-15 mRNA expression was assessed
(use of SYBR green-based quantitative real time PCR [QRT-PCR]) in
endometrium from women not exposed to asoprisnil. Samples of normal
endometrium (menstrual, n = 7; proliferative, phase n = 11; secretory phase,
n = 16) were obtained from women with normal menstrual cycles and no
endometrial pathology attending Addenbrooke’s Hospital, Cambridge for
sterilization. Patients with endometriosis, fibroids, or a history of exogenous
hormone administration were excluded.

Studies with isolated human endometrial stromal cells. Human endometrial
tissue specimens were obtained from women undergoing surgery for non-
malignant gynecologic conditions; written informed consent was obtained
from all subjects prior to surgery, and ethical approval was granted by the
Lothian research ethics committee (LREC/05/51104/12; LREC/10/51402/59.)

Studies with first-trimester decidua. Samples of first-trimester decidua were
obtained from women undergoing elective surgical termination of pregnancy
in the first trimester at Addenbrooke’s Hospital. All patients provided
informed consent. Peripheral blood was collected by venipuncture of
healthy volunteers, with informed consent. Blood was layered directly onto

Lymphoprep (Nycomed, Oslo, Norway) and centrifuged (7003 g, 20 min)
to enrich leukocytes. The interface was collected and washed in PBS. The
study was approved by Cambridge Local Research Ethics Committee, study
number 04/Q0101/23.

Sample preparation

RNA extraction and quality assessment for gene microarray. RNA was
extracted from endometrial samples and collected from women exposed to
asoprisnil, as described previously (20). Quality and integrity of each RNA
sample was checked with the Agilent 2100 Bioanalyser (Agilent, Santa
Clara, CA) according to manufacturer’s instructions and the RNA integrity
number (RIN) determined. Only samples with an RIN . 8.5 were pro-
cessed for further analysis. Prior to full array analysis, RNAwas subjected
to the Affymetrix Test3 Array (Affymetrix, Santa Clara, CA) to exclude
degraded samples with insufficient target.

Decidualization of isolated human endometrial stromal cells. Human endo-
metrial stromal cells (ESCs) were isolated from tissue specimens following
collagenase and DNAse digestion as described previously. ESCs were sub-
sequently maintained in vitro at 37˚C under 5% CO2 in air for a maximum
of four passages and cultured in RPMI 1640 media (Sigma) supplemented

FIGURE 1. Expression of PR is altered after treatment with asoprisnil.

(A) Control secretory endometrium with strong expression of progesterone

receptor (PR) in the endometrial stromal cells (S) and negligible expres-

sion in glandular epithelium (G). (B) PR expression is lost in endometrial

stroma (S) and is upregulated in both surface and glandular epithelium (G)

in asoprisnil-treated endometrium. Arrows indicate spiral arteries. (C and

D) The effect of asoprisnil on CD56+ uNK and spiral arteries. Endometrial

samples are immunostained for CD56+ uNK. (C) CD56+ uNK are scattered

throughout stroma in placebo-treated control secretory phase endometrium.

(D) Virtually no CD56+ cells are observed following treatment with aso-

prisnil. (E and F) Endometrium samples stained for aSMA expression and

collagen. (E) aSMA expression in spiral artery after treatment with 25 mg

asoprisnil shows thickening of the media. (F) Collagen in spiral arteries after

treatment with 10 mg asoprisnil shows thickening of the arterial wall. (G)

aSMA expression in spiral artery in normal secretory phase endometrium.

(H) Collagen in spiral arteries in normal secretory phase endometrium.

Scale bar, 50 mm.
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with 10% FCS (Cat. No. 10082-147; Invitrogen), 10 ml/L penicillin/
streptomycin (10,000 U penicillin and 10 mg streptomycin per 1 ml solution;
Cat. No. P-4333; Sigma), 2 mM L-glutamine (Cat. No. G-7513; Sigma), and
2.5 mg/ml Fungizone (Cat. No. 15290-018; Invitrogen). Prior to experi-
mentation, ESCs were transferred to medium that contained phenol-red
free RPMI 1640 and charcoal-stripped FCS but otherwise supplemented
as previously described for 48 h. FCS was charcoal stripped to remove
endogenous steroids. Prior to decidualization ESCs were transferred to
serum-depleted media (as above but 2% FCS) for 24 h. Decidualization
was induced by adding decidualization media (RPMI 1640, 2% FCS,
0.1 mg/ml 8-Br-cAMP, and 1 mM progesterone) for up to 8 d. Control cells
were incubated with vehicle (DMSO). Concentrations of IL-15 mRNAwere
determined using Taqman QRT-PCR.

Purification of immune cells from first-trimester decidual tissue. Cells were
isolated from the decidua as described previously (24). Cells were then
plated down on plastic for 2 h in RPMI 1640 medium plus 10% FCS.
The nonadherent cells were stained for CD3 and CD56 and flow sorted

on CD3+CD562 cells (T cells) and CD32CD56+ cells (NK cells). Adherent
cells were harvested by trypsin digestion (5 min, 37˚C), stained for HLA-
DR and CD10, and sorted on HLA-DR+CD102 cells (myeloid APCs) and
HLA-DR2CD10+ cells (stroma) (23). Trophoblast cells were cultured over-
night as described (24), harvested by trypsin digestion (5 min, 37˚C), stained
for HLA-G and CD14 (macrophage marker), and sorted on HLA-G+CD142

extravillous trophoblast (EVT) cells.

Sample analyses

Microarray analysis and data processing. Endometrial samples from placebo
(n = 6), 10 mg asoprisnil (n = 11) and 25 mg asoprisnil (n = 10) treat-
ments were hybridized to 27 microarrays. The array platform used was the
Affymetrix Human Genome U133 plus 2.0 (www.affymetrix.com/support/
technical/datasheets/human) whole human genome expression array. The
microarray data were processed according to the following approaches.
Between-array normalization followed a standard Robust Multi-array Aver-
age model, providing background-corrected, quantile-normalized, gene-level

FIGURE 2. Gene expression following

administration of asoprisnil centers on IL-15.

Heat map for hierarchical clustering of 245

statistically significant (adjusted p # 0.05)

and highly upregulated or downregulated

($5-fold) genes in comparisons of pla-

cebo with 10 mg asoprisnil or placebo with

25 mg asoprisnil. Data were derived from

endometrial samples. This heat map repre-

sents an overview of gene expression pat-

terns contained among the set of significant

genes; it is not an independent machine

learning analysis of the complete data set.

Blue represents low expression, and red

represents high expression. Treatment group

is shown in the top gray bar; light gray =

placebo; dark gray = 10 mg asoprsinil; black =

25 mg asoprisnil. Hierarchical clustering

was performed on genes, not on samples.

Dendrogram branches partition genes into

sets with similar gene expression across all

samples in the study. Row labels are Affy-

metrix probe IDs followed by official gene

symbol.
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agglomerated and log2-transformed expression values. A nonspecific filtering
step was applied, removing probes that either fell below a threshold of de-
tection or did not vary across samples. The corresponding filtering parameters
were Affymetrix “present” or “marginal” calls in at least three arrays and
variation greater than or equal to median Interquartile range estimate across
all samples. After filtering, 26,111 of 54,675 probes on the chip were used as
the analysis set. For statistical analysis of endometrial samples, a basic cell
means model was fitted for each gene probe, with contrasts extracted for
10 mg asoprisnil versus placebo and 25 mg asoprisnil versus placebo. The
model was enhanced by empirical Bayes shrinkage of SEs of genes toward
a combined value. In this analysis, significance estimates for gene probes
were corrected for multiple testing by the method described by Benjamini
and Yekutieli (25). The data discussed in this publication have been de-
posited in the National Center for Biotechnology Information Gene Expression
Omnibus (26) and are accessible through GEO Series accession number
GSE47577 (http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE47577).

All genes showing a significance of p , 0.05 and .5-fold change between
placebo and asoprisnil were also subjected to gene ontology enrichment
analysis. Pathway analysis and network clustering used DAVID (http://david.
abcc.ncifcrf.gov), KEGG (http://www.genome.jp/kegg/pathway.html) and
IPA (Ingenuity) knowledge databases and software tools, applying a hyper-
geometric test of significance for pathway membership. In addition, Pearson
correlation, biclustering, and K-means clustering and network analysis of
coregulated genes were used to explore how differentially regulated genes
correlated and how their concerted alteration contributes to a particular
biological process.

QRT-PCR. TaqMan QRT-PCR was used to determine the concentrations
of target mRNAs, identified in the gene microarray derived from endo-
metrial samples from women exposed to asoprisnil, according to standard
protocols (20). The PCR reaction was run on the ABI Prism 7900 (Applied
Biosystems, Life Technologies, Foster City, CA) using standard conditions.
Messenger RNAs encoding IL-15 and the uNK marker CD56 (NCAM1)
were evaluated (Table I).

For the SYBR green–based QRT-PCR, the reaction consisted of 1x Blue
QPCR SYBR Green Low ROX Mix (Thermo Fisher Scientific, Waltham,
MA), 1 mL template cDNA, 70 nM forward, and reverse primers made
up to 20 mL in ultrapure water. All reactions were run in triplicate, and
a melt curve was run to check product purity. Relative concentrations of
DNA present during the exponential phase of the reaction were determined
using the DCt method, comparing unknowns to a standard curve. Results
for each sample were normalized to 18S RNA.

IL-15 trans-presentation assays. Total decidual or peripheral leukocytes
were incubated with CD56 Microbeads (1 ml of beads per 106 cells, 15 min,
4˚C; Miltenyi Biotec, Bergisch Gladbach, Germany) and NK cells enriched
magnetically. NK cells were then cultured for 5 d at 50,000–100,000 cells/well
of a 24-well plate in 2 ml RPMI 1640 medium plus 10% FCS with 0.5 ng/ml
recombinant human IL-15 (Peprotech) or 10 ng/ml IL-15Ra-Fc fusion
protein (R&D Systems) or both. When both IL-15 and IL-15Ra-Fc were

added, they were preincubated together for 2 h to allow complexes to form.
At the end of the culture period, the cells were counted, excluding dead
cells using trypan blue, and replated in 200 mL RPMI 1640 medium plus
10% FCS at 100,000 cells/well of a 96-well plate, with the addition of
0.037 MBq tritiated thymidine (Amersham Biosciences, Amersham, U.K.)
and cultured for an additional 16 h. Thymidine incorporation was assessed
by measuring counts per minute.

Immunohistochemistry: PR and CD56 immunolocalization. Immunohisto-
chemistry was performed according to standard protocols with Ag retrieval
in 0.01 M sodium citrate (27). The Bond-X Staining System (Leica, Milton
Keynes, Bucks, U.K.) was used for further processing (27). mAbs to
CD56 (1:200; Zymed Laboratories, San Francisco, CA) and to PR (1:400;
Novocastra-Leica, Milton Keynes) together with negative control, isotope-
matched mouse serum (MIgG1; Sigma-Aldrich, St. Louis, MO) at matched
IgG concentrations. The automated staining process was completed according
to the Bond Polymer Define Detection Kit (Leica Microsystems) 3h protocol
per the manufacturer’s instructions. The intensity and frequency of positively
immunostained uNK (CD56+) in the endometrial stroma was quantified.
CD56 immunostained tissue sections were observed under a Leitz DMRB
research microscope under bright field illumination using a Q-imaging Qicam
FAST-1394 digital camera and a Prior motorized stage. Media Cybernetics
Image-Pro Plus software with a stereology module was used to tile areas
of endometrium using a 43 objective. From the tiled overview image, a
representative area of interest was delineated by the operator and 10 random
fields were then acquired via software at original magnification 340. CD56+

cells were counted over the 10 frames. Results were unblinded at the end
of the count.

Histologic staining for a smooth muscle actin and collagen. To identify
components of the arterial walls, an mAb to a smooth muscle actin (aSMA)
was used (1:5000; no. A-2547; Sigma-Aldrich) (28). Masson trichrome stain
was used to identify collagen (29).

Statistical analyses

Each group of asoprisnil-treated subjects (10 and 25mg) was comparedwith
the subgroup of placebo-treated subjects who had undergone hysterectomy
in the secretory phase of their menstrual cycle. These were determined by
histologic examination (17) and correlated with patients’ menstrual diaries
(14). Samples from the progesterone-dominated cycle phase were deemed
most appropriate for comparison with samples following treatment with
asoprisnil. A comparison of treatment groups as well as analysis of im-
munohistochemical protein expression was completed by applying the
Wilcoxon rank sum test, with statistical significance determined at 0.05
using the Hochberg multiple comparison procedure.

For QRT-PCR of IL-15 and IL-15RA across phases of the menstrual
cycle and cell types, significant differences were detected using the Kruskal–
Wallis test. When differences were detected, pairwise comparisons were then
made using the Mann–Whitney U test. For IL-15 trans-presentation assays,
paired samples, cultured either with or without IL-15Ra, were compared
using the Wilcoxon signed ranks test.

Results
Asoprisnil downregulates PR expression in endometrial stroma

Endometrial samples from 33 subjects were examined for immu-
nolocalization of PR (10, 12, and 11 patients had received placebo,
10 mg asoprisnil, and 25 mg asoprisnil, respectively, as reported
previously) (14). Control secretory phase endometrium (from
women who received placebo) exhibited the characteristic strong
expression of PR in the endometrial stroma with negligible ex-
pression in glandular epithelium (Fig. 1A). In contrast, exposure
of endometrium to asoprisnil (25 mg) resulted in virtual complete
loss of stromal PR expression. PR expression was also suppressed

Table I. Sequences for quantitative amplification by TaqMan QRT-PCR

Transcript Sequence (59 to 39)

CD56 (Biosource International)
Forward primer CTCCACCCTCACCATCTAT
Reverse primer TCGCCTGTAACCACACACT
Probe CAACATCGACGACGCCGG

IL-15 (Universal Probe Library)
Forward primer CAGATAGCCAGCCCATACAAG
Reverse primer GGCTATGGCAAGGGGTTT
Probe ATGGCTGC

Sequences used for quantitative amplification of CD56 and IL-15 by TaqMan
QRT-PCR.

Table II. Gene expression in asoprisnil-treated endometrium, compared to placebo

Asoprisnil
10 mg

Asoprisnil
25 mg Significant for Both Doses

.5-fold up from placebo 30 68 19

.5-fold down from placebo 88 162 84
Total number of genes upregulated or downregulated 118 230 103

Number of endometrial genes with statistically significant 5-fold upregulation or downregulation compared with placebo
using a p value level of 0.05. Details are available in Supplemental Table I.
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in perivascular cells by both doses of asoprisnil compared with
placebo (Fig. 1B). Conversely, PR expression was significantly up-
regulated in both surface and glandular epithelium in asoprisnil-
exposed endometrium (Fig. 1B). To our knowledge, this dramatic
switch in the distribution of PR expression from stroma to glan-
dular epithelium in response to a PRM has not been reported
previously.

Asoprisnil downregulates the expression of genes associated
with endometrial immune cell function

To gain further insight into asoprisnil-mediated PR effects, genome-
wide molecular profiling was used to provide an informative un-
biased approach to identify the response of endometrial tissue to
asoprisnil treatment. Microarray analysis of endometrial samples
from the same 33 patients was performed (14). Twenty-seven of
the 33 endometrial RNA samples (n = 6 placebo [secretory]; n = 11
asoprisnil 10 mg; n = 10 asoprisnil 25 mg) were of suitably high
quality (RIN . 8.5; mean RIN = 9.35) for analysis. Two hundred
forty-five genes were significantly (p # 0.05 after multiple testing
correction) upregulated or downregulated 5-fold or greater in either
or both treatment groups (10 and 25mg asoprisnil) compared with
placebo. Fig. 2 provides an overview of this gene set in the form of

a heat map representing gene expression levels and their similarity
across all samples and treatment groups.
The overall trend was a marked suppression of gene expression

(166 genes), and gene ontology enrichment analysis of this set
showed a significant overrepresentation of genes characteristic
of NK cells, notably IL-15, IL-2RB, GZMB, NKG7, and GNLY.
The downregulation of many genes was dose dependent (Table II
and Supplemental Table 1), which is indicative of an association
with drug action. Subsequently, 245 genes with significant differ-
ential change in expression were analyzed for association with bi-
ological functions using pathways and network analysis. Discrete
biological networks of interacting genes can be integrated to test
for connectivity and overlap. In this regard, integration of the net-
works associated with 166 downregulated genes uncovered IL-15
in the center of an immune mediator axis in the downregulated
genes (Fig. 3).

Asoprisnil downregulates endometrial expression of IL-15 and
dramatically reduces uNK numbers

To validate the microarray experiments, QRT-PCR was performed
on endometrial tissue samples to evaluate the effects of asoprisnil
on IL-15. Sequences for QRT-PCR are described in Table I. IL-15

FIGURE 3. Biological networks associated with immune cell function and apoptosis predominantly affected by asoprisnil. Most genes within networks

are significantly downregulated (green); only few are upregulated (red). Central to the network and notably downregulated is IL-15.
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mRNA expression was significantly downregulated by 25 mg aso-
prisnil compared with placebo (secretory) samples (Fig. 4A).
Because of the clear influence of IL-15 on NK cell development

and function, we investigated how uNK numbers were affected
by asoprisnil using immunohistochemistry to identify CD56+ cells.
Fig. 1C shows the typical distribution of uNK in the normal se-
cretory phase scattered throughout the stroma. In contrast, CD56+

uNK cells were absent or dramatically reduced following treatment
with asoprisnil (25 or 10 mg) compared with placebo (Figs. 1D, 5).
The three samples in the placebo group that had only small numbers
of CD56+ uNK, were histologically dated as early secretory phase,
which is before the major expansion of uNK (Fig. 5).

Asoprisnil alters endometrial vascular architecture

We examined the histological components of the endometrial spiral
arteries (17); following asoprisnil administration, they exhibit an
unusual appearance with abnormally thick muscular walls. aSMA is

normally expressed only in the tunica media of arteries and arte-
rioles, whereas collagen is localized in the tunica adventitia. Mor-
phologic analysis of asoprisnil-treated endometrium showed that
aSMA staining was increased within the tunica media and detected
in the tunica adventitia (Fig. 1E). Within the clusters of thick-walled
arterioles, increased collagen was found in both the tunica adventitia
and tunica media following administration of asoprisnil (Fig. 1F).
Neither effect on aSMA or collagen was dose-dependent. Figs. 1G
and 1H illustrate the histologic appearance of normal endometrial
spiral arteries in the secretory phase.

Endometrial IL-15 expression correlates with progesterone
levels

To investigate whether IL-15 is induced by progesterone and to
determine when IL-15 signaling to uNK cells mainly occurs, we
measured the IL-15 transcript in endometrial samples taken through-
out the normal menstrual cycle and the first trimester of pregnancy.

FIGURE 4. (A) IL-15 mRNA is downregulated after treatment with asoprisnil. Endometrial IL-15 mRNA expression was measured by QRT-PCR in

placebo-treated secretory phase endometrial samples and samples from women treated with 10 or 25 mg asoprisnil. IL-15 mRNA expression was sig-

nificantly downregulated (p , 0.05) by 25 mg asoprisnil compared with placebo (secretory) phase samples. (B) IL-15 expression throughout the menstrual

cycle and early pregnancy. Total RNAwas extracted from endometrial or decidual samples. IL-15 expression levels were measured with QRT-PCR, relative

to those of 18S RNA. Samples are arranged by menstrual cycle phase or first-trimester decidua. Menstrual, n = 7; proliferative, n = 11; secretory, n = 16;

decidua, n = 6. (C and D) APCs and stromal cells are the main IL-15– and IL-15RA–expressing cells in first-trimester decidua. Total RNA was extracted

from highly purified decidual NK cells, T cells, APCs, stromal cells and HLA-G+ EVT isolated by flow sorting. IL-15 (C) and IL-15RA (D) expression

levels were measured by QRT-PCR, relative to those of 18S RNA. Medians and interquartile ranges are shown. Groups that are not significantly different

from each other (p . 0.05) are indicated with the same lowercase letter. Trophoblast is not marked with a letter because the number of samples was insufficient

for statistical testing. (E) In vitro modeling of the secretory endometrium reveals that IL-15 concentrations are significantly increased in response to

decidualization. Human endometrial stromal cells were decidualized in vitro, and expression levels of IL-15 were measured with QRT-PCR, relative

to those of 18S RNA. In decidualized ESCs (DEC), IL-15 is significantly increased compared with vehicle control (Ctrl) after 2 d (n = 4; p , 0.001),

with 8-fold increase in expression. IL-15 is also increased after 1, 4, and 8 d decidualization (n = 4; p , 0.01, p , 0.001, and p , 0.01, respectively). AU,

Arbitary units.
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IL-15 transcripts were low in the menstrual and proliferative phases,
increased in the secretory phase, and higher still in first-trimester
decidua (Fig. 4B). In addition, the nonpregnant endometrial secre-
tory phase was modeled in vitro, and the response of primary human
endometrial stromal cells decidualization media (progesterone plus
cAMP) was examined for IL-15 production. Significant increases
in IL-15 mRNA expression were demonstrated (Fig. 4E). As a result,
we can confirm that levels of IL-15 mRNA increase in response to
progesterone, consistent with previous reports (30–32).

uNK respond to IL-15 trans-presentation by stromal cells and
APCs

To investigate whether uNK respond to trans-presented IL-15,
we used an assay first developed in mice and recently adapted
for ex vivo use on human pNK (33, 34). In this assay, CD56+ NK
cells (Fig. 6A, 6B) were cultured with recombinant human IL-15,
which has been preincubated to form complexes with IL-15Ra–Fc
fusion protein mimicking the effect of IL-15 trans-presentation.
As a positive control, we first replicated experiments on the effect
of the complexes on pNK from nonpregnant donors. After 5 d, there
were significantly more cells and slightly more thymidine incor-
poration in the cultures with complexes than in those with IL-15
only (Fig. 6C, 6D). The 1.7-fold median expansion of cells ob-
served in the trans-presentation condition, compared with soluble
IL-15, is consistent with the 2-fold mean expansion previously
reported (34). The results of the assay assessing cell culture growth
in the presence of soluble IL-15 versus complexes with IL-15Ra–Fc
fusion protein were similar for uNK and pNK. Significantly higher
cell numbers and thymidine incorporation were present after cul-
ture with complexes than after culture with IL-15 alone (Fig. 6E,
6F). Therefore, we conclude that uNK respond to IL-15 trans-
presentation.
To identify which cells are responsible for IL-15 trans-pre-

sentation, we examined transcription of IL-15 and IL-15RA by
different uterine cell subsets. Because we were unable to extract
sufficient cell numbers from small endometrial biopsies, we iso-
lated various decidual cell subsets. IL-15 and IL-15RA transcripts
were significantly higher in decidual APCs than in NK or T cells
(Fig. 4C, 4D). IL-15 and IL-15RAwere low in EVT, although the
number of samples was too small to make a statistical comparison.
In stromal cells, IL-15 was also expressed at significantly higher
levels than in NK and T cells, but IL-15RA expression varied
considerably, such that it was neither significantly higher than in
NK and T cells nor significantly lower than in APCs. Therefore,

both IL-15 and IL-15RA transcripts are expressed in APCs and
stromal cells at similar, high levels.

Discussion
Asoprisnil has been shown, with other PRMs, to be useful clinically
because of its ability to reduce dramatically or stop endometrial
bleeding (13, 14, 16). Although we have reported previously that
thick-walled clusters of spiral arterioles within the endometrium
are characteristic of asoprisnil treatment (17), the mechanism by
which it mediates this effect is not understood. We now report the
striking observations from asoprisnil-treated endometrium that ex-
pression of the progesterone receptor (PR) in stromal cells is neg-
ligible, there is gain of PR expression in uterine epithelium, and that
uNK are absent. Stromal cell expression of PR and presence of uNK
are both defining features of normal secretory endometrium. Our
findings lead us to hypothesize that asoprisnil prevents endometrial
bleeding by interfering with the complex interplay between endo-
metrial stromal cells, uNK, and the spiral arteries. These novel data
also complement the recent report that uNK play a role in the
remodeling of spiral arterioles in the early stages of pregnancy (4).
Using whole genome expression arrays, we showed that aso-

prisnil downregulates a number of innate immune genes centered
on the IL-15 signaling pathway, and this finding was confirmed by
QRT-PCR. IL-15 mediates the differentiation of immature to mature
uNK in humans (23, 35) and is essential for their development in
mice (21). In this study, we have shown that IL-15 can also pro-
mote the proliferation of mature human uNK in the context of
trans-presentation by IL-15Ra. Thus, the marked downregulation
of IL-15 in asoprisnil-treated endometrium is likely to account for
the remarkable absence of uNK in these samples. In agreement
with others, we found that IL-15 variation over the course of the
menstrual cycle and early pregnancy correlates with circulating
progesterone levels (30–32, 36). In vitro modeling of secretory en-
dometrium confirmed that IL-15 is upregulated during decidualiza-
tion of endometrial stromal cells, a process that occurs in response
to peak progesterone levels in vivo. Moreover, IL-15 expression
decreases in response to treatment with the progesterone antagonist
RU486 (unpublished observations), lending further support that pro-
gesterone signaling causes increased IL-15 signaling, rather than the
two merely being correlated.
IL-15 expression in the endometrium is already well known to

correlate with fluctuations in the number of uNK in mice (37).
Thus, although uNK cells themselves do not express the PR, they
are clearly influenced by progesterone levels (38). This suggests
that progesterone-responsive cells in the endometrium, notably
stromal cells, relay the signal to uNK via IL-15. Our finding that
endometrial stromal cells and APCs express both IL-15 and IL-
15RA, which are required to signal to uNK effectively via trans-
presentation (39), suggests that either or both of these cells are
capable of supporting uNK differentiation and expansion. However,
APCs and stromal cells are not equally responsive to progesterone,
and by extension to asoprisnil. A major effect of asoprisnil admin-
istration was the observed downregulation of expression of PR in
endometrial stromal cells. In contrast, APCs do not express PR
(40, 41), a finding we confirmed in both asoprisnil-treated and
control patients. Thus, because normally only stromal cells express
PR, they are the likely candidates to promote uNK expansion in
response to increased progesterone (20, 40–42), and to mediate the
dramatic effects of asoprisnil on endometrial uNK numbers and in
turn the structural changes in spiral arteries.
There are now several lines of evidence that uNK directly affect

spiral arteries by modifying the structure of the tunica media. In
humans, uNK are always preferentially located around the glands
and arteries (43), and are thought to influence the loosening of the

FIGURE 5. Asoprisnil-treated endometrium displays a striking reduction

of uterine NK cells. CD56+ cells were counted under blinded conditions in

10 randomly selected 403 objective lens fields of view of endometrial

biopsy specimens from women treated with 10 mg (n = 11) or 25 mg (n = 11)

asoprisnil or placebo (n = 10) . One-way ANOVA indicated that observed

differences in CD56+ cell numbers between patient groups were significant

(p , 0.0001). Asoprisnil significantly reduced CD56+ cells relative to the

placebo group. ***p , 0.001, Tukey’s multiple comparison test.
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smooth muscle of the media by production of a range of angio-
genic factors (2, 4, 8–10). By staining for aSMA and collagen,
we observe in this study that spiral arterioles in asoprisnil-treated
endometrium have a thicker tunica media in the absence of uNK.
There is a clear parallel between the endometrium of asoprisnil-

treated women and the implantation site of uNK-deficient strains
of mice. In addition to lacking uNK, both have arteries with ele-
vated wall-to-lumen ratios and thickened walls (21). Thus, asoprisnil
treatment results in a human endometrial phenotype resembling
a uNK-null mouse (21). Furthermore, a recent study of decidual

FIGURE 6. Decidual NK cells respond to IL-15

trans-presentation. (A and B) Dot plots showing CD56

and CD3 staining before and after magnetic enrichment

of CD56+ pNK cells (A) and CD56+ decidual leuko-

cytes (dNK; B). Percentage of cells in each quadrant

is shown. (C and D) Magnetically enriched pNK cells

(n = 6) were cultured for 5 d either alone or in the

presence of 0.5 ng/ml recombinant IL-15, 10 ng/ml

(excess) IL-15Ra-Fc, or both. After 5 d, the cells were

counted (C), replated at 100,000 cells/well and pulsed

with tritiated thymidine (D). (E and F) The same pro-

cedure was performed on magnetically enriched dNK

cells from unmatched donors (n = 7). Cell counts and

thymidine incorporation in each set of experiments is

presented relative to that when no additions were pres-

ent. dNK, Decidual NK cells; pNK, peripheral blood

NK cells.

FIGURE 7. Possible mechanisms of action of asoprisnil on progesterone-mediated effects on the endometrium. PR in endometrial stromal cells senses

progesterone (1) and responds by increasing expression of IL-15 and IL-15Ra (2). Transpresented IL-15 facilitates the development of mature uNK from

immature NK (iNK) cells (3), and promotes their expansion. Uterine NK cells then mediate vascular remodeling (4). Asoprisnil can affect arterial remodeling

indirectly by blocking PR expression in endometrial stromal cells, resulting in loss of IL-15 trans-presentation, leading to no development of uNK or arterial

remodeling (5). An additional direct mechanism of action of asoprisnil is to block PR expression in perivascular smooth muscle cells (6). VSM, Vascular

smooth muscle cell.
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spiral arteries after Ab depletion of uNK cells in rats also showed
altered arterial development (44).
Data on endometrial IL-15 expression and uNK numbers are not

available for PRMs other than asoprisnil, and none of the mor-
phologic effects observed with asoprisnil occur in women treated
with mifepristone. However, infrequent alterations in vascular
morphology have been described with other PRMs, such as ulipristal
acetate (CDB2914). Detailed histology from two large phase 3
clinical trials of more than 500 subjects revealed thick walled vessels
similar to those seen in asoprisnil-treated endometrium, but only
in ∼10% of subjects treated with ulipristal acetate (45). Experience
with other PRMs is more limited. In a smaller clinical trial of
telapristone acetate (Proellex; CDB4124), unusual patterns of endo-
metrial vasculature (dilatation but no thickening of the walls) were
found in only 4% of subjects (46).
To our knowledge, none of the morphologic effects observed with

asoprisnil are found in women treated with progesterone antagonists
such as mifepristone. Although uNK in normal endometrium are
clearly regulated by progesterone, the effects of asoprisnil on stroma,
uNK, and the stability of spiral arteries are likely to be due to the
partial progesterone agonist activity of asoprisnil. A direct action
of the PR ligand, asoprisnil itself, cannot be ruled out because PRs
are expressed in the vessel wall of human and nonhuman primate
endometrium (19). Menstrual bleeding disorders are a major health
problem, and studies with asoprisnil have revealed a potentially
useful class of drug and have highlighted the complex interplay
between progesterone, the stroma, uNK, and spiral arteries in the
endometrium, a pathway that is crucial for endometrial health and
disease.
In summary, we have shown that administration of asoprisnil

inhibits endometrial expression of IL-15 and causes a profound
reduction in the number of uNK. Furthermore, our findings that en-
dometrial stromal cells express PR, that stromal cell PR expression is
inhibited by asoprisnil, and that stromal cells are capable of trans-
presenting IL-15 to uNK lead us to propose a model to account for
the effects of asoprisnil on endometrial bleeding (Fig. 7). In normal
nonpregnant endometrium, uNK proliferate and mature under the
influence of progesterone that induces IL-15 trans-presentation from
stromal cells. Along with the other predecidual changes that are a
feature of midlate secretory phase endometrium, uNK modify the
smooth muscle media of the arteries and maintain arterial stability.
If the corpus luteum is maintained by a pregnancy, these changes
persist into early decidua until the more dramatic arterial trans-
formation mediated by trophoblast occurs in the decidua basalis
(47). In a nonpregnant cycle, the corpus luteum involutes, and pro-
gesterone and IL-15 levels fall, resulting in the demise of uNK,
vascular collapse, and the onset of menstruation. In miscarriage
and failure of implantation following IVF, endometrial breakdown
also occurs probably because of similar mechanisms. uNK have
also been implicated in situations in which there are disturbances
of hormonal regulation of the endometrium, such as perimenopausal
bleeding and breakthrough bleeding on exogenous hormone therapy
(48). We propose that uNK not only function in the regulation of
placentation but also in the homeostasis of the cycling endometrium
and in maintenance of the decidua. Compared with other mucosal
surfaces, the uterine mucosa is uniquely dynamic and can change
dramatically from total breakdown to decidualization in only a few
weeks with uNK playing an integral part in this process.

Acknowledgments
We thank Pamela Cornes and Teresa Henderson for technical assistance

with immunohistochemistry; Mary Ann Lumsden, Dharani Hapangama,

Joan Kerr, and Sue Ingamells for assistance with several clinical aspects of

the study; Nigel Miller and Lucy Gardner for technical assistance; Sheila

Milne for secretarial assistance; Ronnie Grant for help with illustrations;

Jeremy Brown and Mike Millar for assistance with analyses of CD56

immunodetection; Philippa Saunders for comments during manuscript

preparation; and Fios Genomics for help with data analysis.

Disclosures
K.C. was previously employed by TAP Pharmaceutical Products. K.C. is a

coinventor of several patent applications with asoprisnil. A.R.W.W. has

consulted for TAP Pharmaceutical Products. H.O.D.C., I.T.C., and P.G.

have received salary support for research staff and for laboratory consumables

from TAP Pharmaceutical Products. P.G. and T.F. are founders of Fios

Genomics. The other authors have no financial conflicts of interest.

References
1. King, A., N. Balendran, P. Wooding, N. P. Carter, and Y. W. Loke. 1991. CD3-

leukocytes present in the human uterus during early placentation: phenotypic
and morphologic characterization of the CD56++ population. Dev. Immunol.
1: 169–190.

2. Hanna, J., D. Goldman-Wohl, Y. Hamani, I. Avraham, C. Greenfield,
S. Natanson-Yaron, D. Prus, L. Cohen-Daniel, T. I. Arnon, I. Manaster, et al.
2006. Decidual NK cells regulate key developmental processes at the human
fetal-maternal interface. Nat. Med. 12: 1065–1074.

3. Hiby, S. E., J. J. Walker, K. M. O’Shaughnessy, C. W. Redman, M. Carrington,
J. Trowsdale, and A. Moffett. 2004. Combinations of maternal KIR and fetal
HLA-C genes influence the risk of preeclampsia and reproductive success. J. Exp.
Med. 200: 957–965.

4. Robson, A., L. K. Harris, B. A. Innes, G. E. Lash, M. M. Aljunaidy, J. D. Aplin,
P. N. Baker, S. C. Robson, and J. N. Bulmer. 2012. Uterine natural killer cells
initiate spiral artery remodeling in human pregnancy. FASEB J. 26: 4876–4885.

5. King, A., V. Wellings, L. Gardner, and Y. W. Loke. 1989. Immunocytochemical
characterization of the unusual large granular lymphocytes in human endome-
trium throughout the menstrual cycle. Hum. Immunol. 24: 195–205.

6. Pace, D., L. Morrison, and J. N. Bulmer. 1989. Proliferative activity in endo-
metrial stromal granulocytes throughout menstrual cycle and early pregnancy.
J. Clin. Pathol. 42: 35–39.

7. Moffett-King, A. 2002. Natural killer cells and pregnancy. Nat. Rev. Immunol. 2:
656–663.

8. Li, X. F., D. S. Charnock-Jones, E. Zhang, S. Hiby, S. Malik, K. Day, D. Licence,
J. M. Bowen, L. Gardner, A. King, et al. 2001. Angiogenic growth factor mes-
senger ribonucleic acids in uterine natural killer cells. J. Clin. Endocrinol. Metab.
86: 1823–1834.

9. Lash, G. E., B. Schiessl, M. Kirkley, B. A. Innes, A. Cooper, R. F. Searle,
S. C. Robson, and J. N. Bulmer. 2006. Expression of angiogenic growth factors
by uterine natural killer cells during early pregnancy. J. Leukoc. Biol. 80: 572–580.

10. Vacca, P., C. Cantoni, C. Prato, E. Fulcheri, A. Moretta, L. Moretta, and
M. C. Mingari. 2008. Regulatory role of NKp44, NKp46, DNAM-1 and NKG2D
receptors in the interaction between NK cells and trophoblast cells. Evidence for
divergent functional profiles of decidual versus peripheral NK cells. Int. Immunol.
20: 1395–1405.

11. Cardozo, E. R., A. D. Clark, N. K. Banks, M. B. Henne, B. J. Stegmann, and
J. H. Segars. 2012. The estimated annual cost of uterine leiomyomata in the
United States. Am. J. Obstet. Gynecol. 206: 211.e1-9.

12. National Collaborating Centre for Women’s and Children’s Health. 2007. Clinical
Guideline 44. Heavy menstrual bleeding. http://www.nice.org.uk/nicemedia/pdf/
CG44FullGuideline.pdf.

13. Chabbert-Buffet, N., G. Meduri, P. Bouchard, and I. M. Spitz. 2005. Selective
progesterone receptor modulators and progesterone antagonists: mechanisms of
action and clinical applications. Hum. Reprod. Update 11: 293–307.

14. Wilkens, J., K. Chwalisz, C. Han, J. Walker, I. T. Cameron, S. Ingamells,
A. C. Lawrence, M. A. Lumsden, D. Hapangama, A. R. Williams, and
H. O. Critchley. 2008. Effects of the selective progesterone receptor modulator
asoprisnil on uterine artery blood flow, ovarian activity, and clinical symptoms in
patients with uterine leiomyomata scheduled for hysterectomy. J. Clin. Endo-
crinol. Metab. 93: 4664–4671.

15. Chwalisz, K., M. C. Perez, D. Demanno, C. Winkel, G. Schubert, and W. Elger.
2005. Selective progesterone receptor modulator development and use in the
treatment of leiomyomata and endometriosis. Endocr. Rev. 26: 423–438.

16. Chwalisz, K., W. Elger, T. Stickler, C. Mattia-Goldberg, and L. Larsen. 2005.
The effects of 1-month administration of asoprisnil (J867), a selective proges-
terone receptor modulator, in healthy premenopausal women. Hum. Reprod. 20:
1090–1099.

17. Williams, A. R., H. O. Critchley, J. Osei, S. Ingamells, I. T. Cameron, C. Han,
and K. Chwalisz. 2007. The effects of the selective progesterone receptor mod-
ulator asoprisnil on the morphology of uterine tissues after 3 months treatment in
patients with symptomatic uterine leiomyomata. Hum. Reprod. 22: 1696–1704.

18. Brenner, R. M., and O. D. Slayden. 2004. Steroid receptors in blood vessels of
the rhesus macaque endometrium: a review. Arch. Histol. Cytol. 67: 411–416.

19. Critchley, H. O., R. M. Brenner, T. A. Henderson, K. Williams, N. R. Nayak,
O. D. Slayden, M. R. Millar, and P. T. Saunders. 2001. Estrogen receptor beta,
but not estrogen receptor alpha, is present in the vascular endothelium of the
human and nonhuman primate endometrium. J. Clin. Endocrinol. Metab. 86:
1370–1378.

2234 REGULATION OF ENDOMETRIAL BLEEDING BY uNK CELLS

 at E
dinburgh U

niversity on February 27, 2020
http://w

w
w

.jim
m

unol.org/
D

ow
nloaded from

 

http://www.nice.org.uk/nicemedia/pdf/CG44FullGuideline.pdf
http://www.nice.org.uk/nicemedia/pdf/CG44FullGuideline.pdf
http://www.jimmunol.org/


20. Henderson, T. A., P. T. Saunders, A. Moffett-King, N. P. Groome, and
H. O. Critchley. 2003. Steroid receptor expression in uterine natural killer cells.
J. Clin. Endocrinol. Metab. 88: 440–449.

21. Barber, E. M., and J. W. Pollard. 2003. The uterine NK cell population requires
IL-15 but these cells are not required for pregnancy nor the resolution of a
Listeria monocytogenes infection. J. Immunol. 171: 37–46.

22. Kitaya, K., T. Yamaguchi, and H. Honjo. 2005. Central role of interleukin-15 in
postovulatory recruitment of peripheral blood CD16(-) natural killer cells into
human endometrium. J. Clin. Endocrinol. Metab. 90: 2932–2940.

23. Male, V., A. Sharkey, L. Masters, P. R. Kennedy, L. E. Farrell, and A. Moffett.
2011. The effect of pregnancy on the uterine NK cell KIR repertoire. Eur. J.
Immunol. 41: 3017–3027.

24. Male, V., A. Trundley, L. Gardner, J. Northfield, C. Chang, R. Apps, and
A. Moffett. 2010. Natural killer cells in human pregnancy. Methods Mol. Biol.
612: 447–463.

25. Benjamini, Y., and D. Yekutieli. 2001. The control of the false discovery rate in
multiple testing under dependency. Ann. Statist. 29: 1165–1188.

26. Edgar, R., M. Domrachev, and A. E. Lash. 2002. Gene Expression Omnibus:
NCBI gene expression and hybridization array data repository. Nucleic Acids
Res. 30: 207–210.

27. Wilkens, J., A. R. Williams, K. Chwalisz, C. Han, I. T. Cameron, and
H. O. Critchley. 2009. Effect of asoprisnil on uterine proliferation markers
and endometrial expression of the tumour suppressor gene, PTEN. Hum. Reprod.
24: 1036–1044.

28. Shaw, J. L., F. C. Denison, J. Evans, K. Durno, A. R. Williams, G. Entrican,
H. O. Critchley, H. N. Jabbour, and A. W. Horne. 2010. Evidence of prokineticin
dysregulation in fallopian tube from women with ectopic pregnancy. Fertil.
Steril. 94: 1601–1608.e1601.

29. Bancroft, J., and A. Stevens. 1996. Theory and Practice of Histological Techniques.
Churchill Livingstone, Edinburgh.

30. Verma, S., S. E. Hiby, Y. W. Loke, and A. King. 2000. Human decidual natural
killer cells express the receptor for and respond to the cytokine interleukin 15.
Biol. Reprod. 62: 959–968.

31. Kitaya, K., J. Yasuda, I. Yagi, Y. Tada, S. Fushiki, and H. Honjo. 2000. IL-15
expression at human endometrium and decidua. Biol. Reprod. 63: 683–687.

32. Dunn, C. L., H. O. Critchley, and R. W. Kelly. 2002. IL-15 regulation in human
endometrial stromal cells. J. Clin. Endocrinol. Metab. 87: 1898–1901.

33. Dubois, S., H. J. Patel, M. Zhang, T. A. Waldmann, and J. R. Müller. 2008.
Preassociation of IL-15 with IL-15R alpha-IgG1-Fc enhances its activity on
proliferation of NK and CD8+/CD44high T cells and its antitumor action.
J. Immunol. 180: 2099–2106.

34. Wu, Z., and Y. Xu. 2010. IL-15R alpha-IgG1-Fc enhances IL-2 and IL-15
anti-tumor action through NK and CD8+ T cells proliferation and activation.
J. Mol. Cell Biol. 2: 217–222.

35. Male, V., T. Hughes, S. McClory, F. Colucci, M. A. Caligiuri, and A. Moffett.
2010. Immature NK cells, capable of producing IL-22, are present in human
uterine mucosa. J. Immunol. 185: 3913–3918.

36. Okada, H., T. Nakajima, M. Sanezumi, A. Ikuta, K. Yasuda, and H. Kanzaki.
2000. Progesterone enhances interleukin-15 production in human endometrial
stromal cells in vitro. J. Clin. Endocrinol. Metab. 85: 4765–4770.

37. Croy, B. A., S. Esadeg, S. Chantakru, M. van den Heuvel, V. A. Paffaro, H. He,
G. P. Black, A. A. Ashkar, Y. Kiso, and J. Zhang. 2003. Update on pathways
regulating the activation of uterine Natural Killer cells, their interactions with
decidual spiral arteries and homing of their precursors to the uterus. J. Reprod.
Immunol. 59: 175–191.

38. Ashkar, A. A., G. P. Black, Q. Wei, H. He, L. Liang, J. R. Head, and B. A. Croy.
2003. Assessment of requirements for IL-15 and IFN regulatory factors in uterine
NK cell differentiation and function during pregnancy. J. Immunol. 171: 2937–2944.

39. Mortier, E., T. Woo, R. Advincula, S. Gozalo, and A. Ma. 2008. IL-15Ralpha
chaperones IL-15 to stable dendritic cell membrane complexes that activate
NK cells via trans presentation. J. Exp. Med. 205: 1213–1225.

40. King, A., L. Gardner, and Y. W. Loke. 1996. Evaluation of oestrogen and pro-
gesterone receptor expression in uterine mucosal lymphocytes. Hum. Reprod. 11:
1079–1082.

41. Stewart, J. A., J. N. Bulmer, and A. P. Murdoch. 1998. Endometrial leucocytes:
expression of steroid hormone receptors. J. Clin. Pathol. 51: 121–126.

42. Milne, S. A., T. A. Henderson, R. W. Kelly, P. T. Saunders, D. T. Baird, and
H. O. Critchley. 2005. Leukocyte populations and steroid receptor expression in
human first-trimester decidua; regulation by antiprogestin and prostaglandin E
analog. J. Clin. Endocrinol. Metab. 90: 4315–4321.

43. Trundley, A., and A. Moffett. 2004. Human uterine leukocytes and pregnancy.
Tissue Antigens 63: 1–12.

44. Chakraborty, D., M. A. Rumi, T. Konno, and M. J. Soares. 2011. Natural
killer cells direct hemochorial placentation by regulating hypoxia-inducible
factor dependent trophoblast lineage decisions. Proc. Natl. Acad. Sci. USA 108:
16295–16300.

45. Williams, A. R., C. Bergeron, D. H. Barlow, and A. Ferenczy. 2012. Endometrial
morphology after treatment of uterine fibroids with the selective progesterone
receptor modulator, ulipristal acetate. Int. J. Gynecol. Pathol. 31: 556–569.

46. Ioffe, O. B., R. J. Zaino, and G. L. Mutter. 2009. Endometrial changes from
short-term therapy with CDB-4124, a selective progesterone receptor modulator.
Mod. Pathol. 22: 450–459.

47. Kam, E. P., L. Gardner, Y. W. Loke, and A. King. 1999. The role of trophoblast
in the physiological change in decidual spiral arteries. Hum. Reprod. 14: 2131–2138.

48. Hickey, M., J. Crewe, J. P. Goodridge, C. S. Witt, I. S. Fraser, D. Doherty,
F. T. Christiansen, and L. A. Salamonsen. 2005. Menopausal hormone therapy
and irregular endometrial bleeding: a potential role for uterine natural killer
cells? J. Clin. Endocrinol. Metab. 90: 5528–5535.

The Journal of Immunology 2235

 at E
dinburgh U

niversity on February 27, 2020
http://w

w
w

.jim
m

unol.org/
D

ow
nloaded from

 

http://www.jimmunol.org/


Supplementary Table 1. Genes up-regulated by asoprisnil with respect to placebo 
and genes down-regulated with respect to placebo. Listed are all gene transcripts that are significantly changed  (p<=0.05 after multiple testing correction) in one or both doses of Asoprisnil compared to Placebo, where up- or down-regulation is at least 5-fold. Fold change values (FC) are shown on log2 scale, e.g. a value of 2 would mean a real 4-fold up-regulation. A value of -2 would mean a real 4-fold down-regulation.  
Affymetrix FC FC p (adj.) p (adj.) Symbol

206622_at 3.48 5.26 0.41370 0.01166 TRH 
231063 at 3.46 4.57 0.06836 0.00379
228010 at 4.00 4.47 0.00032 0.00008 PPP2R2C
242064 at 4.10 4.41 0.00007 0.00003 SDK2
227742 at 2.55 4.26 0.87323 0.01738 CLIC6
223574 x at 3.87 4.26 0.00045 0.00011 PPP2R2C
204623 at 1.78 4.25 1.00000 0.01234 TFF3
204052 s at 3.86 3.95 0.00163 0.00114 SFRP4
241765 at 2.73 3.82 0.31839 0.01498 CPM
229358 at 2.74 3.79 0.19713 0.00931 IHH
210809 s at 3.52 3.78 0.04204 0.01498 POSTN
206100 at 2.67 3.70 0.20726 0.00938 CPM
219525 at 2.69 3.68 0.20358 0.01062 FLJ10847
205413 at 3.29 3.68 0.00022 0.00005 MPPED2
219277 s at 2.19 3.65 0.86353 0.01751 OGDHL
202920 at 2.85 3.44 0.08131 0.01062 ANK2
239006 at 2.91 3.38 0.06099 0.01119 SLC26A7
1553179 at 2.85 3.37 0.02745 0.00433 ADAMTS19
1557745 at 3.37 3.30 0.00367 0.00433
215692 s at 2.51 3.35 0.00394 0.00012 MPPED2
229641 at 3.27 2.87 0.00001 0.00005
235019 at 2.27 3.27 0.36265 0.01422 CPM
204051 s at 3.26 3.15 0.00074 0.00107 SFRP4
239611 at 2.23 3.22 0.37400 0.01466 NPAS3
219961 s at 1.71 3.14 0.60382 0.00369 C20orf19
205381 at 3.10 2.88 0.00123 0.00277 LRRC17
232481 s at 2.60 3.05 0.15698 0.02925 SLITRK6
219225 at 2.57 3.04 0.23336 0.04406 PGBD5
236783 at 2.76 3.04 0.00622 0.00207 KCNIP4
219932 at 2.74 3.02 0.00104 0.00033 SLC27A6
223573 s at 2.81 3.01 0.04926 0.01817 PPP2R2C
235706 at 2.17 2.99 0.51560 0.03705 CPM
218885 s at 2.68 2.99 0.08067 0.02123 GALNT12
229177 at 1.09 2.96 1.00000 0.03768 MGC45438
229281 at 2.38 2.94 0.15143 0.01819 NPAS3
228570 at 2.91 2.06 0.00056 0.01808 BTBD11
223103 at 1.59 2.91 0.62345 0.00393 STARD10
214404 x at 2.19 2.91 0.36845 0.02956 SPDEF
204487 s at 1.74 2.85 0.37664 0.00453 KCNQ1
214046 at 1.52 2.84 1.00000 0.03562
1562309 s at 2.63 2.84 0.00544 0.00222 PHF21B
226766 at 2.29 2.82 0.00657 0.00057 ROBO2
227870 at 2.80 2.11 0.00001 0.00034 NOPE
214247 s at 2.80 2.60 0.00031 0.00059 DKK3
203000 at 2.45 2.75 0.06998 0.01731 STMN2
230560 at 2.02 2.74 0.23058 0.01326 STXBP6
219255 x at 2.74 1.95 0.04592 0.34128 IL17RB
1561956 at 1.64 2.71 1.00000 0.03411 NPAS3
202196 s at 2.71 2.27 0.00047 0.00355 DKK3
203892 at 2.31 2.66 0.03665 0.00716 WFDC2
210026 s at 1.53 2.63 0.64935 0.00777 CARD10
228481 at 2.04 2.62 0.31082 0.03173 POSTN
218332 at 1.83 2.62 0.02006 0.00034 BEX1
221019 s at 2.62 2.53 0.00519 0.00653 COLEC12



228291 s at 1.33 2.61 0.86706 0.00390 C20orf19
227300 at 2.60 2.18 0.00123 0.00742 TMEM119
202728 s at 2.59 2.37 0.00032 0.00077 LTBP1
236335 at 2.31 2.57 0.03493 0.00946
203876 s at 2.57 1.35 0.04783 1.00000 MMP11
213068 at 1.94 2.56 0.20905 0.01487 DPT
225108 at 1.24 2.55 1.00000 0.00973 AGPS
203240 at 1.31 2.53 1.00000 0.01841 FCGBP
1562290 at 2.16 2.51 0.20592 0.04338 PPP2R2C
203726 s at 2.47 1.81 0.00001 0.00042 LAMA3
211429 s at 2.20 2.46 0.12975 0.03524 SERPINA1
203001 s at 2.00 2.46 0.16523 0.02139 STMN2
226926 at 1.67 2.46 0.26203 0.00716 DMKN
209031 at 1.44 2.43 0.88559 0.01624 IGSF4
220177 s at 0.88 2.41 1.00000 0.01628 TMPRSS3
223475 at 2.11 2.41 0.09608 0.02093 CRISPLD1
228233 at 1.86 2.41 0.14961 0.01140 FREM1
242324 x at 2.39 1.67 0.00099 0.03060 CCBE1
237727 at 1.60 2.39 0.40078 0.01256 FREM1
202729 s at 2.38 2.25 0.00016 0.00022 LTBP1
202035 s at 2.38 1.98 0.02245 0.08003 SFRP1
202037 s at 2.37 2.12 0.01399 0.02895 SFRP1
223652 at 1.78 2.36 0.20560 0.01350 AS3MT
228640 at 1.66 2.33 0.09481 0.00322
205330 at 1.70 2.33 0.47824 0.03504 MN1
206859 s at -5 37 -6 65 0 12286 0 01348 PAEP
37145 at -5.29 -6.05 0.00016 0.00003 GNLY
205495 s at -5.21 -5.87 0.00016 0.00004 GNLY
204602 at -4.34 -5.79 0.00510 0.00017 DKK1
218002 s at -5.64 -5.55 0.00150 0.00170 CXCL14
241031 at -5.30 -5.60 0.00172 0.00086 NLF1
222484 s at -5.57 -5.45 0.00047 0.00051 CXCL14
205844 at -4.28 -5.54 0.00404 0.00020 VNN1
241291 at -3.50 -5.37 0.68216 0.02279
210029 at -4.52 -4.73 0.00197 0.00111 INDO
210164 at -4.26 -4.68 0.00016 0.00004 GZMB
205799 s at -3.38 -4.63 0.04795 0.00163 SLC3A1
1558034 s at -3.86 -4.39 0.14801 0.03565 CP
206268 at -3.42 -4.39 0.21274 0.01942 LEFTY1
1552715 a at -2.73 -4.36 0.28626 0.00390 RXFP1
205513 at -4.05 -4.31 0.00023 0.00009 TCN1
213664 at -4.27 -3.88 0.00047 0.00133 SLC1A1
204818 at -2.48 -4.24 0.69627 0.00929 HSD17B2
231804 at -2.69 -4.23 0.29249 0.00458 RXFP1
229839 at -3.92 -4.17 0.00076 0.00035 SCARA5
240456 at -3.91 -4.16 0.00031 0.00012 ANKRD55
217546 at -4.12 -3.94 0.00026 0.00034 MT1M
205488 at -3.69 -4.10 0.00030 0.00008 GZMA
205713 s at -4.09 -3.76 0.00047 0.00111 COMP
238206 at -2.66 -4.03 0.31439 0.00729
231426 at -3.98 -3.82 0.00025 0.00031 C9orf71
230084 at -3.18 -3.95 0.00823 0.00063 SLC30A2
224209 s at -2.61 -3.90 0.34198 0.00942 GDA
229160 at -2.86 -3.90 0.09830 0.00430 MUM1L1
224840 at -2.19 -3.88 0.72935 0.00714 FKBP5
205934 at -2.56 -3.87 0.12961 0.00205 PLCL1
221872 at -3.81 -3.84 0.01585 0.01140 RARRES1
204351 at -3.82 -3.51 0.01179 0.02031 S100P
206785 s at -3.28 -3.80 0.00664 0.00123 KLRC2
214235 at -3.73 -3.55 0.00056 0.00090 CYP3A5P2
227919 at -2.19 -3.67 0.92535 0.01898 UCA1
243713 at -3.50 -3.67 0.00047 0.00022 SLC1A1
240304 s at -3.65 -3.18 0.02618 0.06024 LOC646769
214450 at -3.19 -3.64 0.00123 0.00023 CTSW
207254 at -3.62 -2.97 0.00062 0.00520 SLC15A1



217143 s at -2.88 -3.57 0.00515 0.00042 TRD@
216191 s at -3.03 -3.53 0.00237 0.00039 TRA@
209016 s at -3.47 -2.95 0.00179 0.00896 KRT7
209875 s at -3.47 -2.78 0.00045 0.00453 SPP1
222938 x at -2.04 -3.45 0.69131 0.01034 ENPP3
206643 at -2.82 -3.44 0.00096 0.00009 HAL
206392 s at -3.22 -3.41 0.00285 0.00146 RARRES1
39248 at -3.26 -3.38 0.00354 0.00220 AQP3
203717 at -3.37 -2.72 0.00534 0.03394 DPP4
213915 at -2.72 -3.33 0.00209 0.00019 NKG7
209270 at -3.32 -2.94 0.00134 0.00467 LAMB3
203180 at -2.49 -3.31 0.14617 0.00857 ALDH1A3
244780 at -2.88 -3.30 0.00574 0.00117 SGPP2
214234 s at -3.06 -3.30 0.01725 0.00646 CYP3A5P2
235849 at -2.96 -3.27 0.00150 0.00044 SCARA5
204745 x at -3.03 -3.26 0.00057 0.00022 MT1G
236161 at -2.29 -3.25 0.06744 0.00164
215223 s at -2.75 -3.25 0.00285 0.00040 SOD2
201525 at -3.25 -3.07 0.00123 0.00215 APOD
206391 at -3.23 -3.16 0.00096 0.00111 RARRES1
219580 s at -3.22 -3.00 0.02245 0.03064 TMC5
1554485 s at -2.66 -3.17 0.00605 0.00080 TMEM37
33323 r at -3.08 -3.15 0.00616 0.00453 SFN
203836 s at -3.03 -3.15 0.00016 0.00008 MAP3K5
216841 s at -2.61 -3.15 0.00821 0.00090 SOD2
244044 at -2.35 -3.15 0.27038 0.01737 ENPP3
213830 at -2.71 -3.14 0.00378 0.00062 TRA@
219508 at -2.31 -3.14 0.27704 0.01628 GCNT3
205765 at -2.96 -3.11 0.07961 0.03473 CYP3A5
201739 at -2.09 -3.10 0.04055 0.00048 SGK
205083 at -3.10 -3.04 0.00047 0.00048 AOX1
204363 at -2.09 -3.10 0.29546 0.00823 F3
208606 s at -2.31 -3.08 0.14050 0.00795 WNT4
205291 at -2.43 -3.06 0.00193 0.00012 IL2RB
214617 at -2.70 -3.06 0.00127 0.00028 PRF1
204388 s at -2.70 -3.03 0.01046 0.00304 MAOA
229254 at -3.02 -2.59 0.03486 0.08492 MFSD4
240303 at -2.97 -3.02 0.00525 0.00423 LOC646769
206214 at -2.03 -3.01 0.01046 0.00011 PLA2G7
1558549 s at -2.39 -3.00 0.00622 0.00045 VNN1
242874 at -3.00 -2.87 0.00098 0.00152 C14orf161
219659 at -2.65 -2.97 0.00016 0.00004 ATP8A2
205992 s at -2.49 -2.97 0.00028 0.00004 IL15
219407 s at -2.30 -2.95 0.03771 0.00263 LAMC3
215078 at -2.58 -2.93 0.01631 0.00383 SOD2
212834 at -2.92 -2.92 0.00015 0.00008 DDX52
222108 at -2.18 -2.91 0.16065 0.00969 AMIGO2
206461 x at -2.72 -2.89 0.00047 0.00020 MT1H
217165 x at -2.81 -2.88 0.00525 0.00380 MT1F
202718 at -1.91 -2.87 0.38725 0.01105 IGFBP2
208581 x at -2.64 -2.86 0.00104 0.00039 MT1X
226560 at -2.08 -2.85 0.35895 0.02204
204389 at -2.60 -2.85 0.00638 0.00222 MAOA
201042 at -2.03 -2.82 0.31767 0.01628 TGM2
224856 at -1.52 -2.82 1.00000 0.01303 FKBP5
232882 at -2.08 -2.81 0.10956 0.00534 FOXO1A
218800 at -2.38 -2.79 0.00079 0.00011 SRD5A2L
204273 at -2.78 -2.71 0.01039 0.01070 EDNRB
227188 at -1.66 -2.77 1.00000 0.04267 C21orf63
241994 at -1.74 -2.77 1.00000 0.03698 XDH
203837 at -2.77 -2.70 0.00048 0.00057 MAP3K5
213629 x at -2.70 -2.76 0.01034 0.00714 MT1F
232584 at -1.88 -2.75 0.40777 0.01466 TSHZ2
226164 x at -2.75 -2.59 0.02933 0.03570 FAM80B
33322 i at -2.72 -2.75 0.00257 0.00215 SFN



212110 at -1.68 -2.74 0.40085 0.00534 SLC39A14
203886 s at -2.24 -2.74 0.00218 0.00020 FBLN2
206701 x at -2.63 -2.74 0.00527 0.00338 EDNRB
204271 s at -2.61 -2.73 0.00922 0.00497 EDNRB
211478 s at -2.73 -2.39 0.00566 0.01737 DPP4
236761 at -2.31 -2.72 0.08202 0.01326 LHFPL3
203827 at -1.30 -2.71 0.79445 0.00164 WIPI1
209773 s at -1.13 -2.69 1.00000 0.00889 RRM2
232737 s at -1.82 -2.69 0.72057 0.03571 ENPP3
213524 s at -2.66 -2.68 0.07234 0.04467 G0S2
218960 at -2.66 -2.47 0.01512 0.02219 TMPRSS4
212859 x at -2.65 -2.60 0.00404 0.00467 MT1M
202856 s at -2.43 -2.65 0.00182 0.00062 SLC16A3
238623 at -1.57 -2.64 0.59749 0.00801
240991 at -1.68 -2.64 0.47824 0.01044 NDRG1
206396 at -2.59 -2.63 0.00020 0.00012 SLC1A1
213836 s at -1.34 -2.61 0.34354 0.00055 WIPI1
239426 at -1.97 -2.61 0.05245 0.00276 SLC2A8
204326 x at -2.40 -2.60 0.00237 0.00090 MT1X
205857 at -1.70 -2.59 0.35668 0.00825 SLC18A2
203574 at -1.59 -2.58 0.36306 0.00468 NFIL3
243444 at -2.36 -2.58 0.00317 0.00111 SRD5A2L
202391 at -1.23 -2.57 0.49473 0.00051 BASP1
219140 s at -2.56 -2.45 0.00525 0.00714 RBP4
209555 s at -2.01 -2.56 0.04592 0.00368 CD36
218404 at -2.55 -2.34 0.00150 0.00383 SNX10
227862 at -2.27 -2.53 0.01729 0.00484 LOC388610
222592 s at -1.92 -2.53 0.45760 0.04558 ACSL5
212353 at -2.29 -2.52 0.01194 0.00388 SULF1
211456 x at -2.48 -2.52 0.00125 0.00096 LOC645745
228766 at -2.09 -2.52 0.08209 0.01105 CD36
227180 at -2.49 -2.39 0.00001 0.00003 ELOVL7
1559663 at -1.54 -2.49 0.21875 0.00232 ACSL4
227190 at -2.19 -2.49 0.00230 0.00049 TMEM37
219630 at -2.26 -2.49 0.06272 0.01745 PDZK1IP1
210524 x at -2.47 -2.48 0.00902 0.00714
213931 at -2.19 -2.48 0.09830 0.02256 ID2
202723 s at -2.15 -2.48 0.00098 0.00017 FOXO1A
226435 at -1.23 -2.48 0.88722 0.00334 PAPLN
227290 at -1.95 -2.47 0.00056 0.00004
212741 at -2.29 -2.47 0.00976 0.00383 MAOA
219959 at -2.12 -2.46 0.01842 0.00355 MOCOS
230323 s at -2.33 -2.46 0.08970 0.03791 TMEM45B
208078 s at -1.67 -2.45 0.54305 0.02312 TCF8
226817 at -2.44 -2.27 0.00016 0.00022 DSC2
201761 at -1.20 -2.43 1.00000 0.01150 MTHFD2
240135 x at -1.95 -2.43 0.28768 0.03665 TIMP3
226997 at -1.84 -2.41 0.00028 0.00003
214567 s at -1.69 -2.41 0.38279 0.01745 XCL2
206488 s at -1.99 -2.41 0.17793 0.02621 CD36
228325 at -1.79 -2.39 0.27624 0.01846 KIAA0146
222934 s at -2.24 -2.38 0.00031 0.00012 CLEC4E
233275 at -2.04 -2.38 0.00056 0.00009 PAX8
216840 s at -1.34 -2.38 1.00000 0.03369 LAMA2
220014 at -1.71 -2.38 0.00971 0.00020 LOC51334
213637 at -2.24 -2.37 0.00279 0.00131
239270 at -1.74 -2.36 0.04586 0.00171 PLCXD3
213519 s at -1.16 -2.35 1.00000 0.04399 LAMA2
242461 at -2.34 -2.29 0.00147 0.00168 MAP3K5
230081 at -1.97 -2.33 0.04722 0.00718 PLCXD3
212185 x at -2.22 -2.33 0.00091 0.00048 MT2A 
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ABSTRACT
The human endometrium is exposed to cyclical fluctua-
tions of ovarian-derived sex steroids resulting in prolif-
eration, differentiation (decidualization), and menstrua-
tion. An influx of leukocytes (up to 15% macrophages)
occurs during the latter stages of the menstrual cycle,
including menses. We believe the endometrial macro-
phage is likely to play an important role during the men-
strual cycle, especially in the context of tissue degrada-
tion (menstruation), which requires regulated repair, re-
generation, and phagocytic clearance of endometrial
tissue debris to re-establish tissue integrity in prepara-
tion for fertility. The phenotype and regulation of the
macrophage within the endometrium during the men-
strual cycle and interactions with other cell types that
constitute the endometrium are currently unknown and
are important areas of study. Understanding the many
roles of the endometrial macrophage is crucial to our
body of knowledge concerning functionality of the en-
dometrium as well as to our understanding of disorders
of the menstrual cycle, which have major impacts on
the health and well-being of women. J. Leukoc. Biol.
93: 217–225; 2013.

Introduction
During the normal (nonpregnant) menstrual cycle, the human
endometrium is exposed to cyclical fluctuations in ovarian-
derived estrogen and progesterone. These sex steroid hor-
mones control repetitive cycles of proliferation, differentiation
(decidualization), and shedding of the luminal region of the
tissue during menses. The estrogen-dominant proliferative
phase is characterized by the regeneration of the functional
layer of the endometrium (Fig. 1). During the progesterone-
dominated secretory phase, the endometrium undergoes a
number of changes in preparation for implantation of the em-
bryo, including vascular maturation typified by the formation
of spiral arterioles. If implantation occurs, the endometrial
stroma completes the process of decidualization [1]. In the

absence of pregnancy, progesterone levels decline (as a result
of demise of the ovarian corpus luteum), and progesterone
withdrawal triggers an inflammatory cascade, changes in ECM,
and vascular constriction, culminating in shedding of the up-
per-functional layer during menses [2, 3].

Within the endometrium, proliferation of cells in the vascu-
lar compartment, their differentiation, and the process of vaso-
constriction are all tightly regulated so that controlled and
self-limited ischemic hemorrhagic tissue degradation and shed-
ding occurs at the time of menstruation. These changes are
accompanied by an inflammatory response and the formation
of a hypoxic microenvironment that is thought to promote
successful healing of the endometrial “wound”, ensuring a re-
turn to normal architecture in advance of the next cycle of
vascular proliferation. Importantly, these repeated cycles of
endometrial repair occur without scarring or loss of function
[4, 5].

The endometrium hosts a diverse population of immune
cells, the numbers of which vary during the normal menstrual
cycle. Studies determining the spatial and temporal changes in
their location have led to reports that different populations of
immune cells play a vital role in regulating tissue injury and
repair [6]. For example, macrophages, mast cells, T-lympho-
cytes, and a phenotypically distinct population of uNK cells are
only present in low numbers during the proliferative phase [7,
8]. However, there is a striking influx of leukocytes during the
secretory and menstrual phases of the cycle [9, 10]; these orig-
inal observations contributed to the premise that menstruation
is an inflammatory event [2, 6, 11]. Following the discovery
that there is an increase in the number of tissue-resident mac-
rophages present during the secretory phase, associated with
an increase in macrophage-derived cytokines and proteases, it
has been proposed that the endometrial macrophage may be
critical in the initiation of menstruation [2], the “clean-up”
process [12], and repair and remodeling of the functional
layer of the endometrium post-menses [12, 13]. Macrophages
are thought to play an important role in the preparation of a
receptive endometrium during the “window of implantation”
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[14, 15] and subsequent decidualization of the endometrial
stroma—a necessary prerequisite for successful implantation
and establishment of early pregnancy. Notably, macrophages
constitute up to 20% of the leukocyte population within decid-
ual tissue of early pregnancy [16] and have been found to
have roles in lipid metabolism, inflammation, ECM formation,
muscle regeneration, and tissue growth [17]. The decidual
macrophage has been studied by a number of groups [16–19]
and it’s functions reviewed recently [20–22]. This review is
focused on the macrophage within the endometrium during
the menstrual cycle, as evidence to support the above putative
roles in regulation is only now emerging, and unanswered
questions remain.

THE MACROPHAGE

Development of cells of the mononuclear phagocyte lineage
from hematopoietic stem cells is well characterized [23–25].
Following recruitment of monocytes from blood, or the
splenic reservoir, cells differentiate into tissue-resident macro-
phages capable of performing key roles, including phagocyto-
sis, maintenance of tissue homeostasis, regulation of wound
healing, and trophic interactions and regulation of other im-
mune cell populations [26–28]. It is well established that the
phenotype(s) of macrophages and their impact on tissue func-
tion are influenced by their immediate environment, and the
following sections discuss the evidence supporting a role for
tissue-resident macrophages in regulation of endometrial func-
tion.

Macrophage phenotypes: M1 and M2
It is becoming clear that a simple classification of macro-
phages into M1 or M2 phenotypes [29–33] does not explain
the diversity of macrophages in different tissues. Gordon and
Martinez [34] explained that the activation of macrophages is

carried out in a number of stages of differentiation to meet
the functional demands of the tissue environment (Fig. 2).
The ability of macrophages to functionally adapt to their tissue
microenvironment in response to the availability/mix of a
cocktail of macrophage-modulating chemokines enables the
development and progression of the immune response and its
subsequent resolution to take place [35–37]. Extensive in vitro
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Figure 1. Schematic diagram of the
28-day menstrual cycle showing the
estradiol-dominant proliferative
phase (vessel regrowth) and the
progesterone-dominant secretory
phase (maturation of spiral arteri-
oles and glandular transforma-
tion). Progesterone withdrawal re-
sults in vessel breakdown and loss
of the functional layer of the en-
dometrium (menstruation). An
influx of leukocytes is observed
during the progression of the se-
cretory phase.

Blood circulation

Tissue
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Immunoregulation
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Figure 2. Polarization, activation,and resolution of the macrophage
inflammatory response upon recruitment from the circulation into tis-
sue. Monocytes are recruited from the circulating blood into tissues in
response to release of chemoattractants. Upon exposure to the tissue
microenvironment, the monocyte differentiates into a macrophage
enabling it to undertake tissue-dependent functions. (Adapted from
Gordon and Martinez [34].)
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macrophage phenotyping studies have revealed the complexity
of the mononuclear phagocyte system and helped to under-
stand control of their diverse functions. However, the pheno-
type and function of in vivo-derived macrophages are less un-
derstood [38].

It is also becoming clear that populations of tissue-resident
macrophages can change the phenotype and hence, function-
ality of recruited leukocytes into a tissue. For example, in tu-
mors, two phenotypically different macrophage subsets have
been reported to play a role in pathogenesis of tumor growth
[39]. During the progression of tumorigenesis, macrophages
with an M1 phenotype have been identified and are thought
to have a role in the establishment of neoplastic transforma-
tion [40] via the exacerbation of local M1 inflammation [41].
However, gradual inhibition of NF�B) activity results in the
transformation of tumor-associated macrophages into an M2
macrophage [42, 43], which encourages tumor growth, inva-
sion, metastasis, stroma remodeling, and angiogenesis [44, 45].

A single macrophage may also express proinflammatory and
anti-inflammatory markers. For example, it has been postu-
lated that decidual macrophages may be unique in that they
can secrete proinflammatory and anti-inflammatory cytokines
and so, do not conform to the M1/M2 phenotype character-
ization [17].

THE ENDOMETRIAL MACROPHAGE

Macrophages within the endometrium have been identified as
an important source of proinflammatory and anti-inflamma-
tory chemokines. Notably, a number of studies have docu-
mented macrophage-specific expression of role-specific mark-
ers within endometrium at different stages of the menstrual
cycle (Fig. 3).

For example, during the proliferative phase, macrophages
express adhesion and activation markers (CD71, CD69, CD54)
[46], suggesting a potential role in regeneration and prolifera-
tion of the functional layer of the endometrium. The influx of
macrophages in the latter one-half of the menstrual cycle is
postulated to underpin a large number of specific roles in reg-
ulation of fertility. For example, an increase in macrophages

and macrophage products, such as MIP-1�, MIF [15], and
CSF-1 [47], have been suggested to be fundamental in creat-
ing the proinflammatory environment [48] that plays an essen-
tial role in preparing the endometrium for implantation dur-
ing the so-called window of implantation. The importance of
LIF production during the window of implantation has been
well established [49, 50]. LIF is thought to be a potent che-
moattractant for macrophages [51], as a LIF-knockout mouse
model has shown a reduction of macrophage number of
�50%, which resulted in unsuccessful embryo implantation.
Infiltration [52], differentiation, and proliferation [53–57] of
other immune cells into the uterine cavity may be regulated in
part by endometrial macrophages [58], as along with other
cells, such as epithelial cells, they express a large number of
chemoattractants during the secretory phase. Progesterone
withdrawal, as well as release of paracrine factors from a vari-
ety of cells within the endometrium, has been reported to reg-
ulate availability and activity of MMPs. MMPs are proteolytic
proteinases that break peptide bonds of nonterminal amino
acids and so, are considered to be pivotal in the breakdown of
the endometrium at menstruation [8]. Macrophages have
been found to express various phenotype-dependent MMPs
[59], as well as producing a number of molecules that regulate
MMPs [8, 60, 61], which would be consistent with a role in the
initiation of menstruation (discussed later). Furthermore, mac-
rophages have also been associated with glandular cell loss
[12] and regulation of angiogenesis [50] during the menstrual
phase. A tissue xenograft model of menstruation, developed by
Cheng et al. [62], has also shown that immune-related genes,
including those known to be expressed by macrophages, are
tightly regulated in response to progesterone withdrawal.

During the late secretory phase, immune cells, including
macrophages [63] and uNK cells [64], express receptors capa-
ble of binding human chorionic gonadotropin from the early
conceptus, which may contribute to an increase in cell num-
ber. The endometrial macrophage has also been shown to ex-
press estrogen receptor-� and estrogen-related receptor-�, in-
dicating the potential for estrogen-dependent regulation of
cell function [65]. However, the endometrial macrophage
does not express the progesterone receptor [66], which im-

Figure 3. Macrophages release proinflammatory and anti-in-
flammatory mediators throughout the menstrual cycle. A sche-
matic diagram showing postulated roles of the chemokines
released by tissue-resident macrophages identified in endome-
trium according to their “Pro-Inflammation” and “Anti-Inflam-
mation” functions.
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plies that the impact of progesterone and its withdrawal on
macrophage activity are likely to be mediated indirectly by fac-
tors released by other cell types.

REGULATION OF THE ENDOMETRIAL
MACROPHAGE THROUGHOUT THE
MENSTRUAL CYCLE

The location and “traffic” of macrophages within the endome-
trium are tightly regulated, temporally and spatially during the
menstrual cycle. Macrophage numbers make up 1–2% of all
cells within the endometrium during the estrogen-dominant,
proliferative phase, and this increases to 3–5% during the pro-
gesterone-dominant secretory phase, with the macrophage
population reaching its peak at 6–15% during the menstrual
phase (following progesterone withdrawal) [6]. Macrophages
are reported to be evenly distributed throughout the endome-
trial stroma but with aggregations observed close to the lumen
of superficial secretory glands [67]. The increase in macro-
phage cell numbers over the menstrual cycle is considered
to occur by (i) chemotaxis of monocytes from peripheral
blood into the endometrium or (ii) local proliferation in
situ within the endometrium [68, 69]. Whether macro-
phages are retained within the uterine cavity or replaced
during the cycle is yet to be established and is an important
area for further study.

Evidence for chemoattraction of macrophages to the
endometrium
Chemokines are capable of stimulating specific migration of
cells via GPCRs on leukocytes. The chemokine receptors ex-
pressed on leukocytes direct the migration of specific leuko-
cyte subsets to the endometrium [70, 71].

A number of chemoattractants are present within the endo-
metrium throughout the menstrual cycle (Table 1). The ex-
pression patterns of many of these chemokines parallel the
temporal change in numbers of tissue-resident endometrial
macrophages and are implicated in regulation of the ob-
served influx (traffic) of macrophages. For example, the
premenstrual withdrawal of progesterone from the uterine
cavity (at the time of regression of the corpus luteum and
falling circulating progesterone concentrations) results in a
hypoxic environment, an influx of immune cells, and up-
regulation of progesterone-regulated chemokines and recep-
tors, including IL-8 [85– 87], MCP-1 [76, 88], fractalkine
[58, 81], and CX3CR1 [89].

Down-regulation of macrophage numbers within the endo-
metrium has also been studied. MIF [90] has been shown to
inhibit random migration of macrophages into the uterine
cavity, as well as having a postulated, proinflammatory role.
MIF has been localized to the glandular epithelium and the
stromal cells of the cycling endometrium [91]. Further studies
are required to establish the relative impacts of pro- and anti-
migratory factors in endometrial biology.

TABLE 1. Chemoattractants with a Potential Role in Monocyte Recruitment into the Human Uterus with Details of Temporal and
Spatial Location across the Menstrual Cycle

Location Proliferative phase Secretory phase Menstrual

Glandular epithelium MIP-1[�] [72], MIP-1� [73],
CCL14 [74], CCL16 [75],
MCP-1 [76], MCP-3 [58],
MIP-2� [77]

MIP-1�, CCL21, MCP-1, MCP-3 CCL14, IL-8 [80], MCP-1, MCP-
3, MIP-1�

Low levels of CCL21 [78],
MCP-2 [79], MDC [58]

Up-regulation of MDC, MIP-2�,
CCL14, IL-8

Low levels of MCP-2

Down-regulation of MIP-1�
Low levels of MCP-2

Stromal cells Fractalkine [81], MCP-1,
RANTES [82]

LIF, MCP-1, RANTES IL-8, RANTES, MCP-1

Low levels of MCP-2 and LIF
[83, 84]

Up-regulation of IL-8 Low levels of MCP-2

Low levels of MCP-2
Vascular endothelium CCL14, CCL16, MIP-1� CCL21, MIP-1� CCL21, IL-8, CCL14, CCL16,

MDC, MIP-1�, MIP-1�
Up-regulation of CCL14,

CCL16, MDC, IL-8
Low levels of MCP-2

Low levels of MCP-2 Low levels of MCP-2
Leukocytes CCL16, Fractalkine in uNKs Fractalkine in uNKs and

macrophages
CCL21, MDC, MIP-1�

Small dip in fractalkine
premenstrually

Luminal epithelium LIF LIF
Perivascular cells MCP-1 MCP-1 MCP-1
Vesicles MCP-3

MDC, Macrophage-derived chemokine.
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Evidence for in situ proliferation of endometrial
macrophages
It has also been proposed that the increase in macrophage popu-
lation density during the secretory phase of the menstrual cycle
may be a result of in situ proliferation. A model using human
endometrial xenografts, maintained in immune-compromised
mice, was supplemented with hormones simulating those of the
normal menstrual cycle. On Day 28 of the stimulated cycle, in
situ proliferation of the human leukocytes, including macro-
phages, were at their highest numbers [68]. Three days after pro-
gesterone withdrawal (Day 31), leukocyte numbers within the
xenograft reached a maximum, with most of the cells identified
as infiltrating mouse leukocytes coinciding with a peak in MMP-9
production by the tissue. Leukocytes generated via in situ prolif-
eration might therefore be responsible for cytokine secretion and
promotion of decidualization [68, 92]. Although it is also possible
that leukocyte precursors or progenitor cells were present within
the transplanted endometrial tissue matrix, and these matured
within the xenograft, contributing to the observed increase in
human macrophages. In contrast, infiltrating leukocytes brought
into the uterine cavity in response to progesterone withdrawal
may be involved in tissue breakdown and repair [2, 68].

In situ proliferation of leukocytes has been reported to occur
in the presence of IL-4 during a TH2 inflammatory response
[69]. Furthermore, in situ proliferation may be an alternative
component of an inflammatory response that allows macro-
phages to accumulate in sufficient numbers to perform critical
functions, such as wound repair in the absence of potentially
damaging inflammatory cell recruitment during sustained classi-
cal inflammation [69]. It has been postulated that IL-4 may sup-
press MAF and MAFB transcription factors that would ordinarily
reduce macrophage proliferation [93].

A ROLE FOR MACROPHAGES IN TISSUE
AND VESSEL BREAKDOWN AT
MENSTRUATION

MMPs are expressed in endometrial stromal cells, epithelial cells,
and subsets of leukocytes at menstruation, including macro-
phages [8]. Up-regulation of MMPs in areas of lysis is stimulated
by a number of cytokines, such as IL-1�, left–right determination
factor 2 (LEFTY-2), and TNF-�, which recruit MMP-rich immune
cells into the uterine cavity [94]. Expression of MMPs is reported
to be negatively regulated by progesterone and TIMPs via TGF-�
[61, 95].

Macrophage release of latent forms of MMP-9 (gelatinase B),
MMP-12 (metalloelastase), MMP-14 (MT-MMP-1), and plasmino-
gen activator (followed by subsequent cleavage) is implicated in
the breakdown of the functional layer of the endometrium
(Table 2) [6, 94, 96]. MMP-9 is detected in stromal cells, epithe-
lial cells, and infiltrating leukocytes throughout the cycle and up-
regulated during the menstrual phase [96]. Expression of MMP-3
is strikingly up-regulated at menses and activates pro-MMP-9 to
form active MMP-9, which is capable of breaking down small frag-
ments of collagen within the functional layer of the endometrium
[97]. MMP-12 is also present throughout the cycle in low levels
but massively increased during the menstrual phase [97].

MMP-14 is expressed throughout the cycle and only increases
slightly during the menstrual phase. ProMMP-2 can be converted
into MMP2 by MMP-14, allowing MMP2 to act in concert with
MMP-9 and other MMPs at the time of menstruation [97].

The urokinase form of the plasminogen activator is reported
to be up-regulated premenstrually [98] and has been shown to
be released from mast cells and macrophages [99]. At this
stage of the menstrual cycle, it converts plasminogen into its
active form, plasmin, which cleaves pro-MMP1 to form MMP-1
[97]. MMP-1 therefore represents an essential enzyme in the
events leading to menstruation [100].

A hypoxic environment within the endometrium stimulates
production and release of VEGF by macrophages and other en-
dometrial cells [50, 101]. Such conditions could also result in the
transformation of macrophages into a proangiogenic cell as a
result of low oxygen tensions [102] or to wound-like concentra-
tions of lactate [103, 104], pyruvate [104], or hydrogen ions [103,
104]. They may also be activated by cytokines, such as IFN-�, GM-
CSF, platelet activating factor, or MCP [105]. These “activating”
cytokines are released by a number of cells that include activated
endothelial cells. MMP activation has also been found to alter
angiogenic activity by the release of cytokines and angiogenic in-
hibitors [106]. A hypoxic environment may be critical for estab-
lishment of a monocyte gradient in inflammatory sites, where the
local microenvironment influences monocyte transendothelial
migration and recruitment by up-regulating expression of endo-
thelial cell adhesion molecules and various chemoattractants, i.e.,
VEGF, endothelin, endothelial-monocyte activating polypeptide-2,
angiopoeitin 2, and CXCL12, as studied in tumor lesions [39,
107].

CLINICAL CONTEXT OF A TISSUE-
RESIDENT ENDOMETRIAL MACROPHAGE

Examples of clinical situations where macrophage phenotype and
function may play a significant role in physiology and pathology
include benign gynecological complaints, such as endometriosis
and abnormal uterine bleeding (unscheduled bleeding with ex-
ogenous hormone administration and HMB) and endometrial
malignancy. If macrophage activation/function is demonstrated
to play a pivotal role(s) and to be perturbed in these clinical con-
ditions, then manipulation of macrophage activation/function
may provide a novel target for therapeutic opportunities for man-
agement of these debilitating clinical complaints.

TABLE 2. Summary of MMP Production in Endometrium and
Proposed Roles

MMP Role

MMP-9 (gelatinase B) Up-regulated at menstruation
MMP-12 (metalloelastase) Up-regulated at menstruation
MMP-14 (MT-MMP-1) Slightly up-regulated at

menstruation
Plasminogen activator Premenstrual
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ABNORMAL UTERINE BLEEDING

Abnormal uterine bleeding may be a result of a number of
different causes. When ovulatory and structural disorders have
been excluded, it is likely that the problem resides within the
endometrium [108, 109].

HMB, in some cases, is a likely consequence of dysregula-
tion of local endometrial hemostatic mechanisms [110]. It is
well documented that the endometrial macrophage, as dis-
cussed above, is a key regulator of a number of factors in-
volved in the initiation of menstruation [9, 111] and is found
in focal sites of endometrial remodeling [6], supporting claims
that it is likely to play a key, functional role in successful re-
pair of the endometrium [112]. The importance of leukocytes
during menstruation has been documented in a study by
Kaitu’u-Lino et al. [113], where neutrophil depletion hindered
endometrial repair in a mouse model of menstruation. It is
unknown what effect macrophage depletion would have on
menstrual function. Unscheduled bleeding is thought to be
the most common reason for discontinuation of contraceptives
[114–116]. Clark et al. [117] clearly showed an increase in
macrophages and their cytokines in the endometrium of
women using a LNG contraceptive or those with intrauterine
delivery of LNG who complained of unscheduled bleeding.
Further studies using progestin-only contraceptives have also
shown an increase in endometrial MMPs [118–120] as a result
of a “suppressed secretory phase” [121]. These observations
highlight the potential importance of dysregulation of macro-
phage numbers in the context of endometrial function/bleed-
ing patterns. However, as a role for macrophages in regulation
of menstrual function is yet to be defined, the actual impact of
dysregulation of macrophage function and number on endo-
metrial bleeding remains to be determined.

ENDOMETRIOSIS

Endometriosis is a chronic condition where endometriotic-like
tissue is deposited in areas outside of the uterus (in the pelvis)
causing pelvic pain, pain during intercourse, and infertility [122].
Macrophages are thought to play a role in the pathogenesis of
endometriosis with evidence for augmentation of macrophage
function (i.e., clearance) in endometrial tissue found outside of
the uterine cavity [123], which may be estrogen [124] or oxida-
tive damage-dependent [125–127]. Abnormal immune responses
involve a lack of scavenger function [128, 129], an increase in PG
[130, 131] and IL production [128, 132, 133], as well as the cre-
ation of a positive feedback loop in NF�B [134, 135] and RAN-
TES [136] production. Bacci et al. [137] have recently shown a
proinflammatory role for macrophages that exacerbates growth
and vascularization of endometriotic lesions in a mouse model.
The pathology leading to altered macrophage function in endo-
metriosis is yet to be defined.

ENDOMETRIAL CANCER

Endometrial cancer is the most frequent gynecological cancer
and the fourth most common cancer in women in the devel-
oped world [138].

A number of remodeling proteinases have been identified as
factors involved in remodeling of the endometrial stroma dur-
ing tumor invasion [139–143]. Correlative studies suggest that
progression of carcinoma growth within the uterine cavity is
triggered by infiltration of endometrial macrophages [141,
143–146] and is associated with tumor angiogenesis [147,
148]. Macrophages have been linked with both a protective
and pathogenic role in various cancers [149]. It is thought
that the microenvironment of a tumor has the potential to
alter monocyte function [150] to bring antitumor immunity to
a halt. Whether this occurs in endometrial cancer has not
been studied.

CONCLUDING REMARKS

Available evidence suggests endometrial macrophages play a
number of important roles throughout the menstrual cycle,
including tissue regeneration, predecidualization of endome-
trium in anticipation of implantation, initiation of menstrua-
tion, and phagocytotic clearance of endometrial tissue debris.
Further studies are required to fully understand the mecha-
nisms underpinning these roles. The different phenotypes and
regulation of the macrophage within the endometrium at dif-
ferent phases of the menstrual cycle have yet to be fully de-
fined. Furthermore, the interaction between the endometrial
macrophage and the many resident cell populations within the
endometrium is still poorly understood. Defining the roles of
the endometrial macrophage will be an important contribu-
tion to knowledge on the functionality of the endometrium
throughout the menstrual cycle, as well as disorders associated
with endometrial tissue. Given that dysregulation of the macro-
phage phenotype contributes to aberrant inflammatory re-
sponses in many tissues, we propose that the endometrial mac-
rophage has a role in disorders, including abnormal uterine
bleeding, endometriosis, and endometrial cancer. Studies on
the endometrial macrophage provide a unique model for ex-
amination of macrophage function in cyclical repair/remodel-
ing—an important area for future study.
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Abstract

Background: In women dynamic changes in uterine tissue architecture occur during each menstrual cycle. Menses,
characterised by the shedding of the upper functional layer of the endometrium, is the culmination of a cascade of
irreversible changes in tissue function including stromal decidualisation, inflammation and production of degradative
enzymes. The molecular mechanisms that contribute to the rapid restoration of tissue homeostasis at time of menses are
poorly understood.

Methodology: A modified mouse model of menses was developed to focus on the events occurring within the uterine
lining during endometrial shedding/repair. Decidualisation, vaginal bleeding, tissue architecture and cell proliferation were
evaluated at 4, 8, 12, and 24 hours after progesterone (P4) withdrawal; mice received a single injection of
bromodeoxyuridine (BrdU) 90 mins before culling. Expression of genes implicated in the regulation of mesenchymal to
epithelial transition (MET) was determined using a RT2 PCR profiler array, qRTPCR and bioinformatic analysis.

Principal Findings: Mice exhibited vaginal bleeding between 4 and 12 hours after P4 withdrawal, concomitant with
detachment of the decidualised cell mass from the basal portion of the endometrial lining. Immunostaining for BrdU and
pan cytokeratin revealed evidence of epithelial cell proliferation and migration. Cells that appeared to be in transition from a
mesenchymal to an epithelial cell identity were identified within the stromal compartment. Analysis of mRNAs encoding
genes expressed exclusively in the epithelial or stromal compartments, or implicated in MET, revealed dynamic changes in
expression, consistent with a role for reprogramming of mesenchymal cells so that they could contribute to re-
epithelialisation.

Conclusions/Significance: These studies have provided novel insights into the cellular processes that contribute to re-
epithelialisation post-menses implicating both epithelial cell migration and mesenchymal cell differentiation in restoration
of an intact epithelial cell layer. These insights may inform development of new therapies to induce rapid healing in the
endometrium and other tissues and offer hope to women who suffer from heavy menstrual bleeding.
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Introduction

The human endometrium displays a remarkable ability to

undergo cyclical episodes of proliferation, angiogenesis, differen-

tiation (decidualisation), inflammation and tissue breakdown

(menses) occurring up to 400 times during a women’s reproductive

life. Menstruation, the shedding of the upper functional layer of

the endometrium, represents the culmination of a molecular

cascade initiated by withdrawal of progesterone following the

regression of the corpus luteum [1,2]. Rapid restoration of tissue

integrity at the time of menses is essential to avoid excess blood loss

and to ensure the endometrium can regenerate in response to the

sex steroid hormones oestrogen and progesterone in preparation

for a potential pregnancy. The precise mechanisms responsible for

repair of the endometrium, without scarring, are not fully

understood. Recent microscopy studies have revealed that

shedding of the endometrium is a locally occurring, progressive

process, with areas of partially shed, as well as shed and

regenerating endometrium observed in close proximity within

the tissue [3,4].

Re-epithelialisation, a crucial process in endometrial repair,

occurs very rapidly and is independent of the actions of oestrogen

[5]. Based on observations originally made by Novak and Te
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Linde, in 1924, it has been suggested that new populations of

glandular and luminal epithelial cells arise from the epithelium of

glands that are retained in the basal layer after shedding of the

functional layer [6]. In the 1970s, Ferenczy suggested that the

surface epithelium was derived from a simultaneous proliferation

of cells at the exposed ends of basal glands and also from the

persistent and intact surface lining that bordered the denuded

areas of stromal tissue [5]. Recent data suggest that mechanisms

contributing to endometrial repair may need to be revisited in light

of results from studies on human endometrial stem cells [7],

circulating progenitor cells [8], and human endometrial side

population cells [9], all of which suggest novel role(s) in repair of

the tissue following menses.

Our understanding of the mechanisms regulating menstruation

has been informed by studies using human tissue explants and

xenografts, the latter being maintained in mice with a reduced

complement of immune cells [10,11]. In a series of elegant studies,

Marbaix and colleagues have demonstrated focal breakdown of

matrix components within the stroma and highlighted the pivotal

role played by matrix metalloproteinases [11]. Studies using

macaques with artificially induced menstrual cycles, report

increased expression of MMPs at menses, which complement

studies in human tissues [12]. In mice, stromal cell decidualisation

only occurs naturally in response to the presence of a blastocyst

[13] and in the absence of a pregnancy the uterus is remodeled

without shedding (menses). Finn and Pope were the first to

describe a protocol for the use of hormonal injections and artificial

induction of endometrial decidualisation in mice [14]. Stromal cell

decidualisation was induced by oil injection and when progester-

one support was withdrawn they exhibited features of menstru-

ation including immune cell infiltration and tissue degeneration

[14]. The model was later refined by Brasted et al [15] who used

an inbred strain of mice to reduce intra-animal variation and

altered the modes of delivery of the steroid hormones. They

showed endometrial breakdown at 16 hours (the earliest time

point) and complete endometrial regeneration by 48 hours [15].

This model has been widely used to complement and extend

studies on human tissues documenting leukocyte infiltration at the

onset of breakdown [16], changes in components of the

extracellular matrix [17] and expression of metalloproteinases

[18]. A recent study that used this model to examine the role

played by prostaglandins reported administration of COX-2

inhibitors reduced endometrial breakdown and leukocyte recruit-

ment [19] a finding that clearly recapitulates studies in women

[20,21].

The female reproductive system retains a remarkable degree of

developmental plasticity that allows it to adapt to the challenges

imposed by the menstrual cycle and pregnancy. Taylor and

colleagues have highlighted the expression of members of the

HOX gene cluster in the endometrium as evidence that the

recapitulation of developmental processes is an essential feature of

endometrial function [22]. Another process that plays a funda-

mental role in development, that may be recapitulated in adult

tissues, are changes in cell behaviour so that they switch between

mesenchymal and epithelial cell fates. This process is known as

mesenchymal to epithelial transition (MET) with the alternative

fate being defined as epithelial to mesenchymal transition (EMT)

[23]. In this paper we report an updated and modified mouse

model and highlight data that shed new light on the cellular and

molecular mechanisms responsible for the rapid, immediate/early

restoration of endometrial integrity.

Materials and Methods

Modified Mouse Model of Menstruation and Repair
All animal procedures were carried out in accordance with UK

legal requirements and in under licensed approval from the UK

Home Office. In the current study a mouse model of menstruation

described by Brasted et al [15] was modified to include non-

surgical induction of decidualisation and a longer decidualisation

period. Uterine tissues were also collected during a period of active

shedding and repair, time-points that have not been previously

described.

On day 0, C57BL/6J mice between 8–10 weeks of age were

ovariectomised to deplete endogenous steroid production. Mice

received daily injections of b-oestradiol (E2) in sesame seed oil

(100 ng/100 ml, days 7–9). A progesterone (P4)-secreting pellet

was placed sub-cutaneously on day 13; mice also received daily

injections of sub-cutaneous injections of E2 (5 ng/100 ml, days 13–

15). On day 15, decidualisation of one uterine horn was induced

by stimulation of the horn using sesame seed oil (20 ml) inserted

into the uterine lumen via the cervix using a non-surgical embryo

transfer device (NSET) from Datesand Ltd. (Manchester, UK).

The contra-lateral horn acted as a control. P4 withdrawal was

induced 90 hours after decidualisation by removing the P4-pellet.

Mice were culled by asphyxiation and cervical dislocation at time

of P4 withdrawal or 4, 8, 12, 24 and 48 hours thereafter (Figure 1).

Mice received an intra-peritoneal injection of bromodeoxyuridine

(BrdU, 2.5 mg/ml) 90 minutes prior to culling to detect cellular

proliferation. Blood sera were collected, uteri dissected and

collected into RNA later or 4% neutral buffered formalin. Any

mouse in which the oil-treated horn had not decidualised was

excluded from the study.

Histology and Immunohistochemistry
All samples were fixed in NBF overnight at room temperature,

rinsed in 70% ethanol and then stored in 70% ethanol, then

processed into wax. Serial, transverse 5 mm sections were cut onto

micro slides and incubated overnight. To determine gross

morphology, sections were stained with haematoxylin and eosin.

Single antibody immunohistochemistry [24] was carried out with

antibodies directed against BrdU, WT1 and pan cytokeratin.

Double immunofluorescence [25] was carried out with antibodies

directed against vimentin and pan cytokeratin. Details of

antibodies are provided in Table S1. Primary antibodies were

diluted in serum (and incubated at 4uC overnight). Secondary

antibodies were applied to sections for 30 minutes at room

temperature (diluted 1/500), before the addition or a tertiary

detection method, dependent upon the visualisation method used

(immunohistochemistry (IHC) or immunofluorescence). In the

case of IHC, streptavidin horseradish peroxidase was applied to

slides for 30 minutes, positive signals were visualised using the

chromogen 3,3-diaminobezidine (DAB). Reactions were stopped

by immersion in water, sections were counterstained in haema-

toxylin. For immunofluorescence, slides were incubated with the

tyramide signal amplificationTM kit for 10 minutes, then with

DAPI to enable nuclear counterstaining.

RNA Extraction
Uterine samples were added to RNeasy Lysis Buffer (RLT) with

1% b-mercaptoethanol and homogenized. Lysates were added to

RNeasy spin columns and total RNA was eluted according to

manufacturer’s instructions (Qiagen). The total concentration of

RNA in each sample was measured and then standardised to a

concentration of 100 ng/ml using RNAse free water.
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Quantitative RTPCR
Reverse transcription of RNA to cDNA was performed using

the Superscript VILO cDNA synthesis kit (InVitrogen) according

to manufacturer’s instructions. Samples were incubated at: 25uC
for 10 minutes, 42uC for 60 minutes and 52uC for 5 minutes in a

thermal cycler. Primers for each gene of interest were designed

using the Universal Probe Library Assay Design Center (Roche

Applied Science) and purchased from Eurofins (MWG Operon),

sequences are shown in Table S2. Reactions were prepared in

duplicate. Amplification was carried out at 95uC for 10 minutes

then 40 cycles of 95uC for 15 seconds and 60uC for 1 minute.

Analysis was performed using the DDCt method with the fold

change calculated relative to an internal control (18 s) and to the 0

hour control sample set. Statistical analysis was performed using

Graphpad Prism 5, significance was considered p,0.05 or less.

Student t tests determined significance between the decidualised 0

hour time-point and the latter time-points.

Array Analysis Using the RT2 Profiler PCR Array
RNA was analysed using Agilent Technologies according to the

manufacturer’s protocol: only samples with a RIN.6.0 were used

in the array. RNA samples (400 ng/ml) were treated to eliminate

genomic DNA before preparation of cDNA. The RT2 profiler

Mouse Epithelial to Mesenchymal Transition Array (SABios-

ciences, PAMM-090Z) was used with buffers supplied by the

manufacturer. The full list of genes detected by the SYBR Green-

optimized primer assays can be found at http://www.

sabiosciences.com/rt_pcr_product/HTML/PAMM-090Z.html.

A reaction mixture was prepared using the RT2 Real-Timer SyBR

Green/ROX PCR Mix kit according to manufacturer’s instruc-

tions; amplification was carried out as described above. Analysis

was performed using SABiosciences web portal, (http://

pcrdataanalysis.sabiosciences.com/pcr/arrayanalysis.php), data

analysis was performed using the DDCt method comparing the 0

hour time-point to the 8 hour and 24 hour time-points as well as

the 8 hour to 24 hour time-point.

Progesterone ELISA
Determination of serum progesterone concentrations was

carried out using a progesterone ELISA kit (DEMEDITEC

diagnostics, Germany) as per manufacturer’s instructions. Samples

were analysed in duplicate, standard curve and average absor-

bance values were calculated using Masterplex Readerfit. Intra-

assay variation; CV 5.4–6.99%, inter-assay variation; CV 4.34–

9.96%. Progesterone concentrations are expressed in ng/ml.

Results

Development of a Modified Model of Mouse Menses
In the current study a mouse model of menstruation described

by Brasted et al [15] was modified to include non-surgical

induction of decidualisation and recovery of uterine tissues during

a period of active shedding/repair which in our model spanned a

period of 4 to 24 hours after removal of the progesterone pellet

(progesterone withdrawal) (Figure 1). In pilot studies, during which

uterine tissue was recovered 49 h after administration of oil via

trans-uterine injection, the degree of decidualisation (increase in

wet weight or presence of luminal decidual cell mass) in the strain

of mice used in our laboratory was highly variable. In their original

publication Finn and Pope [14] recorded a time-dependent

increase in decidualisation therefore we changed our protocol to

allow full decidualisation to occur (90 hours) before withdrawal of

P4. Notably a study published after we had modified our protocol

[26] also left the P4 implant in place until 4 days (,96 hours) after

stimulation with oil. An additional refinement of the protocol was

the introduction of a small volume of oil via the vagina and cervix

using a pipette tip designed for mouse IVF. We adopted the trans-

vaginal route to avoid subjecting the steroid-stimulated uterine

horn to the ‘insult’ of a trans-myometrial injection as the impact of

this on tissue function was uncertain.

Vaginal bleeding was observed as early as 4 hours after P4

withdrawal, was present in 87.5% of animals at 12 hours

(Figure 2A). Removal of the uterus at different times after P4

withdrawal revealed evidence of intense unilateral decidualisation

responses (Figure 2B) and time dependent-breakdown of the

decidualised tissue (Figure 2C–D). Blood cells can be observed in

the non-decidualised horn following vaginal lavage, where these

cells are flushed out of the decidualised horn (Figure 2C). In line

with expectations removal of the P4 pellet was associated with a

rapid fall in serum concentrations of progesterone (Figure 2E) such

that it was ,50% at 4 hours (p,0.05). Overt bleeding had stopped

by 24 hours (Figure 2F).

Histological evaluation of transverse tissue sections showed a

decidual cell mass filling the lumen of the horn at time of P4

withdrawal consistent with a robust decidualisation response. As in

women, variation in the breakdown and shedding of decidual

tissue was observed; in all tissues examined, dissociation of the

decidual mass from the underlying endometrium was associated

with an apparent loss of tissue integrity (Figure S1). Shedding of

the decidual mass resulted in portions of the stroma becoming

denuded of overlying epithelium (Figure S2).

Figure 1. Summary of time line for mouse model of menstruation and regeneration. Colour coding pink = ‘proliferative phase’,
blue = ‘secretory phase’, red = ‘menstrual phase’. Ovex; ovariectomy, E; b-oestradiol, P; progesterone. b-oestradiol concentrations in brackets (ng/
100 ml), P4 pellet (1 mg/ml). One uterine horn was stimulated on day 15 via oil injection into the luminal cavity; ‘‘menses’’ was induced by P4 pellet
removal on day 19. BrdU was injected 90 minutes prior to tissue recovery at 4, 8, 12 and 24 hours after the removal of the P4 secreting pellet.
doi:10.1371/journal.pone.0086378.g001
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Immunolocalisation of BrdU Suggested Proliferation of
Epithelial Cells could Contribute to Restoration of an
Intact Luminal Epithelium

Cells that were actively proliferating at the time of tissue

recovery were detected by incorporation of BrdU into cell nuclei

during the 90 minutes prior to cull in uterine tissue sections at all

time points. At the time of progesterone withdrawal (0 hours)

stromal cells in the basal compartment and a few of the luminal

epithelial cells were proliferating (not shown). At 4 (Figure 3A–B)

and 12 (Figure 3C–D) hours many proliferating cells were present

in both the basal stroma and epithelial layer lining the lumen.

Proliferation of epithelial cells continued at the luminal surface at

24 hours and was also detectable in a few epithelial cells lining the

basal glands (Figure 3E–F).

Immunohistochemistry and Quantitative Analysis of
Genes Associated with Epithelial and Stromal Cell
Phenotype Provided Evidence for Re-epithelialisation by
Epithelial Cells at the Luminal Surface

In samples recovered at all time-points, where the shed decidual

mass had detached from the underlying basal layer, areas of

denuded stroma were documented immediately adjacent to

regions where luminal epithelial cells remained intact (Figure

S1). Epithelial cells in regions of the lumen and cells lining the

basal glands are strongly immunopositive for cytokeratin

(Figure 4A–C). In Figure 4D, the luminal epithelium adjacent to

an area of denuded endometrium is shown, as depicted by the

arrowheads. Adjacent to this region is what appears to be a

Figure 2. Gross morphology, bleeding and progesterone concentrations. A, Mouse at 12 hours after P4 withdrawal showing blood in
vagina; B, The non decidualised control (left) and the decidualised horn (right) upon dissection (12 hours after withdrawal); C, Blood cells are
detectable in lumen of the non decidualised horn following vaginal lavage (24 hours after withdrawal); D, Shed tissue expelled from cervix (24 hours
after withdrawal), decidualised horn shows regression; E, Serum concentrations of progesterone (ng/ml). Statistical analysis was carried out by
Student t test, comparing each time-point to the 0 hour time-point *p,0.05 **p,0.01 and ***p,0.001; F. Percentage of mice bleeding between 4
and 24 hours. This was calculated as a percentage of mice that were identified to be bleeding at each time-point of the total number of mice
examined at each time-point.
doi:10.1371/journal.pone.0086378.g002
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‘leading edge’ of rounded luminal epithelial cells that appear to be

‘‘rolling’’ across an area of the denuded stroma.

To complement the histological evaluations depicted in Figure 4,

analysis of mRNA concentrations for known markers of cellular

phenotype were investigated by qRTPCR. Dynamic changes in

gene expression and an apparent reciprocal relationship between

mRNAs expressed by known stromal cell markers (Cdh2, Wnt4,

vimentin) and epithelial cell markers (Cdh1, Wnt7a, Krt18) were

documented (Figure 5).

For example, significant increases in mRNA concentrations for

definitive stromal cell markers N cadherin (Cdh2) and vimentin

were detected at 4 and 8 hours after progesterone withdrawal

(Figure 5A and C, p,0.01, p,0.001) consistent with relative

increases in stromal cells positive for BrdU at this time (Figure 3A–

D). Concentrations of Wnt4 mRNAs (known to be involved in

endometrial stromal cell development in utero) were maintained

until 8 hours (Figure 5B) before decreasing at 12 and 24 hours,

similar decreases were observed for Cdh2 and vimentin at this time

(Figure 5A and C). Consistent with epithelial cell proliferation

(Figure 3 A, C, E) and the pattern of cytokeratin staining reported

above (Figure 4) there was a progressive, significant, increase in the

total concentration of Krt18 mRNA from 8 to 24 hours (Figure 5F).

Notably, at 12 and 24 hours Cdh1 (E-Cadherin) a key marker of

endometrial cell identity, was significantly increased compared

with the 0 hour time-point (Figure 5D, p,0.001). mRNA

concentrations for Wnt7a, known to play a key role in endometrial

epithelial cell formation during embryonic development, were also

significantly increased at 12 and 24 hours (Figure 5E).

Figure 3. Proliferation of uterine cells between 4 and 24 hours after P4 withdrawal. To identify proliferating cells, animals were injected
with BrdU 90 minutes prior to tissue recovery. A; Proliferating luminal epithelial cells detected in tissues 4 hours after progesterone withdrawal. B; In
the same tissue, stromal cells in the basal layer are positive for BrdU (arrows). C; At 12 hours, luminal epithelial cells were positive for BrdU, no BrdU
positive cells were identified in the shed cell mass. D; In the same tissue, stromal cells close to the luminal edge were positive for BrdU (arrowheads),
new epithelial cells were identified lining the lumen in an area of tissue where the decidualised tissue had shed (arrows). E; At 24 hours after
withdrawal, endothelial cells were positive for BrdU (arrowheads), the intact luminal epithelium was also positive for BrdU. F; In another sample at 24
hours, the stromal compartment was exposed to the lumen (arrowheads); note stromal cells positive for BrdU are interspersed throughout the basal
layer and evidence of glandular epithelial cell proliferation was also detected (arrows). BL; Basal layer, LE; luminal epithelium, DS; decidualised stromal
cells, M; myometrium, SC; shed cells. Scale bars are equal to 100 mm or 50 mm where indicated.
doi:10.1371/journal.pone.0086378.g003
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Immunohistochemistry Suggested Some Epithelial Cells
Originated in the Stromal Compartment

Studies were undertaken to immunolocalise cytokeratin and

vimentin as a complement to studies measuring their mRNAs in

tissue homogenates (Figure 6, Figure S3). At all time-points, cells

with intense immunostaining for cytokeratin were identified lining

glands within the basal compartment of the endometrium (Figure

S3B and C and Figure 6F, arrows). In samples recovered at 24

hours after P4 withdrawal cytokeratin-immunopositive cells were

present within the stromal compartment but only in regions

denuded of luminal epithelium (Figure 6A, B, depicted by

arrowheads).

Dual immunofluorescence co-staining for vimentin and cyto-

keratin identified cells that were immunopositive for both vimentin

and cytokeratin indicating that these cells had stromal and

epithelial properties (Figure 6C–G, yellow, dual-labelled cells

indicated by white arrowheads). At 12 hours, a few dual-labelled

cells were detected in the stroma adjacent to the myometrium

(Figure 6D) and cytokeratin positive cells (green) were present in

the stroma (Figure 6E). At 24 hours, cells co-staining for vimentin

and cytokeratin were identified in the stromal compartment

adjacent to the lumen (Figure 6G, white arrowheads). These

findings appear consistent with some stromal cells adopting a

transition/intermediate phenotype prior to differentiation into

epithelial cells.

Array Analysis and Quantitative RTPCR Revealed Changes
in Expression of Genes Associated with MET

Analysis of gene expression changes using a focused PCR array

revealed a greater proportion of genes were up-regulated than

down-regulated at both 8 and 24 hours when compared with 0

hours. Of the 21 changes in gene expression detected by

comparing the 8 and 24 hour time points, 12 were up-regulated

whereas 9 were down-regulated (Table 1). Those genes which

displayed significant changes in gene expression are outlined in

Tables S3 and S4. Consistent with results of qRTPCR analysis,

expression of the cytokeratin (Krt7) and E-Cadherin (Cdh1) in the

array were both markedly increased in samples recovered at 24

hours (Table S4). Other striking changes in gene expression at 24

hours (Table S4) would all be consistent with re-establishment of a

mature, functional epithelial compartment associated with resto-

ration of junctional integrity: cell adhesion molecules Dsc2

(desmocollin 2, 4 fold increase) and Spp1 (osteopontin, 23 fold

increase) and the intracellular junction protein Dsp (desmoplakin, 9

fold increase).

A number of changes detected on the array mirrored those

reported in human tissue at time of menses, including a striking

up-regulation in expression of Mmp3 (a 3 fold increase at 8 hours,

and a 61 fold increase at 24 hours); Mmp9 was also significantly up-

regulated between 8 and 24 hours (11 fold increase, not shown).

To complement and extend the data obtained using the PCR

array, bioinformatic analysis was conducted using Metacore

software (Figure 7). Analysis of genes identified as up-stream

regulators of Cdh1 and Cdh2, both of which changed in a dynamic

way in our uterine tissue, highlighted both an association with

MMPs as well as with Smad2 which we have previously identified

Figure 4. Immunostaining for pan-cytokeratin illustrates re-epithelialisation of the endometrium consistent with cell migration.
Pan-cytokeratin, used as a marker for epithelial cells, was observed in the luminal epithelium and the glandular epithelium. A; The shed decidualised
cell mass was observed to be detaching from the underlying stromal cell compartment at 24 hours after progesterone withdrawal. B; The denuded,
underlying stroma, as indicated by the arrowheads, next to a region of luminal epithelial cells. C; The luminal epithelium next to an area of denuded
basal stroma (arrowheads). D; Round epithelial cells appear to be ‘‘rolling’’ along an area of the denuded basal stroma. LE; luminal epithelium, G:
glandular epithelium, SC; shed cells. Scale bars are equal to 200 mm, 100 mm or 20 mm where indicated.
doi:10.1371/journal.pone.0086378.g004
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as involved in TGFß signaling in human endometrial stromal cells

[27]. Six other genes were identified for further study, these were;

WT1 (not represented on the array), Snail (Snai1) and Slug (Snai2)

as all three have been identified as key regulators of transitions

between the mesenchymal and epithelial states [reviewed in [28],

Smuc (Snai3), Twist and Mmp3.

QRTPCR analysis revealed a transient and significant increase

in expression of Wt1 and Snai1 at 4 hours (P,0.05, Figure 8 D and

A respectively) and a significant decrease in Snai2 (Slug) at 8 and

12 hours (Figure 8B) which is in agreement with the results

obtained using the PCR array which detected a 2 fold decrease in

the 8 hour sample (4 and 12 hours not examined). Snai3,

(Figure 8C) not previously studied in the endometrium, was

significantly increased at 12 and 24 hours, consistent with results

obtained using the PCR array (15 fold increase at 24 hours). A

gradual increase in Twist was detected (Figure 8E), with a

significant increase at 12 and 24 hours. Consistent with findings

in the array, Mmp3 was significantly up-regulated at 8, 12 and 24

hours (Figure 8F), with the highest expression at 24 hours

(consistent with the 61 fold increase obtained in the array).

To complement the QRTPCR analysis, immunohistochemistry

for WT1 was carried out to determine cellular localisation of the

protein (Figure 9). At the time of progesterone withdrawal (0

hours, Figure 9A) nuclei of the decidualised stromal cells, stromal

cells in the basal layer and luminal epithelial cells were positive for

WT1. Consistent with the changes in mRNA concentrations,

WT1 expression was maintained at 4 hours (Figure 9B) and 8

hours (Figure 9C) however by 12 hours (Figure 9C) WT1

expression had decreased and was limited to the stromal cell

compartment.

Discussion

In women, extensive tissue remodelling occurs during menses

with restoration of homeostasis requiring rapid and co-ordinated

re-epithelialisation, stromal cell remodelling and endothelial cell

proliferation. Studies on the regulation of endometrial repair have

been informed by studies in mouse models using two different

induced models of tissue shedding. The most widely used model is

the one originally proposed by Finn and Pope [14] that was

modified and widely utilised by the Salamonsen laboratory [15–

17] and revised in the current paper. Notably, mirroring the

situation in women where endometrial repair occurs at a time

when both oestradiol and progesterone levels are low, termed a

‘‘steroid-depleted’’ environment, endometrial repair was reported

to occur in the absence of oestrogen in a mouse model of

endometrial breakdown [16]. A second mouse model relies on

formation of a corpus luteum following mating with a vasecto-

mised male, this induces a rise in progesterone and makes the

uterus receptive to a decidualising stimulus; progesterone with-

drawal can be induced by administration of an antiprogestin

[29,30]. Of these mouse models overt vaginal bleeding has only

been detected in the current paper and in two recent studies by

Rudolf, Roese and colleagues [26,29] one of which used the

pseudopregnant model [29]. A key feature of our study and that of

Menning et al [26] was the induction of a substantial and

sustained decidual response stimulated by P4 released by an

implant left in place for 90–96 hours after introduction of oil into

the uterine lumen. In our model, endometrial breakdown occurred

within 4 hours of the withdrawal of progesterone, consistent with a

70% decrease in serum progesterone concentrations and evidence

of blood in the vaginal smear. A direct comparison with the other

Figure 5. Dynamic changes in concentration of mRNAs specific to stromal and epithelial cell compartments. Comparison between
concentrations of mRNAs encoded by genes typically expressed in stromal (Cdh2, Wnt4, vimentin) and epithelial (Cdh1, Wnt7a, Krt8) cells at 0 hours
(full decidualisation) and following P4 withdrawal 4, 8, 12 and 24 hours prior to tissue recovery. Statistical analysis was performed by Student t test,
comparing each time-point to the 0 hour time-point: *p,0.05, **p,0.01, ***p,0.001.
doi:10.1371/journal.pone.0086378.g005
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models in which bleeding was recorded [26] is not possible

because tissue was not recovered until 24 hours after P4

withdrawal. In a recent paper, a critical period of progesterone

withdrawal was reported to precede endometrial breakdown [31]

and the authors reported that replacement of progesterone after

12–16 hours was sufficient to reverse the effects of progesterone

withdrawal. However, the authors do not report any evidence of

endometrial bleeding until 12 hours after the withdrawal of

Figure 6. Cytokeratin positive cells were identified lining the luminal epithelium and glands as well as in the stroma with the latter
appearing to be in transition between stromal and epithelial cell identity. A; A subset of stromal cells adjacent to the luminal surface were
immunopositive for pan-cytokeratin at 24 hours after progesterone withdrawal (arrowheads). B; In another sample, positive pan-cytokeratin stromal
cells (arrowheads) were detected adjacent to the luminal surface of a denuded area of endometrium. C; Immunofluorescence for epithelial cells
stained for cytokeratin (green) and mesenchymal cells stained for vimentin (red) in the mouse endometrium. 12 hours after progesterone withdrawal,
vimentin positive decidualised cells were observed, budding into the lumen. D; Vimentin and cytokeratin positive cells were observed in the stroma,
close to the myometrium (arrowheads). E; stromal cells were positive for cytokeratin. F and G; 24 hours after progesterone withdrawal an area of shed
endometrium is observed. Co-localisation of vimentin and cytokeratin (white arrowheads) was detected close to the surface of the underlying stroma.
BL; basal layer, G; glandular epithelium, SC; shed cells, M; myometrium. Scale bars are equal to 50 mm where indicated.
doi:10.1371/journal.pone.0086378.g006

Table 1. Number of gene changes in MET PCR array.

Time-point No. Genes Up-regulated No. Genes Down-regulated

8 hours (compared to 0 hours) 20 4

24 hours (compared to 0 hours) 43 5

24 hours (compared to 8 hours) 12 9

doi:10.1371/journal.pone.0086378.t001
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progesterone, despite a reported drop in progesterone concentra-

tions from ,128 ng/ml to ,14 ng/ml in the first 8 hours [31]. In

our model, circulating progesterone concentrations are maximal

prior to progesterone pellet removal at 8 ng/ml, bleeding is

recorded at 4 hours when progesterone concentrations are ,3 ng/

ml. Therefore it is likely that it is not the drop in progesterone that

triggers breakdown but a minimal progesterone concentration

threshold, which once the level has dropped below it, it cannot be

recovered.

Results obtained with the current model mimic features of

human menstruation including disturbances in expression of

epithelial and junctional proteins such as desmoplakin [32] and

Figure 7. Metacore analysis of genes detected in mouse uterus that were associated with regulation of E cadherin and N cadherin.
To filter data, the full gene array list was input into MetacoreTM software and any gene that was found to have no known interaction with E and N
cadherin was excluded. Arrows indicate direct effects on other genes in the pathway. Green arrows indicate activation, whereas red arrows show
inhibitory action.
doi:10.1371/journal.pone.0086378.g007

Figure 8. Endometrial remodelling was associated with dynamic changes in concentrations of mRNAs expressed in stromal and
epithelial cell types as well as those encoded by genes implicated in MET. mRNA concentrations for candidate genes involved in
mesenchymal to epithelial transition and tissue remodelling; Snai1 (Snail), Snai2 (Slug), Snai3 (Smuc), Wt1, Twist and Mmp3 following progesterone
withdrawal. mRNA expression for the decidualised horn (black bars) was normalised against the control 0 hour horn. Statistical analysis was
performed by Student t test, comparing each time-point to the decidualised 0 hour time-point, *p,0.05, **p,0.01, ***p,0.001.
doi:10.1371/journal.pone.0086378.g008
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significant increases in expression of MMPs [33]. Studies in mice

with a conditional knockout of Cdh1 have demonstrated an

essential role for the gene in development of the uterus with

knockout mice having abnormal epithelial development and

reduced expression of cytokeratin 8 and occludin [34]; a link

between expression of these key epithelial cell protein components

was also observed in the current study with expression of Cdh1,

cytokeratins (Krt19, 7) and occludin (Ocln) all being up-regulated in

our 24 hour samples.

Detailed immunohistochemical evaluation provided evidence

that stromal cells adjacent to areas denuded of epithelium were in

transition between having a mesenchymal (vimentin positive) cell

fate and an epithelial one, indicative of MET. Notably, although

we have no data from normal menstruating human endometrial

tissue, transitions between a epithelial and mesenchymal state

plays a fundamental role in formation of tissue systems with

expression of WT1 playing a pivotal role in regulating cell fate

[35].

Huang et al [36] used genetic fate mapping to examine uterine

regeneration and remodeling following parturition. They found

evidence that stromal and epithelial compartments maintain

separate fates during normal oestrous cycles, but in restoration

of tissue integrity following parturition a subset of stromal cells

differentiate to become incorporated into luminal and glandular

epithelium. In our model of induced menses we first noted stromal

cells that were in a transitional state within the basal compartment

at 12 hours after progesterone withdrawal with a more robust

response at 24 hours, the latter being in position to complement

the restoration of an intact epithelial layer by migrating/

proliferating epithelial cells. A study recently published by

Patterson et al [30] examined uterine tissue recovered following

parturition, as well as a menses model based on induced

pseudopregnancy and progesterone withdrawal by ovariectomy.

Their results using reporter lines confirmed those of Huang et al

and they also found a subset of stromal cells double stained for

vimentin and cytokeratin located close to the myometrial epithelial

border 24 hours after ovariectomy. In this study we examined

expression of genes known to regulate the process of MET. These

extend our previous studies on the role of TGFß1, a protein

documented as a regulator of EMT in endometrial cancer [37], in

regulation of endometrial stromal cells. In a previous study we

found evidence for Smad2 dependent suppression of expression of

progesterone receptor [27]. In the current study we documented

changes in expression of WT1 as well as Snai1, 2 and 3. Changes

in WT1 and Snai1 were both transient occurring in the immediate

phase of tissue shedding. We also detected a robust increase in

expression of Snai3 (5 fold at 8 hours, 15 fold at 24 hours). Mice

with knockout of Snai3 are viable and fertile but double knockout

of Snai2/3 resulted in marked depletion of bone-marrow derived

cells [38] raising the possibility that Snai3 may play a previously

unrecognised role in regulation of bone-marrow derived cells in

the uterus [39]. We also speculate that reduced expression of Snai2

(Slug) at 8 and 12 hours might relieve repression of the Cdh1 gene

favouring epithelial cell fate. As the decidualised functional layer

sheds, it is possible that it secretes factors that initiate repair. In our

mouse model, progressive shedding of the decidualised functional

stroma was observed (8 hours after progesterone withdrawal); in

addition to this, residual luminal epithelial cells were observed to

be ‘‘moving’’ towards sites of newly exposed endometrium. We

postulate that as the endometrium detaches from the underlying

Figure 9. Immunostaining for WT1 illustrates dynamic changes in cellular localisation during breakdown and repair. A;
Immunopoistive staining for WT1 was detected in decidualised stromal cells, stromal cells of the basal layer and the luminal epithelium at the time of
progesterone withdrawal. B; At 4 hours, strong immunostaining was maintained in the basal and decidual layers of the tissue. C; By 8 hours, strong
immunopositive staining was localised to areas close to the luminal epithelium. D; By 12 hours, fewer immunopositive cells were observed, these
were limited to the stroma, no immunostaining for WT1 was detected in the luminal epithelium. LE; luminal epithelium, G: glandular epithelium, SC;
shed cells, DS; decidualised stroma, M; myometrium. Inset; negative control. Scale bars are equal to 100 mm where indicated.
doi:10.1371/journal.pone.0086378.g009
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basal stroma, it secretes factors that promote repair. A study by

Gaide-Chevronnay et al on human tissues, supports a role for the

degenerating endometrium supporting its own repair [11].

Evidence includes an increase in leukocyte chemokines, extracel-

lular matrix (ECM) proteins and enzymes involved in prostaglan-

din synthesis were detected in the functional layer of menstrual

phase tissue. Furthermore, a scanning electron microscopy study

by Garry et al observed that immediately after shedding, a

fibrinous matrix appears to ‘‘seal’’ the endometrium prior to re-

epithelialisation [3]. In support of this a previous mouse model of

breakdown has shown that extracellular matrix proteins were

increased at the time of repair and were localised to the luminal

edge of the uterine horn [17].

A role for the degenerating functional stroma in endometrial

repair has not been widely studied. Although, it is tempting to

speculate that it may play a role in the pathology of endometrial

disorders. For example, women with heavy menstrual bleeding

may have a dysfunctional stroma that does not secrete repair

factors, resulting in delayed repair and a longer bleed.

Conclusions

The current study has used an updated mouse model to

investigate the mechanisms that contribute to restoration of tissue

integrity following shedding of the uterine lining. These studies

have revealed a potentially important role for MET in the

complex cellular dynamics that underpin rapid healing of the

endometrial lining each cycle and have implications for manage-

ment of women suffering from disturbances in endometrial

function, including heavy bleeding, and development of new

non-surgical therapies for these conditions.

Supporting Information

Figure S1 Loss of endometrial integrity during endo-
metrial breakdown. Haematoxylin and eosin staining of tissues

collected at 8 and 12 hours after progesterone withdrawal. A; The

functional decidualised stroma detaches basal layer resulting in

exposed regions of underlying stroma (arrows). B; At 12 hours, the

shed cell mass disaggregates with the underlying stroma (arrows).

SC; shed cells. Scale bars are equal to 50 mm where indicated.

(TIF)

Figure S2 Shedding results in a denuded stromal cell
compartment. Haematoxylin and eosin staining of tissues

collected at 24 hours after progesterone withdrawal. A and B;

shedding of the functional stroma (SC) results in areas of denuded

basal stroma, with no evidence of luminal epithelial cells

(arrowheads). SC; shed cells. Scale bars are equal to 50 mm where

indicated.

(TIF)

Figure S3 Epithelial cell dynamics during endometrial
breakdown. Pan-cytokeratin, used as a marker for epithelial

cells, was observed in the luminal epithelium and the glandular

epithelium at 0 and 4 hours after progesterone withdrawal. A; At 0

hours, the luminal epithelium is immunopositive for pan-

cytokeratin. A cluster of cells in the decidualised stroma are also

positive (arrow). B; in the same tissue, weak immunostaining for

cytokeratin was detected in the decidualised stroma. C; glands in

the basal stroma are immunopositive for cytokeratin at 4 hours

after progesterone withdrawal. D; in the same tissue the leading

edge of the decidualised stroma, that is beginning to breakdown, is

immunopositive (arrowheads). LE; luminal epithelium, DS;

decidualised stroma, BL; basal layer, G; glandular epithelium.

Scale bars are equal to 100 mm where indicated.

(TIF)

Table S1 Details of Antibodies.
(DOCX)

Table S2 Primer sequences, accession numbers and
UPL probe numbers used for genes of interest.
(DOCX)

Table S3 Significant changes in gene expression 8 hours
after progesterone withdrawal, as displayed by up- or
down- fold regulation when compared against the 0 hour
group, n = 6.
(DOCX)

Table S4 Significant changes in gene expression 24
hours after progesterone withdrawal, as displayed by
up- or down- fold regulation when compared against the
0 hour group, n = 6.
(DOCX)
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ABSTRACT
Introduction: Heavy menstrual bleeding (HMB)
diminishes individual quality-of-life and poses
substantial societal burden. In HMB endometrium,
inactivation of cortisol (by enzyme 11β hydroxysteroid
dehydrogenase type 2 (11βHSD2)), may cause local
endometrial glucocorticoid deficiency and hence
increased angiogenesis and impaired vasoconstriction.
We propose that ‘rescue’ of luteal phase endometrial
glucocorticoid deficiency could reduce menstrual
bleeding.
Methods and analysis: DexFEM is a double-blind
response-adaptive parallel-group placebo-controlled
trial in women with HMB (108 to be randomised), with
active treatment the potent oral synthetic glucocorticoid
dexamethasone, which is relatively resistant to
11βHSD2 inactivation. Participants will be aged over
18 years, with mean measured menstrual blood loss
(MBL) for two screening cycles ≥50 mL. The primary
outcome is reduction in MBL from screening.
Secondary end points are questionnaire assessments of
treatment effect and acceptability. Treatment will be for
5 days in the mid-luteal phases of three treatment
menstrual cycles. Six doses of low-dose
dexamethasone (ranging from 0.2 to 0.9 mg twice
daily) will be compared with placebo, to ascertain
optimal dose, and whether this has advantage over
placebo. Statistical efficiency is maximised by allowing
randomisation probabilities to ‘adapt’ at five points
during enrolment phase, based on the response data
available so far, to favour doses expected to provide
greatest additional information on the dose–response.
Bayesian Normal Dynamic Linear Modelling, with
baseline MBL included as covariate, will determine
optimal dose (re reduction in MBL). Secondary end
points will be analysed using generalised dynamic linear
models. For each dose for all end points, a 95% credible
interval will be calculated for effect versus placebo.
Ethics and dissemination: Dexamethasone is widely
used and hence well-characterised safety-wise. Ethical
approval has been obtained from Scotland A Research
Ethics Committee (12/SS/0147). Trial findings will be
disseminated via open-access peer-reviewed

publications, conferences, clinical networks, public
lectures, and our websites.
Trial registration number: ClinicalTrials.gov
NCT01769820; EudractCT 2012-003405-98.

INTRODUCTION
Background
Heavy menstrual bleeding (HMB) is defined
as excessive menstrual blood loss that inter-
feres with the woman’s physical, emotional,
social or material quality-of-life.1 The preva-
lence of excessive menstrual bleeding in devel-
oping countries is reported as 4–9%.2

Community surveys of UK menstruating
women have found 35–52% prevalence of
reporting ‘heavy periods’ in the past 6
months,3 4 and 25% annual cumulative inci-
dence of reporting periods as ‘heavy’,4 but
with respect to putative HMB, only 15% who
report both heavy periods and that their
periods are ‘a marked/severe problem’.3

Annually, 1 million UK women seek help for
HMB,1 and an estimated 3.5 million work days
are lost.5 Conservative estimates of annual
direct and indirect economic costs of men-
strual bleeding problems in the USA are US$1
billion and US$12 billion, respectively (in year
2005$).6

Surgical treatments for HMB (hysterectomy,
endometrial ablation) end fertility, and hys-
terectomy is high-cost major surgery. Among
those aged 30–40 years, uterine fibroids are
often the cause of HMB,7 frequently necessi-
tating surgery. In the US 10–15% of women
aged 25–64 have hysterectomy for fibroids8

costing $3 billion annually.6 Hysterectomy
remains a common intervention even in the
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absence of large fibroids.9 It is estimated in England and
Wales, that annually about 80 000 women are referred for
the first time to hospital with HMB and approximately
28 000 (35%) undergo surgical treatment.10 A national
4-year audit has reported that in the year following first
attendance at hospital for HMB, 43% of women received
surgery (8183 followed up).11 However, given half of all
UK-born babies (47%) are to women aged 30 or older,12

fertility-ending surgery is not always acceptable.
Medical therapy for HMB is either ineffective,10 or asso-

ciated with unacceptable side effects. The Levonorgestrel
intrauterine system (LNG-IUS), a hormonal contracep-
tive now licensed as treatment for HMB, is unsuitable for
women seeking to become pregnant. LNG-IUS can cause
amenorrhoea, or for other users there is ongoing and
unpredictable unscheduled bleeding, and these conse-
quences can be unacceptable to women.13 The audit
reported that in the first year after attendance for HMB,
oral medication and IUS were received by 29% and 33%,
respectively, but these were the ‘final’ treatment for only
12% (over half switched from oral medication) and 22%
(one third switched from IUS).11 IUS and systemic pro-
gestin therapies for HMB are discontinued by up to one
in five users due to side effects.14 A recent meta-analysis
concludes that LNG-IUS is less cost-effective than hyster-
ectomy for HMB.15 16

HMB often occurs in combination with other symp-
toms.17 18 The audit 1-year follow-up found only 35% of
women were at least ‘satisfied’ at the prospect of current
menstrual symptoms continuing, as currently experi-
enced, for the next 5 years.11 There is therefore unmet
need for cost-effective and acceptable therapy for HMB,
particularly a medical therapy which preserves fertility
and is compatible with becoming pregnant while on
treatment.

Mechanistic rationale for intervention
The cause(s) of HMB are not well understood.
Approximately 48% of cases of HMB referred to second-
ary care occur in the absence of obvious pathology.19 In
the normal menstrual cycle, blood vessel proliferation,
differentiation and vasoconstriction in the endometrium
is tightly regulated to ensure that a controlled and self-
limited endometrial shedding occurs at menses. This is
followed by a self-limiting inflammatory response to
endometrial injury to ensure successful healing with a
return to normal architecture, prior to the next cycle of
vascular proliferation.20 These cyclic processes are orche-
strated by dynamic changes in sex steroids and their
interplay with endocrine, vascular and immune systems.
Perimenstrual disturbance in local molecular and cellu-
lar mechanisms that are likely to lead to heavy and/or
prolonged bleeding, include: (1) decreased vasoconstric-
tion; (2) decreased vascular homeostasis; (3) an exces-
sive inflammatory response at menses; and (4) defective
repair of the postmenstrual endometrium. Deficient vas-
cular development and abnormal angiogenesis have
been reported in women with HMB.20

Glucocorticoids promote vasoconstriction and inhibit
angiogenesis, so HMB could result from local endomet-
rial glucocorticoid deficiency.21–23 We have shown that
endometrium from women with HMB has increased
expression of 11β hydroxysteroid dehydrogenase type 2
(11βHSD2), an enzyme which inactivates the major
endogenous glucocorticoid, cortisol. This may cause
local deficiency in endometrial cortisol,21 and result in
an inadequate hypoxic signal at the time of progester-
one withdrawal.20

We propose a novel therapy with synthetic glucocortic-
oid to ‘rescue’ luteal phase endometrial deficiency of
cortisol in women with HMB, ensuring endometrial vas-
cular differentiation and inflammation are properly con-
trolled during the peri(menstrual) time of the cycle.
There are several potential approaches, including use of
a glucocorticoid receptor (GR) agonist which is less sus-
ceptible than cortisol to inactivation by 11βHSD2.
Dexamethasone has higher affinity for GR than cortisol,
but lower affinity for 11βHSD2. Therefore, our proposed
treatment is a new therapeutic use of an existing, well-
characterised medical treatment—oral dexamethasone
—administered at a low ‘replacement’ dose.

Objectives
The objectives for this trial of oral dexamethasone for
amelioration of HMB, are to: (1) identify the efficacy of
oral dexamethasone, and optimal dose to use; (2)
gather safety data; (3) gather methodological and mech-
anistic insight to allow further development of this or
similar treatment option.

DESIGN AND METHODS
Trial design
A response-adaptive parallel group randomised-
controlled trial was proposed, comparing oral dexa-
methasone (in a range of doses) with placebo treatment,
over three menstrual cycles. This allows, at intervals
across enrolment, adaptation of the investigational treat-
ment allocation probabilities, in response to the
outcome data already collected, so those subsequently
enrolled are more likely to be randomised to doses that
are more informative about the dose–response relation-
ship. This design ensures as robust as possible identifica-
tion of the optimal dose, and maximal study power to
estimate the effect of dexamethasone versus placebo,
assuming treatment for three menstrual cycles. Objective
measurement menstrual blood loss (MBL) was selected
as the outcome, assessing treatment effect in terms of
reduction from baseline in MBL (in the 2nd and 3rd of
these treated cycles). This outcome is well suited to the
adaptive design context since MBL data are available
promptly after treatment, to inform adaptation. An
adaptive design has efficiency and ethical advantages.
Efficiency gains in terms of sample size required are in
the range 25–40% for a broad spectrum of adaptive
designs.24 This efficiency itself constitutes an ethical
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advantage,25 and additionally such a design ensures that
more women are randomised to more effective doses
(see online supplementary figure).
Development of a Bayesian adaptive design requires

extensive preliminary simulation studies to explore
empirically the performance of candidate designs.24 26

Simulations were performed via fractional factorial
design, covering a range of design options and model
assumptions, including: proportion allocated to placebo
(constant throughout); number of active doses; variance
of the primary outcome (change in MBL from baseline);
shape of the true dexamethasone dose–response curve
for the primary outcome; accrual rate of patients to the
study; and specific features of the adaptation process,
including the method determining how the randomisa-
tion schedule would be adapted and the frequency with
which this takes place. The simulations allowed the fre-
quentist properties (statistical power and significance
level) of candidate adaptive designs to be assessed. The
final design selected is one which performs well across a
broad range of scenarios. The adaptive design develop-
ment process will be reported in detail elsewhere (CH
et al, manuscript in preparation).
On the basis of the simulations, the specific features

of the design selected were: 29% of patients allocated to
placebo throughout; six active doses (0.4–1.8 mg total
daily divided dose of dexamethasone) starting with
equal allocation probability; and five adaptations, evenly
spaced after 16, 32, 50, 66 and 84 randomisations (see
online supplementary figure).

Study setting
The participant population will be women reporting
HMB who are referred for management to gynaecology
outpatient departments in NHS Lothian (NHSL),
Scotland, or who attend a community gynaecology clinic
(self-referral or general practitioner (GP) referral).
Additionally, through the Scottish Primary Care Research
Network (SPCRN), women on SPCRN-participating
Lothian GP practice lists who are potentially eligible (ie,
who have codes on their GP practice system suggestive of
HMB), will be sent brief information about the study. Any
of these women who go on to contact the study team will
be invited to be assessed for eligibility at an initial
appointment at an NHSL clinic.

Participants and recruitment
The entry criteria are listed in box 1. Women with symp-
toms of HMB will be given full information about the
study and allowed ample time to read the information
and consider whether they wish to participate. Women
who fulfil the first four inclusion criteria, do not fulfil
any exclusion criteria, and agree to participate, will be
invited to undergo MBL screening to confirm they fulfil
the fifth inclusion criterion. Women who decline partici-
pation or are ineligible will be offered routine NHSL
gynaecological care.

Recruitment (to screening) started on January 2014
and can continue to May 2016, with randomisation up
until July 2016.

Intervention
The treatment regimen will be oral dexamethasone or
placebo twice daily, continuing for 5 days, starting on the
seventh day after a luteinising hormone (LH) surge has
been detected by serial urine dipstick testing (day LHu
+7). Thus, for a patient with a regular standard 28-day
cycle, treatment should happen on days 20–24, ending
4 days before the start of the expected next period.
Women who do not wish to carry out serial dipstick testing
will be permitted to participate, but the treatment start
date in each cycle will be estimated ‘pro rata’ on the basis
of the woman’s cycle length documented in previous
screening and treatment cycles. Dipstick testing, where
used, should start early in the follicular phase (about day
6–9 of a 28-day cycle). In the event no LH surge is
detected we will, to avoid missed treatment, specify a
‘latest’ day in the cycle to start treatment, as above.
If a patient is unable to tolerate the trial medication

or develops a serious adverse event, or falls pregnant, or
starts a prohibited medication (see bottom of box 1),
trial medication will be discontinued. The patient will be
followed up for safety and efficacy outcomes. Women
will be reminded by SMS text message when to start
medication. They will also be asked to record study
medication intake and return all unused study medica-
tion. Any medications which are considered necessary
for a patient’s welfare, and which are not ‘prohibited’
(see box 1 ), may be given at the discretion of the senior
clinical investigator. All concomitant medications taken
by the patient during the study from the date of signa-
ture of informed consent until the final follow-up visit
will be recorded in the appropriate section of the case
report form.

Outcomes
The primary outcome is reduction in mean MBL, object-
ively measured over the screening and second and third
treatment cycles. However, it has been recommended
that any interventions should aim also to improve
quality-of-life measures.1 Secondary indicators of worth-
while improvement will be collected via the Treatment
Review Questionnaire completed after third treated
cycle, and will address ‘satisfaction’ with treatment (self-
reported ‘lighter’ or ‘much lighter bleeding’, and gener-
ally feeling ‘much better’ during period), improvement
in period pain (‘less’ or ‘much less severe’); and
freedom from unacceptable side effects. We will also
examine change in menstrual diary score for volume of
menstrual period, assessing its reliability and validity as
substitute for change in objectively measured MBL.

Sample size
In trials of medical treatments for HMB it is generally
held that a 25% reduction in MBL would be a
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worthwhile improvement27—for example, a 16 mL
reduction for an MBL of 65 mL, a fairly typical MBL
among women with problem of HMB. The trial had
been funded on the expectation that it would be com-
pleted within 3 years, and it was expected that recruit-
ment of and completion by 100–110 participants was
possible within the shorter time frame for recruitment,
to ensure data collection completes about 4 months
before the end of funding. Therefore, all simulations
took 100 as the total study size and thus 4 patients per
month being enrolled. These analyses showed that our
adaptive design is estimated to have statistical power of
93.8%, provided within-patient MBL SD is 18 mL and
maximum mean MBL benefit over placebo is 16 mL.
Patients who withdraw from the study will be replaced,
so to have 100 completing the target, enrolment total is
estimated at 108, based on prior experience.

Adaptive randomisation
The adaptive randomisation will proceed in six phases.
Across the entire study a fixed proportion of patients
(2/7, 29%) will be allocated to placebo, in order to
protect the interpretability of the trial results from any
drift in participant characteristics during the course of
the trial. During phase one (the first 16 patients rando-
mised) the remainder of patients will be assigned to one
of the six active dexamethasone daily doses with equal
allocation probability. At the end of the first and next
four phases the NDLM (Normal Dynamic Linear
Model) analysis will be run by the unblinded statistician
to ascertain, on the basis of the accumulating MBL
primary outcome data, how the randomisation schedule
should be adapted. (The adaptation timings have been
determined from the pretrial simulations and will take
place after 16, 32, 50, 66 and 84 patients have been

Box 1 Entry criteria

Inclusion criteria
▸ Problem of heavy menstrual bleeding regardless of the presence or not of fibroids
▸ Age 18 years and over
▸ Premenopausal, describing menstrual cycles every 21–42 days
▸ Able to comply with study-related procedures/assessments
▸ Average measured blood loss (MBL), over two screening menstrual cycles, greater/equal to 50 mL
Exclusion criteria
▸ Currently breast feeding
▸ Known coagulation disorder
▸ Renal or liver dysfunction
▸ Ongoing thyroid dysfunction*
▸ Diabetes mellitus
▸ Hereditary galactose intolerance, lactase deficiency or glucose galactose malabsorption†
▸ History or current uterus, cervix, ovarian or breast cancer
▸ Pharmacologically treated moderate/severe hypertension
▸ Psychotic depressive illness
▸ Alcohol or drug abuse
▸ Mental capacity rendering her unable to understand the nature and scope of the study
▸ Participation in treatment phase in any earlier DexFEM work-up study
▸ Currently enrolled in an investigational drug or device study or participated in such a study within the previous 30 days and is still in

exclusion period
▸ Pregnancy possible during the period of study participation‡
▸ Needing to, or intending to, continue taking any of the following prohibited medications§:

– Warfarin
– Sex steroid administration by any route
– Acetylsalicylic acid (aspirin)
– Mefenamic acid
– Antifibrinolytic drugs such as tranexamic acid
– Gonadotropin-releasing hormone agonist and antagonist¶
– Glucocorticoid treatment**

*That is, abnormal thyroid function tests in the 3 months prior to the screening visit.
†Reflecting lactose content of trial medication.
‡Either the woman is planning a pregnancy, or, the woman is at risk of pregnancy and she is not willing to use a non-hormonal method of
contraception (condom, diaphragm) until her participation in the study has ended.

§If a patient has discontinued use she may be considered for inclusion in study (provided otherwise eligible), but only after a sufficient
wash-out period has elapsed. Required wash-out times are shown in online supplementary table.

¶Immediate release or monthly sustained release depot preparation, or 3 or 6 months sustained release depot preparation.
**Any systemic or inhaled treatment, and/or any ‘potent’ topical, or ‘very potent’ topical preparation (see list in online supplementary box I).
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randomised.) During phases 2–6 the allocation probabil-
ity for each active dexamethasone dose will depend on
the amount of new information that a randomisation
would be expected to provide about the underlying
dose–response relationship, based on results collected in
earlier phases. Specifically, this will be evaluated as the
variance of the primary outcome at the current estimate
of the ED95 (the minimum dose with near-maximal effi-
cacy). The independent data monitoring committee
(DMC) will monitor the progression of the adaptive ran-
domisation to verify that the randomisation schedule is
being adapted appropriately in response to the accumu-
lating MBL data.

Sequence generation
Computer-generated random numbers from the
uniform (0,1) distribution will form the basis for the
allocation sequence. This list of numbers will be gener-
ated by the unblinded programmer at Edinburgh
Clinical Trials Unit (ECTU) in advance and will be
accessed in sequence during the trial to determine the
treatment group for the next randomised participant,
based on the set of treatment allocation probabilities at
the current stage of the adaptive design.

Allocation concealment
Patients will be randomised via a secure website. Based
on the treatment group assigned using the allocation
sequence, a medication code from a predetermined ‘ref-
erence’ list will be automatically added to a printed pre-
scription. (In a Bayesian adaptive design there is no role
for an allocation list, but this ‘reference’ list is needed to
ensure concealment.) This prescription will be dis-
pensed by unblinded pharmacist by referring to the ref-
erence’ list provided in advance by ECTU, and only the
patient number will be included in the treatment
capsule bottle labelling.

Blinding
Unblinded study staff will be the programmer generat-
ing the treatment allocation sequence, the pharmacist
dispensing the drug (or placebo) using the list of medi-
cation codes, the statistician performing the adaptation
analyses and generating the DMC reports, the independ-
ent statistician validating the DMC reports and members
of the independent DMC. Trial participants, care provi-
ders, laboratory staff, research nurses and all other
members of the trial team will remain blinded to the
assigned intervention and regarding adaptations made
to randomisation probabilities.
The study drug manufacturer, Tayside Pharmaceuticalsi

(TP), will manufacture the active and matched placebo
capsules for all arms of the trial using dexamethasone
micronised powder Ph Eur, Lactose Ph Eur and hard

gelatine capsules. (Daily active dose will be split between
morning and evening so the 6 strengths of dexametha-
sone capsules manufactured will be 0.2, 0.4, 0.5, 0.6, 0.75
and 0.9 mg capsules.) The bulk containers will be
labelled to identify the strength of the capsules and these
will be held (out of sight of any of the research team) by
Pharmacy, Royal Infirmary of Edinburgh. Reorder and
resupply will be organised between Pharmacy and TP
without any involvement by the research team.

Participant time line
Figure 1 shows the patient time line, except it omits an
optional clinic appointment that is offered after the first
cycle of treatment. From first clinic appointment
onwards, any losses to recruitment/retention will revert
to standard National Health Service (NHS) care.

Data collection methods
Table 1 summarises data collection methods and timing.
Questionnaires are outlined in the footnotes to table 1
—they are based on those used in previous
studies.13 28 29 The study doctors and in particular study
nurses will develop excellent rapport with patients to
maximise completeness of data collected. MBL will be
assessed by objective laboratory measurement of col-
lected used sanitary protection, will apply modified alka-
line haematin method (as previously validated in our
laboratory).28 29 Assessment of ovarian function, via
twice weekly collection of urine samples in third treat-
ment cycle, will allow a check for any effect of dexa-
methasone on ovarian function.30

Monitoring
Data on potential side effects will be collected until
30 days after last study tablet; that is, ‘unusual symptoms’
elicited via study diaries and by nurses/doctors during
contacts with participants. Expected symptoms in this
population are given in online supplementary box II.
The independent DMC convened for the entire

project (including the initial small studies) will, for this
trial, both review proposed adaptations of the random-
isation schedule (see Adaptive randomisation section
above), and will regularly review the safety and efficacy
data. This DMC will be able to recommend termination
of the study in the event of major safety concerns being
identified.

ANALYSIS
Data management
Trial data accumulation and management is supported
by ECTU. Study data will be stored on a secure SQL
server at ECTU, the trial database being validated in
advance through the use of dummy data and with refer-
ence to a documented validation plan. A detailed data
management plan will also be held on the secure server
at ECTU. Data queries on critical data items will be

iMIA (IMP) 14076) Tayside Pharmaceuticals|Ninewells Hospital|Dundee|
DD1 9SY.
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raised automatically on a monthly basis and circulated to
the study researchers for resolution.

Statistical methods
All analyses will be performed according to the inten-
tion to treat principle. A detailed statistical analysis plan,
taking a Bayesian approach, will be finalised prior to the
locking of the study database and prior to unblinding of
the treatment codes.
The dose–response curve for change in MBL between

baseline and cycles during randomised treatment will be

analysed using a Bayesian NDLM,26 which is flexible and
requires few assumptions about the shape of the under-
lying dose–response curve. NDLM will yield considerable
efficiency gains, since the estimate of efficacy at a given
dose will be informed by that at neighbouring doses.
Mean baseline MBL will be included as a covariate in
the NDLM. The NDLM analysis will determine which of
the doses studied is optimal (in terms of posterior prob-
ability of efficacy). For each dexamethasone dose, a 95%
credible interval will be calculated for the mean differ-
ence in MBL change versus placebo.

Figure 1 Participant time line(s). Notes: #Completes menstrual diary and undertakes menstrual collection for objective MBL

assessment. *Each treatment cycle starts immediately after a menstrual period and finishes at the end of the following period.

Treatment is for 5 days, targeted to start approximately 8 days before the period (GP, general practitioner; HMB, heavy menstrual

bleeding; MBL, menstrual blood loss; mth, month; SPCRN, the Scottish Primary Care Research Network).
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Table 1 Overview of data collection for adaptive trial

Cycle
Screen MBL Treatment
1 2 1 2 3

Data collection By whom? Screen Appt. M Post M Post Pre M Post Pre M Post Pre M Post F-up Appt

Consent Doctor ✓
Clinical history* (CRF) Doctor ✓
Recruitment Questionnaire† Patient ✓
Menstrual collection for MBL‡ Patient ✓ ✓ ✓ ✓ ✓
Menstrual diary record§ (screening) Patient ✓ ✓ ✓
Record of dipstick testing for LH¶ Patient ✓ ✓ ✓
Study diary (treatment phase) Patient

Pregnancy test pretreatment** ✓ ✓ ✓
Record of treatment taken†† ✓ ✓ ✓
Menstrual diary record§ ✓ ✓ ✓

Uplift MBL collection, for assay Doctor/nurse ✓ ✓ ✓ ✓
Check concomitant medications Doctor/nurse ✓ ✓ ✓ ✓ ✓ ✓ ✓
Check for ‘adverse events’ Doctor/nurse ✓ ✓ ✓ ✓ ✓ ✓
Ovarian function (urines)‡‡ Patient ✓ ✓×6 ✓✓ ✓
Safety bloods§§ Doctor/nurse ✓ ✓
Treatment Review Questionnaire¶¶ Patient ✓

*Current health including medication, parity, past treatments etc.
†Detailing HMB problem including duration, associated menstrual symptoms, impact on daily life.
‡See main text.
§To enable an estimate of volume of MBL,31 via recording prospectively sanitary product usage/soaking during period, and to elicit, at the end of each period, subjective assessment of
‘heaviness’, menstrual symptoms compared with past 6 months, and any unusual symptoms.
¶(A) If LH testing (by means of commercially available urine dipsticks), date started and date first positive, and (B) whether or not testing, agreed date to start treatment.
**Except for those who have confirmed with clinical team that they are not ‘at risk’ of pregnancy (eg, sterilised, or not in relevant sexual relationship), date of pregnancy test and confirmation
negative result.
††Date started medication and confirmation of each morning and evening tablet taken.
‡‡Ovarian function will be assessed by requesting in third treatment cycle collection of twice weekly urine aliquots (to be stored in home freezer compartment until MBL uplift) and subsequently
assayed for oestrogen and progesterone metabolites.
§§Undiagnosed (pre) diabetes will be assessed pre-enrolment via plasma glucose and HbA1c, and treatment toxicity will be assessed via plasma glucose, HbA1c, LFTs and urea and
electrolytes.
¶¶Subjective assessment of effect of treatment received, in respect of most recent (treated) menstrual period, including comparison of ‘heaviness’ compared with before entering study.
Appt., appointment; CRF, case report form; F-up, follow-up; HbA1c, glycated haemoglobin; LFTs, liver function tests; LH, luteinising hormone; M, menstrual period; MBL, menstrual blood loss;
post, as soon as period has ended; pre, run up to period.
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Binary or ordinal secondary end points will be ana-
lysed using a generalised dynamic linear model. For
each dexamethasone dose, a 95% credible interval will
be calculated for the OR versus placebo.
No formal stopping rules will be implemented via

interim analysis for futility or efficacy. We anticipate
minimal missing data on key outcomes and therefore do
not plan to use multiple imputation methods to accom-
modate missing data.

ETHICS AND DISSEMINATION
Ethics and governance
The study will be conducted in accordance with the prin-
ciples of the International Conference on Harmonisation
Tripartite Guideline for Good Clinical Practice (ICH
GCP).
All women are provided with detailed information

about the trial prior to deciding to participate, and
provide written informed consent prior to any study-
related procedures. Any woman at risk of pregnancy in a
treatment cycle will be asked to carry out a pregnancy
test as an additional precaution prior to starting the
5 days of study treatment. Patients’ participation is sup-
ported by research nurses highly experienced in men-
strual research.
Participants can withdraw at any time, or the investiga-

tor or care-providing clinician may withdraw the patient
if it is deemed medically necessary. The reasons for with-
drawal/discontinuation and any adverse events will be
recorded. A clear distinction will be made as to whether
the patient is withdrawing solely from trial treatments/
procedures, or whether the patient is also declining
further follow-up, and/or use of data so far collected.

Dissemination
The trial findings will be made available to participants
on request, and will be disseminated via open-access peer-
reviewed publications, conferences, clinical networks. All
study investigators have a strong and continuing track
record in public engagement, and the University of
Edinburgh, Queen’s Medical Research Institute holds
regular public lectures in the “Let’s talk…. series”.ii

DISCUSSION
The proposed glucocorticoid treatment, dexametha-
sone, is an existing, well-characterised drug, widely used
in clinical care. Glucocorticoids are even used to treat
medical conditions in pregnancy (in first trimester for
asthma; rheumatoid arthritis; hyperemesis gravidarum).
This means the safety profile is well-known, and the
exclusion criteria for this research therefore ‘well-
informed’. Furthermore, the modest (short-course)
doses being used are periphysiological. (Typical

equivalent doses of dexamethasone in an acute exacer-
bation of obstructive airways disease, eg, would be
>3 mg/day, or over 66% more than the maximum dose
proposed here.) A further advantage of this phase II
‘new use for an existing drug’ trial, is that if it shows
beneficial effect, ‘drug development’ costs for future use
will be comparatively low.
The rationale for the use of dexamethasone is derived

from mechanistic laboratory studies which suggest a
luteal phase glucocorticoid deficiency in the endomet-
rium of women with HMB.20 While participants in the
trial are not individually assessed to have low levels of
endometrial glucocorticoid, it is expected that adminis-
tration of dexamethasone would reverse local endomet-
rial glucocorticoid deficiency where this is the case.
A unique feature of adaptive trial design is the time

lag needed between initiation of research funding and
initiating the trial itself, in order to allow the simulation
analyses required to develop the design. In this time we
undertook two small clinical/mechanistic studies, which
involved 15 women in total, and comprised a first use of
any modality of glucocorticoid for treatment of HMB.
While these studies were not powered to estimate treat-
ment effect, they enabled: collection of safety data (no
safety concerns were raised and no patient withdrew
during treatment) and mechanistic information (via
repeat before-and-after MRI and endometrial biopsies);
piloting of methods; and a check on some assumptions
that had been fed into the adaptive design simulation
model, for example, within-patient variability in MBL.
Apart from the opportunity for this preliminary work,
adaptive randomisation has notable methodological ben-
efits, in terms of statistical efficiency, and ethically.24 25 A
disadvantage is that it is not easy to provide a simple
explanation of adaptive randomisation in the patient
information sheet.
The challenge for this study is recruitment, because a

lot is asked. Participation lasts 6 months, comprising
screening menstrual collections and diary records for two
untreated menstrual periods and then for each of the
three treatment menstrual cycles (1) ovulation testing by
urine dipstick each morning from about day 8, for about
6–10 days depending on cycle length, (2) taking medica-
tion twice a day for 5 days in the mid-luteal phase (exact
start date is calculated from ovulation) and (3) diary
record of the period. In addition, for the second and
third treatment cycles menstrual collection is requested.
At start and finish safety bloods are taken and in the last
treatment cycle twice-weekly urine collections are
requested to assess ovarian function. It speaks volumes
about the adverse impact of HMB on women’s lives that
patients judge it worthwhile to participate in such a trial.
This also underscores the unmet clinical need for a

medical treatment for HMB that was noted above, par-
ticularly one that is compatible with starting pregnancy.
Therefore, demonstration of efficacy with systemic
administration of dexamethasone has potential benefit
for many women. It will allow further development of

iihttp://www.ed.ac.uk/schools-departments/medicine-vet-medicine/
news-events/all-events/new-treatments.
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this drug as a treatment option, a possible stepping-stone
to more sophisticated/targeted steroid treatment of
HMB.
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background: Each month the endometrium becomes inflamed, and the luminal portion is shed during menstruation. The subsequent
repair is remarkable, allowing implantation to occur if fertilization takes place. Aberrations in menstrual physiology can lead to common gynae-
cological conditions, such as heavy or prolonged bleeding. Increased knowledge of the processes involved in menstrual physiology may also have
translational benefits at other tissue sites.

methods: Pubmed and Cochrane databases were searched for all original and review articles published in English until April 2015. Search
terms included ‘endometrium’, ‘menstruation’, ‘endometrial repair’, ‘endometrial regeneration’ ‘angiogenesis’, ‘inflammation’ and ‘heavy men-
strual bleeding’ or ‘menorrhagia’.

results: Menstruation occurs naturally in very few species. Human menstruation is thought to occur as a consequence of preimplantation
decidualization, conferring embryo selectivity and the ability to adapt to optimize function. We highlight how current and future study of endo-
metrial inflammation, vascular changes and repair/regeneration will allow us to identify new therapeutic targets for common gynaecological dis-
orders. In addition, we describe how increased knowledge of this endometrial physiology will have many translational applications at other tissue
sites. We highlight the clinical applications of what we know, the key questions that remain and the scientific and medical possibilities for the future.

conclusions: The study of menstruation, in both normal and abnormal scenarios, is essential for the production of novel, acceptable
medical treatments for common gynaecological complaints. Furthermore, collaboration and communication with specialists in other fields
could significantly advance the therapeutic potential of this dynamic tissue.

Key words: endometrium / inflammation / angiogenesis / progesterone / hypoxia

Introduction
The phenomenon of human menstruation has been shrouded in mystery
throughout history. Many questions regarding menstrual physiology
remain unanswered, not least ‘why does it happen?’ Historically, men-
struation has been regarded negatively. Historia Naturalis states ‘Wine

sours if they pass, vines wither, grass dies, and buds are blasted.
Should a menstruating woman sit under a tree, the fruit will fall. A
looking glass will discolour at her glance, and a knife turn blunt’ (Pliny,
AD 77–79). Aristotle viewed menstruation as an outward sign of
female inferiority, a view that persisted into the nineteenth century and
beyond. A leading British psychiatrist in 1874 wrote ‘with one week of
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the month more or less sick and unfit for hard work she is intellectually
handicapped’. A pioneering nineteenth century Scottish gynaecologist
claimed, ‘young girls should not play music or read serious books
because it makes much mischief with their menstrual cycle’. Hence men-
struation was regarded as incapacitating and, in turn, intellect dangerous
for menstrual physiology.

These negative connotations of menstruation are inextricably linked
to the lower social position of women in society. Currently, global differ-
ences in women’s rights and status have a dramatic impact on reproduct-
ive health and consequently their morbidity and mortality. As women
receive high quality education, begin working outside the home, gain
the right to vote and have easy access to emergency healthcare and
birth control, the ‘taboo’ of menstruation weakens. Therefore, some
see the attitude of a society to menstruation as a barometer for civiliza-
tion and equality. When in the USA in the 1960s, it was suggested that
women lacked the ability to hold positions of responsibility and power
due to their menstrual cycle, eminent US endocrinologist Estelle
Ramage counteracted, ‘In man, the shedding of blood is always asso-
ciated with injury, disease, or death. Only the female half of humanity
is seen to have the magical ability to bleed profusely and still rise phoenix-
like each month from the gore’. Despite this positive outlook, historical
negative connotations of menstruation still have a significant impact in
current society, including the perceptions and expectations of women
and their healthcare providers.

However, as women undertake positions of responsibility in thework-
place and home, abnormal menstruation can cause significant socio-
economic problems. Abnormal menstrual bleeding affects 20–30% of
premenopausal women (RCOG, 2011), and more than 800 000
women seek treatment annually in the UK (NICE, 2007). A US study
demonstrated financial losses of .$2000 per patient each year due to
work absence and home management costs (Frick et al., 2009). Although
time has proven that physiological menstruation is not a barrier to female
success; family and career responsibilities may become impossible if

heavy or painful bleeding occurs. Due to advances in family planning,
women in developed countries now can expect greater than 400 epi-
sodes of menstruation in their lifetime. This is in stark contrast to our
ancestors and women in very underdeveloped countries, who have
�40 menstrual bleeds due to multiple pregnancy and long spells of lac-
tational amenorrhoea (Short, 1976). In this way,menstrual abnormalities
are a relatively modern disorder.

As societies’ view of menstruation changes for the better, the views of
individual women suffering from common menstrual problems remain
understandably negative. This reviewarticle aims to provide scientific evi-
dence of both facets of menstrual physiology. First, how normal menstru-
ation could contribute to scientific and clinical breakthroughs in all areas
of health and disease and conversely, howaberrations in menstrual physi-
ology can result in significant reproductive disorders with a severe impact
on quality of life (Fig. 1). As we detail the physiology of menstruation, we
aim to highlight the clinical applications of what we know, the key ques-
tions that remain and the scientific and medical possibilities for the future.

Methods
Pubmed and Cochrane databases were searched for all original and review
articles published in English until April 2015. Search terms included ‘endo-
metrium’, ‘menstruation’, ‘endometrial repair’, ‘endometrial regeneration’
‘angiogenesis’, ‘decidualization’, ‘inflammation’, ‘heavy menstrual bleeding
(HMB)’ and ‘menorrhagia’. We reviewed the manuscripts and included
them as appropriate.

Results

To bleed or not to bleed?
Human females are one of the few species that menstruate, alongside old
world primates, elephant shrews and fruit bats. The ovarian steroid

Figure 1 The relevance of menstrual physiology. The perimenstrual endometrium (centre) is exposed to inflammation and hypoxia. Stem cells and EMT
are involved at menses to enable scar-free repair (light blue). Aberrations in these processes can lead to gynaecological disorders (mid-blue). Study of endo-
metrial physiology may help delineate the pathogenesis of a number of disorders in other tissue sites (dark blue).
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hormones regulate endometrial function and human menstruation. After
human ovulation, the corpus luteum secretes high levels of progesterone
to maintain endometrial receptivity should fertilization occur. In the
absence of pregnancy the corpus luteum regresses, causing a sharp
decline in circulating progesterone levels. This triggers a local inflamma-
tory response in the endometrium involving infiltration of leukocytes,
cytokine release, oedema and activation of matrix metalloproteinases
(Jabbour et al., 2006). The result is tissue breakdown and shedding of
the upper two-thirds of the endometrium (the functional layer) during
the menstrual phase of the cycle (see ‘What causes menstruation’
section). However, in non-menstruating species tissue breakdown and
bleeding do not occur in response to progesterone withdrawal.
Instead of shedding, considerable remodelling and reabsorption of the
endometrium takes place.

Many theories for why women menstruate have been proposed, in-
cluding defence against pathogens contained in sperm or energy effi-
ciency of shedding versus endometrial maintenance. However, these
theories do not account for differences between menstruating and non-
menstruating mammals or the evolutionary basis of menstruation (Finn,
1996). Current evidence favours the spontaneous decidualization hy-
pothesis. During the secretory phase (post ovulation until menstruation)
of the menstrual cycle progesterone acts upon an estrogen primed endo-
metrium. This causes decidualization; converting the elongated endo-
metrial stromal cells into more spherical decidual cells and increasing
their production of prolactin, insulin-like growth factor binding
protein-1 (IGBP-1) and glycogen (Brosens et al., 1999; Dunn et al.,
2003). Decidualization is initiated by cAMP and occurs in the perivascular
stromal cells before spreading in an outward ‘wave’ across the stromal
compartment. In women, and indeed all of the menstruating species,
decidualization occurs ‘spontaneously’ prior to implantation. In contrast,
the endometrium of non-menstruating mammals only undergoes decid-
ualization when there is contact between the embryo and endometrium,
i.e. at the time of implantation (Finn, 1998).

There is a strong correlation between the degree of trophoblast inva-
sion during placental development and the extent of decidualization
(Finn, 1996). Of note, the human endometrium undergoes the most ex-
tensive decidualization process and demonstrates the greatest degree of
trophoblast invasion of all species (Ramsey et al., 1976). This extensive
and spontaneous decidualization reaction is thought to confer maternal
immunotolerance to the partially allogenic embryo, allowing controlled
placental invasion (Emera et al., 2012). In addition, spontaneous decidua-
lization mayprovide a maternal screen for genetically abnormal embryos.
Many human pre-implantation embryos contain genetic aneuploidies
and chromosomal imbalances, similar to those found in cancer cells. It
seems prudent that the maternal environment should provide some se-
lection over the embryos that will invade the endometrium. This hypoth-
esis is supported by findings in women with recurrent miscarriage, where
a higher proportion of poor quality embryos implant into a suboptimally
decidualized endometrium (Salkeret al., 2012). Therefore, menstruation
is obligatory in the absence of pregnancy, as spontaneous decidualization
of the endometrium has taken place. This may be viewed as an inevitable
consequence of reproductive quality control but an additional benefit has
also been proposed (Blanks and Brosens, 2013). Repeated shedding of
the endometrium necessitates complete repair and regeneration of
the denuded surface. Therefore, events that would only otherwise
occur after parturition are repeated monthly. This may bestow upon
the human endometrium an extraordinary ability to adapt to optimize

function and would explain why most women suffering from recurrent
miscarriage eventually achieve a successful pregnancy (Blanks and
Brosens, 2013). Hence, there may be an evolutionary benefit to men-
struation that explains its occurrence, and persistence, in women. So
what can we learn from this physiological process that has been so care-
fully preserved in women and what are the consequences when aberra-
tions occur?

Menstruation: a model of self-limiting
inflammation?
The menstrual endometrium displays the classic hallmarks of inflamma-
tion, including tissue oedema and influx of immune cells. This inflamma-
tory process that occurs in the endometrium at menstruation is entirely
physiological and tightly regulated to prevent loss of function (Critchley
et al., 2001). Outwith the reproductive tract, this physiological inflamma-
tion does not occur. However, the ovary and endometrium display
repeated inflammation throughout a woman’s reproductive lifespan at
ovulation and menstruation, respectively (Rae and Hillier, 2005). Delin-
eation of the factors involved and their regulation may lead to therapeutic
benefits for gynaecological conditions such as heavy menstrual bleeding
(HMB) and may be applicable to a host of inflammatory disorders at
other tissue sites.

What causes menstruation?
Progesterone withdrawal. It is widely accepted that the sharp decline in cir-
culating progesterone levels due to corpus luteum demise is the trigger
for menstruation in women. Human studies using progesterone antago-
nists during the secretory phase have mimicked the events of menstru-
ation, providing proof that progesterone withdrawal is important in
menstrual physiology. Administration of mifepristone during the mid-
secretory phase has increased our knowledge of local endometrial
events during human menstruation, revealing an increase in endometrial
inflammatory mediators, such as cyclo-oxygenase (COX-2), nuclear
factor (NF)kB and interleukin (IL)-8 (also known as CXCL8) (Critchley
et al., 1999a, 2003). Studies in the rhesus macaque have confirmed the
importance of progesterone withdrawal in the induction of menstruation
(McClellan et al., 1984; Nayak et al., 2000). Menstruation was artificially
induced in macaques bysurgical removal of ovaries followedby 14 daysof
estrogen priming prior to insertion of a progesterone capsule to mimic
the secretory phase. Consistent with findings in women, removal of
the progesterone implant resulted in menstruation, even when estradiol
exposure was maintained. This finding emphasizes the dominance of
progesterone withdrawal over estradiol withdrawal for menses induc-
tion. In contrast, when attempting to induce simulated menstruation in
the scientifically versatile murine model, progesterone withdrawal was
insufficient for induction of bleeding (Finn and Pope, 1984; Brasted
et al., 2003; Menning et al., 2012; Rudolph et al., 2012; Cousins et al.,
2014). This problem was surmounted by an injection of arachis oil into
the uterine lumen when progesterone levels are high. This ‘induced
injury’ resulted in pre-implantation decidualization of the murine endo-
metrium, analogous to naturally occurring mid-secretory events in the
macaque and human. Hence, the murine model of simulated menstru-
ation reiterates the importance of decidualization prior to progesterone
withdrawal in menstrual physiology.

Further support for the key role of the decidualized endometrial
stromal cell in menstrual induction is derived from human in vivo and in
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vitro studies. Of note, the progesterone receptor (PR) has at least two
isoforms, PRA and PRB, which act as transcriptional regulators of proges-
terone responsive genes (Graham et al., 1995; Graham and Clarke,
1997). Although the basal endometrial layer shows persistent PR expres-
sion throughout the menstrual cycle, PR has differing temporal and loca-
tional expression in the functional layer (Lessey et al., 1988; Snijders et al.,
1992). PR is widely present during the proliferative phase, but there is a
significant decline in glandular epithelial cells of the functional layer during
the secretory phase. In contrast, PR persists in the stromal compartment
of the functional layer throughout the secretory phase, particularly in the
perivascular region. Immunohistochemical analysis of human tissue
revealed that PRA is the predominant isoform during the secretory
phase, with PRB declining in both stromal and glandular cells in the
latter half of the cycle (Wang et al., 1998; Brosens et al., 1999; Mote
et al., 2001). Hence, endometrial stromal cells remain responsive to pro-
gesterone throughout the secretory phase. Gene microarray-based
studies have been reviewed in Dey et al. (2004) and showed that analysis
of mid-secretory uterine tissue, ex vivo progesterone/PR antagonist-
treated endometrium, treated in vitro decidualized stromal cells and
uterine tissue from PR-deficient mice have identified a panel of proges-
terone responsive genes that may be important for implantation.
Hence the mid-secretory phase decidualized stromal cells retain PR ex-
pression and confer maximal progesterone responsiveness, priming the
endometrium to respond to progesterone withdrawal.

In 2001, Kelly et al. published the hypothesis that local endometrial
events following progesterone withdrawal occur in two phases (Kelly
et al., 2001). The initial phase involves an influx of cytokines and prosta-
glandins (PG) to the endometrium that is dependent on an efficient re-
sponse of the perivascular decidualized stromal cells to decreasing
levels of the anti-inflammatory hormone progesterone (Catalano et al.,
2007; Evans and Salamonsen, 2014). The second phase occurs as a con-
sequence of increased cytokine production and results in an influx of leu-
kocytes to the endometrial environment, activation and release of
matrixmetalloproteinases (MMPs) and destruction of the extracellular
matrix (ECM). This lytic phase is thought to be independent of PR
actions. This hypothesis was supported by an elegant study in ovariecto-
mized macaques, where progesterone implants were removed as
normal at the end of the simulated cycle but replaced at staggered time-
points from 12 to 72 h after initial withdrawal (Slayden and Brenner,
2006). Replacement up to 24 h after withdrawal prevented menstruation
and prevented increases in endometrial MMP1, 2 and 3. Replacement
after 36 h had no effect on menstruation and partially blocked MMP pro-
duction, with significantly less endometrial MMP2 expression. More re-
cently, these findings have been replicated in the murine model of
simulated menstruation (Wang et al., 2013). These studies demonstrate
a temporal progesterone deprived threshold, over which menstruation
becomes inevitable.

Endometrial inflammation and leukocyte traffic. Although progesterone
withdrawal has an undeniable role in the initiation of menstruation and
MMPs are widely accepted as the mediators of endometrial breakdown
(Marbaix et al., 1996), the intermediate mechanisms of menstruation
remain under investigation. Progesterone withdrawal regulates phase
one of menstruation, by up-regulating local cytokine presence (Hannan
et al., 2004; Jones et al., 2004). However, phase two occurs despite
progesterone replacement after the critical threshold suggesting subse-
quent, independent regulation. Further evidence for these downstream

regulatory factors comes from observational studies of MMP expression
in human endometrial tissue. MMPs have the ability to degrade all com-
ponents of the ECM and are up-regulated at the time of menstruation as
a result of progesterone withdrawal (Marbaix et al., 1996; Vassilev et al.,
2005). However, MMP expression in the perimenstrual phase is limited
to the functional endometrial layer despite the global hormonal changes
and persistent PR expression in the basal layer, suggesting a more local
tissue site-specific regulation.

Gene microarray analysis of endometrial tissue biopsies collected from
women during themid-secretoryphasewhen comparedwith those taken
following progesterone withdrawal has identified potential gene candi-
dates involved in the regulation of menstruation. These studies revealed
an increase in CXCL8 and cyclo-oxygenase (COX)-2 following proges-
terone withdrawal (Critchley et al., 1999a; Catalano et al., 2007). COX
is the rate-limiting enzyme in the synthesis of PG and is present in two iso-
forms. COX-1 is widely expressed in many tissues, whereas COX-2 is
highly inducible. PGE2 and F2a have important reproductive functions
(Critchley et al., 2006). Loss of EP2, a PGE2 receptor, resulted in impaired
ovulation and reduced litter size (Kennedy et al., 1999; Tilley et al., 1999).
Gene ablation of the FP receptor, the receptor for PGF2a, resulted in loss
of parturition (Sugimoto et al., 1997). Both PGE2 and PGF2a concentra-
tions are increased significantly in the human during the window of im-
plantation in natural cycles and also in patients undergoing in vitro
fertilization (IVF) and ovum donation. Interestingly, this profile is abro-
gated when the endometrium is refractory (Vilella et al., 2013).

In vitro studies of decidualized human stromal cells revealed that
steroid hormone withdrawal increased a host of inflammatory mediators,
including IL-6, CCL11, GM-CSF, CCL2, IL1-RA, CXCL10 and CXCL8,
and this response was mediated by NF-kB (Evans and Salamonsen,
2014). NF-kB increases the transcription of a wide variety genes,
including cytokines (IL-1, IL-6), chemokines (CXCL8, chemokine
ligand 2/CCL-2) and adhesion molecules (intercellular adhesion mol-
ecule 1/ICAM, vascular cell adhesion molecule 1/VCAM) (Kayisli et al.,
2004). Human endometrial biopsies have also been shown to express
components of the NF-kB pathway, with evidence for activation of
NF-kB during the perimenstrual phase (King et al., 2001). These findings
have been replicated in the mouse menstrual-like model (Xu et al., 2013).

A recent study in the mouse model of simulated menstruation links
NF-kB and COX-2 in the menstrual process. Inhibition of the COX
enzymes or NF-kB at the time of progesterone withdrawal significantly
decreased the amount of bleeding and endometrial breakdown in this
murine model (Xu et al., 2013). Furthermore, there was a significant de-
crease in leukocyte influx after both interventions. Chromatin immuno-
precipitation analysis revealed that NFkB binds to the COX-2 promoter,
providing a mechanism of NFkB-mediated COX-2 up-regulation and
subsequent inflammatory cell influx at menstruation. Progesterone is
known to have inhibitory effects on NF-kB activity, mediated by increas-
ing IkB production or by competing with NF-kB for recognition sites on
relevant genes (Kelly et al., 2001). In this way, the steroid hormones
modulate the local endometrial inflammatory environment by suppres-
sing NF-kB activity until menstruation is required.

Following progesterone withdrawal, there is a dramatic rise in the
endometrial leukocyte population (Bonatz et al., 1992; Salamonsen and
Lathbury, 2000). Neutrophil numbers are negligible throughout most
of the cycle but increase perimenstrually to comprise 6–15% of the
total cell number (Salamonsen and Lathbury, 2000). As key mediators
of the inflammatory response, neutrophils respond to inflammation by
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migrating rapidly to the site of injury to contain and clear any noxious
stimuli. Circulating neutrophils have a lifespan of a few hours, but neutro-
phils residing in inflamed tissue can survive for days. This is due to
decreased neutrophil apoptosis induced by pro-inflammatory mediators
and hypoxia (Ward et al., 1999; Cross et al., 2006). The importance of
this neutrophil influx at menstruation was shown in the mouse model,
where neutrophil depletion using the antibody RB6-8C5 affected endo-
metrial breakdown and markedly delayed endometrial repair (Kaitu’u-
Lino et al., 2007a). Neutrophils contain high levels of MMPs and have
the ability to activate resident MMPs to initiate endometrial breakdown
(Gaide Chevronnay et al., 2011). In contrast, chronic inflammation is
characterized by a persistent neutrophil response due to decreased
apoptosis (Serhan and Savill, 2005). This prolonged neutrophil response
results in tissue damage and loss of function. Therefore, tight regulation
of neutrophil influx and apoptosis is required for normal menstruation. B
cell lymphoma 2 (bcl-2) is an apoptosis regulator protein that is
expressed in the human endometrium (Otsuki et al., 1994). Examination
of human endometrial tissue revealed the presence of bcl-2 during the
proliferative and early secretory phases with decreased levels in the
late secretory and menstrual phases. These decreased levels correlated
with the appearance of apoptotic cells in the perimenstrual phase. This
cyclic pattern suggests that ovarian hormones regulate bcl-2 levels in
the endometrium (Critchley et al., 1999b). In this way, progesterone
withdrawal may increase bcl-2 to limit the lifespan of endometrial neutro-
phils at menstruation, preventing a chronic inflammatory response.

Macrophages also increase in number throughout the secretory phase
to reach maximal numbers perimenstrually, during the luteo-follicular
transition (Bonatz et al., 1992; Critchley et al., 1999a; Thiruchelvam
et al., 2013). The regulation of the endometrial macrophage remains
under investigation. Lacking PR, these cells may be recruited from the
circulation due to increased endometrial chemoattractant production
and/or may proliferate in situ (Guo et al., 2011; Davies et al., 2013b).
These cells produce cytokines and proteases and are involved in tissue
remodelling and debris removal. The classic M1 (pro-inflammatory)
and M2 (anti-inflammatory) phenotypes represent simplified extremes
of macrophage function. These complex cells have the ability to adapt
and respond to the tissue environment in which they reside (Gordon
and Martinez, 2010; Davies et al., 2013a). The phenotype of endometrial
macrophages during the perimenstrual phase is yet to be fully delineated,
but considering their known functions they are likely to have a significant
impact in the endometrium at menstruation (Thiruchelvam et al., 2013).
Furthermore, delineation of macrophage phenotype in this physiological
model of tissue ‘injury’ and ‘repair’ may provide novel insights to patho-
logical conditions, such as chronic inflammation or cancer, where resi-
dent macrophages are involved in aberrant function (Laoui et al.,
2014). A direct comparison of the macrophage profile throughout the
physiological inflammatory response of menstruation with the macro-
phage response in areas of chronic inflammation may lead to novel thera-
peutic targets to improve tissue function.

Taken together, the studies described above support the hypothesis
that the decidualized stromal cell compartment can increase cytokine
and chemokine production to attract leukocytes, or encourage their pro-
liferation in the functional endometrial layer, during the perimenstrual
phase. For summary of perimenstrual leukocyte traffic, see Fig. 2. In
turn, endometrial leukocytes produce MMPs and have the potential to
stimulate MMP production from adjacent cells (Jabbour et al., 2006)
making them attractive candidates for the regulation of local endometrial

MMP expression. In this way the decidualized stromal cells of the
functional layer help determine their own fate, limiting the inflammatory
reaction and tissue breakdown to the upper luminal portion of the endo-
metrium. This compartmentalization of inflammation, with sparing of
the basal layer, may be critical for efficient repair of the endometrium
after shedding (menstruation). There is evidence that the amount
of endometrium that is shed during menstruation varies between
individuals, but it remains undetermined if the depth of shedding is asso-
ciated with gynaecological pathologies (Ludwig and Spornitz, 1991;
Fraser et al., 2001).

What limits endometrial inflammation?
An excessive or prolonged inflammatory response at menstruation will
lead to excessive tissue damage and may result in HMB (NICE, 2007).
Studies examining endometrial tissue from women with objective meas-
urement of their menstrual blood loss (MBL) have identified a significantly
increased inflammatory response in women with HMB. Increased levels
of the pro-inflammatory cytokine tumour necrosis factor a were identi-
fied in the menstrual effluent of women with HMB (MBL . 80 ml) com-
pared with women with normal MBL (Malik et al., 2006). Endometrial
COX-2 mRNA expression was also significantly elevated in women
with HMB (Smith et al., 2007). In addition, increased levels of total PGs
have been found in the endometrium of women with HMB (Smith
et al., 1981a, b). Furthermore, increased signalling of PGE2 through its
EP2 and EP4 receptors has been suggested due to elevated production
and decreased hydrolysis of cyclic AMP (Smith et al., 2007). In support
of these findings, PG synthesis inhibitors are a popular treatment for
HMB. Mefenamic acid is a non-steroidal anti-inflammatory compound
which significantly decreases MBL (Cameron et al., 1990). However, al-
though women treated with mefenamic acid havea significant decrease in
their menstrual loss, 52% maintained a blood loss greater than 80 ml after
2 months of treatment, highlighting the need for more effective medical
therapies for this condition (Cameron et al., 1990).

Glucocorticoids. The inflammatory response of physiological menstru-
ation appears to be self-limiting. The pro-inflammatory cytokine IL-1
has been shown to increase the expression of 11b hydroxysteroid
dehydrogenase-1 (11bHSD-1) (Rae et al., 2004; Rae and Hillier,
2005). This enzyme converts cortisone (compound E) to the anti-
inflammatory steroid cortisol (compound F). Glucocorticoids alter the
inflammatory response by limiting cytokine production, increasing
macrophage phagocytosis, increasing transcription of anti-inflammatory
genes and repressing pro-inflammatory transcription factors (Zhang
et al., 2009).

Endometrial 11bHSD-1 mRNA levels are significantly increased at
menstruation, consistent with a role in endometrial breakdown and
repair (McDonald et al., 2006). In addition, the glucocorticoid receptor
is present throughout the cycle in the stromal compartment, including
endometrial leukocytes and endothelial cells (Bamberger et al., 2001;
Henderson et al., 2003). In this way, local generation of glucocorticoids
by inflammatory mediators may prevent an excessive inflammatory re-
sponse in the menstrual endometrium. Studies of endometrium from
women with HMB further highlight the importance of glucocorticoids
in endometrial physiology. Secretory endometrium from women with
a blood loss greater than 80 ml was found to have significantly elevated
levels of 11bHSD-2 when compared with endometrium from women
with normal loss (Rae et al., 2009). 11bHSD-2 converts cortisol back
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to cortisone and may explain the excessive local inflammation of the
endometrium in women with HMB at menses. Decreased cortisol
levels and loss of its anti-inflammatory effects may prolong menses, con-
tributing to heavy blood loss. We are currently exploring whether
‘rescue’ of putative luteal phase endometrial glucocorticoid deficiency
could reduce menstrual bleeding (Warner et al., 2015).

Control of the MMP response at menses. MMPs have the ability to degrade
all components of the ECM and have been shown to have an integral role
in endometrial breakdown at menses (Marbaix et al., 1996). Lack of
control of MMP action at menstruation will lead to excessive tissue
damage and may lead to abnormal bleeding. The control of MMP
action occurs at a number of levels to prevent an abnormal response
during menses and allow for tissue regeneration and remodelling at
other phases of the cycle. A full review of these processes is beyond
the scope of this review, and the reader is referred to Gaide Chevronnay
et al. (2011) for a comprehensive overview. It is well established that pro-
gesterone inhibits MMP transcription to suppress their expression during
the secretory phase of the cycle (Schatz et al., 1994; Salamonsen et al.,
1997; Vassilev et al., 2005). The withdrawal of progesterone and the
up-regulation of MMP levels during menstruation have been discussed
above. Following endometrial breakdown, MMP activity can be inhibited

by tissue inhibitors of metalloproteinases (TIMPS) or by the protease in-
hibitor a2-macroglobulin. These factors are expressed in the endomet-
rium throughout the menstrual cycle (Sayegh et al., 1995; Zhang and
Salamonsen, 1997) suggesting that they are overwhelmed by an increase
in MMP production at menstruation and that the ratio of MMPs to
TIMPs may dictate the ability of MMPs to breakdown tissue. Additionally,
active MMPs undergo endocytic clearance by low-density lipoprotein
receptor-related protein-1 (LRP-1) during the proliferative and secre-
tory phase of the cycle, initiating lysosomal degradation. At menstru-
ation, the LRP-1 protein is not present due to tissue shedding (Selvais
et al., 2009), enhancing MMP activity. This multifactorial regulation
limits the MMP response to menstruation, ensuring tissue damage is
not prolonged.

The endometrium: a model of vascular
function
Menstruation as a physiological ischaemia-reperfusion injury
The first observations of endometrial architecture at menstruation were
from intraocular endometrial transplants in the rhesus macaque
(Markee, 1940). Direct observation of the explants following progester-
one withdrawal revealed shrinkage of endometrial thickness, followed by

Figure 2 Leukocyte trafficking in the perimenstrual human endometrium (derived from data published and reviews by Bonatz et al., 1992; Salamonsen
and Lathbury, 2000; Moffett-King, 2002; Thiruchelvam et al., 2013). Top panel: Sex steroid profiles in the luteo-follicular transition (perimenstrual
‘window’). Bottom panel: Overview of leukocyte traffic in the endometrium with transition from secretory phase through menses/endometrial repair
to the proliferative phase of next cycle. Size of cell image reflects abundance.
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vasoconstriction of spiral arterioles and focal bleeding. The vasoconstric-
tion observed was transient but intense, consistent with an ischaemia-
reperfusion injury. However, the presence and role of hypoxia in the
endometrium remain controversial.

Ischaemia has not been detected in the human endometrium during
menstruation to date. Laser Doppler fluximetry measures the number
of red blood cells transiting a monitored volume per unit time. This
method failed to detect ischaemia during menstruation (Gannon et al.,
1997), but the limited spatial resolution of fluximetry may not detect
focal or prolonged ischaemia-reperfusion episodes. There is some indir-
ect evidence that hypoxia occurs at menstruation in human endometrial
tissue. Markers of tissue hypoxia (CAIX and hypoxia inducible factor
(HIF)-1a) have been detected immunohistochemically in the human
endometrium at menses, with a distinct reduction in staining of both
markers after cycle day 5 (Critchley et al., 2006; Punyadeera et al.,
2006). In addition, hypoxia has been detected in the menstrual endomet-
rium of the simulated mouse menstruation model (Fan et al., 2008).
Pimonidazole is a marker of oxygen partial pressures less than
10 mmHg, and its expression was seen in the uppermost endometrial
zones during the simulated menstrual phase. Negligible pimonidazole
levels were observed by Day 5 after progesterone withdrawal. In con-
trast, hypoxia, pimonidazole and HIF-1a were not detected following
ovarian hormone withdrawal in a xenograft menses model, where a frag-
ment of human endometrial functional layer was grafted into immunode-
ficient mice (Coudyzer et al., 2013). These differences may be explained
by disturbance of the full thickness endometrial architecture in the immu-
nodeficient xenograft model, where spiral arteriole function and immune
cell function will be modified, but definitive proof that hypoxia is present
in the human endometrium at menses is still lacking.

Even if hypoxia is present in the endometrium, there remains debate
about its function. Primary human endometrial stromal cells cultured in
normoxic (21% O2) and hypoxic (2% O2) conditions for 24 and 48 h
revealed that hypoxia decreased the secretion of membrane-type 1
MMP, active MMP-2, proMMP-1 and proMMP-3 (Zhang and Salamonsen,
2002). Similar decreases in MMPs were also observed in the culture
supernatants from whole endometrial explants cultured in 0.1% O2 for
24 h (Gaide Chevronnay et al., 2010). This suggests that hypoxia is not
involved in endometrial breakdown by MMPs at menstruation, but
does not exclude a role in repair of the denuded surface and limitation
of the MMP response. In the xenograft model described previously,
increases in MMP expression were observed in the human endometrial
grafts and breakdown occurred within 96 h of ovarian hormone with-
drawal. In addition, the xenografted endometrium underwent complete
repair despite the absence of hypoxia. This suggests that hypoxia is not
essential for endometrial breakdown or repair. However, in vivo
human menstruation occurs 48–72 h after withdrawal of ovarian hor-
mones (Catalano et al., 2007) and the mouse model of menstruation
demonstrates bleeding within 8–12 h of hormone withdrawal (Brasted
et al., 2003; Menning et al., 2012; Cousins et al., 2014). Hence 8 h post-
progesterone withdrawal in the murine model is approximately equiva-
lent to 48 h in the human. Therefore, it remains possible that, although
hypoxia is not necessary for endometrial breakdown and repair, it is de-
sirable for maximal efficiency of these processes. HIF-1 is a transcription
factor known to be the master regulator of the cellular response to
hypoxia (Iyer et al., 1998). In hypoxic conditions, this factor increases
the transcription of a number of genes involved in angiogenesis, mitogen-
esis and metabolism. Its prolonged activation is observed in the tumour

microenvironment, leading to aberrant angiogenesis and metastasis
(Mazzone, 2010). However, transient activation appears necessary in
physiological situations to instigate repair processes. For example,
pharmacological activation of HIF-1 provided protection against devel-
opment of colitis in a murine model (Cummins et al., 2008). The role
of HIF-1 in menstruation, if any, remains to be determined.

Vasoconstriction
Regardless of the presence or absence of hypoxia in the menstrual endo-
metrium, vasoconstriction of spiral arterioles is desirable at this time to
limit blood flow. Poiseuille’s equation states that the radius of a vessel is
the major determinant of resistance to flow, meaning that a small in-
crease in vessel radius will dramatically increase the amount of blood
flowing through it (Maybin et al., 2011a). Therefore, decreased constric-
tion of endometrial vessels at the time of menstruation will contribute
significantly to increased menstrual blood loss. PGF2a and endothelin-1
(ET-1) are two endometrial factors with known vasoconstrictive proper-
ties (Baird et al., 1996; Marsh et al., 1997). In contrast, PGE2 is a known
vasorelaxant. Women with heavy MBL have been shown to have a signifi-
cantly decreased PGF2a/PGE2 ratio (Smith et al., 1981b) and decreased
FP receptor expression (Smith et al., 2007). Excessive PGE2 production
at the expense of PGF2a may result in less constriction of the spiral
arterioles prior to menstruation. In addition, women with HMB have
decreased endometrial expression of the potent vasoconstrictor ET-1
and increased expression of its metabolising enzyme, neural endopeptid-
ase (Marsh et al., 1997). Increased metabolism of endothelin could
explain its decreased endometrial expression and cause dilation of endo-
metrial vessels at menstruation. Furthermore, altered spiral arteriole
maturation may also contribute to inefficient spiral arteriole vasocon-
striction at menstruation. Vessel wall circumference and focal discontinu-
ities were noted to be larger in the endometrium of women with HMB
than normal controls (Mints et al., 2007). Women with heavy bleeding
had significantly reduced vascular smooth muscle cell proliferation in
spiral arterioles during the mid-late secretory phase when compared
with normal controls (Abberton et al., 1999b). In addition, smooth
muscle myosin heavy chain, a contractile protein used as a marker of vas-
cular smooth muscle cell maturation, was significantly decreased in spiral
arterioles of women with HMB (Abberton et al., 1999a). The endothelial
cell lining in endometrial tissue from women with HMB was found to have
increased gaps, possibly due to increased expression of angiopoietin-2
during the secretory phase (Mints et al., 2010). This suggests that
vessels in these women are pre-programmed during the proceeding
cycle to be more fragile at menstruation. Taken together, the decreased
levels of vasoconstrictive factors and immature vessels present in women
with HMB will significantly increase MBL.

The endometrial coagulation system
Cessation of menstruation relies on an intact endometrial coagulation
system to achieve haemostasis (Fig. 3). Endometrial endothelial injury
initiates immediate activation and aggregation of platelets to form a
plug. This takes place by two mechanisms (i) platelet glycoprotein inter-
action with von Willebrand factor (vWF) or (ii) tissue factor generation of
thrombin (Davies and Kadir, 2012). The resulting platelet plug forms a
barrier to prevent further blood loss. The subsequent stage of haemosta-
sis involves the formation of fibrin via the coagulation cascade. The co-
agulation cascade is activated by two pathways; extrinsic and intrinsic.
Each culminates in the conversion of factor X to Xa, which catalyses
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the conversion of pro-thrombin to thrombin, ultimately leading to the
formation of a more stable fibrin clot to seal previously bleeding
vessels. Disorders that interfere with systemic haemostasis have an
impact on MBL. Von Willebrand disease is the most common of these
disorders, with a prevalence of 13% in women with a complaint of
HMB (Shankar et al., 2004).

Fibrinolysis involves conversion of plasminogen to active plasmin, pro-
moting the degradation of fibrin deposits. Tissue plasminogen activator
(t-PA) and urokinase plasminogen activator (u-PA) drive the production
of plasmin. In contrast, plasminogen activator inhibitor (PAI) inhibits fi-
brinolytic activity. The human endometrium contains t-PA and u-PA, as
well as PAI and the uPA receptor (Gleeson et al., 1993; Nordengren
et al., 2004). There is evidence that an overactive fibrinolytic system inter-
feres with haemostasis and contributes to HMB. Women with HMB had
raised levels of t-PA activity on the second day of bleeding compared
with those with normal loss (Gleeson et al., 1993). The efficacy of tranex-
amic acid as a treatment for HMB provides further evidence for over acti-
vation of the fibrinolytic system in the endometrium of these women. This
antifibrinolytic reduces t-PA andPAI levels inwomen with HMB andresults
in a 58% reduction in blood loss (Gleeson et al., 1994).

Angiogenesis
Vascular modification and new blood vessel growth are essential compo-
nents of endometrial physiology. At menstruation, rapid repair of injured

blood vessels must occur to stop bleeding, and this is usually completed
by Day 5 of the cycle. This process occurs despite lack of ovarian
hormone support, as observed in women following surgical ovariectomy
who stop bleeding despite the lack of ovarian hormonal support. In add-
ition, the murine model of menstruation displayed complete repair of the
endometrium in the absence of estradiol (Kaitu’u-Lino et al., 2007b), sug-
gesting vascular repair at menses (in this animal model) is not reliant on
estrogen. The regulation of vascular repair at this stage is still to be fully
delineated. Vascular endothelial growth factor (VEGF), a key mediator
of vascular function, is increased in women at menses, and there is
mounting evidence from human and murine studies that endometrial
VEGF is regulated by hypoxia (Charnock-Jones et al., 1993; Sharkey
et al., 2000; Fan et al., 2008; Maybin et al., 2011b).

During the proliferative phase, there is rapid growth of the functional
layer of the endometrium, necessitating angiogenesis to maintain perfu-
sion of new tissue (Girling and Rogers, 2005). This physiological angio-
genic response is unusual in the human adult and provides an
accessible human model for comparison to pathological situations such
as the tumour microenvironment. Therefore, defining the control and
mechanisms of this normal angiogenesis may identify new approaches
to the control of tumour growth. Despite the significant changes in endo-
metrial architecture across the cycle, it has been repeatedly demon-
strated that levels of endothelial cell proliferation within the human
endometrium do not show any consistent pattern across the menstrual

Figure 3 Endometrial coagulation pathways. Immediate: A platelet plug forms rapidly, relying on interactions with tissue factor, vWF and collagen. Sub-
sequent: intrinsic and/or extrinsic activation of coagulation pathways result in formation of a fibrin clot to ensure haemostasis. Fibrinolysis drives the deg-
radation of the fibrin clot. t-PA and u-PA convert plasminogen to plasmin, which breaks down the fibrin clot. PAI converts plasmin back to plasminogen.
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cycle (Girling and Rogers, 2005). Interpretation of these results is challen-
ging, as samples taken from women at the same stage of the menstrual
cycle are extremely variable. This may be due to differences in
hormone levels at the time of sampling or a variation in the region
from which the biopsy was obtained. To overcome this, Nayak and
Brenner utilized the macaque simulated menses model (Nayak and
Brenner, 2002). Using Ki67 or bromodeoxyuridine (BrdU) to identify
proliferating endothelial cells, the authors demonstrated a 6-fold in-
crease in proliferation during the mid-proliferative stage (Days 8–10
after progesterone withdrawal). This peak was absent in the hormone-
deprived animals, indicating endothelial cell proliferation at this stage in
the cycle is estradiol dependent, unlike the vascular response at
menses. No significant changes in proliferation were observed at other
stages of this artificial cycle. This finding concurs with stereological ana-
lysis of human endometrial endothelial cell staining, where vascular
length density was greatest during the mid-late proliferative phase
(Gambino et al., 2002). By examining vessel length and branch points,
the authors concluded that vessel elongation is the major mechanism
by which endometrial angiogenesis occurs in mid-proliferative phase.

In the secretory phase, coiling and maturation of the spiral arterioles
and growth of the subepithelial capillary plexus must take place. The con-
sequence of impaired vascular maturation during this phase has been dis-
cussed above in regard to decreased vasoconstriction and its relation to
HMB. It is likely that the uterine natural killer (uNK) cells play an import-
ant role in spiral arteriole maturation.

Uterine NK cells are CD56bright, CD16-, CD3- and are phenotypically
different from peripheral blood NK cells (Koopman et al., 2003). uNK cells
increase in number during the mid-luteal phase and are located close to
the endometrial glands and spiral arteries (Dosiou and Giudice, 2005),
supporting a role in vascular remodelling. Evidence derived from early
pregnancy studies supports a role for uNK cells in the early stages of
spiralarteryremodelling,where failureof thisprocess is consideredtocon-
tribute to pregnancy pathology (Moffett-King, 2002; Robson et al., 2012).
The lack of spiral arteriole modification observed in mice deficient in uNK
cells further supports this hypothesis (Greenwood et al., 2000; Ashkar
et al., 2003).

Additional evidence for the impact of uNK cells on endometrial vascu-
lature comes from studies of the action of selective progesterone recep-
tor modulators (SPRMs) in the human endometrium. Analysis of
endometrium from women administered the SPRM asoprisnil revealed
a suppressed IL-15 pathway, which regulates uNK development and
function. There was a marked reduction in uNK cells, an abnormal
appearance of endometrial vasculature with increased a-SMA staining
surrounding the spiral arterioles. Women taking this SPRM had signifi-
cantly decreased menstrual bleeding, linking the PR, uNK cells, vascular
structure and menstrual function (Wilkens et al., 2013). The inability to
identify the PR on uNK cells (Henderson et al., 2003) suggests an indirect
mechanism of hormonal regulation, via paracrine mediators such as che-
mokines (Salamonsen and Lathbury, 2000; Hannan and Salamonsen,
2007).

The importance of vascular normalization has recently become appar-
ent in the field of cancer biology. Blockade of VEGF to prevent angiogen-
esis in the tumour microenvironment was logically introduced as a
treatment for cancer (Carmeliet, 2005). Although initial results were en-
couraging, the mean survival of patients treated with these inhibitors dis-
appointingly remained unchanged (Carmeliet and Jain, 2011). Recent
research has highlighted the benefits of vessel normalization, rather

than inhibition of angiogenesis, as a mechanism to reduce metastasis
and hopefully increase survival (Mazzone et al., 2009; Carmeliet and
Jain, 2011). Therefore, delineation of normal vascular processes and
their regulation within the human endometrium, including physiological
angiogenesis and vessel maturation, could have widespread clinical
application.

The perimenstrual endometrium: a model of
scarless tissue repair
After shedding its luminal portion, the endometrium must efficiently
repair to ensure implantation can take place if fertilization occurs in the
subsequent cycle. The processes involved in endometrial repair
appear to be analogous to classic wound healing and include inflamma-
tion, its resolution, angiogenesis, tissue formation and tissue remodelling.
The first three processes have been discussed above, and this section will
concentrate on the latter two, with discussion of the former where ne-
cessary. The cross disciplinary benefits of studying this scar-free repair
system are obvious, but incisive data on the factors involved and their
regulation remain elusive and concerted efforts are necessary to maxi-
mize the translational benefits.

The regulation of endometrial repair and regeneration
Scanning electron microscopy of human menstrual endometrial samples
revealed a ragged and torn surface with gland openings and a lack of epi-
thelial covering (Ludwig and Spornitz, 1991). Subsequent regrowth of the
epithelium occurred before stromal expansion, with epithelial cells
growing from the necks of the glands to meet migrating cells from
other glands, forming a new luminal surface. This began on menstrual
Day 2, and full coverage of the lumen was achieved by Day 6. A more
recent study found that the functional endometrial layer displays simul-
taneous shedding and repair in a piecemeal fashion during menstruation
(Garry et al., 2009). Both of these studies suggest that initial re-
epithelialization of the endometrium occurs during active bleeding in
the absence of ovarian hormones, consistent with findings in the murine
menstruation-like model (Kaitu’u-Lino et al., 2007b) and in women
post-oophorectomy.

Tissue recombination studies in the mouse model suggest that uterine
epithelialization is required before the stromal compartment can
respond to ovarian steroids (Bigsby, 2002). Stromal cell mitoses first
appear on Days 5–6 of the human menstrual cycle, when estradiol
levels are rising and the epithelial layer has completely healed (Ferenczy
et al., 1979). Unlike the initial repair phase, this endometrial regeneration
is dependent on ovarian hormone support. VEGF, a potent mitogenic
and angiogenic factor, was found to have three peaks of expression in
the ovariectomized macaque model of menstruation (Nayak and
Brenner, 2002). These increases in VEGF mRNA occurred in the
surface epithelium during the early proliferative phase, in the stroma
during the mid-proliferative phase and in the glands during the late secre-
tory phase. Comparison of hormone-deprived and estrogen-exposed
animals revealed that estrogen is not essential for the early proliferative
phase peak but is necessary for VEGF mRNA up-regulation in mid-
proliferative stromal cells. These findings support an estrogen-
independent initial repair phase and estrogen-dependent regeneration
of the endometrium.

Hence alongside initiation of menstruation, progesterone withdrawal
is also likely to trigger endometrial repair. Support for this hypothesis is
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found in gene microarray analysis of differentially expressed transcripts
from human endometrial explants cultured in vitro in the presence of
ovarian hormones or in the absence of hormonal support. This
hormone deprivation model revealed ‘wound healing and inflammation’
as a top scoring biological process (Gaide Chevronnay et al., 2010). The
importance of VEGF for luminal re-epithelialization and angiogenesis at
menstruation was demonstrated using VEGF Trap in the macaque and
murine models (Fan et al., 2008). Progesterone withdrawal has been
shown to increase the expression of VEGF in the macaque model
(Nayak and Brenner, 2002), murine model (Fan et al., 2008) and in
human endometrial explants (Maybin et al., 2011b). Hypoxia and PGs
have been associated with these increases in VEGF expression (Fan
et al., 2008; Maybin et al., 2011b) and may represent downstream med-
iators of progesterone withdrawal.

The importance of the vascular niche in tissue regeneration is further
supported by studies of stromal-derived growth factor (SDF-1) and its
receptors CXCL4 and CXCL7. SDF-1 is present throughout the men-
strual cycle and CXCR4 expression peaks in the early proliferative
phase and is present in epithelial cells and endothelial cells (Laird et al.,
2011). SDF has been shown to increase endometrial epithelial cell pro-
liferation in vitro (Tsutsumi et al., 2011). A recent study combining an in-
ducible endothelial-cell-specific mouse gene deletion strategy and
complementary models of acute and chronic liver injury revealed that dif-
ferential recruitment of pro-fibrotic CXCR4 or pro-regenerative
CXCR7 signalling determines if the liver regenerates or becomes fibrotic
after injury. Hence, autocrine signals from the endothelium may influence
the rate and nature of the repair process. The role and regulation of
CXCR4 and CXCR7 in the normal menstrual endometrium, where scar-
ring is absent, and in the rare syndrome of endometrial scarring, Asher-
man’s, remains to be determined.

The cellular and molecular mechanisms governing epithelial cell prolif-
eration and migration after menstruation have not been fully elucidated.
At least three hypothesized mechanisms exist, including (i) proliferation
of luminal epithelial cells from the base of the epithelial glands, (ii) mes-
enchymal to epithelial transition of residual stromal cells and (iii) regen-
eration of the luminal epithelium from endometrial stem cells.

Mesenchymal-to-epithelial transition
Previously, the ‘free-edge’ effect was thought to be responsible for endo-
metrial re-epithelialization, where the absence of neighbouring cells at
the wound margin acts as a growth signal (Heimark and Schwartz,
1985). However, scanning electron microscopy of menstrual endomet-
rium revealed that epithelial cells appeared to arise from underlying
stromal cells in denuded portions, rather than solely from the necks of
epithelial glands (Ludwig and Spornitz, 1991; Garry et al., 2009). This sug-
gests that endometrial stromal cells are reprogrammed at menstruation
to lose their mesenchymal cell characteristics and gain epithelial cell
traits, a process known as mesenchymal-to-epithelial transition (MET).
Evidence for MET during endometrial repair comes from the murine
model of simulated menses, where co-expression of the epithelial
marker pancytokeratin and the stromal cell marker vimentin occurred
in endometrial cells after 24 h of hormone withdrawal (Patterson et al.,
2013). Gene microarray analysis of murine uterine tissue from the simu-
lated menses model taken pre- and post-progesterone withdrawal
revealed significant changes in genes known to be involved in MET
such as cytokeratin, Wnt1, E-cadherin and osteopontin (Cousins et al.,
2014). This study also identified actively proliferating cells in the

stromal compartment, where there was loss of luminal epithelial cover-
age and proliferation of adjacent luminal epithelial cells, consistent with
simultaneous MET and epithelial cell migration. In this way, the residual
basal layer of the endometrium and the adjacent unshed functional
layer can contribute to re-epithelialization of the denuded surface. The
contribution of the functional endometrial layer to menstrual repair is
supported by microarray study of stromal and glandular cells from the
basal and functional layer obtained by laser capture microdissection
(Gaide Chevronnay et al., 2009). This revealed that in addition to
up-regulation of transcripts involved in tissue degeneration, stromal
cells from the functional layer also displayed increased levels of genes
associated with ECM biosynthesis, indicating an important contribution
to repair of adjacent denuded areas.

The reverse process of epithelial-to-mesenchymal transition (EMT) is
also important for wound healing, embryogenesis and fibrosis (Gonzalez
and Medici, 2014). The loss of adhesion molecules and tight junctions
alongside increased expression of mesenchymal cell markers allows mi-
gration into tissues. In the embryo, cycles of EMT and MET are necessary
for development and highlight the reversibility of these processes (Nieto,
2013). The role of EMT, if any, in the endometrium remains to be deter-
mined, but it is likely that a balance of EMT and MET is important for
repair processes. Excessive EMT has been implicated in fibrotic diseases
of the kidney and lung (Kothari et al., 2014). This may be due to the gen-
eration of extreme myofibroblasts that are resistant to apoptosis. Syn-
thesis and remodelling of the ECM by fibroblasts is essential for wound
healing. Fibroblasts differentiate into myofibroblasts during the last
phases of wound healing and increase their expression of smooth
muscle actin (SMA). These myofibroblasts initiate wound contraction
and secrete type I collagen. Persistence of myofibroblasts at an injury
site results in scar formation (Hantash et al., 2008). Therefore, excessive
EMT may induce scaring via aberrant myofibroblast differentiation
causing persistence at the injury site. Cytokines, hypoxia, growth
factors and components of the ECM have all been implicated in the regu-
lation of EMT (Gonzalez and Medici, 2014). Strict control of these factors
in the human endometrium may therefore underpin its exceptional
ability to heal without scarring. Interestingly, normal human endometrial
stromal cells have significantly less a-SMA expression and contractility
when compared with endometriotic stromal cells (Yuge et al., 2007).
This suggests endometrial cells have less myofibroblastic differentiation,
leading to a reduction in scar formation. In this way, the balance of MET
and EMT may influence endometrial repair at menstruation. Aberrations
in their control could lead to pathology such as endometriosis, with its
associated adhesions and scarring, or delayed endometrial repair and
its consequent increased MBL.

Stem cells
An alternative, or perhaps complimentary, method of endometrial repair
is regeneration of tissue from stem cells or progenitor cells. Evidence of
their existence in the endometrium comes from colony-forming units
derived from human endometrial samples (Gargett et al., 2009). These
cells fulfilled the criteria of self-renewal, high proliferative potential and
multilineage differentiation. In addition, the mouse model of simulated
menstruation suggests that re-epithelialization of the uterine surface
arises from progenitor cells residing in the glandular epithelial cells
(Kaitu’u-Lino et al., 2010). Unlike human studies, it is possible to utilize
the label retaining technique in the murine model, identifying stem cells
due to their relative quiescence and comparatively slower proliferation
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than more differentiated cells. A pulse of BrdU is followed by a chase
period, when slowly cycling cells retain the BrdU label and transient amp-
lifying cells proliferate rapidly and dilute the label. Examination of BrdU
and proliferating cell nuclear antigen immunofluorescence in this
model revealed that glandular cells proliferated selectively during
repair and BrdU labelling remained constant. In contrast, luminal cells
showed rapid dilution of BrdU at menstruation. Both epithelial and
stromal label retaining cells have been identified in this mouse model
(Chan and Gargett, 2006).

For a comprehensive review of the contribution, derivation and appli-
cation of endometrial stem cells, we refer the reader to a number of
papers (Gargett and Masuda, 2010; Cervello et al., 2011, 2013; Deane
et al., 2013). Many questions remain, but it is clear that the multipotent
potential of cells within the endometrium can have widespread benefits.
Endometrial biopsies are obtainable in an outpatient setting, usually
without the need for anaesthetic. This is in contrast to the painful bone
marrow biopsy used to obtain haematopoietic stem cells. Mesenchymal
stem cells obtained from the endometrium are highly proliferative
(Gargett et al., 2009) and are therefore attractive for in vitro expansion
and use in cell-based therapies. Furthermore, multipotent cells have
also been derived from menstrual effluent, negating the need for any
biopsy (Ulrich et al., 2013). Increased understanding and utilization of
these unique endometrial cells will benefit many gynaecological condi-
tions. Endometriosis is caused by implantation and growth of endomet-
rial deposits in other tissue sites and is thought to occur secondary to
retrograde menstruation. However, although retrograde menstruation
occurs in many women, only �10% have evidence of endometrial
deposits (Gargett et al., 2014). The prevalence or activity of endometrial
stem cells in the endometrial fragments spilling into the abdominal cavity
may explain this discrepancy. An insufficiently thick endometrium can
contribute to sub-fertility and failed IVF. Endometrial stem cell therapy
is a potential treatment to regenerate the endometrium and increase fer-
tility rates in the future (Cervello et al., 2013). In addition, menstrual
derived cells have displayed regenerative properties at other tissue
sites. They have incorporated into atrophied skeletal muscle fibres in a
mouse model of Duchenne muscular dystrophy and have resulted in
improved cardiac tissue function in an infarction model (Cui et al.,
2007; Toyoda et al., 2007; Hida et al., 2008). Endometrial cells have dif-
ferentiated into morphologically and functionally glucose-responsive
insulin secreting cells, providing a potential therapeutic strategy for dia-
betes (Santamaria et al., 2011). Therefore, accessible multipotent cells
from the endometrium could have widespread and significant future clin-
ical applications.

Conclusions
Many advances have been made to increase our knowledge of menstrual
physiology. However, why women menstruate and what starts, limits
and stops menstrual blood loss remain key questions. The endometrium
functions as acomplexmulticellular structure that involves interactions of
immune, endocrine and vascular systems. The strict regulation of this
tissue to allow cyclical ‘injury’ and ‘repair’ at menstruation results in a re-
markable physiological response that allows pregnancy to occur. This ac-
cessible tissue, alongside robust animal models, provides a fantastic
resource in which to study inflammation, angiogenesis and tissue repair
(Fig. 1) to identify new therapeutic targets for gynaecological conditions

and generate translational knowledge for application at a host of other
tissue sites.
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ABSTRACT

The human endometrium undergoes inflammation and

tissue repair during menstruation. We hypothesized that

the local availability of bioactive glucocorticoids plays an

important role in immune cell–vascular cell interactions in

endometrium during tissue repair at menstruation, acting

either directly or indirectly via tissue resident macro-

phages. We sought to determine whether endometrial

macrophages are direct targets for glucocorticoids;

whether cortisol-treated macrophages have a paracrine

effect on angiogenic gene expression by endometrial

endothelial cells; and whether endometrial macrophages

express angiogenic factors. Human endometrium (n = 41)

was collected with ethical approval and subject consent.

Donor peripheral blood monocyte-derived macrophages

were treated with estradiol, progesterone, or cortisol. The

effect of peripheral blood monocyte-derived macrophage

secretory products on the expression of angiogenic RNAs

by endothelial cells was examined. Immunofluorescence

was used to examine localization in macrophages and

other endometrial cell types across the menstrual cycle.

Endometrial macrophages express the glucocorticoid

receptor. In vitro culture with supernatants from cortisol-

treated peripheral blood monocyte-derived macrophages

resulted in altered endometrial endothelial cell expression

of the angiogenic genes, CXCL2, CXCL8, CTGF, and

VEGFC. These data highlight the importance of local

cortisol in regulating paracrine actions of macrophages in

the endometrium. CXCL2 and CXCL8 were detected in

endometrial macrophages in situ. The expression of these

factors was highest in the endometrium during the

menstrual phase, consistent with these factors having a

role in endometrial repair. Our data have indicated that

activation of macrophages with glucocorticoids might

have paracrine effects by increasing angiogenic factor

expression by endometrial endothelial cells. This might

reflect possible roles for macrophages in endometrial

repair of the vascular bed after menstruation.

J. Leukoc. Biol. 99: 1165–1171; 2016.

Introduction
The endometrium is a complex multicellular steroid-target
tissue that is repaired each month after menses without residual
scarring or loss of function. Therefore, it provides an accessible
in vivo human model of inflammation and efficient tissue
repair. Tissue repair involves resolution of inflammation,
angiogenesis, tissue remodeling, and formation of new tissue.
Constituent cell types in the endometrium include stromal,
epithelial, vascular, and immune cells. Dynamic cell-to-cell
dialogue is essential to execute efficient endometrial shedding
and subsequent re-epithelialization and stromal expansion,
processes that are steroid regulated.
The ovarian steroid hormones estradiol and progesterone are

well established as regulators of human endometrial function. The
withdrawal of circulating estradiol and progesterone in the late
secretory phase is associated with a striking influx of leukocytes,
notably neutrophils and macrophages [1–3]. Macrophages are
known to have a critical role in tissue repair in many tissues,
including adult skin [4] and liver [5]. More than 15 yr ago, data
were reported that provided evidence in support of a key role for
endometrial macrophages in limiting the inflammatory response
during endometrial shedding [6]. We recently reviewed the
evidence that macrophages secrete factors that can influence
endometrial repair [2]. Reciprocally, macrophage function can be
influenced via endometrial cells, releasing factors such as M-CSF
and GM-CSF [7, 8]. MMP-9, MMP-12, and MMP-14 and
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plasminogen activator instigate the breakdown of the endome-
trium at menstruation and are produced by endometrial macro-
phages premenstrually [9–11]. A recent study has also reported
that an additional metalloproteinase, MMP-27, is expressed in
CD45+/CD206+/CD163+ macrophages and that these cells were
most abundant before menstruation [12]. Taken together, these
results suggest that endometrial macrophages might play a role in
both stimulating and restricting the inflammatory response during
endometrial shedding. The role of macrophages during the
resolution of menstruation has not been delineated.
In addition to ovarian-derived estradiol and progesterone, recent

evidence has suggested that locally generated steroids, including
estrogens [13] and glucocorticoids, might also play a significant
role in endometrial function [14]. Locally produced glucocorti-
coids have been shown to limit inflammation in other tissue sites
[15], mediated by the binding of cortisol to the nuclear GR and
MR to exert its effects. In the endometrium, we have previously
immunolocalized GRs to stromal, endothelial, and uterine NK cells
[16]. The MR has been identified in glandular epithelial cells [17].
Previous studies have shown glucocorticoids to inhibit angiogenesis
both in vitro and in vivo [18–21]. The enzyme 11b-HSD1 produces
cortisol by the enzymatic reduction of cortisone; the reverse
reaction is catalyzed by 11b-HSD2. Endometrial expression of the
enzyme 11b-HSD1 has been reported to be upregulated at the time
of menses, coincident with the maximal concentrations of GR
mRNA in endometrial tissue homogenates [17]. Enhanced local
inactivation of cortisol by 11b-HSD2 might be present in the
endometrium of women with heavy menses [22], because the level
of HSD11B2 mRNA is 2.5-fold higher in these women than in
healthy controls, predicting for substantially lower local endome-
trial cortisol concentrations. Tissue-resident human endometrial
macrophages have been shown to express the b-isoform of the
estrogen receptor [23]; however, to our knowledge, specific GR
immunoreactivity in this immune cell type in the human
endometrium has not been previously described.
We hypothesized that the local availability of bioactive

glucocorticoids plays an important role in immune cell–vascular
cell interactions in the human endometrium during tissue
repair at menstruation. We demonstrate that endometrial
macrophages express GRs and report a novel, macrophage-
derived cortisol-dependent role in the regulation of angiogen-
esis within the endometrium.

MATERIALS AND METHODS

Patients and endometrial tissue samples
Endometrial biopsies (n = 41) were collected from women after written
informed consent and local REC approval (REC approval code, LREC/07/
S1103/29). Samples were collected from the uterine cavity using an endometrial
suction curette (Pipelle, Laboratorie CCD, Paris, France) from women of
reproductive age attending gynecologic outpatient departments across the
National Health Service, Lothian, Scotland, United Kingdom. All women
reported regular menstrual cycles (25–35 d) and no exogenous hormone
exposure for 3 mo before biopsy. Women with known endometriosis and
submucosal fibroids were excluded. The tissue was divided, fixed in neutral-
buffered formalin for wax embedding, and placed in RNA-stabilizing reagent for
PCR analysis. The biopsies were classified into phases of the menstrual cycle
according to histologic dating [24], the reported last menstrual period, and the
serum progesterone and estradiol concentrations at time of biopsy as measured
by radioimmunoassay (Table 1).

Dual immunofluorescence
Endometrial sections and positive control tissue sections (placenta, kidney, colon;
3-mm thick) were processed, as previously described [25]. In brief, the sections
were exposed to xylene and rehydrated. Antigen retrieval (30 min, with increases
to 126°C; 10 min, decreasing to 90°C, followed by a gradual cool down) was
performed using sodium citrate (pH 6). Endogenous peroxidase activity was
blocked with 3% H2O2. Normal goat serum was used as a protein block, and the
sections were incubated with mouse monoclonal anti-CD68 (a pan-macrophage
antigen; Dako, Glostrup, Denmark) at a 1:1000 dilution overnight at 4°C. Mouse
IgG isotype was used as a negative control. Goat anti-mouse peroxidase secondary
antibody (Abcam, Cambridge, United Kingdom) at a 1:500 dilution was applied
for 30 min, followed by incubation with the TSA Cyanine 3 Tyramide System
(Perkin Elmer, Waltham, MA, USA) for 10 min. The sections were microwaved
with antigen retrieval buffer for 2 min (when subsequent antibodies raised in
mouse were used) and incubated with appropriate normal serum (Supplemental
Table 1) for 10 min, followed by the second primary antibody (Supplemental
Table 1) overnight at 4°C. The sections were incubated with appropriate
secondary antibodies (Supplemental Table 1) for 30 min, streptavidin Alexa
Fluor 488 for 1 hr, followed by DAPI (Sigma-Aldrich, Dorset, United Kingdom)
for 10 min. The sections were mounted with Permafluor (Thermo Scientific,
Waltham, MA, USA) and analyzed using a Zeiss LSM710 confocal microscope
system (Carl Zeiss, Jena, Germany).

In vitro maturation of macrophage subtypes and
generation of macrophage-conditioned media
Peripheral blood was obtained from consenting women taking the combined oral
contraceptive pill (n = 9), hereafter described as donors, with local REC approval
(REC approval no. 08/S1103/38). The blood was collected in 3.8% sodium
citrate, and peripheral mononuclear blood cells were then isolated using a
Percoll gradient. Monocytes were further separated by negative magnetic bead
separation selecting for CD3-, CD7-, CD16-, CD19-, CD56-, CD123-, and
glycophorin A-positive (Miltenyi Biotec, Cologne, Germany) cells, allowing
elution of monocytes. The monocytes were cultured in RPMI 1640 medium
(Sigma-Aldrich, St. Louis, MO, USA) with the addition of M-CSF (216.21 nM) for
4 d to differentiate the cells into macrophages. Macrophages were then treated
with RPMI containing M-CSF alone (216.21 nM; M0) or with the addition of GM-
CSF (285.71 nM) and IFN-g (59.17 mM; M1), cortisol (1 mM), estradiol (10 nM),
or progesterone (10 nM; M2) for an additional 48 h (Supplemental Table 2).
Treatments to induce polarization of macrophages followed established
protocols; macrophages stimulated with glucocorticoids and other steroids are
grouped into the M2 or “nonclassic” phenotypic classification [26]. By stimulating
macrophages with different steroids, we aimed to simulate the endocrine
environment of the menstrual cycle. Thereafter, the cells were washed twice (to
remove excess ligand) and resuspended in serum-free RPMI for 24 h, after which
the supernatant was stored as conditioned media (see HEECs section).

HEECs
The HEECs were a gift from Dr. Graciela Krikun (Yale University School
of Medicine); the isolation of these cells has been previously described

TABLE 1. Details of endometrial biopsies used, including the day
of the menstrual cycle and mean values for circulating estrogen

and progesterone

Variable
Day of cycle
of biopsy

Mean E2
(pmol/l)

Mean P4
(nmol/l)

Proliferative 3–17 339.8 3.2
Early secretory 10–21 462.6 54.6
Mid secretory 20–26 527.3 73.3
Late secretory 22–29 276.3 45.3
Menstrual 1–6 196.5 2.9

E2, estrogen; P4, progesterone.
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[27, 28]. HEECs were grown without serum for 48 h, and then treated with
conditioned media from macrophage cultures (see above) for 24 h.
Controls were treated with RPMI alone to determine the basal expression
of angiogenic genes in HEECs.

Angiogenesis array
Total RNA was extracted from HEECs treated with peripheral blood
monocyte-derived macrophage-conditioned media (n = 3 donors) using an
RNeasy Mini Kit (Qiagen Ltd, Sussex, United Kingdom) according to the
manufacturer’s instructions. Samples were treated for DNA contamination via
DNA digestion during RNA purification. After extraction, RNA was quantified
using a spectrophotometer (NanoDrop 1000, version 3.7; Thermo Scientific,
Wilmington, DE). RNA samples were reverse transcribed using a cDNA
synthesis kit (SuperScript VILO cDNA synthesis Kit and Master Mix;
Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s instructions.
The thermal cycling conditions were 20 s at 25°C, 60 s at 42°C, and 5 s at 95°C.
A TaqMan Low Density Human Angiogenesis Array (Applied Biosystems,
Foster City, CA, USA) was used to analyze 94 genes involved in angiogenesis
according to the manufacturer’s instructions and run on a TaqMan Low-
Density Array 396 well block.

Quantitative RT-PCR
To validate the array and to determine the angiogenic gene levels within the
human endometrium, we performed complementary single-gene TaqMan
quantitative RT-PCR analysis. In brief, a reaction mix was prepared containing
TaqMan Supermix (5.5 mM MgCl2, 200 mM dATP, 200 mM dCTP,
200 mM dGTP, and 400 mM dUTP), ribosomal 18S primers/probe (Life
Technologies, Carlsbad, CA, USA), and reaction-specific forward and reverse
primers and probes (Universal Probe Library (Roche, Indianapolis, IN, USA)
for CXCL2, CXCL8, CTGF, and VEGFC (Supplemental Table 3). A no-template
control (with water instead of cDNA) was included on each plate. PCR was
performed using an Applied Biosystems Prism 7900 instrument, and the
results were analyzed in triplicate using Sequence Detector, version 2.3, and
the 2DDCt method [29]. Expression of target mRNA was normalized to RNA
loading for each sample using 18S ribosomal RNA as an internal standard.

Statistical analysis
For cell culture, mRNA results are expressed as the x-fold increase, where
relative expression of mRNA after treatment was divided by the relative
expression after vehicle treatment. Data are presented as box and whisker
plots, the median is indicated, and the whiskers represent the minimum and
maximum values. Significant differences among raw data (2DDCt values) were
determined using the Kruskal-Wallis nonparametric test with Dunn’s multiple
comparison post-test (Prism, version 4.02; GraphPad Software, Inc., San
Diego, CA, USA). A value of P , 0.05 was considered significant.

RESULTS

Endometrial macrophages contain GRs
We performed immunohistochemical analysis to determine
whether endometrial macrophages express GRs and MRs.
Double immunofluorescence for CD68 and GRs revealed
nuclear localization of GRs in CD68+ macrophages in both
the secretory and the menstrual phases but not during the
proliferative phase (Fig. 1A–D). The expression of MRs was
detected in some endometrial cell types and in the positive
control tissue (colon) but was not colocalized with CD68
macrophages (Fig. 1E–H), suggesting that the local increase
in cortisol observed at menstruation has the potential to
affect macrophage function via activation of GRs but
not MRs.

Cortisol-treated macrophages alter the angiogenic
profile of HEECs
Peripheral blood monocytes were treated with M-CSF in
order to stimulate maturation into macrophages. These
macrophages were further treated with either M-CSF alone
or media containing M-CSF and GM-CSF/IFN-g, estradiol,
progesterone, or cortisol for 48 h (Supplemental Table 2)
using established protocols [30, 31]. They were then
cultured for another 24 h with serum-free media to generate
conditioned media, which was used to treat HEECs. Control
HEECs were exposed to RPMI medium that had not been
used to culture macrophages. Complementary DNA reverse
transcribed from HEEC mRNA was used on a TaqMan Low-
Density Array angiogenesis-specific array, which highlighted
69 genes that were altered by conditioned media from
different macrophage subpopulations (Supplemental Fig. 1).
Notably, stimulation by macrophage-conditioned media was
lacking for many of the genes on the targeted array, with the
exception of CXCL2 and CXCL8 (IL-8). We validated the
expression of these 69 genes using individual gene specific
assays and found that the concentrations of mRNAs encoded
by VEGFC, CTGF, CXCL2, and CXCL8 were all significantly
altered by media from cortisol-treated macrophages
(Fig. 2A–D), with no evidence of estradiol or progesterone
eliciting a similar response to that of cortisol.

Figure 1. Endometrial macrophages contain GRs.
Dual staining immunofluorescence revealed GRs
(green) are present in endometrial macrophages
(CD68+, red) during the secretory (B; n = 9) and
menstrual (C; n = 3) phases but not in the
proliferative phase (A; n = 5). Dual staining
immunofluorescence revealed MRs (green) were
not present in macrophages (CD68+, red) in
endometrium during the proliferative (E), secre-
tory (F), and menstrual (G) phases. Tonsil (D)
and colon (H) were used as positive control
tissues. (Inset) Negative control. Arrows highlight
endometrial macrophages expressing GRs. Scale
bars, 50 mm.
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Vascular remodeling factors are expressed by
endometrial macrophages
Expression of CXCL2 has not been previously characterized in
the human endometrium. We, therefore, extended our in vitro
studies to examine its expression in our human endometrial
tissue data set. Analysis of total RNA concentrations in
endometrial tissue homogenates revealed maximal expression
during the menstrual phase (Fig. 3A). Immunohistochemistry
identified CXCL2 in the cytoplasm of glandular epithelial cells
and endothelial cells (Fig. 3B–M), further supporting our gene
expression data. Immunostaining for CXCL2 appeared most
intense during the late secretory (Fig. 3H and I) and
menstrual (Fig. 3J and K) phases compared with that in the
tissues obtained during the proliferative (Fig. 3B and C), early
secretory (Fig. 3D and E), and mid-secretory (Fig. 3F and G)
phases. Double fluorescent immunohistochemistry demon-
strated that both CXCL2 and CXCL8 are localized to
endometrial macrophages at all stages of the menstrual cycle,
underlining the potential for these cells to act as the source of
these angiogenic factors (Fig. 4A–J).

DISCUSSION

In the present study, we have shown that endometrial macro-
phages express the GR and display a phenotype consistent with a
role in the regulation of endometrial angiogenesis. We found
that culture supernatants from cortisol-treated macrophages
stimulated changes in the concentrations of mRNA encoding
angiogenic genes in endothelial cells. Our data provide new
insights into the expression and regulation of the angiogenic
factor CXCL2, revealing that its mRNA concentration was

highest at menses. Also, the protein was present in multiple cell
types, including endometrial endothelial cells and macrophages.
Incubation of macrophages with cortisol resulted in the secretion
of factors that stimulated increased expression of CXCL2 by
endothelial cells, highlighting the potential for cortisol to act
indirectly to change the gene expression of key angiogenic
factors in the vasculature of the endometrium.
Progesterone withdrawal is the stimulus for menstruation;

however, the progesterone receptor has not been identified in
macrophages [32]. Therefore, macrophage function is con-
sidered to be only indirectly regulated by progesterone. We
have demonstrated that endometrial macrophages express
the GR. Cortisol acts via the GR and has numerous well-
documented anti-inflammatory effects [33]. Within individual
tissues, the glucocorticoid concentrations are regulated by the
expression of the 11b-HSD enzymes, with 11b-HSD1 increasing
local tissue availability of cortisol and 11b-HSD2 decreasing
local tissue availability of this GR ligand. We have previously
shown that endometrial HSD11B1 mRNA levels are signifi-
cantly increased in endometrial tissue during menstruation,
consistent with a role in the resolution and limitation of
menstrual inflammation [17]. Because of the presence of GRs
in endometrial macrophages, it is plausible that increased
local cortisol levels have a direct effect on the function of
macrophages, the numbers of which are increased during this
phase of the menstrual cycle [2]. In vitro experiments treating
peripheral blood monocyte-derived macrophages with syn-
thetic glucocorticoids have shown the promotion of phagocy-
tosis of apoptotic cells by macrophages [34].
Our gene expression studies involved in vitro treatment of

donor peripheral blood-derived monocytes with cortisol, en-
abling us to model the menstrual events occurring in vivo. We
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Figure 2. Treatment of macrophages with cortisol
results in production of factors that have a
paracrine impact on HEECs. mRNA concentra-
tions in HEECs treated with conditioned me-
dium from peripheral blood monocyte-derived
macrophages cultured in the indicated condi-
tions: (A) VEGFC (n = 4 values per treatment),
(B) CTGF (n = 4), (C) CXCL2 (n = 4), and (D)
CXCL8 (n = 5). *P # 0.05, **P # 0.01.
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acknowledge that these cells do not have an identical phenotype
to endometrial tissue resident cells, but they were invaluable for
our in vitro studies. We found that conditioned media from
cortisol-exposed macrophages regulates the angiogenic profile of
HEECs. This, in turn, suggests that exposure of macrophages to
cortisol during the menstrual phase is likely to regulate
angiogenesis via endothelial cells.
Cortisol has previously been shown to inhibit angiogenesis by

the induction of anti-angiogenic gene expression [22]. It is
highly likely that cortisol acts in a timely and cell-specific manner
during the cycle to finely coordinate cell function. We suggest
that cortisol can act directly on endometrial endothelial cells to
inhibit angiogenesis and limit excessive bleeding, but it might
also act on macrophages to promote endometrial repair and
vascular bed replenishment. However, pro- and anti-angiogenic
genes are thought to work in a synchronous balance [35], as
evidenced previously in endometrial endothelial cells [36]. We
proceeded to show that incubation of media containing products
secreted by cortisol-treated macrophages induced changes in
proangiogenic gene expression in endometrial endothelial cells.
This finding is consistent with data showing that alternatively
activated macrophages stimulate angiogenesis in endometriotic
lesions [37]. One notable factor that we identified was CXCL2.
CXCL2 is an important regulator of angiogenesis and thus is an
attractive target when attempting to determine the angiogenic
factors regulating the mechanisms involved in both breakdown
and repair of blood vessels at menstruation. CXCL2 is a
chemokine classically secreted by macrophages and is a potent
chemoattractant to a number of immune cells such as

polymorphonuclear leukocytes [38] and hematopoietic stem
cells [39]. Regulation of the proangiogenic factor CXCL2 has
been shown in tumor progression, vessel formation during tumor
growth [40], and successful wound healing [41]. In the present
study, we have described menstrual cycle stage-dependent
expression of CXCL2 in endometrial homogenates, with highest
expression occurring during menses. This is consistent with our
previous published data of the expression of CXCL8 and CTGF
[25, 42]. This maximal expression of angiogenic factors coincides
with the time of endometrial repair and local angiogenesis.
Because the endometrial macrophage expresses the b-isoform

of the estrogen receptor, its function might be influenced by
estrogen during the proliferative and secretory phases. We have
demonstrated that the effects of estradiol had less functional
significance than those seen with cortisol pretreatment. It
remains to be determined whether estradiol has a role in priming
endometrial macrophages before cortisol exposure. Evidence has
also shown that progestins, including progesterone, might
mediate their actions via other nuclear receptors, including GRs
[43, 44]; thus, further investigation into the context of
macrophage activation in endometrium is warranted. Our
findings have indicated that it is likely that increased local levels
of cortisol at menstruation have an important role in regulating
endometrial angiogenesis.
In conclusion, the data presented support a role for

macrophages in endometrial function during menstruation
and subsequent endometrial repair. Our data are consistent
with the idea that local glucocorticoids regulate macrophage
function in this complex reproductive tract tissue, which is

Figure 3. Expression of CXCL2 in human endome-
trial tissue is highest during the menstrual phase
of the cycle. (A) The concentrations of CXCL2
mRNA in endometrial tissue homogenates were
highest during the menstrual phase. Values are
presented relative to the 18S ribosomal RNA
endogenous control and to a placental sample as
an internal control. (B and C) Proliferative
(n = 5); (D and E) early secretory (n = 4); (F and
G) mid-secretory (n = 4); (H and I) late secretory
(n = 4); and (J and K) menstrual (n = 4; *P # 0.05).
Immunohistochemical staining for CXCL2 mir-
rored the results obtained for mRNA. Weak
staining was observed during the proliferative
(B and C; n = 5) and early secretory (D and E; n = 3)
phases. Immunostaining appeared more intense as
the cycle progressed into the mid-secretory (F and
G; n = 3), late secretory (H and I; n = 3), and
menstrual (J and K; n = 3) phases with clear
immunopositive staining of decidualized stromal
cells in the latter. Kidney (L and M) was used as a
positive control. (Insets) Negative IgG isotype
controls. Scale bars, 50 mm. GE, glandular epithe-
lium; St, stromal compartment; VE, vascular
endothelial cells. Higher magnification images
(C, E, G, I, K, and M).
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also subject to exposure to other sex steroid hormones
(estradiol and progesterone). These observations comple-
ment the published data regarding the other immune cells
present in the human endometrium [45–47]. We believe our
data provide evidence that cortisol-exposed macrophages play
a role in menses and endometrial repair but recognize the
need for future studies on the regulation of GR expression on
endometrial macrophages. Ongoing work will delineate
whether aberrant immune cell function during menstruation
is involved in common menstrual disorders, such as heavy
menstrual bleeding.
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ABSTRACT
Introduction: The progesterone receptor plays an essential role in uterine physiology and reproduction.
Selective progesterone receptor modulators (SPRMs) have emerged as a valuable treatment option for
hormone dependent conditions like uterine fibroids, which have a major impact on women’s quality of
life. SPRMs offer potential for longer term medical treatment and thereby patients may avoid surgical
intervention.
Areas covered: The authors have reviewed the functional role of the progesterone receptor and its
isoforms and their molecular mechanisms of action via genomic and non-genomic pathways. The
current knowledge of the interaction of the PR and different SPRMs tested in clinical trials has been
reviewed. The authors focused on pharmacological effects of selected SPRMs on the endometrium, their
anti-proliferative action, and their suppression of bleeding. Potential underlying molecular mechanisms
and the specific histological changes in the endometrium induced by SPRMs (PAEC; Progesterone
receptor modulator Associated Endometrial Changes) have been discussed. The clinical potential of this
compound class including its impact on quality of life has been covered.
Expert Opinion: Clinical studies indicate SPRMs hold promise for treatment of benign gynecological
complaints (fibroids, heavy menstrual bleeding; HMB). There however remains a knowledge gap
concerning mechanism of action.
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1. Introduction: the impact of progesterone and
uterine function

Progesterone is a steroid hormone that plays a key role in
development, differentiation, and normal functioning of
female reproduction-related target tissues including the
uterus (endometrium and myometrium), the ovary, and the
mammary gland as well as in the regulation of the hypotha-
lamic–pituitary–gonadal axis. Abnormal progesterone
responses are implicated in a wide spectrum of benign
human reproductive disorders, including fibroids, endometrio-
sis and adenomyosis, abnormal uterine bleeding (AUB; includ-
ing heavy menstrual bleeding [HMB]), and miscarriage.[1–4]
From the onset of puberty to menopause, progesterone is
mainly produced by the corpus luteum in the ovary with
smaller amounts secreted by the adrenal glands.

Actions of progesterone on the female reproductive system
are primarily mediated by progesterone receptors (PRs)
synthesized from a single gene (PR) and expressed as two
main protein isoforms (PR-A, PR-B).[5,6] Beyond its prominent
function in reproductive tract tissues, progesterone is also
involved in regulation of cellular functions in the central ner-
vous system [7] influencing reproductive behaviors.
Progesterone also plays an important role during pregnancy
and has striking impacts on the function of the breast.[8]

The uterine endometrium comprises of epithelial cells (lin-
ing the luminal surface and glands), stromal cells, immune
cells, and blood vessels and it is arranged in two morphologi-
cally and functionally distinct zones, the inner basal zone and
the outer functional zone with the latter being shed at men-
struation.[6,9] The human myometrium, localized between
endometrium and perimetrium, is a heterogeneous tissue
and can also be subdivided in two zones, namely the outer
myometrium and a functionally distinct inner myometrial layer
called the uterine junctional zone.[10,11] This ‘junctional’ zone
can be visualized with magnetic resonance imaging (MRI) but
is not histologically distinct. The myometrium is largely made
up of smooth muscle cells but also contains connective tissue,
blood vessels, and immune cells. The principal uterine cellular
targets for progesterone, expressing PR-A and PR-B, are the
epithelial and stromal/decidual cells in the endometrium
[12,13] and smooth muscle cells in the myometrium.[14]

During the menstrual cycle, the human endometrium
undergoes dynamic changes including proliferation, differen-
tiation, tissue breakdown, and shedding (menstruation) in
response to fluctuating peripheral concentrations of ovarian-
derived estrogen and progesterone. Estrogens, acting via their
cognate receptors, play a key role in modulating tissue func-
tion in the follicular (proliferative) phase by inducing epithelial
and stromal cell proliferation leading to a thickened functional
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zone. Estrogens also stimulate expression of PR, thus ensuring
progesterone responsiveness in the post-ovulatory luteal
(secretory) phase.[6] Estrogen levels decline after ovulation
[15,16] and rising concentrations of progesterone secreted
by the corpus luteum initiate a differentiation program char-
acterized by growth and coiling of the spiral arteries, secretory
transformation of the glands, an influx of distinct immune
cells, especially specialized uterine natural killer cells, and
transformation of the stromal fibroblasts (decidualization) in
preparation for blastocyst implantation.[17,18] Progesterone
induces genes that allow the endometrium to permit embryo
attachment and directly controls vascular permeability.[6,19]

2. PRs

2.1. Intracellular and membrane PR isoforms

The PR as a member of the nuclear hormone receptor super-
family is a ligand-dependent transcription factor [20,21] char-
acterized by structural motifs like the N-terminal A/B region, a
highly conserved DNA-binding domain (DBD), a hinge region,
and a C-terminal ligand-binding domain (LBD). The DBD is
composed of two conserved zinc fingers that distinguish
nuclear receptors from other DNA-binding proteins.

The PR-A and PR-B mRNA isoforms are both transcribed
from the same PR gene and the proteins they encode are
identical in their DNA-binding and ligand-binding properties;
it is likely that PR A/B homodimers and heterodimers exist.[22]
PR-B (116 kDa) differs from PR-A (94 kDa) only by an additional
stretch of 165 AA at the N-terminus of the protein. A marked
physiological difference is the action of PR-A as a trans-domi-
nant inhibitor of PR-B [23] and it even exerts this inhibitory
action onto other members of the NR superfamily including
ER, androgen receptor (AR), MRI, and GR.[24]

Differential recruitment of PR [25,26] and associated tran-
scriptional co-regulators to gene promoters are critical to
tissue selective impacts of progesterone (details see below)

for example, whereas in the uterus progesterone stimulates
growth of leiomyomas, it inhibits growth of the endome-
trium.[6]

The ratio of PR-A and -B expression varies from tissue to
tissue and is dependent on the hormonal status of the cell.[27]
In full thickness sections of the human uterus, parallel expres-
sion of ERα and PR can be detected using immunofluores-
cence (Figure 1; antibody for PR, recognizing both A and B
isoforms), demonstrating intense immunoexpression in gland-
ular epithelium at the start of the secretory phase following
induction during the follicular phase with subsequent down-
regulation in the mid-secretory phase. Whereas PR-A levels in
epithelial cells decline in late secretory phase, PR-B levels
remain constant, suggesting that this subtype may be
involved in the control of glandular secretion.[6] Studies to
assess the cellular localization of PR-A and PR-B have to be
interpreted with caution as they are technically limited due to
the common sequence of PR-A and PR-B and the abundance
of PR-A and its relative level to PR-B may only be determined
in a semiquantitative manner at best. PR-A appears to be
predominant subtype in the stromal cells, with a less obvious

Article highlights

● Abnormal progesterone responses are implicated in a wide spectrum
of benign human reproductive disorders, including abnormal uterine
bleeding (AUB; including heavy menstrual bleeding [HMB]), fibroids
(leiomyomas) and endometriosis.

● Progesterone acting via its cognate receptors (PR-A, PR-B) plays a
central role in regulation of uterine function making PR an attractive
therapeutic target.

● Differential recruitment of PR and associated transcriptional co-reg-
ulators to gene promoters are critical to tissue selective impacts of
progesterone, for example, whereas it inhibits growth of the endo-
metrium it stimulates growth of fibroids (leiomyomas).

● Selective progesterone receptor modulators (SPRMs) represent a new
class of synthetic ligands, which can exert agonist, antagonist or
mixed effects on various progesterone target tissues.

● Administration of all family members of the SPRM class of compound
have been found to date to be accompanied with morphological
changes within the endometrium described as progesterone receptor
modulator associated endometrial changes (PAEC). These histological
changes are recognized as a distinct histological entity.

● Whilst PAEC are now well described and appear reversible, the
mechanisms by which these develop are poorly understood.

This box summarizes key points contained in the article.

Figure 1. Immunolocalisation of ERα and PR in full thickness sections of human
endometrium.
Images shown from four samples of uterine tissue recovered during the early (ES) or
mid (MS) secretory phases of the cycle: each section represents the full thickness of
the uterine wall with the lumen at the top andmyometrium at the bottom. Sections
were co-stained for ERα (red) and PR (green) using standard protocols [32] for clarity
the images recorded in the different channels (red, green) are shown side-by-side
rather than overlaid. Note that during the ES there is intense immunopositive
staining for both ERα and PR-A in the glandular epithelium in both the functional
(arrows) and basal (white asterisks) layers. During the MS immunoexpression in the
epithelium is down-regulated but expression of PR in stromal fibroblasts is main-
tained (green asterisks). Full color available online.
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decline in expression during the luteal phase than in the
epithelium, which might reflect the need for prolonged pro-
gesterone PR-A signaling in this compartment to support the
establishment of pregnancy.[12,28] Both receptors have been
detected in leiomyoma (fibroid) tissue [29] and seem to be
increased in leiomyoma compared with normal myometrium
from the same patients.[30,31]

To delineate the individual roles of the receptor subtypes in
vivo, PR isoform-specific knockout (KO) mice have been gen-
erated.[33,34] In these studies, female mice with a global
ablation of both receptor subtypes failed to reproduce due
to defects in both ovulation and implantation.[33,34] Specific
ablation of PR-A alone also resulted in severe abnormalities in
ovarian and uterine function leading to female infertility.[35]
In contrast, PR-B-specific KO mice had normal ovarian and
uterine responses to progesterone but exhibited reduced
mammary ductal morphogenesis and alveologenesis during
pregnancy. Both PR subtypes of receptor appear to mediate
anti-inflammatory actions of progesterone on the endome-
trium.[36] Notably, both subtypes mediate progesterone-
dependent responses through activation of different subsets
of genes with those regulated by PR-A being both necessary
and sufficient for reproductive fertility functions, while PR-B-
dependent gene activation, at least in mice, plays a key role in
mammary development.[24,36] Although some additional var-
iant PR mRNAs (PR-C, -M, -S, and -T) have been described, a
recent comprehensive protein analysis did not support their
translation in vivo.[37]

In addition to the PR receptors that are members of the
superfamily of transcription factors, a membrane-bound PR
(mPR) first described in fish has been implicated in rapid
non-genomic actions (see below) of progesterone.[38,39]
Upon progesterone binding, mPRs may influence the activity
of several signaling pathways, including mobilization of intra-
cellular Ca2+, activation of mitogen-activated protein kinase
(MAPK) cascades, and inhibition of cAMP production.[40] The
physiologic relevance of the membrane PR is still unclear since
their capacity to bind progesterone is relatively low compared
to nuclear PRs and some studies could not even detect evi-
dence of activation by progesterone.[41]

2.2. Genomic and non-genomic activation of PR

In the reproductive tract, it is likely that progesterone exerts its
effects via both genomic and non-genomic actions mediated
via PR-A or PR-B that subsequently converge to produce tis-
sue- and cell-specific responses.[42] In the ‘classical’ genomic
mode of action binding of a ligand within the LBD, conforma-
tional changes are initiated, chaperone proteins dissociate and
the PR translocates to the nucleus. Within the nucleus, ligand-
bound PRs interact with the transcriptional machinery and
bind as homo- or heterodimers to specific cis-acting PR
response elements (PRE), typically located in the promoter
regions of target genes. Robust, specific modulation of gene
transcription, however, requires recruitment of additional co-
regulatory proteins to a transcription complex that includes
the DNA-bound receptor. The different co-regulatory factors
are generally considered to act to enhance transcription

(coactivators) or to decrease the level of transcriptional activa-
tion (corepressors).[26] Over 300 co-regulators are reported to
interact with PR, and it is the tissue-specific expression of the
factors that orchestrates the impact of progesterone on
expression of different sets of genes within target tissues.[43]

It is now well established that binding of agonists or
antagonists to distinct amino acid residues within the LBD of
PR alters the conformation of the receptor protein resulting in
recruitment of differing type(s) of co-regulatory proteins into
the transcription complex. For example, following binding of
agonists, coactivators capable of modifying core histone pro-
tein side chains via acetylation or methylation are recruited
and the resultant change in histone proteins facilitates access
of the transcription machinery. PR coactivators include mem-
bers of the steroid receptor coactivator (SRC) family (SRC-1–3)
and receptor-interacting protein 140.[44] The importance of
the SRC PR interactions has been elucidated by studies in KO
mice demonstrating that steroid receptor coactivator-1 (SRC-1)
is the primary coactivator of PR in the uterus but SRC-3 is
important in the mammary gland.[45] Lately, a new class of PR
modulators the Kruppel-like factors (KLFs) [46] have been
described and the absence of some KLFs in distinct patholo-
gies (e.g. KLF9 and KLF11 in endometriosis and leiomyoma)
suggests roles for multiple KLFs in maintaining homeostasis in
female reproductive tissues.

On the other hand, PR can also interact with corepressors
and this generally occurs in the presence of ligands like mife-
pristone that act as antagonists. Crystal structures have shown
binding of the nuclear receptor corepressor (NCoR), and the
silencing mediator of retinoic acid and thyroid hormone
receptor (SMRT) to both PR-A and PR-B in the presence of
asoprisnil, a synthetic PR receptor modulator that is a mixed
agonist/antagonist and downregulates expression of PR in
endometrium.[47,48] In the human endometrium, the expres-
sion of both PR isoforms and their corepressors (NCoR and
SMRT) has been observed [28,49] and is modulated over the
course of the menstrual cycle in a compartment-specific man-
ner [49] demonstrating the potential for stage-dependent
gene repression.

Finally, additional cell-specific impacts of ligand-activated
PR may be determined by the co-recruitment of coactivators
and a number of additional transcription factors also
expressed in endometrium some of which appear to play a
key role in decidualization of stromal cells in preparation for
establishment of pregnancy. Examples include members of
the forkhead-box O (FOXO) protein family (FOXO1, FOXO3a),
signal transducer, and activator of transcription (STAT5) and
CCAAT enhancer-binding protein (C/EBPβ).[50]

Ligand-bound nuclear PR receptors can also be transcrip-
tionally active at endogenous promoters lacking a canonical
PRE. Transcription of these genes seems to be facilitated
through nuclear protein–protein interactions with other
DNA-binding transcription factors such as NFκB,[51] SP1, and
AP-1.[52] Levels of gene transcription can also be modulated
by post-translational modification of PRs primarily through
N-terminal phosphorylation, acetylation, SUMOylation, and
ubiquitination.[53,54] These modifications alter PRs trafficking,
transcriptional activity, and target-gene selectivity.[55] Studies
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in cancer cells have shown that modifications involve phos-
phorylation through mitogenic protein kinases, CDK2, CK2, or
MAPK of the receptor.[56] PR has been shown to trigger Src-
dependent phosphorylation signaling cascades like prolifera-
tive Ras/Raf/MEKK/MAK kinase pathway.[7] The relevance for
uterine tissue dysfunction remains poorly understood.

In addition to its direct effect on transcription, progester-
one has been identified to influence the activity of many other
signaling pathways by non-genomic (extranuclear) mechan-
isms in the cytoplasm.[57] These rapid non-genomic effects
triggered by progesterone binding to membrane-bound
receptors exhibit an onset within seconds to minutes (see
Table 1) and are insensitive to transcription or translation
inhibitors. A detailed description of non-genomic progester-
one effects in different target tissues and potential membrane
receptors involved has been reviewed by Gellersen et al.[42]

Finally, the distinction between the rapid non-genomic
kinase activation and genomic actions has become less certain.
For example, results using breast cancer cells have demon-

strated activated kinases can be recruited together with the
phosphorylated nuclear PR into an integrated PRE-containing
promotor.[66] According to this model, rapid signaling may be
a concurrent pathway integrated into the activation of the
transcriptional machinery by nuclear PR,[67] but further studies
are required to validate this in nonmalignant cells.

3. Selective progesterone receptor modulators

3.1. Modulation of PR activity by selective progesterone
receptor modulators

Selective progesterone receptor modulators (SPRMs) represent
a new class of synthetic steroids, which can exert agonist,
antagonist, or mixed effects on various progesterone target
tissues in vivo upon PR binding [68] (see Figure 2). They have
many potential clinical applications in female reproduction
and gynecological therapies like uterine fibroids but also in
the treatment of some tumors.[57]

Table 1. Non-genomic signaling pathways reported to be triggered by progesterone.

Involved signaling pathways

SRC/ERK/MAPK pathway

● Delayed P-dependent neuroprotection mediated by Src-ERK signaling
● Cyclin D1 gene induction by PR activation of the Src/MAPK pathway
● Rapid activation of Src/Erk1/2 and PI3K/Akt pathways in breast cancer and endometrial stromal cells via

crosstalk between PR and ERα/β

Boonyaratanakornkit et al.,[58] Cai et al.,[59] Ballare
et al.,[60] Mani et al. [7]

PI3K/Akt/NFκB pathway
Stimulation mPR by P activates the PI3K/Akt/NFκB pathway resulting in (1) inactivation of FOXO
transcriptional activity and (2) downregulation of miR-29c which triggers KLF4

Vares et al. [61]

MEK1/2 and PKA
Activation of macrophages by P via mPR causes pro-inflammatory shift in mRNA expression profile and
significant upregulation of cyclooxygenase 2, Il1B, and TNF and downregulation of mPRα
MEK1/2 and PKA are involved in mPR signaling

Lu et al.,[62] Mani et al. [7]

PKC
Rapid increase in basal PKC activity in VMN by P

Balasubramanian et al. [63]

Calcium and calmodulin kinase II
P-activation of CaMKII basal activity in VMN

Balasubramanian et al. [64]

PKG
● PgRMC1 shown to mediate rapid progestin actions in various tissues (including brain) by potential

activation of PKG

Bashour et al. [65]

PKA: Protein kinase A; PKC: protein kinase C; VMN: ventromedial nucleus; PKG: protein kinase G; PgRMC1: progesterone receptor membrane component 1.

Figure 2. Structure of common SPRMs.
Chemical structures of selective progesterone receptor modulators (SPRMs) in current clinical use or which have been in clinical development.
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X-ray crystal structures of the PR bound to SPRM ligands
revealed that the mode of binding differs between different
molecules and depends on the agonistic or antagonistic nat-
ure of the interaction.[69] The resulting effect on target genes
appears to depend both on the cell type and availability of
different co-regulators [70] also confirmed by evaluation of
protein–protein interactions with PR and SPRMs.[71]

The first and one of the most widely used SPRMs with
mixed agonistic/antagonistic properties and tissue-specific
effects is mifepristone (RU486). Wardell et al. described the
involvement of the amino-terminal domain of the PR and the
phosphorylation of a serine for the partial agonist features of
mifepristone.[72]

With an in vitro chromatin transcription system that reca-
pitulates PR-mediated transcription in vivo, Liu et al. [44]
have determined the molecular basis by which mifepristone
regulates transcription in a cell-type-specific manner.
Specifically, agonist-bound PR interacts only with coactiva-
tors such as SRC-1, whereas mifepristone-bound PR binds to
both the coactivator SRC-1 and the corepressor silencing
mediator for retinoid and thyroid hormone receptor (SMRT)
so that the precise impact in different cell types may be
influenced by the relative availability/abundance of these
factors.

Afhuppe and colleagues [73] compared different SPRMs
and their ability of interaction with PR and co-regulators.
Mifepristone, onapristone, and lonaprisan (ZK230211) differ
in their induced interactions of PR with the NCoR. PR modu-
lators with marked PR agonistic activity demonstrate induced
interactions with the LX-H10 peptide (contains the LxxLL motif
of coactivators) similarly to the ones observed with R5020
(promegestrone), whereas SPRMs with antagonistic behavior
like lonaprisan do not show any recruitment of the LX-H10
peptide.[74] In contrast to mifepristone, asoprisnil mediates
the recruitment of coactivators to the PR in vitro. However,
none of these compounds has a progesterone-like ability to
oppose estrogen in the rat endometrium,[47] again demon-
strating the high degree of complexity of the system as a
whole.[70] There have been several recent reviews that pro-
vide informative summaries of the effects of SPRM administra-
tion.[75–77]

3.2. Impact of SPRMs upon leiomyoma growth and
endometrial morphology

The mechanisms of fibroid growth reduction have been
addressed in several in vitro studies but a clearer picture may
be expected in the near future when fibroid biopsies from the
different clinical studies using SPRMs are fully analyzed. So far,
there is strong evidence that SPRMs induce apoptosis through
activation of the tumor necrosis-related apoptosis-inducing
ligand (TRAIL) pathways.[78] Fibroids treated with ulipristal
acetate (UPA) revealed upregulation of caspase 3 and down-
regulation of BCL2.[79] Furthermore, ample evidence exists
that strong expression of extracellular matrix in fibroids is
reduced by SPRMs due to suppression of collagen synthesis
(type I and III) and modulation of extracellular matrix enzymes
like MMPs and TIMPs.[80]

An interesting aspect in the pathomechanism of fibroid
growth has recently been addressed by Bulun et al..[81] They
describe a paracrine pathway that may mediate progesterone-
derived growth of leiomyoma tissue. Treatment of mature
myometrial cells with estrogen and progesterone resulted in
secretion of wingless type (WNT) ligands, translocation of β-
catenin in neighboring leiomyoma stem-progenitor cells, and
activation of gene expression critical for fibroid growth and
proliferation. The importance of WNT/β-catenin signaling in
formation of leiomyoma-like tumors and fibrogenesis has
been shown in mice that express a constitutively active form
of β-catenin in mesenchymal cells of the uterus.[82]

In this context, it is noteworthy to mention that the med-
iator complex subunit 12 (MED12) gene, which has been pre-
viously demonstrated to regulate β-catenin/WNT signaling,
has mutations in exon 2 in nearly 70% of uterine leiomyo-
mas.[83] The role(s) for such signaling pathways in the endo-
metrium of women with fibroids has to date not been
determined.

The administration of all family members of the SPRM class
of compound has been found to date to be accompanied with
morphological changes within the endometrium described as
PR modulator-associated endometrial changes (PAEC).[84]
These histological changes are recognized as a distinct histo-
logical entity and should not be confused with endometrial
hyperplasia. SPRMs have been shown to induce a specific
endometrial antiproliferative effect and the endometrial
glandular epithelium shows reduced mitotic activity compared
to the proliferative phase. Furthermore, evidence is accumu-
lating that PAEC rapidly regress on cessation of treatment,
although the rate of regression can be variable.[85] Whilst
PAEC are now well described and appear reversible, the
mechanisms by which these develop are poorly understood.

UPA is a SPRM licensed in Europe for preoperative treat-
ment of moderate-to-severe symptoms of uterine fibroids in
adult women of reproductive age and also for intermittent
treatment of moderate-to-severe symptoms of uterine fibroids
in adult women of reproductive age.[86] In common with
other SPRMs, UPA significantly reduces menstrual bleeding
and fibroid volume.[85,87]

The mechanisms responsible for these effects remain
poorly understood. In keeping with other SPRMs, despite pro-
gesterone antagonism and maintenance of circulating estra-
diol levels, hyperplasia does not occur with any increased
frequency although extensive cystic glandular dilatation is
seen.[88,89] Although in vitro work describes antiproliferative
and proapoptotic effects on leiomyoma cells,[90] there are
only limited data on the effects of SPRMs upon human
endometrium.

Studies in nonhuman primates (macaques) have shown a
suppressive effect specifically upon the endometrium with a
reduction in proliferation markers and upregulation of the AR
consistent with the ‘class effect’ of other SPRMs.[91] In a long-
term oral toxicity study with UPA,[92] findings in the endome-
trium were similar to SPRM-associated endometrial changes
described in SPRM-treated women. No adverse effects were
observed that would raise concerns about potential prema-
lignancy. Detailed human in vivo data still remain limited to
small studies. Apoptosis indices are increased in the
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endometrium, but knowledge of impact upon proliferation
and sex steroid receptor expression to date are again limited.

Thus far, there have been no reports of cytological atypia
accompanying SPRM administration in the presence of a nor-
mal endometrial biopsy prior to drug therapy with SPRMs.
Administration of low-dose mifepristone (RU486; 2–5 mg) for
120 days was observed to reduce endometrial proliferation
markers.[93] Administration of another SPRM with mixed ago-
nist–antagonist activity, asoprisnil, had no reports of endome-
trial hyperplasia with administration limited to daily
administration for 12 weeks. Oral daily doses of both 10 or
25-mg asoprisnil had no impact on markers of endometrial
proliferation.

The discovery of the ‘endometrial antiproliferative effect’ of
SPRMs was an important milestone in their development. This
effect was initially observed in rabbit and primate endome-
trium. The finding of endometrial atrophy induced by the
SPRM class of compound was not anticipated. The compounds
were reported not to bind the estrogen receptor due to PR
antagonist activity and thus the endometrium would have
been expected to exhibit unopposed estrogenic effects and
yet functional antiestrogenic effects were reported. The
believed unique endometrial effects of SPRMs are specific to
menstruating primates such as Old World monkeys and
humans. Cynomolgus and rhesus macaques are good models,
as their endometrium is similar to the human with respect to
hormonal regulation and morphological changes during the
menstrual cycle. Studies in nonhuman primates have been
reported to show that SPRM administration in both spayed
and intact macaques induced endometrial atrophy with stro-
mal compaction and inhibited mitotic activity. These effects
were observed following administration of mifepristone
(RU486), ZK 230 211, and ZK 137 316.[94] Studies with ZK
137 316 in the rhesus monkey also showed a dose-dependent
degradation of the spiral arteries in the basal layer of the
endometrium. It is notable that these profound morphological
changes were observed in the presence of follicular phase
estrogen levels. This functional antiestrogenic effect appears
to be limited to the endometrium. The oviduct and vagina are
reported to be unaffected, thereby providing evidence for an
‘endometrial antiproliferative effect’ and provides support that
SPRMs may target the endometrium directly and this effect
may possibly be via the endometrial vasculature. Dosage of
SPRM administration may be important as some effects may
be dose-dependent.[94,95]

The SPRM, asoprisnil, suppresses endometrial bleeding
and administration has a striking histological effect on the
endometrial spiral arteries which develop an unusual
appearance as prominent aggregations due to abnormally
thick muscular walls.[96] When global endometrial gene
expression in asoprisnil-treated versus control women was
performed, a most interesting and statistically significant
reduction of inflammatory genes has been reported.[48]
The IL-15 pathway, known to play a key role in uterine NK
cell development and function, was identified at the center
of a pathway analysis and suppression of IL-15 by asoprisnil
was also observed on mRNA level. Furthermore, immunos-
taining for the uterine NK cell marker CD56 revealed an
impressive reduction in the asoprisnil-treated endometrium.

[48] In the normal cycling endometrium, IL-15 levels are
progesterone-responsive. In the study of asoprisnil-treated
endometrium, there is a downregulation of stromal PR
expression, upregulation of glandular PR expression (see
Figure 3), and a marked reduction in number of uterine NK
cells. These observations with administration of a SPRM have
provided support for a role for the IL-15 pathway in the
complex interplay between endometrial stromal cells, uter-
ine NK cells, and spiral arteries and an effect on both phy-
siological and HMB.[48,97,98]

4. Clinical potential for SPRMs in management of
benign gynecological disorders

Benign gynecological complaints such as HMB, fibroids, pelvic
pain, and endometriosis have a very significant impact on
quality of life and represent a large health-care burden. Each
year in the United Kingdom, one million women seek help for
HMB [99] and endometriosis has a prevalence of 2–10% of
women of reproductive age.[100] There are a multitude of
etiologies that can cause HMB.[101] Many cases have uterine
fibroids that disrupt everyday life and fibroids remain the
leading indication for hysterectomy.[102,103] While there
may be relief from HMB during pregnancy and lactation, and
an end to the problem at menopause, women affected will
tend to suffer the adverse impacts of HMB over what should
be the prime years of their lives. This can accumulate to a
lifetime loss of 5–7 years of ‘healthy’ life.

Along with the direct impact on the woman and her family,
there are significant costs both to the economy and the health
service. In the USA, lost work-hour costs are estimated
between $1.55 and 17.2 billion annually and direct costs of
$4.1–9.4 billion.[104]

Current medical therapies often either fail to fully resolve
symptoms or are associated with unacceptable side effects.
As a result, many women opt for a definitive solution

Figure 3. Image of progesterone receptor (PR) immuno-reactivity in human
endometrium after administration of a selective PR modulator (SPRM). Note
intense positive (brown) immunostaining in the glandular epithelium (g) and
virtual absence of immuno-reactivity in the stroma (s). Image kindly provided by
Professor Alistair Williams, University of Edinburgh. Full color available online.
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consequently hysterectomy remains the solution with the high-
est long-term patient satisfaction and cost-effectiveness.[99]
Many women however wish to avoid surgery and to retain
fertility. This is pertinent given that nearly half of all UK-born
babies are to women aged 30 or over.[105] Furthermore, those
from low-income backgrounds are less likely to receive a surgical
treatment [106] and as such may be further penalized by ineffec-
tive medical treatment. Finally, the recent RCOG HMB audit
reported that at 1-year post-referral only 35% of all women
(including those given surgery) were ‘satisfied’ (or better) at the
prospect of current menstrual symptoms continuing, as currently
experienced, for the next 5 years.[106] There is thus a very
substantial unmet need for long-term medical therapies that
are effective, affordable, and without unwanted side effects.

The evidence of the impact of SPRMs on endometrial cell
proliferation (reviewed above) and data from nonhuman pri-
mate studies have identified these compounds as offering
significant potential for longer term medical therapy of HMB.
Specifically, two members of this class, mifepristone and aso-
prisnil, have been shown to significantly reduce menstrual
blood loss in association with fibroids but do not increase
proliferation.[107,108] The impact of SPRM administration on
menstrual bleeding in women without fibroids is not known.

The medical management of endometriosis is currently lar-
gely dependent upon administration of progestogens and
estrogen deficiency has to date restricted long-term use of
GnRH analogs. With each of these commonly used therapies,
management is frequently limited by accompanying side
effects and symptom control may be suboptimal. Studies with
SPRM administration undertaken in women with endometriosis
indicate potential clinical utility for symptom relief.[109,110] For
example, mifepristone administration (50 mg for 6 months) in
patients with endometriosis has been reported to have a sig-
nificant effect on symptoms and extent of disease.[110] In a
randomized, placebo-controlled study, asoprisnil (5, 10, or
25 mg) was administered for 12 weeks to women with a
laparoscopic diagnosis of endometriosis who complained of
moderate or severe pain. A significant reduction in non-men-
strual pelvic pain and dysmenorrhea compared to placebo was
reported [111] that would be consistent with reports of a tissue-
specific suppression of endometrial prostaglandin production.

5. Conclusion

Studies on HMB are hampered by the lack of an appropriate in
vivo model for fibroid-associated endometrial bleeding limit-
ing our understanding of the interplay between fibroids and
endometrium.

At present, the biggest challenge facing researchers who
are keen to develop regimes using SPRMs as long-term treat-
ments for women with debilitating benign gynecological con-
ditions is a paucity of data related to the mechanisms
underpinning the development of PAEC.

6. Expert opinion

Progesterone acting via its cognate receptors (PR-A, PR-B)
plays a central role in regulation of uterine function making
PR an attractive therapeutic target.

PRs classical genomic mode of action has been studied in
detail and the impact of ligand binding, conformational
change, and coactivator and -repressor recruitment on cell
and tissue-specific patterns of gene expression is now better
understood.

The regulation/impact of non-genomic progesterone path-
ways has recently been described as via the trigger of SRC-
dependent phosphorylation signaling like proliferative RAS/
RAF/MEKK/MAPK kinase pathway. The level of interaction
and integration of these extranuclear signaling cascades with
classical genomic signaling remains a topic for further studies.

A number of SPRMs have been developed which have a
range of agonistic and antagonistic profiles when compared
with progesterone. Mechanistic studies have identified distinct
patterns of co-regulator recruitment that may in part explain
their unique impact on cell function. Here, more molecular
details will emerge in the future as the number of molecular
studies on human tissues will increase as more SPRMs enter
the market and it would be interesting to follow whether the
systematic analysis of expression profiles of different fibroid
and endometrial cellular components holds potential to gen-
erate a gene expression fingerprint which would be suitable to
allow differentiation of SPRMs on their mechanistic action
toward the different uterine cellular compartments.

Clinical studies indicate SPRMs hold promise for treatment
of fibroids and associated HMB. Extensive in vitro studies on
primary cells and small-scale investigations of biopsies from
clinical studies highlighted inhibition of cell proliferation and
an increase of the expression of proapoptotic markers and
pathways and suppression of extracellular matrix synthesis as
the molecular mechanism behind reduction of fibroid volume.

A link to progesterone action for fibroid growth has been
offered by identification of distinct leiomyoma stem-progeni-
tor cell populations processing paracrine signals from adjacent
myometrium induced by progesterone. One of the key com-
ponents mediating progesterone action in fibroid cells is the
WNT/β-catenin pathway. Dissecting the paracrine mechanism
involved with leiomyoma growth may also shed further light
into the molecular action of SPRMs and may also lead to new
treatments beyond SPRMs.

New fundamental insights into the etiology of fibroids will
arise from the latest development in research regarding the
MED12 mutation which is a driver mutation for fibroids with
very high prevalence rate. Very recently, MED12-mutant mice
have been generated, which will offer an opportunity to dis-
sect downstream signaling of Med12 and investigate effects
on tumor growth but also on AUB from adjacent endometrial
tissue. Whether potential factors might be identified causative
for induction of HMB will be an exciting area to follow.

In contrast to fibroid shrinkage, the cellular mechanisms by
which SPRMs control endometrial bleeding are still poorly
understood. Reduction in the numbers of uterine NK cells
and their complex interaction with the spiral arteries and
endometrial stroma cells maybe one possible explanation for
SPRMs’ effect on bleeding suppression.

The administration of the SPRM class of compound is
accompanied with morphological changes within the endo-
metrium described as PAEC. These histological changes are
recognized as a distinct histological entity and should not be
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confused with endometrial hyperplasia. However, whilst PAEC
are well described and appear reversible, a greater under-
standing of molecular and cellular mechanisms underpinning
these histological features is required.
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C L I N I C A L R E S E A R C H A R T I C L E

Reduced Transforming Growth Factor-b Activity
in the Endometrium of Women With Heavy
Menstrual Bleeding

Jacqueline A. Maybin, Lyndsey Boswell, Vicky J. Young, William C. Duncan,
and Hilary O. D. Critchley

Medical Research Council Centre for Reproductive Health, University of Edinburgh, Queen’s Medical
Research Institute, Edinburgh EH16 4TJ, United Kingdom

Context: Heavy menstrual bleeding (HMB) is common and incapacitating. Aberrant menstrual
endometrial repair may result in HMB. The transforming growth factor (TGF)-b superfamily con-
tributes to tissue repair, but its role in HMB is unknown.

Objective:Wehypothesized that TGF-b1 is important for endometrial repair, andwomenwith HMB
have aberrant TGF-b1 activity at menses.

Participants/Setting: Endometrial biopsies were collected from women, and menstrual blood loss
objectively measured [HMB .80 mL/cycle; normal menstrual bleeding (NMB) ,80 mL].

Design: Immunohistochemistry and reverse transcription polymerase chain reaction examined
endometrial TGF-b1 ligand, receptors, and downstream SMADs in women with NMB and HMB. The
function and regulation of TGF-b1 were examined using cell culture.

Results: TGFB1 mRNA was maximal immediately prior to menses, but no differences detected
between women with NMB and HMB at any cycle stage. Histoscoring of TGFB1 revealed reduced
staining in the stroma during menses in women with HMB (P , 0.05). There were no significant
differences in TGFBR1/2 or TGFBR1/2 immunostaining. Cortisol increased activation of TGFB1 in the
supernatant of human endometrial stromal cells (HES; P, 0.05) via thrombospondin-1. Endometrial
SMAD2 and SMAD3were lower inwomenwith HMBduringmenstruation (P, 0.05), and decreased
phosphorylated SMAD2/3 immunostaining was seen in glandular epithelial cells during the late
secretory phase (P, 0.05). Wound scratch assays revealed increased repair in HES cells treated with
TGF-b1 versus control (P , 0.05).

Conclusions: Women with HMB had decreased TGF-b1 and SMADs perimenstrually. Cortisol acti-
vated latent TGF-b1 to enhance endometrial stromal cell repair. Decreased TGF-b1 activity may
hinder repair of the denuded menstrual endometrium, resulting in HMB. (J Clin Endocrinol Metab
102: 1299–1308, 2017)

The human endometrium is a complex and dynamic
tissue. Throughout the reproductive years of a woman’s

life, it responds to steroid hormones to prepare for im-
plantation, shed its luminal portion in the absence of

pregnancy, and efficiently regenerate for the subsequent
menstrual cycle. Menstruation occurs as a result of the
sharp ecline in progesterone as the corpus luteum re-
gresses. This progesterone withdrawal stimulates an influx

ISSN Print 0021-972X ISSN Online 1945-7197
Printed in USA
This article has been published under the terms of the Creative Commons Attribution
License (CC BY; https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original author and source are
credited. Copyright for this article is retained by the author(s).
Received 12 October 2016. Accepted 28 December 2016.
First Published Online 3 January 2017

Abbreviations: ELISA, enzyme-linked immunosorbent assay; HES, human endometrial
stromal cell; HMB, heavy menstrual bleeding; HMB-E, HMB of endometrial origin; LSKL,
leucine-serine-lysine-leucine; mRNA, messenger RNA; NMB, normal menstrual bleeding;
PBS, phosphate-buffered saline; TGF, transforming growth factor; TSP-1, thrombo-
spondin-1.

doi: 10.1210/jc.2016-3437 J Clin Endocrinol Metab, April 2017, 102(4):1299–1308 https://academic.oup.com/jcem 1299

D
ow

nloaded from
 https://academ

ic.oup.com
/jcem

/article-abstract/102/4/1299/2760426 by guest on 19 M
arch 2020

https://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.1210/jc.2016-3437
https://academic.oup.com/jcem


of inflammatory cells and release of matrix metal-
loproteinases, resulting in tissue destruction and menstrual
bleeding (1, 2).

The regulation of endometrial repair after shedding
remains undefined. Scanning electron microscopy and
hysteroscopy analysis revealed that luminal epithelial cell
migration precedes stromal expansion, but that breakdown
and repair occur simultaneously in adjacent sections of the
human endometrium during active bleeding (3). Initiation
of endometrial repair therefore occurs during themenstrual
phase,whenovarian hormone levels remain low. Indeed, in
the mouse model of simulated menstruation, repair oc-
curred without delay when both exogenous and endoge-
nous estrogens were removed (4).

The transforming growth factor (TGF)-b superfamily
includes TGF-bs, activins, and nodal and bone mor-
phogenic proteins. This superfamily has been implicated
in cell motility, proliferation, apoptosis, immune re-
sponse, and differentiation [reviewed in (5)]. Therefore,
they are attractive candidates for the coordination of
endometrial repair at menses.

TGF-b is synthesized as a dimeric preproprotein and is
released in a latent form. It is activated in a tissue-specific
fashion by a variety of mechanisms, including extremes of
pH or via plasmin or thrombospondin-1 (TSP-1) (6, 7).
Once activated, it binds to type II transmembrane serine/
threonine kinase receptors, which then form a hetero-
tetrameric complex with dimers of type I receptors. This
leads to phosphorylation and activation of intracellular
regulatory SMADs (SMAD2 and 3), which in turn in-
teract with the comediator SMAD4 and translocate to the
nucleus to regulate transcription of target genes. TGF-b
ligands and receptors are present in the human endo-
metrium with maximal levels found during menstruation
(8). TGF-b ligand expression was found to be suppressed
by progesterone (8), meaning endometrial induction
following progesterone withdrawal is expected. Despite
the low levels of circulating progesterone and estradiol at
menses, local generation of steroids in the endometrium
may play a vital role in menstrual physiology. Endo-
metrial expression of the enzyme 11bHSD1, necessary
for local generation of cortisol, and the expression of the
glucocorticoid receptor have both been reported to be
upregulated at the time of menses (9). The role of cortisol
in the regulation of TGF-b remains undetermined.

Heavy menstrual bleeding (HMB) of endometrial
origin (HMB-E) is a common condition with a significant
impact on the quality of life of otherwise healthy women
(10). The financial costs to women, their families, and
employers are marked (11). HMB-E can be contributed,
at least in part, to delayed or ineffective endometrial
repair at menses. Identification of the mechanisms in-
volved in endometrial repair and aberrations in women

with HMB-E will lead to new, effective medical therapies
for the many women suffering from this debilitating
condition.

In this study, we hypothesize that TGF-b1, its receptors,
and downstream SMADs are important for endometrial
repair at menses, and that women with HMB-E have ab-
errant expression of this superfamily prior to and during
the menstrual phase. To investigate this, we used well-
categorized endometrialwhole tissue biopsies fromwomen
with objectively measured normal (,80 mL) and heavy
(.80 mL) menstrual blood loss alongside in vitro endo-
metrial cell culture and functional assays.

Materials and Methods

Tissue collection
Endometrial biopsies were collected with an endometrial

suction curette (Pipelle, Laboratorie CCD, Paris, France) from
91 healthy women of reproductive age, who were pre-
dominantly White/Caucasian. Written informed consent was
obtained, and ethical approval was granted from Lothian Re-
search Ethics Committee (LREC/07/S1103/29). Participants
were aged 22 to 50 years (median 41; mean 41). All reported
regular menstrual cycles (21 to 35 days) and had not taken
any exogenous hormones or used an intrauterine device for
3 months prior to tissue collection. Women with large fibroids
(.3 cm) and endometriosis were excluded.

Immediately after collection, tissue was divided when pos-
sible and placed in the following: (1) RNA later stabilization
solution [Ambion (Europe), Warrington, UK] and stored
at 270°C for RNA extraction; (2) neutral buffered formalin
prior to paraffin wax embedding; and (3) phosphate-buffered
saline (PBS) for stromal cell extraction. If limited tissue was
obtained (which often occurred with menstrual phase collec-
tion), neutral buffered formalin fixation was prioritized.

Menstrual stage was carefully categorized according to the
following: (1) histological appearance based on the criteria of
Noyes et al. (12), assessed by a consultant pathologist; (2) the
participant’s reported last menstrual period; and (3) serum
progesterone and estradiol levels at the time of biopsy (see
Supplemental Methods). Consistency for all 3 parameters was
necessary before inclusion. Six endometrial tissue samples were
excluded due to inconsistent dating and 1 sample due to de-
tection of hyperplasia. Biopsies were classified as proliferative,
early-mid secretory, late secretory, or menstrual for analysis
(Supplemental Table 1).

Objective menstrual blood loss measurement
A subset of women (n = 78) also had objective measurement

of their menstrual blood loss using the modified alkaline he-
matinmethod, as previously published (13, 14). In brief, women
were given the same brand of tampon and/or pad (Tampax
tampons and Always towels, Proctor and Gamble, Weybridge,
UK), with verbal and written instruction on collection. Used
sanitary products were added to a measured volume of 5%
sodium hydroxide. The contents were left for 24 hours to allow
conversion of hemoglobin to hematin. During the same time
period, a 1 in 200 dilution of the patient’s venous blood in 5%
sodium hydroxide was made and stored separately. The optical
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density (OD) of the samples was then measured using spec-
trophotometry at 546 nm (A546). Menstrual blood loss (MBL)
was calculated using the following equation (13):

MBL ¼
ðODof menstrual blood solution
3 total volume of addedNaOHÞ
ðODof venous blood3 200Þ

Greater than 80 mL was classified as HMB, and,80 mL as
normal (NMB).

Immunohistochemistry
The 5-mm tissue sections were deparaffinized in xylene and

rehydrated. Slides for TGF-bRI and II were loaded into a
Celerus Riptide decloaking chamber (Celerus Diagnostics,
Carpinteria, CA). Epitope retrieval was performed using
Novocastra Epitope Retrieval solution Ph6 (Leica Micro-
systems, Ernst-Leitz-Straße, Wetzlar, Germany). Slides were
loaded onto Leica Bond-Max automated immunostainer (Leica
Microsystems). Primary antibodies were applied for 2 hours at
37°C (see Supplemental Table 2), and negative control tissues
were incubated with isotype-matched IgG at the same concen-
tration as the primary antibody. The presence of antigen was
visualized with Bond Polymer refine detection kit (Leica Micro-
systems). TGF-b1 detection was performed on the laboratory
bench after pH9 antigen retrieval. The ImmPRESS polymerized
reporter system (Vector Laboratories, Peterborough, UK) was
used before liquid diaminobenzidine kit (Zymed Laboratories,
San Francisco, CA) detection. Sections were counterstained with
hematoxylin, dehydrated, and mounted with Pertex (Cellpath,
Hemel Hempstead, UK).

Semiquantitive histoscoring
Localization and intensity of immunostaining were evalu-

ated by two independent, masked observers (15). The intensity
of staining was graded with a 3-point scale (0 = no staining,
1 = mild staining, 2 = strong staining). This was applied to the
glands and stromal cells, as well as the surface epithelium and

endothelial cells where visualized (note: the latter two cellular
components were often absent in menstrual phase tissue, ac-
counting for the lower n numbers in these groups). The per-
centage of tissue in each intensity scale was recorded (15). A
valuewas derived for each of the cellular compartments by using
the sum of these percentages after multiplication by the intensity
of staining.

Cell culture
Primary human endometrial stromal (HES) cells were

isolated from secretory endometrial tissue (n = 6) by enzy-
matic digestion, as previously described (16). These women
met the criteria detailed previously but did not undergo ob-
jective measurement of their menstrual blood loss. Cells were
cultured in RPMI 1640 medium supplemented with 10% fetal
calf serum, 1% 200 mM L-glutamine, and 500 mg/mL
gentamycin.

Secretory phase HES cells from 3 patients with a subjective
complaint of HMB and not using oral or inhaled corticosteroids
were plated at 3 3 105 cells/well in 6-well plates in 10% RPMI
1640. The next day, cells were washed in PBS and incubated in
serum-free media overnight. Cells were then treated for
24 hours in duplicate with the following: (1) vehicle (1:1000
absolute ethanol); (2) 1 mM cortisol (17); or (3) 1 mM cortisol
plus 5 mM leucine-serine-lysine-leucine (LSKL), a TSP-1 in-
hibitor (following a 2-hour pretreatment with 5 mM LSKL
alone). The cell supernatant was collected for enzyme-linked
immunosorbent assay (ELISA), and RNA was extracted from
cells.

Quantitative reverse transcription polymerase chain
reaction

Total RNA from cells and endometrial biopsies was
extracted using the RNeasyMini Kit (Qiagen, Sussex, UK) with
on-column DNase I digestion, according to manufacturer’s
instructions. RNA samples were reverse transcribed using the
Superscript VILO cDNA synthesis kit (Invitrogen, Paisley, UK),
according to manufacturer’s instruction, with appropriate
controls. Primers for each gene of interest were designed using
the Universal Probe Library Assay Design Center (Roche
Applied Science, Burgess Hill, UK) (see Supplemental Table 3)
and purchased from Eurofins (MGW Operon, Ebergsberg,
Germany). Polymerase chain reaction was carried out using
ABI Prism 7900 (Thermo Fisher Scientific, Loughborough,
UK). Samples and controls were analyzed in triplicate using
Sequence Detector version 2.3 (Thermo Fisher Scientific),
using the comparative threshold method. Messenger RNA
(mRNA) transcripts were normalized relative to the geomean
of two appropriate housekeeping genes, 18S and ATP5B, as
determined by geNorm assay (Primerdesign, Southampton,
UK), and quantified relative to a positive human liver
cDNA sample.

ELISA
A TGF-b1 ELISA was performed using a Human TGF-b1

Quantikine Kit (DB100B; R&D Systems, Loughborough, UK),
according to the manufacturer’s instructions. Samples were
analyzed without activation and with latent TGF-b1 activated
to the immunoreactive form using 1mHCl and neutralizedwith
1.2 m NaOH/0.5 m HEPES buffer. Samples were assayed in
duplicate, and after development assays were measured on a

Figure 1. TGFb1 in the human endometrium. TGF-b1 mRNA
concentrations in endometrium from across the menstrual cycle
in women with HMB (blood loss .80 mL) and NMB (blood loss
,80 mL). E/MS, early-mid secretory; LS, late secretory; M,
menstrual; P, proliferative. ***P , 0.001; **P , 0.01.
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Figure 2. TGF-bRI and TGF-bRII in the human endometrium before and during menstruation. (A) TGF-bRI mRNA concentrations in endometrium
from women with normal (NMB; ,80 mL) and heavy (HMB; .80 mL) menstrual bleeding during the late secretory (LS) and menstrual (M)
phases. (B) TGF-bRII mRNA concentrations. (C) Immunohistochemical staining of TGF-bRI in endometrium from the late secretory phase. Arrow
indicates endothelial cells. (D) Immunohistochemical staining of TGF-bRII in endometrium from the late secretory phase; inset: negative control.
(E) Immunohistochemical histoscore of TGF-bRI in human endometrium from women with heavy and normal bleeding during the late secretory
and menstrual phases. (F) Immunohistochemical histoscore of TGF-bRII in human endometrium from women with heavy and normal bleeding
during the late secretory and menstrual phases. (Note: lower n numbers appear in surface epithelium and endothelial cell scoring due to the
inability to identify these cells in some tissues.) GE, glandular epithelium; SE, surface epithelium; St, stromal cell compartment.
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Laboratory SystemsMultiscan EXMicroplate reader at 450 nm
with wavelength correction at 540 nm. Values were determined
by standard curve analysis. Intra-assay coefficient of variability
was 2.5%, and the between-batch coefficient of variability was
8.3% for cell culture supernatants.

Wound scratch assay
Secretory phase HES from three participants (passage,5)

were seeded at 2 3 105/well in 12-well plates in appropriate
supplemented media (see previous discussion), and, 16 hours
before scratch, medium was changed to serum free. Each well

of cells was scratched with a sterile 200 mL
pipette tip, washed with PBS, and then
incubated in serum-free media with ve-
hicle, 1 ng human recombinant TGF-b1
(PeproTech, London, UK), or 10 mg/mL
TGF-b type I activin receptor-like kinase
receptor inhibitor SB 431542 hydrate
(Sigma-Aldridge, Dorset, UK) (n = 3
participants, triplicate wells for each).
For each well, 4 to 5 images were cap-
tured along the length of each wound at
0 and 24 hours using an Axiovert 200 M
inverted microscope (Carl Zeiss, Jena, Ger-
many). Images were analyzed using Axio-
Vision release 4.72, and calculations of
average distance closed for each sample were
based on three measurements at identical
positions along each wound image at 0 and
24 hours.

Statistical analysis
Analysis was carried out using Graph-

Pad Prism Software (San Diego, CA). For
comparison of multiple data sets with two
grouping variables (i.e., HMB versusNMB
and stage of menstrual cycle, mRNA, and
immunohistochemistry data), a two-way
analysis of variance was used, with Bon-
ferroni’s multiple comparisons test. A
paired one-way analysis of variance with
Tukey’s multiple comparisons test was used
to compare cell culture treatments. Tissue
and cell endometrial mRNA results were
expressed as the quantity relative to a
comparator sample of RNA from human
liver. A value of P , 0.05 was considered
significant.

Results

There are increased concentrations
of TGFB1 in the late secretory phase

TGF-b1 mRNA was examined by
quantitative reverse transcription po-
lymerase chain reaction in whole
endometrial biopsies from women
sampled at various stages of the
menstrual cycle who had objectively
determined menstrual blood loss.

Overall, the stage of the menstrual cycle had a significant
impact on TGFB1 expression (P = 0.0025, F = 5.339),
with the late secretory phase resulting in significantly
higher levels of TGFB1 than endometrium from the
proliferative (P , 0.001) or early-mid secretory (P ,

0.01) phases (Fig. 1). There was no significant differ-
ence between the late secretory and menstrual phase.
The increased transcription of TGFB1 in the late se-
cretory phase did not continue into the menstrual
phase.

Figure 3. Immunohistochemistry for TGF-b1 in human endometrium from the perimenstrual
phase. (A) Staining of late secretory (LS) and menstrual (M) phase endometrium from women
with HMB (.80 mL) and NMB (,80 mL). Arrows indicate endothelial cells. Inset: negative
control. (B) Semiquantitative histoscoring of TGF-b1 immunohistochemistry staining. GE,
glandular epithelium; SE, surface epithelium; St, stromal compartment. *P , 0.05.
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Women with HMB do not have altered endometrial
TGFB1 concentrations or TGF-b1 reception

We compared the expression of TGFB1 in women
with NMB and HMB (Fig. 1) and found no significant

difference in TGFB1 expression between the two groups
at any cycle stage. In addition, the two major TGFb1
receptors, type I and type II, were examined in the late
secretory and menstrual endometrial samples. Neither
TGFBR1 nor TGFBR2 expression was significantly
different in endometrium from women with HMB versus
NMB [Fig. 2(A) and 2(B)]. Immunohistochemical
staining revealed maximal staining of TGFBR1 in surface
and glandular epithelial cells, with lower intensity
staining in the stromal compartment [Fig. 2(C)].
TGFBR2 showed a similar pattern, with highest im-
munostaining in epithelial and endothelial cells [Fig.
2(D)]. Semiquantitative histoscoring by two masked in-
dependent observers confirmed no differences in ei-
ther receptor when comparing women with HMB and
NMB throughout the perimenstrual phase [Fig. 2(E) and
2(F)].

Women with HMB have reduced perimenstrual
endometrial stromal TGFB1

As the numerous cell types in the endometrium
expressed TGF-b1 receptors, we examined the locali-
zation of TGFB1 by immunohistochemistry. TGFB1
could be immunolocalized to the cytoplasm of the
surface epithelium, glandular epithelium, stromal cells,
and endothelial cells throughout the perimenstrual
phase of the cycle in women with NMB (,80 mL) and
HMB (.80 mL) [Fig. 3(A)]. Semiquantitative histo-
scoring revealed that protein in the menstrual phase
was similar to late secretory phase. There was signif-
icantly reduced TGFB1 staining in the stromal cell
compartment of endometrium from women with HMB
versus those with NMB [Fig. 3(B)]. This suggests some
posttranscriptional regulation of TGF-b1 in stromal
cells.

Cortisol increases stromal TGF-b1 activity via TSP-1
To further investigate the posttranscriptional regu-

lation of TGF-b1, we collected primary HES cells from
3 women in the secretory phase of the menstrual cycle
for in vitro analysis. Perimenstrual serum progesterone
and estradiol levels were not significantly different
between women with HMB or NMB (Supplemental
Table 1). However, we have previously shown that
cortisol is involved both in endometrial repair and the
regulation of endometrial TSP-1 (14), a known regu-
lator of TGF-b1 activity (6). Cortisol or cortisol plus
LSKL (a TSP-1 inhibitor) produced a significant de-
crease in TGFB1 expression in HES cells [P, 0.05, Fig.
4(A)], but there was no difference in the amount of
latent TGFB1 secreted, detected by pH activation of
culture supernatants prior to detection of activated
TGFB1 by ELISA [Fig. 4(B)]. However, analysis of

Figure 4. The regulation of TGF-b1 by cortisol in primary human
endometrial stromal cells. (A) TGF-b1 mRNA after 24-hour
treatment with vehicle, cortisol (1 mM), or cortisol (1 mM) plus
a TSP-1 inhibitor (5 mM LSKL). (B) Active TGF-b1 protein levels in
experimental culture supernatants following pre-ELISA acid
activation of latent TGF-b1. (C) Active TGF-b1 protein levels in
the same culture supernatants without pre-ELISA acid activation
(*P , 0.05).

1304 Maybin et al Endometrial TGF-b1 and Heavy Menstrual Bleeding J Clin Endocrinol Metab, April 2017, 102(4):1299–1308

D
ow

nloaded from
 https://academ

ic.oup.com
/jcem

/article-abstract/102/4/1299/2760426 by guest on 19 M
arch 2020



unactivated cell culture supernatants revealed an in-
crease in activation of TGF-b1 protein on treatment
with cortisol, which was prevented with cotreatment of

cells with the TSP-1 inhibitor LSKL
[P . 0.05, Fig. 4(C)]. These data re-
veal cortisol does not increase the
transcription or latent protein levels
of stromal cell TGF-b1 but has a role
in the activation of latent TGF-b1 in
human endometrial stromal cells, via
TSP-1.

Women with HMB have reduced
perimenstrual endometrial
SMAD2/3

TGF-b1 activity increases the ex-
pression and phosphorylation of the
regulatory SMADs (SMAD2 and
SMAD3). These activated pSMADs
then interact with the comediator
SMAD4 and translocate to the nucleus
to regulate transcription of target genes
(5). Examination of SMAD2 and
SMAD3 expression revealed signifi-
cant decreases in women with HMB
versus NMB during the menstrual
phase of the cycle [P , 0.05, Fig. 5(A)
and 5(B)]. SMAD2 was significantly
increased in women with HMB versus
NMB during the late secretory phase
[Fig. 5(A)]. Immunohistochemical
staining for phosphorylated SMAD2/3
again revealed localization to the
glandular epithelium, surface epithelial
cells, stromal compartment, and en-
dothelial cells [Fig. 5(C) and 5(D)].
Histoscoring revealed a significant re-
duction in activated SMAD2/3 protein
levels in the endometrial glandular
epithelial cells in women with HMB
versus NMB during the late secre-
tory phase of the menstrual cycle [Fig.
5(D)].

TGF-b1 accelerates wound healing
in primary endometrial cells

To examine the functional effects of
increased TGF-b1 activity, primary
HESwere subjected to awound scratch
assay. As these cells are sources of
TGF-b1, they were studied in the
presence of vehicle, SB-431542 (to
block endogenously stimulated phos-
phorylation of SMAD proteins), or

TGF-b1. HES cells showed significantly increased wound
closure with TGF-b1 treatment versus SB-431542–
treated cells (P , 0.05, Fig. 6).

Figure 5. SMAD2/3 in the human endometrium before and during menstruation.
(A) SMAD2 mRNA concentrations in endometrium from women with normal (NMB;
,80 mL) and heavy (HMB; .80 mL) menstrual bleeding during the late secretory (LS)
and menstrual (M) phases. (B) SMAD3 mRNA concentrations in endometrium from
women with NMB and HMB in the late secretory and menstrual phases. (C)
Phosphorylated SMAD2/3 immunohistochemical staining in late secretory endometrium
from a woman with NMB. Inset: negative control. Arrow indicates endothelial cells. (D)
Phosphorylated SMAD2/3 immunohistochemical staining in late secretory endometrium
from a woman with HMB. (E) Histoscoring of immunostaining for phosphorylated
SMAD2/3. GE, glandular epithelium; SE, surface epithelium; St, stromal cell
compartment. *P , 0.05.
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Discussion

In this study, we detail significant differences in TGF-b1
downstream of local steroid action in the endometrium of
women with HMB during menstruation. Endometrium
from women with objectively measured HMB had de-
creased TGF-b1 protein levels, unaltered TGF-b receptor
presence, and a significant reduction in both SMAD2 and
3 mRNA concentrations and SMAD2/3 protein phos-
phorylation before/during the menstrual phase when
compared with women with NMB. We provide mecha-
nistic data supporting TGF-b1 protein activation by
cortisol in endometrial cells, via TSP-1. In addition, our
functional studies reveal that a suboptimal TGF-b re-
sponse in the local endometrial environment may de-
crease postmenstrual repair of the stromal compartment
and lead to heavy, prolonged menstrual bleeding (Fig. 7).

Previous studies have detailed that TGF-b1 levels
in endometrial tissue explants are suppressed by pro-
gesterone (8). These authors found secretory explants

cultured for 24 hours in the absence of progesterone and
estrogen, a milieu analogous to the menstrual phase,
significantly increased TGFb1 mRNA. Our results sup-
port these findings, with significantly greater TGFb1
mRNAprior to and duringmenstruationwhen compared
with the proliferative and early-mid secretory phases,
consistent with upregulation following progesterone
withdrawal.We did not observe any significant difference
in endometrial TGFb1 mRNA between women with
HMB and normal blood loss during menstruation,
although we acknowledge our n numbers are small.
However, we did observe significantly decreased TGF-b
protein in the stromal compartment of womenwithHMB
versus NMB during menstruation. We acknowledge that
menstrual biopsy n numbers are low, but these tissues are
meticulously classified and have objective measurement
of participant menstrual blood loss to aid precision of
data. Our results suggest differences in TGF-b1 protein in
women with HMB and NMB are not due to transcrip-
tional regulation, but that posttranscriptional regulation
may be aberrant.

Interestingly, there were no significant differences in
serum progesterone or estradiol levels between women
with HMB and NMB. In addition, no significant differ-
ences in endometrial estradiol receptor or progesterone
receptor expression were previously detected in women
with measured menstrual blood loss (18). Therefore,
we hypothesized that local cortisol action may influence
TGF-b1 activity during menses.

TGF-b is synthesized as a dimeric preproprotein and
is released in a latent form. TSP-1 is known to activate
TGF-b1 and is thought to do so by inducing a confor-
mational change in the latent protein (6). Our laboratory
has previously published that women with HMB have
significantly reduced endometrial TSP-1 mRNA levels
when compared with women with normal bleeding (14).
Previous studies from our laboratory have also found that
cortisol increases TSP-1 mRNA expression in primary
human endometrial stromal cells (14). Direct measure-
ment of cortisol levels in the endometrium of womenwith
HMB and NMB has not yet been carried out, but an
enhanced local inactivation of cortisol by 11bHSD2 may
be present in the endometrium of women with heavy
menses (14). The 11bHSD2 mRNA was increased
2.5-fold in women with HMB versus NMB, predicting
substantially lower local cortisol concentrations. There-
fore, we examined whether cortisol was a local regulator
of TGF-b1 activity via TSP-1. On examination of cell
culture supernatants from HES cells treated with physi-
ological levels of cortisol (17), activated TGF-b1 was
significantly increased. This increase was abrogated by
the addition of a TSP-1 inhibitor to culture. Interest-
ingly, acid activation of latent TGF-b1 in the culture

Figure 6. The effect of TGF-b1 on human endometrial cell wound
repair. (A) Average wound scratch closure distance (scratch distance
at 0 hours minus scratch distance at 24 hours) in human primary
stromal endometrial cells after treatment with vehicle, the Alk
receptor inhibitor SB-431542, or 1 ng TGF-b1. (B) Images of wound
scratch in HES cells treated with 10 mg/mL SB-431542 for the
following: (i) 0 hours; (ii) 24 hours and treated with 1 ng TGF-b1;
(iii) 0 hours; and (iv) 24 hours. *P , 0.05.
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supernatant prior to ELISA resulted in no differences in
TGF-b1 levels with any of the treatments used. This is
consistent with cortisol-stimulated TSP-1 production act-
ing on latent TGF-b1 protein to increase its activity, rather
than increasing the transcription or translation of TGF-b1.
Indeed, cortisol and cortisol plus TSP-1 inhibitor treatment
both significantly decreased TGFb1. TGFb1 mRNA was
not significantly different in the endometrium of women
with NMB versus HMB during the perimenstrual phase,
but there was a trend toward increased TGF-b1 mRNA
concentrations inwomenwithHMBat this time, consistent
with lower endometrial cortisol levels (14).

Next, we examined the functional significance of
TGF-b1 protein levels on endometrial cells. After shedding,
endometrial cells migrate to cover the exposed surface
of the endometrium and the stromal compartment re-
generates (19). The wound scratch assay mimics this
process in vitro, providing a means of quantifying stro-
mal cell migration across a wounded surface. We found
that TGF-b1 increasedwound healing of primary stromal
cell cultures. As we detected reduced phosphorylation of
SMAD2/3 in the endometrium of women with HMB
versus NMB, we blocked TGF-b–mediated activation of
SMAD proteins with SB 431542 and showed a decrease
in stromal cell wound migration, which was significantly
less than that seen with the addition of TGF-b1. We
propose that women with HMB may have defective or
delayed repair of the stromal cell compartment following
shedding of their functional endometrium at menses.

In addition to its functional role in
proliferation, it is clear that the TGF-b
superfamily plays an important role in
endothelial cell function and blood
loss. Greater than 50% of TGF-b1
knockout mice die during embryo-
genesis due to yolk sac defects affecting
vasculogenesis and resulting in vessel
fragility (20). In humans, mutation of
the TGF-b receptor I activin receptor-
like kinase I or of the endothelial
accessory receptor endoglin causes
hereditary hemorrhagic telangiectasia,
an autosomal dominant vascular dis-
ease (21). The resulting aberrant
TGF-b superfamily signaling results in
epistaxis, telangiectasia, and arterio-
venous malformations. Interestingly,
previous histochemical and micro-
scopic examination of endometrial
blood vessels fromwomenwith normal
and HMB revealed increased endo-
thelial gaps in women with heavy loss
(22). The role of the TGF-b super-

family in this pathology remains to be determined, but the
observational data contained in this work suggest that
low late secretory/menstrual TGF-b1 protein levels and
decreased pSMAD2/3 may be involved. Previous results
from our center support a role for TGF-b1 in the gen-
eration of vasoactive factors in women with endome-
triosis (23, 24) and it may have a similar, if more
regulated, role in the endometrium to ensure physio-
logical menstruation.

We have previously shown that cortisol is angiostatic,
preventing endothelial tubelike structure formation
in vitro (14). Furthermore, small interfering RNA si-
lencing of TSP-1 in uterine endothelial cells reversed the
antiangiogenic effect. In combination with data con-
tained in this work, we propose that cortisol may activate
endometrial TGF-b1 via TSP-1 during menses to prevent
an excessive angiogenic response and increase vascular
integrity. Further experiments are required to definitively
test this hypothesis.

In conclusion, we show that women with objectively
measured HMB have decreased endometrial TGF-b1
protein and downstream SMADs during the late
secretory/menstrual phase when compared with women
with NMB. This may partially explain the increased
menstrual blood loss experienced by many women. In
addition, we show that cortisol has a mechanistic role in
the activation of endometrial TGF-b1 at this time (Fig. 7).
Our in vitro results are consistent with TGF-b1 having a
functional role in repair of the denuded endometrial

Figure 7. Proposed role of TGF-b1 in the human endometrium at menstruation. Red stars
represent findings in women with HMB and potential impact on endometrial function.
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surface at menstruation, and we propose that women
with HMB may benefit from therapies that increase
TGF-b during menses.
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STUDY QUESTION: What is the impact of administration of the selective progesterone receptor modulator (SPRM), ulipristal acetate
(UPA) on the endometrium of women with fibroids?

SUMMARY ANSWER: UPA administration altered expression of sex-steroid receptors and progesterone-regulated genes and was asso-
ciated with low levels of glandular and stromal cell proliferation.

WHAT IS KNOWN ALREADY: Administration of all SPRM class members results in PAEC (progesterone receptor modulator associated
endometrial changes). Data on the impact of the SPRM UPA administration on endometrial sex-steroid receptor expression, progesterone
(P)-regulated genes and cell proliferation are currently lacking.

STUDY DESIGN SIZE, DURATION: Observational study with histological and molecular analyses to delineate impact of treatment with
UPA on endometrium. Endometrial samples (n = 9) were collected at hysterectomy from women aged 39 to 49 with uterine fibroids treated
with UPA (oral 5 mg daily) for 9–12 weeks. Control proliferative (n = 9) and secretory (n = 9) endometrium from women aged 38–52 with
fibroids were derived from institutional tissue archives.

PARTICIPANTS/MATERIALS, SETTING, METHODS: Study setting was a University Research Institute. Endometrial biopsies were
collected with institutional ethical approval and written informed consent. Concentrations of mRNAs encoded by steroid receptors,
P-regulated genes and factors in decidualised endometrium were quantified with qRT-PCR. Immunohistochemistry was employed for local-
ization of progesterone (PR, PRB), androgen (AR), estrogen (ERα) receptors and expression of FOXO1, HAND2, HOXA10, PTEN homo-
logue. Endometrial glandular and stromal cell proliferation was objectively quantified using Ki67.

MAIN RESULTS AND THE ROLE OF CHANCE: UPA induced morphological changes in endometrial tissue consistent with PAEC.
A striking change in expression patterns of PR and AR was detected compared with either proliferative or secretory phase samples. There
were significant changes in pattern of expression of mRNAs encoded by IGFBP-1, FOXO1, IL-15, HAND2, IHH and HOXA10 compared with
secretory phase samples consistent with low agonist activity in endometrium. Expression of mRNA encoded by FOXM1, a transcription factor
implicated in cell cycle progression, was low in UPA-treated samples. Cell proliferation (Ki67 positive nuclei) was lower in samples from
women treated with UPA compared with those in the proliferative phase.

LARGE SCALE DATA: N/A.
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LIMITATIONS REASONS FOR CAUTION: A small number of well-characterized patients were studied in-depth. The impacts on
morphology, molecular and cellular changes with SPRM, UPA administration on symptom control remains to be determined.

WIDER IMPLICATIONS OF THE FINDINGS: P plays a pivotal role in endometrial function. P-action is mediated through interaction
with the PR. These data provide support for onward development of the SPRM class of compounds as effective long-term medical therapy
for heavy menstrual bleeding.

STUDY FUNDING/COMPETING INTEREST(S): H.O.D.C. received has clinical research support for laboratory consumables and staff
from Bayer Pharma Ag and provides consultancy advice (no personal remuneration) for Bayer Pharma Ag, PregLem SA, Gedeon Richter, Vifor
Pharma UK Ltd, AbbVie Inc.; A.R.W.W. has received consultancy payments from Bayer, Gedeon Richter, Preglem SA, HRA Pharma; L.H.R.W.,
A.A.M., R.M., G.S. and P.T.K.S. have no conflicts of interest. Study funded in part from each of: Medical Research Council (G1002033;
G1100356/1; MR/N022556/1); National Health Institute for Health Research (12/206/520) and TENOVUS Scotland.

Key words: selective progesterone receptor modulator (SPRM) / endometrium / proliferation / androgen receptor / progesterone
receptor / estrogen receptor / progesterone-regulated genes

Introduction
Heavy menstrual bleeding (HMB) is a common condition affecting up to
one in four women of reproductive age (Shapley et al., 2004). This con-
dition has significant impact upon the physical, social, emotional and
material quality of life of women (NICE, 2007). In the USA, conserva-
tive estimates of annual direct and indirect costs are $1 and $12 billion,
respectively (Liu et al., 2007). In the UK, it is estimated that 1 million
women annually seek help for HMB (NICE, 2007). There are multiple
etiologies that are associated with HMB including fibroids (leiomyomas)
(Munro et al., 2011). In women with symptomatic fibroids, HMB is the
major complaint for which treatment is sought and is a leading indica-
tion of hysterectomy in pre-menopausal women (Merrill, 2008) result-
ing in sterility, an unacceptable side effect for many women. The
mechanisms responsible for the development of these benign tumours
is not fully understood but it is well established that fibroid growth is
regulated by the actions of the sex-steroids estrogen (E) and progester-
one (P) (Yin et al., 2007, 2010; Bulun, 2013).
Progesterone is a critical regulator of female reproduction and plays a

pivotal role in endometrial differentiation and its withdrawal following
demise of the corpus luteum during a non-pregnant cycle precipitates
endometrial shedding during menstruation (Maybin and Critchley,
2015). Progesterone responses are mediated through interaction of the
steroid with the progesterone receptor (PR); a ligand-activated tran-
scription factor. It has been demonstrated that two main isoforms of the
receptor (termed PR-A and PR-B) are present within the endometrium
(Patel et al., 2015). Expression and relative abundance of these isoforms
within the tissue contribute to normal uterine function and, if dysregu-
lated, uterine pathophysiology. Notably, activation of P-responsive
genes has been linked with reduced apoptosis and enhanced prolifer-
ation of fibroid cells (Yin et al., 2007, 2010).
Administration of synthetic progestins is a medical therapy cur-

rently used for managing HMB, however, these therapies often either
fail to fully resolve symptoms or are associated with unacceptable
side effects (Roberts et al., 2011). The development of a new class of
synthetic compounds the ‘selective progesterone receptor modula-
tors’ (SPRMs) exhibiting mixed agonist and antagonist activity appears
to offer a new approach to medical management of hormone dep-
endent uterine disorders such as HMB and fibroids (Wagenfeld et al.,

2016). Class members include mifepristone, asoprisnil and ulipristal
acetate (UPA).
Administration of the SPRMs mifepristone and asoprisnil has been

reported to reduce both fibroid volume and menstrual blood loss
(Wilkens et al., 2008; Engman et al., 2009). Currently the SPRM, UPA
is the only member of this class of drug licensed in Europe for short-
term treatment of fibroids prior to hysterectomy and more recently
(in Europe) for intermittent treatment of moderate to severe symp-
toms of uterine fibroids in adult women of reproductive age. In clinical
studies, utilizing a regime of repeated doses of UPA it has been shown
that median fibroid volume was reduced by 45% of women receiving
treatment and nearly 90% of patients reported a significant reduction
in menstrual bleeding (Donnez et al., 2014).
UPA administration, in common with that of other SPRMs, is associ-

ated with morphological changes of the endometrium. Characteristics of
these effects include large cystic glands, changes within the stromal comp-
artment including the fibroblasts and vasculature and are now recognized
as a distinct histological entity, termed progesterone receptor modulator
associated endometrial changes (PAEC) (Williams et al., 2012).
Studies have demonstrated that the SPRMs mifepristone and UPA

both exert anti-proliferative and pro-apoptotic effects on leiomyoma cells
in vitro (Luo et al., 2010; Yin et al., 2010), which may explain mechanisms
by which fibroid volume is reduced but there are very limited data as to
the mechanism of SPRM action within the intact endometrium.
The mechanism by which control of bleeding is achieved is unclear.

Clinical trials report bleeding control in up to 98% of women but only
around 70–74% exhibit PAEC (Donnez et al., 2012a,b; Williams et al.,
2012). Furthermore, some patients who continue to ovulate still
achieve amenorrhoea (Chabbert-Buffet et al., 2007). Hence it is essen-
tial to delineate potential endometrial causes for the mitigation of men-
strual bleeding.
In this study, we have used histological and molecular analyses to

delineate the impact of treatment with UPA for 9–12 weeks on endo-
metrial tissue focusing on expression of sex-steroid receptors, the pro-
ducts of genes known to be progesterone-regulated during the normal
cycle and the impact upon endometrial cell proliferation.
The data presented here offer evidence that UPA, a licensed SPRM

alters expression of sex-steroid receptors and PR regulated genes
without increasing endometrial cell proliferation.

532 Whitaker et al.

D
ow

nloaded from
 https://academ

ic.oup.com
/hum

rep/article-abstract/32/3/531/2958545 by guest on 19 M
arch 2020



Materials andMethods

Patients and samples
After ethical approval (Research Ethics Committee 12/SS/0238; 10/S1402/
59) and written informed consent, endometrial biopsies (n = 9) were col-
lected at the time of surgery from women aged 39 to 49 years with symp-
tomatic uterine fibroids treated with UPA (oral 5 mg daily) for 9–12 weeks
(63–84 days) up to the time of hysterectomy (Table I). All subjects with one
exception described excellent control of bleeding whilst receiving UPA with
either complete amenorrhoea or only occasional spotting. Control prolifera-
tive (n = 9) and secretory (n = 9) endometrium from pre-menopausal
women aged 38–52 undergoing hysterectomy for symptomatic fibroids
were utilized from tissue archives (REC: 10/S1402/59). All control patients
were women with fibroids who reported regular menstrual cycles and no
preoperative hormone use. Median estradiol and progesterone serum levels
were 497 (range 12.5–1272) and <3 (<3–5.7) in the proliferative group and
323 (range 77.4–530) and 27.1 (14.8–45.7) in the secretory group. Age and
BMI were not significantly different from the UPA-treated group. Control
endometrial tissues were staged based on standard histological criteria
(Noyes et al., 1950), the patient’s reported last menstrual period, and circu-
lating estradiol and progesterone levels at the time of collection.

Gene expression analyses
RNA was isolated from endometrial samples using Qiagen RNAeasy mini
kit as per manufacturer’s protocol (Qiagen, UK). Quality of RNA was ana-
lyzed using the Agilent RNA 600 nano kit according to manufacturer’s
protocol (Agilent Technologies, USA). RNA integrity numbers were all
greater than 7.7. cDNA was prepared using Superscript Vilo cDNA kit
(Invitrogen, UK) using 100 ng RNA as template. Taqman RT-qPCR was
performed in triplicate reactions using primers designed using the online
Universal Probe Assay (Roche Diagnostics, USA) and synthesized by
Eurofins Genomics (Germany) (Table II) on an ABI Prism Cycler (Applied

Biosystems USA). Indian hedgehog (IHH) and phosphatase and tensin
homologue (PTEN) primers were bought as pre-validated sets (Applied
Biosystems, UK) and used according to the manufacturer’s protocol.
Relative quantification of target genes were analyzed after normalization to
the geometric mean of endogenous ATP synthase H+ transporting mito-
chondrial F1 complex, Beta polypeptide (ATPB5) and 18s and a control
sample by the comparative ΔΔCT method.

Immunohistochemistry
Tissue samples were fixed in 4% neutral buffered formalin, sectioned, pro-
cessed and stained with Haematoxylin and Eosin by standard methods. For
immunohistochemistry 5 μm sections were subjected to antigen retrieval
(Table III); non-specific activity was blocked sequentially with 3% hydrogen
peroxide and appropriate serum before overnight incubation at 4°C with
antibodies specific to: PR, PRB, androgen receptor (AR), estrogen recep-
tor alpha (ERα), FOXO1, HAND2, HOXA10, PTEN and Ki67 (Table III).
Appropriate matched IgG was applied as a negative control. Sections were
incubated with ImmPRESS™ Ig reagents (Table III); bound antibodies were
visualized using 3,3′-diaminobenzidine (Vector Laboratories, UK). Sections
were counterstained with haemotoxylin and mounted in Pertex (Cellpath
Technologies, UK). Representative images were captured using an
Olympus BX51 microscope equipped with a Nikon DSFi1 camera
(Olympus Optical Co. and Nikon Ltd, UK).

Analysis and scoring of proliferation marker
expression
Ki67 stained sections (n = 6/group) were scanned using a Zeiss Imager
A1microscope, fitted with a Prior Proscan II automatic stage (Zeiss, UK).
For each scanned image 20 random fields were automatically selected by
the programme and a 28 × 20 point grid was applied using Image Pro Plus
7.0 software. There were a total of 560 points (intersections of the grid)
per field categorized as: (i) stained (positive) stromal cells, (ii) stained

.............................................................................................................................................................................................

Table I Subject characteristics and endometrial histology.

Subject Age
(Year)

Symptoms Submucosal
component
of fibroid

Duration of
UPA (days)

Bleeding
control

Histology

A 43 HMB pain No 83 Amenorrhoea Extensive features of PAEC with widespread cystic glandular
dilatation. Occasional thick-walled vessels

B 48 HMB pain No 63 Amenorrhoea Extensive features of PAEC with widespread cystic glandular
dilatation. No abnormal vessels

C 39 HMB Yes 84 Amenorrhoea Extensive features of PAEC with widespread cystic glandular
dilatation. No abnormal vessels

D 39 HMB
pressure

Yes 76 Occasional
spotting only

Some features of PAEC with occasional dilated cystic glands with
tortuous morphology

E 49 HMB
pressure

No 77 Amenorrhoea Some features of PAEC with occasional dilated cystic glands with
tortuous morphology

F 45 HMB Yes 81 Increased
HMB

Some features of PAEC with occasional dilated cystic glands with
tortuous morphology

G 45 HMB
pressure

Yes 84 Amenorrhoea Some features of PAEC with occasional dilated cystic glands with
tortuous morphology. Several thick-walled vessels

H 47 HMB
pressure

Yes 75 Irregular
spotting

Some features of PAEC with occasional dilated cystic glands with
tortuous morphology

I 46 HMB
pressure

No 63 Amenorrhoea Minimal features of PAEC with occasional partially dilated cystic glands

UPA, ulipristal acetate; HMB, heavy menstrual bleeding; PAEC, progesterone receptor modulator associated endometrial changes.
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(positive) glandular cells, (iii) unstained (negative) stromal cells, (iv)
unstained (negative) glandular cells and (v) all other points not overlaying
any cells (e.g. empty slide space, lumen, connective tissue or blood). Points
not overlaying a cell were excluded from analysis. The proportion of tissue
in which each of the categorized cell type occupied was expressed as a
percentage of total calculated area; cell proliferation index.

Statistics
Data were analyzed using Graphpad prism software (Graphpad, USA) util-
izing non-parametric tests. Kruskal–Wallis test was used to determine dif-
ferences between sample groups. Results are presented as mean ± SEM.
P < 0.05 was considered to be statistically significant.

Results

Impact of UPA administration
on endometrial morphology
Endometrium from all women treated with UPA showed some histo-
logical features of PAEC (Table I). Individual images are illustrated in

Fig. 1. Some showed more extensive cystic glandular dilatation than
others (Fig. 1A–C); the extent of dilatation did not correlate to the
presence of submucosal fibroids, duration of treatment or control of
bleeding (Table I). No subjects exhibited histological evidence of
inflammation, hyperplasia or neoplasia.

Treatment with UPA increases
concentrations of mRNAs encoded by
sex-steroid hormone receptors
Concentrations of PR and PRB mRNAs were significantly lower in secre-
tory endometrium compared to proliferative tissue. UPA administration
was associated with significantly higher PR and PRB mRNA concentra-
tions than secretory phase endometrium but was not significantly differ-
ent to proliferative phase samples (Fig. 2A and B). Total ARmRNA levels
in UPA-treated samples were significantly increased compared to both
proliferative and secretory phase samples. AR mRNA concentrations
were not significantly different between proliferative and secretory phase
samples (Fig. 2C). Concentrations of ESR1 (ERα) mRNA in secretory

.............................................................................................................................................................................................

Table II Primers and probes for quantitative PCR.

Target gene Forward primer Reverse primer Roche probe

PR tttaagagggcaatggaagg cggattttatcaacgatgcag 11

PRB aatgggctgtaccgagaggt tctcagtccctcgctgagtt 45

AR gctgatcataggcctctctc tgccctgaaagcagtcctct 14

ESR1 aaccagtgcaccattgataaaa tcctcttcggtcttttcgtatc 68

IGFBP-1 aatggattttatcacagcagacag ggtagacgcaccagcagagt 58

FOXO1 aagggtgacagcaacagctc ttccttcattctgcacacga 11

IL-15 cagatagccagcccatacaag ggctatggcaaggggttt 46

HAND2 tcaagaagaccgacgtgaaa gttgctgctcactgtgcttt 35

HOXA10 ccttccgagagcagcaaa ttggctgcgttttcacct 61

FOXM1 actttaagcacattgccaagc cgtgcagggaaaggttgt 11

COUP TFII ccatagtcctgttcacctcaga aatctcgtcggctggttg 36

BMP2 cggactgcggtctcctaa ggaagcagcaacgctagaag 49

.............................................................................................................................................................................................

Table III Antibodies for immunohistochemistry.

Protein Supplier Reference Antibody
type

Host Dilution
(normal horse serum)

Retrieval
Buffer

ImmPRESS™
kit

PR Dako A0098 Polyclonal Rabbit 1:200 Citrate Rabbit MP-7401

PRB Cell signalling 3157S Monoclonal Rabbit 1:800 Citrate Rabbit MP-7401

AR Spring bioscientific M4070 Monoclonal Rabbit 1:200 Citrate Rabbit MP-7401

ERα Vector VP-E614 Monoclonal Mouse 1:5000 Citrate Mouse MP-7402

FOXO1 Cell signalling 2880 Monoclonal Rabbit 1:250 Citrate Rabbit MP-7401

PTEN Dako M3627 Monoclonal Mouse 1:750 Citrate Mouse MP-7402

HAND2 Santa Cruz SC9409 Polyclonal Goat 1:200 Citrate Goat MP-7405

HOXA10 Santa Cruz SC17159 Polyclonal Goat 1:200 Citrate Goat MP-7405

Ki67 NovaCastra NCL-Ki67-MM1 Monoclonal Mouse 1:500 TRIS Mouse MP-7402
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phase were significantly lower than proliferative phase and concentra-
tions in UPA-treated samples were significantly higher than secretory
phase. There was no significant different in ESR1 concentration between
proliferative phase and UPA-treated samples (Fig. 2D).

Immunoexpression of endometrial
sex-steroid receptors was altered
by UPA administration
In agreement with previous studies (Lessey et al., 1988; Wang et al.,
1998) intense immunopositive staining for PR (with antibody recognizing
both isoforms) was detected in cell nuclei in both glandular epithelial

cells and stromal fibroblasts in proliferative endometrium. Intensity was
reduced in epithelial cell nuclei in the secretory phase (Fig. 3C versus D).
UPA-treated endometrium with marked and minimal cystic glandular
dilatation (Fig. 3A and B, respectively) showed a pattern of PR immuno-
positive staining characterized by intense staining of nuclei in glandular
epithelium and weak/negligible immunoexpression in stromal fibro-
blasts. This pattern did not phenocopy either proliferative or secretory
endometrium (Fig. 3C and D). These results were mirrored by results
obtained using a PRB-specific antibody (Fig. 3E–H).
Consistent with previous findings in our group (Marshall et al.,

2011), intense immunopositive staining for AR was detected in nuclei
of stromal fibroblasts in proliferative endometrium (Fig. 3K); AR

Figure 1 Selective progesterone receptor modulator (SPRM), ulipristal acetate (UPA) modifies endometrial morphology. Haematoxylin and eosin
staining of full thickness endometrium from hysterectomy specimens of nine subjects with uterine fibroids exposed to UPA for up to 12 weeks. All spe-
cimens exhibited progesterone receptor modulator associated endometrial changes (PAEC) but with variation in the degree of cystic glandular dilata-
tion, and in overall endometrial thickness. Subjects A–C showed widespread extensive cystic dilatation that was less frequently observed in subjects
D–H. Subject I had minimal cystic change. No subjects exhibited histological evidence of inflammation, hyperplasia or neoplasia. ×4 magnification (scale
bar = 500 µm); LE, Luminal epithelium; G, Glands; S, Stroma.
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positive epithelial cells were only detected in secretory phase (Fig. 3L)
coincident with a reduction in staining intensity in stromal cells.
Immunostaining of UPA-treated endometrial sections revealed a uni-
que pattern characterized by intense immunopositive staining of cell
nuclei in both epithelial cells and stromal fibroblasts (Fig. 3I and J). The
expression profile of ERα (ESR1) protein differed between proliferative
and secretory endometrium with reduced immunoexpression
detected in secretory phase tissue in both stromal fibroblasts and glan-
dular epithelium (Fig. 3O and P). ERα immunoexpression in UPA-
treated endometrium mirrored that of proliferative endometrium but
was less intense in subjects with minimal cystic glandular dilatation
(Fig. 3M and N).

The impact of UPA administration on PR
responsive genes
As UPA is a SPRM, further investigations focused on genes known to
be regulated during the progesterone-dominated secretory phase of
the cycle and associated with decidualisation (Wetendorf and
DeMayo, 2012). In contrast to total concentrations of mRNAs in tis-
sues collected during the secretory phase three patterns were
detected: a significant increase, a significant decrease and no change.
Specifically, treatment with UPA resulted in a significant decrease in
mRNAs encoded by IGFBP-1 (Fig. 4A), FOXO1 (Fig. 4B), IL15 (Fig. 4C)

and HAND2 (Fig. 4D) compared with secretory phase endometrium.
There was no significant difference in mRNA levels of IGFBP-1, FOXO1,
IL15 and HAND2 between proliferative and UPA-treated endomet-
rium. In contrast, endometrial mRNA concentrations of IHH and
HOXA10 (Fig. 4E and F) were significantly increased between samples
from women treated with UPA and those samples collected in the
secretory phase. There was no significant difference between prolif-
erative phase and UPA-treated endometrium. Concentrations of
FOXM1 mRNA were significantly decreased in both secretory phase
and UPA samples compared with proliferative phase (Fig. 4G). There
was no significant menstrual cycle or UPA-dependent change in
COUP TFII, BMP2 or PTEN although a weak UPA effect was noted
(Fig. 4H–J).

Impact of UPA on immunoexpression
of proteins normally present in the
progesterone-dependent secretory phase
of the cycle
In keeping with the impact of UPA on concentrations of mRNA;
immunolocalisation of FOXO1 was intense in the nuclei of the glandu-
lar epithelium in secretory phase endometrium; immunostaining was
minimal in both proliferative phase and following UPA treatment
(Fig. 5A–D). HAND2 immunolocalisation was most dense in the nuclei

Figure 2 Treatment with SPRM, UPA, increased the concentration of mRNAs encoding sex-steroid receptors in tissue extracts from human endo-
metrium as determined by qRT-PCR. Samples were from women with fibroids obtained during the proliferative and secretory phases or after UPA
administration: n = 9 for each group. PR (A), PRB (B), AR (C), ESR1 (D). *P < 0.05, **P < 0.01, ***P < 0.001. Bars: mean ± SEM.
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of stromal fibroblasts of secretory phase endometrium with less
intense staining in proliferative and UPA-treated endometrium
(Fig. 5E–H). HOXA10 immunolocalisation was present in stromal cells
of both control and UPA-treated samples, with less intense staining

observed in proliferative phase compared with either secretory or
UPA-treated samples (Fig. 5I–L). PTEN immunolocalisation paralleled
that of mRNA concentrations with minimal alteration between groups
(Fig. 5M–P).

Figure 3 Administration of SPRM, UPA, modulates sex-steroid receptor localization. Representative immuno-localization of progesterone receptor
(PR; A–D), PRB (E–H), androgen receptor (AR; I–L) and estrogen receptor alpha (ERα;M–P) in endometrium from woman with fibroids during pro-
liferative and secretory stages and after UPA administration. Subject A shows endometrium in which PAEC are characterized by extensive cystic glan-
dular dilatation; Subject I has PAEC with minimal cystic change. Neither subject had evidence of submucosal fibroids, and both women described
amenorrhoea on UPA treatment. Samples from UPA-treated women displayed intense immunopositive (+ = positive and − = negative) glandular
nuclei with only a few immunopositive cells in the stroma, a result in contrast with proliferative phase (G+S+) or secretory phase (G−S+). ×40 magni-
fication (scale bar = 50 µm); G, Glands; S, Stroma. Negative controls shown as inserts on secretory endometrium.
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Figure 4 Selective progesterone (P) receptor modulator, UPA, administration impacts on concentrations of P-responsive genes. Relative quantifica-
tion of P-responsive genes in tissue extracts from human endometrium as determined by qRT-PCR. Samples were from women with fibroids obtained
during the proliferative and secretory phases or after UPA treatment: n = 9 for each group. IGFBP-1 (A), FOXO1 (B), IL-15 (C), HAND2 (D),
IHH (E), HOXA-10 (F), FOXM1 (G), COUP TF11 (H), BMP2 (I), PTEN (J). *P < 0.05, **P < 0.01, ***P < 0.001. Bars: mean ± SEM.
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UPA administration does not increase
endometrial cell proliferation
Immunoexpression of Ki67 was used to assess cell proliferation within
the stromal and glandular compartments of the endometrium. As
expected immunopositive staining for Ki67 was detected in nuclei of
both stromal cells and glandular epithelium in endometrium during

proliferative phase and appeared more numerous than in secretory
phase tissue (Fig. 6A and B). In glandular cells UPA treatment
appeared to reduce Ki67 immunoexpression compared to samples
from proliferative phase (Fig. 6C or D versus A). Quantification of pro-
liferating cells confirmed that there were significantly more Ki67 posi-
tive cells in proliferative phase tissue compared to both secretory

Figure 5 Effects of SPRM, UPA, administration on mRNA levels are reflected in modulation of protein localization. Representative images showing
immuno-localization of FOXO1 (A–D), HAND2 (E–H), HOXA10 (I–L) and PTEN (M–P) in endometrium from woman with fibroids at proliferative
and secretory stages and after UPA treatment. Subject A shows endometrium in which PAEC are characterized by extensive cystic glandular dilatation;
Subject I has PAEC with minimal cystic glandular change. ×40 magnification (scale bar = 50 µm); G: Glands, S: Stroma. Negative controls shown as
inserts on secretory endometrium.
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phase and UPA-treated endometrium (Fig. 6E). Analysis of stromal
cells showed a significant reduction in Ki67 positive cells in secretory
phase and in UPA-treated samples. In glandular epithelium Ki67 posi-
tive cells were significantly decreased in secretory compared to prolif-
erative phase: UPA-treated tissue showed a similar trend although this
did not reach significance (P = 0.069) (Fig. 6E–G).

Discussion
UPA is a SPRM which, like other members of this class of compound,
exhibits both agonist and antagonist activities in vitro (Wagenfeld et al.,
2016). The impact of SPRMs is tissue-dependent and may be influ-
enced both by bioavailabilty of different PR isoforms and the concen-
trations of different co-repressor and co-activator proteins in different
cell types (Wagenfeld et al., 2016). In this study, we have demon-
strated that UPA administration alters the pattern of expression of
both PR and AR and mimics the anti-proliferative impact of progester-
one in secretory phase endometrium.
We have conducted a comprehensive analysis of the pattern of gene

expression in endometrium from women with fibroids treated with
UPA prior to hysterectomy and compared this to untreated endomet-
rium from women who also had fibroids. In keeping with the estab-
lished literature (Williams et al., 2012) the extent of morphological
change within the endometrium varied. Larger studies have demonstrated

PAEC rates of around 60% following short but repeated courses of
UPA administration although there is an evidence demonstrating that
PAEC rapidly regresses on cessation of treatment (Donnez et al.,
2014). Why not all subjects develop PAEC is uncertain and the impact
of this morphological observation upon symptom control is unknown;
in our study the degree of PAEC was not correlated with duration of
treatment.
Two isoforms of PR are expressed in a differential manner within

the endometrium (Mote et al., 1999). Our data herein demonstrate
downregulation of both PR isoforms within the stroma and upregula-
tion within the glandular epithelium following UPA administration. This
finding is consistent with previous reports studying the effect of the
SPRM asoprisnil on PR protein localization in human endometrium
(Wilkens et al., 2013). The pattern of expression of ESR1 (ERα)
mRNA and protein after treatment with UPA was similar to that of
the proliferative phase showing this SPRM did not induce PR-
dependent downregulation of ERα gene expression. This finding is
similar to findings for the PR-antagonist mifepristone when adminis-
tered to Rhesus macaques (Slayden and Brenner, 1994).
One of the most striking and consistent findings in this study using

the SPRM UPA was a significant increase in concentrations of AR
mRNA, which was accompanied by a unique pattern of AR protein
expression, distinct to that reported during the normal menstrual cycle
(Marshall et al., 2011). These findings in human are consistent with

Figure 6 SPRM, UPA, administration does not increase endometrial cell proliferation. Proliferation assessed by Ki67 immunohistochemistry (A–D)
and stereological quantification (E–G). Subject A shows endometrium in which PAEC are characterized by extensive cystic glandular dilatation; Subject I has
PAEC with minimal cystic change. ×40 magnification (scale bar = 50 µm); G: Glands, S: Stroma. Kruskal–Wallis statistical test *P < 0.05; **P < 0.01.
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reports from analysis of endometrium from Rhesus macaques follow-
ing treatment with an intrauterine device containing UPA for three
artificial menstrual cycles (Brenner et al., 2010). A similar effect has
been reported following treatment with mifepristone, which increased
stromal and glandular AR immunoexpression in Rhesus macaques
(Slayden et al., 2001) and in women treated with a single post-
ovulatory dose of the SPRM (Slayden et al., 2001).
To explore whether UPA was acting as an agonist or antagonist with

respect to progesterone-dependent gene expression we measured
mRNAs encoded by genes that have been identified in rodent studies
where PR and PRB have been conditionally knocked-out or increased
during the progesterone-dominated secretory phase of the cycle
(Wetendorf and DeMayo, 2012). Consistent with previous reports,
mRNAs encoded by IGFBP-1, FOXO1, IL-15 and HAND2 were all sig-
nificantly increased in secretory phase control samples compared with
those in proliferative phase. Treatment with UPA resulted in mRNA
concentrations similar to proliferative phase and significantly lower
than secretory phase, consistent with lack of morphological differenti-
ation and suggesting UPA exhibiting limited PR-dependent agonism in
endometrium. Previous work using human endometrial stromal cells
treated with a decidualisation stimulus has suggested that HAND2 may
regulate FOXO1 and IGFBP-1 expression (Huyen and Bany, 2011) and
thus the reduction in HAND2 by UPA may be implicated in the reduc-
tion of FOXO1 and IGFBP-1. Other studies have shown expression of
FOXO1 in endometrial stromal cells is upregulated by cAMP and pro-
gesterone (Labied et al., 2006) and a genomic screen of human endo-
metrial stromal cells treated with a decidualisation protocol showed
15% of the genes induced were aberrantly expressed if FOXO1 was
knocked down with key targets including IGFBP-1 (Vasquez et al.,
2015). As FOXO1 binding sites are present in the majority of DNA
regions associated with PR binding (Vasquez et al., 2015) our finding of
reduced expression of FOXO1 in UPA-treated women may explain
some of the changes in PR-dependent genes.
In the normal menstrual cycle IL-15 rises in response to progester-

one (Dunn et al., 2002). Suppression of genes in the IL-15 pathway
have been reported following asoprisnil administration. This observa-
tion was corroborated with reduced expression of IL-15 mRNA and
the absence of endometrial CD-56 positive cells on immunolocalisa-
tion (Wilkens et al., 2013). In our current data set, IL-15 expression in
UPA-treated endometrium was reduced compared to secretory
phase endometrium consistent with UPA lacking agonist activity;
however, the impact upon the CD-56 positive immune-cell popula-
tion was not investigated.
IHH has been identified as a rapidly induced mediator of PR activa-

tion that localizes to the luminal and glandular epithelium (Takamoto
et al., 2002) and acts in a paracrine fashion to initiate a cascade of gene
expression in the stromal cell compartment (Takamoto et al., 2002).
Whilst one genome wide molecular phenotyping study indicated that
IHH was downregulated during the progression of the endometrium
through the secretory phase (Talbi et al., 2006), Wei et al. (2010)
reported that IHH protein expression was upregulated in secretory
when compared to proliferative endometrium. The same authors, also
reported an upregulation of IHH mRNA of 12 women in response to
UPA in proliferative endometrium suggesting that UPA administration
may have had an agonistic PR effect. In our study, IHH mRNA was
reduced in secretory phase samples compared with those in the prolif-
erative phase. Treatment with UPA was associated with mRNA

concentrations similar to those in the proliferative phase. There are a
number of reasons that may explain these contrasting findings. The
dose of UPA administered in our study was lower (5 mg daily) com-
pared with 10–20 mg. In our study, all UPA patients exhibited PAEC
to a greater or lesser degree in contrast to low levels of PAEC
reported by Wei et al. It is unknown what impact the development of
endometrial PAEC may have had on our data.
HOXA10 is an important transcription factor for endometrial

development including decidualisation. HOXA10 is expressed in both
glandular and stromal compartments and expression is regulated by
both estradiol and progesterone (Eun Kwon and Taylor, 2004). In
healthy women expression peaks during mid-secretory phase and its
expression is considered an important factor in endometrial receptiv-
ity (Kulp et al., 2016). In women with uterine fibroids secretory phase
upregulation may be impaired (Makker et al., 2016). As all our sub-
jects had fibroids this may explain why we demonstrated a reduced
expression of HOXA10 mRNA from the secretory endometrium
compared with proliferative phase at the PCR level although this was
not reflected in protein expression. In those subjects exposed to
UPA, HOXA10 mRNA expression was similar to proliferative phase.
Evidence regarding HOXA10 gene expression in women with uterine
pathology is beginning to emerge with evidence of alterations in gene
methylation suggesting this may be a common molecular mechanism
that becomes aberrant in some conditions (Kulp et al., 2016). Future
studies may shed light on this by exploring the impact of UPA on
HOXA10 promoter methylation but this was outside the scope of the
current study.
In this study, COUP TFII and BMP2 mRNA levels were constant irre-

spective of stage of cycle or PR modulation or UPA treatment. PTEN
acts as a tumour suppressor. Inactivation of this is a common feature
of endometrial cancer, particularly endometrioid subtypes, and often
predates morphological evidence of malignancy and pre-malignant
precursors. Exogenous progestins may play an important role in elim-
ination of PTEN-null glands (Orbo et al., 2006). Here we have shown
that administration of UPA had little effect on PTEN, consistent with
observations after asoprisnil administration (Wilkens et al., 2009).
In women treated with UPA circulating estrogen levels are main-

tained and it is therefore important to determine whether rates of
endometrial cell proliferation increase with treatment. The Ki67 anti-
gen is expressed during several phases of the cell cycle (G1, S, G2 and
M), and is a well established prognostic and predictive biomarker and
cell proliferation marker in clinical assessment of endometrium
(Sivalingam et al., 2016). We thus considered Ki67 a reasonable
choice for assessment of cell proliferation in endometrium in the pre-
sent study.
In the current study, there was no evidence that rates of cell prolif-

eration were increased compared with secretory phase and the num-
ber of ki67 immunopositive cells in both stromal and epithelial
compartments was significantly lower than in proliferative phase. This
is consistent with effects observed with other SPRMs (Wilkens et al.,
2009) but such data have not previously been demonstrated in a quan-
titative manner following UPA administration. The mechanisms
responsible for the low level of proliferation in UPA-treated women
have not been explored. AR regulation has been implicated in the
endometrial anti-proliferative effect observed with mifepristone
administration (Slayden and Brenner, 1994). It is notable that AR
is present in both stromal and epithelial cell nuclei and androgens
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are known to have anti-proliferative effects on endometrial tissue
(Miller et al., 1986). In primates co-administration of mifepristone with
the anti-androgen flutamide abolished the reduction in mitotic indices
and endometrial atrophy (Brenner et al., 2003). The overexpression of
AR in epithelial cells may be implicated in the low epithelial cell prolif-
eration after UPA treatment. The impact of androgens on develop-
ment of endometrial malignancy is complex (Gibson et al., 2014) and
further studies on the relationship between UPA and AR are merited.
UPA-dependent changes in expression of other factors may also play a
role in the low levels of cell proliferation. For example, mRNAs
encoded by FOXM1, a transcription factor that plays crucial roles in
cell proliferation (Gao et al., 2015), were highest in the proliferative
phase samples consistent with previous reports. FOXM1 was reduced
in both secretory phase and UPA-treated samples and whether the
low level of this transcription factor contributes to reduced cell prolif-
eration merits further investigation.

Conclusions
Newmedical therapies for HMB are required and UPA has shown prom-
ise as a treatment for fibroids but its direct impacts on endometrium
have received less attention. In this study, we have focused on an in-
depth analysis of a cohort of women treated with UPA for 9–12 weeks
prior to hysterectomy. The treatment resulted in changes in endometrial
morphology and gene expression consistent with UPA acting as a PR
antagonist in the absence of an increased rate of endometrial cell prolifer-
ation. These novel data indicate that UPA has the potential to fill an
unmet clinical need in treatment of HMB.

Acknowledgements
We thank Ronnie Grant for assistance with figure preparation, Sheila
Milne for assistance with manuscript preparation, Catherine Murray
and Sharon McPherson for help with patient recruitment and Moira
Nicol, Reena Murgai and Mike Millar for technical support.

Authors’ roles
H.O.D.C., A.R.W.W., L.H.R.W., A.A.M. and P.T.K.S. conceived
the study design. Experiments were conducted and data collected by
L.H.R.W., A.A.M., R.M. and G.S. Histopathological assessments were
performed by A.R.W.W., L.H.R.W., A.A.M., A.R.W.W., P.T.K.S. and
H.O.D.C. were involved in data analysis and interpretation, and manu-
script preparation. All authors approved the submitted final version of
the manuscript.

Funding
TENOVUS Scotland to H.O.D.C., A.R.W.W. and P.T.K.S.; Medical
Research Council/National Institute for Health Research Efficacy and
Mechanism Evaluation Grant (12/206/520) to H.O.D.C. and A.R.W.W.;
MRC Programme Grant (G1100356/1) to P.T.K.S. and MRC Centre
Grant (G111002033, MR/N022556/1).

Conflict of interest
H.O.D.C. has received clinical research support for laboratory con-
sumables and staff from Bayer Pharma Ag and provides consultancy
advice (but with no personal remuneration) for Bayer Pharma Ag,
PregLem SA, Gedeon Richter, Vifor Pharma UK Ltd, AbbVie Inc.;
A.R.W.W. has received consultancy payments from Bayer, Gedeon
Richter, Preglem SA, HRA Pharma; L.H.R.W., A.A.M., R.M., G.S. and
P.T.K.S. have no conflicts of interest.

References
Brenner RM, Slayden OD, Nayak NR, Baird DT, Critchley HO. A role for
the androgen receptor in the endometrial antiproliferative effects of pro-
gesterone antagonists. Steroids 2003;68:1033–1039.

Brenner RM, Slayden OD, Nath A, Tsong YY, Sitruk-Ware R. Intrauterine
administration of CDB-2914 (Ulipristal) suppresses the endometrium of
rhesus macaques. Contraception 2010;81:336–342.

Bulun SE. Uterine fibroids. N Engl J Med 2013;369:1344–1355.
Chabbert-Buffet N, Pintiaux-Kairis A, Bouchard P. Effects of the progester-
one receptor modulator VA2914 in a continuous low dose on the
hypothalamic-pituitary-ovarian axis and endometrium in normal women:
a prospective, randomized, placebo-controlled trial. J Clin Endocrinol
Metab 2007;92:3582–3589.

Donnez J, Tatarchuk TF, Bouchard P, Puscasiu L, Zakharenko NF, Ivanova T,
Ugocsai G, Mara M, Jilla MP, Bestel E et al. Ulipristal acetate versus placebo
for fibroid treatment before surgery. N Engl J Med 2012a;366:409–420.

Donnez J, Tomaszewski J, Vazquez F, Bouchard P, Lemieszczuk B, Baro F,
Nouri K, Selvaggi L, Sodowski K, Bestel E et al. Ulipristal acetate ver-
sus leuprolide acetate for uterine fibroids. N Engl J Med 2012b;366:
421–432.

Donnez J, Vazquez F, Tomaszewski J, Nouri K, Bouchard P, Fauser BC,
Barlow DH, Palacios S, Donnez O, Bestel E et al. Long-term treatment
of uterine fibroids with ulipristal acetate. Fertil Steril 2014;101:1565–
1573. e1561–1518.

Dunn CL, Critchley HO, Kelly RW. IL-15 regulation in human endometrial
stromal cells. J Clin Endocrinol Metab 2002;87:1898–1901.

Engman M, Granberg S, Williams AR, Meng CX, Lalitkumar PG, Gemzell-
Danielsson K. Mifepristone for treatment of uterine leiomyoma. A pro-
spective randomized placebo controlled trial. Hum Reprod 2009;24:
1870–1879.

Eun Kwon H, Taylor HS. The role of HOX genes in human implantation.
Ann N Y Acad Sci 2004;1034:1–18.

Gao F, Bian F, Ma X, Kalinichenko VV, Das SK. Control of regional decid-
ualization in implantation: Role of FoxM1 downstream of Hoxa10 and
cyclin D3. Sci Rep 2015;5:13863.

Gibson DA, Simitsidellis I, Collins F, Saunders PT. Evidence of androgen
action in endometrial and ovarian cancers. Endocr Relat Cancer 2014;21:
T203–T218.

Huyen DV, Bany BM. Evidence for a conserved function of heart and
neural crest derivatives expressed transcript 2 in mouse and human
decidualization. Reproduction 2011;142:353–368.

Kulp JL, Mamillapalli R, Taylor HS. Aberrant HOXA10 Methylation in
Patients With Common Gynecologic Disorders: Implications for
Reproductive Outcomes. Reprod Sci 2016;23:455–463.

Labied S, Kajihara T, Madureira PA, Fusi L, Jones MC, Higham JM,
Varshochi R, Francis JM, Zoumpoulidou G, Essafi A et al. Progestins
regulate the expression and activity of the forkhead transcription factor
FOXO1 in differentiating human endometrium. Mol Endocrinol 2006;20:
35–44.

542 Whitaker et al.

D
ow

nloaded from
 https://academ

ic.oup.com
/hum

rep/article-abstract/32/3/531/2958545 by guest on 19 M
arch 2020



Lessey BA, Killam AP, Metzger DA, Haney AF, Greene GL, McCarty KS Jr.
Immunohistochemical analysis of human uterine estrogen and proges-
terone receptors throughout the menstrual cycle. J Clin Endocrinol Metab
1988;67:334–340.

Liu Z, Doan QV, Blumenthal P, Dubois RW. A systematic review evaluating
health-related quality of life, work impairment, and health-care costs and
utilization in abnormal uterine bleeding. Value Health 2007;10:183–194.

Luo X, Yin P, Coon VJ, Cheng YH, Wiehle RD, Bulun SE. The selective pro-
gesterone receptor modulator CDB4124 inhibits proliferation and induces
apoptosis in uterine leiomyoma cells. Fertil Steril 2010;93:2668–2673.

Makker A, Goel MM, Nigam D, Bhatia V, Mahdi AA, Das V, Pandey A.
Endometrial Expression of Homeobox Genes and Cell Adhesion
Molecules in Infertile Women With Intramural Fibroids During Window
of Implantation. Reprod Sci 2016 [epub ahead of print].

Marshall E, Lowrey J, MacPherson S, Maybin JA, Collins F, Critchley HO,
Saunders PT. In silico analysis identifies a novel role for androgens in the
regulation of human endometrial apoptosis. J Clin Endocrinol Metab 2011;
96:E1746–E1755.

Maybin JA, Critchley HO. Menstrual physiology: implications for endomet-
rial pathology and beyond. Hum Reprod Update 2015;21:748–761.

Merrill RM. Hysterectomy surveillance in the United States, 1997 through
2005.Med Sci Monit 2008;14:CR24–CR31.

Miller N, Bedard YC, Cooter NB, Shaul DL. Histological changes in the
genital tract in transsexual women following androgen therapy.
Histopathology 1986;10:661–669.

Mote PA, Balleine RL, McGowan EM, Clarke CL. Colocalization of proges-
terone receptors A and B by dual immunofluorescent histochemistry in
human endometrium during the menstrual cycle. J Clin Endocrinol Metab
1999;84:2963–2971.

Munro MG, Critchley HO, Fraser IS. The FIGO classification of causes of
abnormal uterine bleeding: Malcolm G. Munro, Hilary O.D. Crithcley,
Ian S. Fraser, for the FIGOWorking Group on Menstrual Disorders. Int J
Gynaecol Obstet 2011;113:1–2.

NICE. Clinical Guideline 44; Heavy Menstrual Bleeding 2007; Available from
http://www.nice.org.uk/nicemedia/pdf/CG44FullGuideline.pdf.

Noyes RW, Hertig AT, Rock J. Dating the endometrial biopsy. Fertil Steril
1950;1:3–25.

Orbo A, Rise CE, Mutter GL. Regression of latent endometrial precancers by
progestin infiltrated intrauterine device. Cancer Res 2006;66:5613–5617.

Patel B, Elguero S, Thakore S, Dahoud W, Bedaiwy M, Mesiano S. Role of
nuclear progesterone receptor isoforms in uterine pathophysiology.
Hum Reprod Update 2015;21:155–173.

Roberts TE, Tsourapas A, Middleton LJ, Champaneria R, Daniels JP,
Cooper KG, Bhattacharya S, Barton PM. Hysterectomy, endometrial
ablation, and levonorgestrel releasing intrauterine system (Mirena) for
treatment of heavy menstrual bleeding: cost effectiveness analysis. BMJ
2011;342:d2202.

Shapley M, Jordan K, Croft PR. An epidemiological survey of symptoms of
menstrual loss in the community. Br J Gen Pract 2004;54:359–363.

Sivalingam VN, Kitson S, McVey R, Roberts C, Pemberton P, Gilmour K,
Ali S, Renehan AG, Kitchener HC, Crosbie EJ. Measuring the biological
effect of presurgical metformin treatment in endometrial cancer. Br J
Cancer 2016;114:281–289.

Slayden OD, Brenner RM. RU 486 action after estrogen priming in the
endometrium and oviducts of rhesus monkeys (Macaca mulatta). J Clin
Endocrinol Metab 1994;78:440–448.

Slayden OD, Nayak NR, Burton KA, Chwalisz K, Cameron ST, Critchley
HO, Baird DT, Brenner RM. Progesterone antagonists increase androgen
receptor expression in the rhesus macaque and human endometrium.
J Clin Endocrinol Metab 2001;86:2668–2679.

Takamoto N, Zhao B, Tsai SY, DeMayo FJ. Identification of Indian hedge-
hog as a progesterone-responsive gene in the murine uterus. Mol
Endocrinol 2002;16:2338–2348.

Talbi S, Hamilton AE, Vo KC, Tulac S, Overgaard MT, Dosiou C, Le Shay N,
Nezhat CN, Kempson R, Lessey BA et al. Molecular phenotyping of
human endometrium distinguishes menstrual cycle phases and underlying
biological processes in normo-ovulatory women. Endocrinology 2006;147:
1097–1121.

Vasquez YM, Mazur EC, Li X, Kommagani R, Jiang L, Chen R, Lanz RB,
Kovanci E, Gibbons WE, DeMayo FJ. FOXO1 is required for binding of
PR on IRF4, novel transcriptional regulator of endometrial stromal
decidualization.Mol Endocrinol 2015;29:421–433.

Wagenfeld A, Saunders PT, Whitaker L, Critchley HO. Selective proges-
terone receptor modulators (SPRMs): progesterone receptor action,
mode of action on the endometrium and treatment options in gyneco-
logical therapies. Expert Opin Ther Targets 2016;20:1045–1054.

Wang H, Critchley HO, Kelly RW, Shen D, Baird DT. Progesterone recep-
tor subtype B is differentially regulated in human endometrial stroma.
Mol Hum Reprod 1998;4:407–412.

Wei Q, Levens ED, Stefansson L, Nieman LK. Indian Hedgehog and its tar-
gets in human endometrium: menstrual cycle expression and response
to CDB-2914. J Clin Endocrinol Metab 2010;95:5330–5337.

Wetendorf M, DeMayo FJ. The progesterone receptor regulates implant-
ation, decidualization, and glandular development via a complex para-
crine signaling network.Mol Cell Endocrinol 2012;357:108–118.

Wilkens J, Chwalisz K, Han C, Walker J, Cameron IT, Ingamells S,
Lawrence AC, Lumsden MA, Hapangama D, Williams AR et al. Effects
of the selective progesterone receptor modulator asoprisnil on uterine
artery blood flow, ovarian activity, and clinical symptoms in patients with
uterine leiomyomata scheduled for hysterectomy. J Clin Endocrinol Metab
2008;93:4664–4671.

Wilkens J, Williams AR, Chwalisz K, Han C, Cameron IT, Critchley HO.
Effect of asoprisnil on uterine proliferation markers and endometrial
expression of the tumour suppressor gene, PTEN. Hum Reprod 2009;
24:1036–1044.

Wilkens J, Male V, Ghazal P, Forster T, Gibson DA, Williams AR, Brito-
Mutunayagam SL, Craigon M, Lourenco P, Cameron IT et al. Uterine
NK cells regulate endometrial bleeding in women and are suppressed by
the progesterone receptor modulator asoprisnil. J Immunol 2013;191:
2226–2235.

Williams AR, Bergeron C, Barlow DH, Ferenczy A. Endometrial morph-
ology after treatment of uterine fibroids with the selective progester-
one receptor modulator, ulipristal acetate. Int J Gynecol Pathol 2012;31:
556–569.

Yin P, Lin Z, Cheng YH, Marsh EE, Utsunomiya H, Ishikawa H, Xue Q,
Reierstad S, Innes J, Thung S et al. Progesterone receptor regulates Bcl-2
gene expression through direct binding to its promoter region in uterine
leiomyoma cells. J Clin Endocrinol Metab 2007;92:4459–4466.

Yin P, Lin Z, Reierstad S, Wu J, Ishikawa H, Marsh EE, Innes J, Cheng Y,
Pearson K, Coon JS 5th et al. Transcription factor KLF11 integrates pro-
gesterone receptor signaling and proliferation in uterine leiomyoma
cells. Cancer Res 2010;70:1722–1730.

543Ulipristal acetate action on human endometrium

D
ow

nloaded from
 https://academ

ic.oup.com
/hum

rep/article-abstract/32/3/531/2958545 by guest on 19 M
arch 2020

http://www.nice.org.uk/nicemedia/pdf/CG44FullGuideline.pdf


C L I N I C A L R E S E A R C H A R T I C L E

Steroids Regulate CXCL4 in the Human Endometrium
During Menstruation to Enable Efficient
Endometrial Repair
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Context: Repair of the endometrial surface atmenstruationmust be efficient tominimize blood loss and
optimize reproductive function. Themechanismand regulationofendometrial repair remainundefined.

Objective: To determine the presence/regulation of CXCL4 in the human endometrium as a putative
repair factor at menses.

Patients/Setting: Endometrial tissue was collected throughout the menstrual cycle from healthy
women attending the gynecology department. Menstrual blood loss was objectively measured in a
subset, and heavy menstrual bleeding (HMB) was defined as .80 mL per cycle. Monocytes were
isolated from peripheral blood.

Design: CXCL4 messenger RNA (mRNA) and protein were identified by quantitative reverse
transcription polymerase chain reaction and immunohistochemistry. The function/regulation of
endometrial CXCL4 was explored by in vitro cell culture.

Results: CXCL4 mRNA concentrations were significantly increased during menstruation. Intense
staining for CXCL4 was detected in late secretory and menstrual tissue, localized to stromal, epi-
thelial and endothelial cells. Colocalization identified positive staining in CD68+ macrophages.
Treatment of human endometrial stromal and endothelial cells (hESCs andHEECs, respectively) with
steroids revealed differential regulation of CXCL4. Progesterone withdrawal resulted in significant
increases in CXCL4mRNA and protein in hESCs, whereas cortisol significantly increased CXCL4 in HEECs.
In women with HMB, CXCL4 was reduced in endothelial cells during the menstrual phase compared
with women with normal menstrual bleeding. Cortisol-exposed macrophages displayed increased
chemotaxis toward CXCL4 compared with macrophages incubated with estrogen or progesterone.

Conclusions: These data implicate CXCL4 in endometrial repair aftermenses. Reduced cortisol at the
time of menses may contribute to delayed endometrial repair and HMB, in part by mechanisms
involving aberrant expression of CXCL4. (J Clin Endocrinol Metab 102: 1851–1860, 2017)

The human endometrium displays a remarkable ability
to break down and fully repair each month in the

absence of pregnancy or lactation. Menstruation is

triggered by the withdrawal of the ovarian steroid hor-
mones estrogen and progesterone as the corpus luteum
regresses. This results in a local inflammatory response,
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including leukocyte influx and edema, which culminates
in tissue breakdown by matrix metalloproteases and
bleeding (1). Much less is known about the mechanisms
and regulation of endometrial repair, but the processes
involved appear to be similar to those seen with classic
wound healing. These involve temporally overlapping
phases of inflammation, resolution of inflammation,
tissue formation, tissue remodeling, and angiogenesis. In
the endometrium, this repair process appears to occur in
areas of endometrium adjacent to those where break-
down is in progress (2). Delayed repair of the endo-
metrium at menstruation may cause prolonged heavy
menstrual bleeding (HMB), which negatively affects
quality of life for many women.

Macrophages have a well-established role in the repair
process at multiple tissue sites (3). They engulf foreign or
apoptotic material as part of their phagocytic role, and
they also secrete many proteases, angiogenic factors, and
growth factors (4). Macrophage depletion results in de-
fective repair of skin wounds in the guinea pig (5) and of
myocardial injury in mice (6). Endometrial macrophages
are present throughout the menstrual cycle but display a
substantial increase in number during the perimenstrual
phase (7). This increase in the number of tissue resident
macrophages is thought to depend on the increase in
concentrations of endometrial cytokines that occurs in
response to progesterone withdrawal. Cytokines have
been implicated in both the recruitment ofmonocytes into
the endometrium and increased proliferation of macro-
phages in situ (7–9). Recent insights into the phenotype
of tissue resident macrophages have revealed that both
their plasticity and the prevailing tissue microenviron-
ment influence the ability to adopt pro–wound-healing,
pro-resolving, and tissue-regenerating phenotypes after
injury [reviewed by Wynn and Vannella (10)].

CXCL4 (PF4) is a member of the CXC family that
has a role in chemotaxis of neutrophils and monocytes
(11, 12). It is unknown whether CXCL4 is an active
chemoattractant within human endometrium, but both
neutrophils and monocytes are implicated in endometrial
repair (13). CXCL4 induces differentiation of periph-
eral blood monocytes, characterized by prevention of
spontaneous apoptosis and promotion of differentia-
tion into macrophages in a tumor necrosis factor-a and
granulocyte macrophage colony-stimulating factor–
independent fashion (14). CXCL4-stimulated differen-
tiation appears to generate a different macrophage phe-
notype to the classic M1/M2 subtypes (15). Notably,
these macrophages lack expression of the scavenger re-
ceptor CD163 (15), cannot upregulate heme-oxygenase 1
(15), and do not express the HLA-DR antigen (14) but
produce more matrix metalloproteinase (MMP)-7 and
MMP-12 protein than other macrophage subtypes (14).

In addition, CXCL4 is known to be an angiostatic factor,
implicated in inhibition of endothelial cell proliferation
(16, 17). CXCL4 has been detected at high concentrations
at sites of vascular injury (18) and has downregulated
expression of MMP-1 and MMP-3 in human vascular
endothelial cells, which may contribute to resolution and
repair (19).

Because CXCL4 is thought to have a key role in the
regulation of angiogenesis, recruitment of monocytes, and
wound healing, we hypothesized that it has a key role
in endometrial repair at the time of menstruation (20).
Therefore,we conducted a comprehensive analysis of human
endometrial biopsy samples and used in vitro cell models
to examine the regulation of CXCL4 by steroid hormones,
including cortisol, because this steroid is thought to play a
key role in regulating the local endometrial environment
during menstruation. Next, we investigated the effect of
CXCL4 on endometrial cells and macrophages. Our results
highlight a potential role for this cytokine in the physiologic
processes of menstruation and endometrial repair.

Methods

Human endometrial tissue collection
Endometrial biopsy specimens (n = 61) were collected with a

suction curette (Pipelle; Laboratorie CCD, Paris, France) from
women (median age, 42 years; range, 22 to 50 years) attending
gynecological outpatient departments across the National
Health Service Lothian in Scotland. Participants provided
written consent and the Lothian Research Ethics Committee
(LREC 07/S1103/29) granted ethical approval. All women re-
ported regular menstrual cycles (21 to 35 days) and no exog-
enous hormone exposure for 2 months before biopsy. Women
with large fibroids (.3 cm) or endometriosis were excluded.
Tissue was divided and (1) placed in the RNAlater RNA sta-
bilization solution (Ambion [Europe] Ltd., Warrington, UK),
(2) fixed in neutral buffered formalin for wax embedding, and
(3) placed in phosphate-buffered saline for in vitro culture.
Cycle stage was determined by (1) histologic dating [criteria of
Noyes et al. (21)], (2) reported last menstrual period, and (3)
serum progesterone and estradiol concentrations at time of
biopsy (Table 1). Samples not consistent for all three criteria
were excluded (n = 5).

Objective measurement of menstrual blood loss
A subset of the participants with biopsy specimens collected

in the perimenstrual phase agreed to collect their sanitary ware
to allow objective quantification of their menstrual blood loss
(MBL) (n = 23). Women were provided the same brand of
tampon/pad (Tampax®/Always®; P&G, Weybridge, UK) and
verbal and written instructions on collection. Blood loss was
measured by using a modified alkaline-hematin method as
previously described (22, 23). A measuredMBL of.80mLwas
classified at HMB and ,80 mL as normal menstrual bleeding
(NMB). This method was validated in our laboratory by using
time-expired whole blood applied to the same sanitary products
given to participants.
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Immunohistochemistry for CXCL4
Paraffin sections, 5 mm, were dewaxed and rehydrated. An-

tigen retrieval was by pressure cooker in sodium citrate (pH, 6)
antigen retrieval buffer. Endogenous peroxidase activity was
blocked by 3% hydrogen peroxide. Sections were sequentially
incubated in avidin and biotin (Vector Laboratories, Burlin-
game, CA) and protein block (Dako, Cambridge, UK). Rabbit
polyclonal CXCL4 antibody (20 mg/mL; ab9561; Abcam,
Cambridge, UK) was applied overnight at 4°C. Negative con-
trols were incubated with rabbit IgG (Dako, Cambridge, UK) at
the same concentration as the primary antibody. Biotinylated
goat anti-rabbit secondary antibody was used at 1:200 (Vector
Laboratories, Burlingame, CA). Avidin-biotin-peroxidase com-
plex (ABC-Elite; Vector Laboratories) was applied for 30 min-
utes, and a liquid diaminobenzidine kit (Zymed Laboratories,
San Francisco, CA) was used for detection. The reaction was
stopped with distilled water; sections were counterstained
with hematoxylin, dehydrated, and mounted with Pertex
(Cellpath PLC, Hemel Hempstead, UK).

Semiquantitative immunoscoring
Localization and intensity of immunostaining were evalu-

ated in late secretory and menstrual endometrial samples from
women with objectively measured HMB and NMB by two
independent, masked observers. The intensity of staining was
graded with a three-point scale (0 = no staining, 1 = mild
staining, 2 = strong staining). This was applied to the stromal
compartment and endothelial cells. The percentage of tissue in
each intensity scale was recorded (24). A value was derived for
each cellular compartment by using the sumof these percentages
after multiplication by the intensity of staining. Average scores
are reported unless a discrepancy of .50 points occurred be-
tween observers; in these cases, the tissue was examined to-
gether and a consensus score determined.

Dual immunofluorescence
Endometrial sections were dewaxed, rehydrated, exposed to

antigen retrieval, and treated with 3% hydrogen peroxidase as
above. For CD68/CXCL4 dual immunofluorescence, normal
donkey serumwas used as a protein block and the sections were
incubated with mouse monoclonal CD68 (macrophage marker)
antibody (Dako) at a 1 in 1000 dilution overnight at 4°C.
Donkey anti-mouse peroxidase secondary antibody (Abcam)
at a 1:750 dilution was applied for 30 minutes, followed by
incubationwith TSA fluorescein tyramide system (Perkin Elmer,
Waltham, MA) for 10 minutes. The sections were incubated
with normal donkey serum for 10minutes, followed by 20mg/mL
rabbit polyclonal CXCL4 antibody (Abcam) overnight at 4°C.
Alexa 546 donkey anti-rabbit secondary antibody (Invitrogen,

Paisley, UK) was applied at 1:200 for 1 hour, followed by a 40,6-
diamidino-2-phenylindole stain (Sigma-Aldrich, Dorset, UK) for
10 minutes.

CD31/CXCL4 immunofluorescence used Novocastra epi-
tope retrieval solution Ph6 (Novacastra, Leica Biosystems,
Newcastle, UK) and the Leica Bond-Max automated immu-
nostainer (Leica Microsystems, Wetzlar, Germany). Normal
goat serum was used as a protein block before incubation with
CXCL4 antibody (Abcam) at a 1:2000 dilution for 1 hour at
37°C; omission of primary antibody provided negative con-
trols. Goat anti-rabbit secondary antibody (Abcam)was applied
before incubation with TSA fluorescein tyramide system for
10 minutes. BOND wash was followed by a BOND epitope
retrieval system (LeicaMicrosystems,Wetzlar, Germany), block
with normal goat serum and incubation with mouse mono-
clonal CD31 (Novacastra, Leica Biosystems) at a 1-in-600 di-
lution for 1 hour. Goat anti-mouse secondary antibody (Abcam,
Cambridge, UK) was applied, followed by a 40,6-diamidino-2-
phenylindole stain (Sigma-Aldrich, Dorset, UK) for 10 minutes.
All sections were mounted with Permafluor (Thermo Fisher
Scientific, Waltham, MA) and analyzed on a Zeiss LSM710
confocal microscope system (Zeiss, Cambridge, UK).

Cell culture
Primary human endometrial stromal cells (hESCs) were

isolated from midsecretory endometrial tissue (n = 3) by en-
zymatic digestion as previously described (25). hESCs at pas-
sage,6 were plated at a density of 106 cells per well in six-well
plates in RPMI medium. Cells were serum starved for 24 hours
before treatments. Cells were treated with (1) 10 nM estradiol
for 48 hours, (2) 1 mM cortisol for 48 hours, (3) 1 mM pro-
gesterone for 6 days, or (4) 1 mM progesterone for 6 days,
followed by serum-free media for 48 hours to mimic pro-
gesterone withdrawal.

Human endometrial endothelial cells (HEECs) were a gift
from Yale School of Medicine (26). Their isolation (27) and
phenotype (28) have been previously described. Serum-starved
HEECs were treated in an identical manner to hESCs,
described earlier.

Quantitative reverse transcription polymerase
chain reaction

Concentrations of messenger RNAs (mRNAs) encoded by
CXCL4 were determined by quantitative reverse transcrip-
tion polymerase chain reaction (RT-qPCR) (Taqman) analysis.
Total RNA from cells and endometrial biopsy samples was
extracted by using the RNeasy Mini Kit (Qiagen Ltd, Sussex,
UK) according to manufacturer’s instructions: 100-ng RNA
samples were reverse transcribed according to standard

Table 1. Classification of Endometrial Biopsy Specimens

Stage of Cycle Mean Estradiol (pmol/L) Mean Progesterone (nmol/L) NMB MBL (Mean; mL) HMB MBL (Mean; mL)

Proliferative 410 (167–679) 2.8 (1.4–4.6) N/A N/A
Early secretory 439 (289–664) 55.4 (26.6–89.9) N/A N/A
Mid secretory 585 (301–691) 81.8 (16.1–246.4) N/A N/A
Late secretory 275 (59–819) 7.5 (1.1–17.0) 48 (35–62) 200 (85–488)
Menstrual 174 (50–514) 3.4 (1.2–10.6) 40 (26–66) 180 (91–287)

Values in parentheses are the minimum–maximum.

Abbreviation: N/A, not available.
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laboratory protocols (29). A tube with no reverse transcription
and a further tube with water were included as controls. RT-
qPCR mixtures were prepared containing Taqman buffer
(5.5 mM MgCl2, 200 mM deoxyadenosine triphosphate;
200 mM deoxycytidine triphosphate; 200 mM deoxyguanosine
triphosphate; 400 mM deoxyuridine triphosphate), ribosomal
18S primers/probe (Applied Biosystems, Warrington, UK), and
specific forward and reverse primers and probes (CXCL4
forward primer agcctggaggtgatcaagg, reverse primer ccattctt-
cagcgtggcta, universal probe library number 43; all from Roche
Applied Science, Penzberg, Germany) were added for each RT-
qPCR reaction. Negative controls (water instead of comple-
mentary DNA) were included in each run. RT-qPCR was
carried out by using ABI Prism 7900 (Applied Biosystems,
Foster City, CA). Forty cycles were completed (3 seconds at
95°C, 30 seconds at 60°C). Samples were analyzed in triplicate
by using Sequence Detector, version 2.3 (PE Biosystems, Foster
City, CA) with the comparative threshold method. Expression
of target mRNA was normalized to RNA loading for each
sample using the 18S ribosomal RNA as a reference.

In cell Western
Following treatments, cells were fixed with 4% NBF for 15

minutes before incubation with blocking buffer (phosphate-
buffered saline, normal goat serum, water, and Triton X-
100). Cells were treated with rabbit polyclonal anti-CXCL4
(1:25; Abcam) and mouse monoclonal anti–b-tubulin (1:1000;
Sigma-Aldrich) antibodies overnight at 4°C. Cells were washed
before incubation with goat anti-rabbit IRDye 800CW (Mo-
lecular Probes, Eugene, OR) and goat anti-mouse Alexa Fluor
680 (LI-COR Biosciences, Lincoln, NE). The LI-COR Odyssey
IR Imaging System was used to analyze results.

Macrophage culture
Peripheral blood was obtained from consenting women

(LREC 08/S1103/38) who were taking the combined oral
contraceptive pill (n = 9) to avoid natural hormone fluctuations
and monocytes extracted, as previously described (9). Mono-
cytes were cultured into RPMI 1640 medium (Sigma-Aldrich)
with macrophage colony-stimulating factor (216.21 nM) treat-
ment for 5 days to differentiate the cells into macrophages.
Macrophages were then treated with 285.71 nM granulocyte
macrophage colony-stimulating factor (to induce an M0 phe-
notype), 59.17 mM interferon-g (M1 phenotype), 1 mM cortisol
(M2 phenotype), estrogen (10 nM), or progesterone (10 nM) for
24 hours. Cells were washed and resuspended in serum-free
RPMI medium for 24 hours and centrifuged, supernatant was
removed, and cells were frozen for use as conditioned media.

Chemotaxis assay
Microslides (Ibidi, Martinsried, Germany) were coated with

collagen according to the manufacturer’s instructions; collagen
was solidified by incubation at 37°C for 30 minutes. The first
well of each capillary had peripheral blood monocyte–derived
macrophages (PBMCs) in RPMI media (Sigma-Aldrich). The
connecting well had 20 ng/mL CXCL4 [Sigma-Aldrich; half
maximal effective concentration for CXCL4 as found by Baltus
et al. in 2005 (11)] in RPMI media; RPMI medium alone was
used as a negative control. Movement of PBMCs was measured
after 24 hours by using an Axiovert 200 microscope (Zeiss).
Distance measured was converted into percentage movement,

wherein complete movement would be 100% and no move-
ment, 0%. The experiment was repeated with PBMCs from five
different women.

Statistical analysis
For cell culture, mRNA results are expressed as fold increase,

wherein relative expression of mRNA after treatment was di-
vided by the relative expression after vehicle treatment. For
tissue data, results were expressed as a quantity relative to a
comparator, a sample of placental cDNA. Data are presented as
mean 6 standard error of the mean and statistically significant
differences among raw data (ddCt values) were determined by
using Kruskal–Wallis nonparametric test with Dunn multiple
comparison posttest. Statistical analysis between women with
HMB and NMB at different stages of the cycle was performed
by using a two-way analysis of variance with Bonferroni
posttest analysis. Student t tests were used for immunoscore
data. GraphPad Prism software, version 6, was used (SanDiego,
CA). P , 0.05 was considered to represent a statistically sig-
nificant difference.

Results

CXCL4 mRNA concentrations were increased in
menstrual phase human endometrium and CXCL4
localized to epithelial, stromal, and endothelial cells
and macrophages

CXCL4-encoded mRNAs were detected in human
endometrial tissue biopsy samples throughout the cycle
[Fig. 1(a)]. CXCL4 mRNA concentrations were signifi-
cantly higher in menstrual biopsy specimens than those
from the proliferative (P , 0.05), early secretory (P ,

0.01), and mid-secretory (P , 0.05) phases.
Immunohistochemistry detected CXCL4 protein in the

cytoplasm of epithelial and stromal cells throughout the
menstrual cycle, with an increase in staining intensity noted
in endometrium collected fromwomen during the secretory
andmenstrual phases [Fig. 1(b)]. Dual immunofluorescence
revealed positive CXCL4 staining in CD31+ endometrial
endothelial cells during the late secretory/menstrual phase
[Fig. 1(b, xi)]. We observed intense immunostaining of
occasional cells within the stromal compartment through-
out the cycle.Dual immunohistochemistry revealedCXCL4
was present in the cytoplasm of CD68+ macrophage cells
throughout the menstrual cycle [Fig. 1(c)].

Endometrial CXCL4 was regulated by progesterone
withdrawal and cortisol

After confirming the presence of CXCL4 in endo-
metrial stromal and endothelial cells, we examined its
regulation by steroids using primary hESCs and anHEEC
cell line. Treatment with 10 nM estradiol mimicked the
proliferative phase; 1 mM progesterone, the secretory
phase; and sequential progesterone treatment and sub-
sequent removal, the late secretory/menstrual phase.
Mounting evidence suggests that cortisol has an important
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Figure 1. (a) CXCL4 in whole human endometrial biopsy specimens from across the menstrual cycle reveals maximal expression during the
menstrual phase. Each box represents lower quartile, median, and upper quartile. Whiskers display minimum and maximum values. *P , 0.05;
**P , 0.01. (b) CXCL4 protein in the human endometrium was localized to the cytoplasm of a few stromal cells during the proliferative phase
(i and ii). During the early (iii and iv), mid (v and vi), and late (vii and viii) secretory phases of the menstrual cycle, immunostaining for CXCL4
progressively increased in intensity in both the stroma (St) and secretory glandular epithelium (GE). CXCL4 protein was present throughout the
endometrium during the menstrual phase (ix and x) and CXCL4 (green) colocalized to CD31+ endothelial cells (red) in the late secretory phase
(xi). Insets depict negative controls. Arrows indicate CXCL4+ cells. Scale bar = 50 mm. (c) CXCL4 (green) colocalizes to CD68+ (red) macrophage
cells within the endometrium throughout the menstrual cycle. Proliferative (i and ii), late secretory (iii and iv), and menstrual (v and vi) phases are
shown. Insets show negative controls. Arrows indicate colocalized cells.
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role in the local endometrial environment atmenses (9, 20);
therefore, additional cells were treated with 1 mM cortisol.
hESCs undergoing progesterone-withdrawal treatments
showed a significant increase in concentrations of CXCL4
mRNAcomparedwith those treatedwith vehicle, estradiol,
or cortisol [Fig. 2(a)]. Progesterone withdrawal also sig-
nificantly increased CXCL4 protein in hESCs compared
with vehicle-treated cells [Fig. 2(b) and 2(c)].

Interestingly, CXCL4 regulation in HEECs was dif-
ferent from that detected in hESCs. Cortisol treatment of
HEECs displayed maximal increases in concentrations of
CXCL4 mRNA [Fig. 3(a)] and protein [Fig. 3(b) and

3(c)], which were significantly greater than treatment
to mimic progesterone withdrawal (P , 0.01).

CXCL4 was significantly decreased in endometrial
endothelial cells from women with HMB during
menstrual phase

Because CXCL4 mRNA was maximal in endome-
trium from the late secretory and menstrual phases of the
cycle, we compared mRNA concentrations in endome-
trial tissue homogenates from these two phases, taken
from women with objectively measured MBL. Using a
blood loss of .80 mL to define HMB, we found no sig-

nificant differences in mRNA concen-
trations when comparing women with
HMB and NMB [Fig. 4(a)].

Because we determined that regu-
lation of CXCL4 varied in stromal and
endothelial cells in vitro, we hypothe-
sized that cellular levels of CXCL4may
differ in women with HMB and NMB,
despite no significant differences in
global endometrial CXCL4 mRNA con-
centrations. We examined CXCL4 pro-
tein by immunohistochemistry in the
endometrium of the late secretory
and menstrual phases from women
with NMB and HMB. Semiquantitative
immunoscoring of the stromal com-
partment and endothelial cells revealed
no significant changes during the late
secretory phase between women with
NMB and HMB [Fig. 4(b)]. How-
ever, menstrual-phase endometrium
from women with HMB had signifi-
cantly decreased CXCL4 staining of
endothelial cells compared with tissue
from women with NMB (P , 0.05)
[Fig. 4(b) and 4(c)]. In contrast, menstrual
stromal compartment staining was not
significantly different in endometrium from
womenwithNMBand thosewithHMB.

CXCL4 had augmented chemotactic
action onmacrophages pre-exposed
to cortisol

Because CXCL4 increased at menses
and colocalized to macrophage cells, we
investigated the effect of CXCL4-induced
chemotaxis on different macrophage sub-
types. Peripheral macrophages were pre-
treated to induce different subtypes: M0
(macrophage colony-stimulating factor–
pretreated), M1 (granulocyte macrophage

Figure 2. Steroid regulation of CXCL4 in hESCs. Estrogen, progesterone, progesterone
withdrawal (P withdrawal), or cortisol treatment of hESCs revealed that progesterone
withdrawal significantly upregulated (a) CXCL4 mRNA concentrations (n = 5) and (b) CXCL4
protein levels detected by in-cell Western blot (n = 4) and quantified by densitometry (c).
Green, CXCL4; red, b-tubulin. In (a) and (c), each box represents lower quartile, median, and
upper quartile. Whiskers display minimum and maximum value. *P , 0.05; **P , 0.01.
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colony-stimulating factor– and interferon g–pretreated),
and M2 (cortisol-pretreated) macrophages or macro-
phages exposed to a proliferative phase environment
(estradiol-pretreated) or to a secretory phase environment
(progesterone-pretreated). These pretreated macrophages
were plated into wells opposite CXCL4 on a multi-
channeled microslide. Cortisol-exposed macrophages mi-
grated toward CXCL4 at a significantly higher rate than
any of the other macrophage subtypes [Fig. 5(a) and 5(b)].

Discussion

This report details the presence of CXCL4 in the human
endometrium across the menstrual cycle and reveals that

maximal levels are present during
menstruation. Steroid regulation of
CXCL4 occurs in hESCs, with signif-
icant increases after withdrawal of
progesterone. In contrast, endometrial
endothelial cells do not display an in-
crease in CXCL4 on progesterone
withdrawal but do demonstrate sig-
nificant increases in response to corti-
sol treatment. Furthermore, we reveal
that women with HMB have signifi-
cantly reduced CXCL4 in endothelial
cells in the menstrual phase, consistent
with a defective cortisol response at
menses (20). Macrophages pretreated
with cortisol to induce an M2 phe-
notype migrate significantly faster
toward CXCL4 than M0 and M1
subtypes. These data are consistent
with CXCL4 having a key role in
endometrial breakdown and repair at
menstruation.

CXCL4 is present in the human
endometrium during menstruation,
with both RT-qPCR and immuno-
histochemistry being consistent with
maximal detection during the men-
strual phase. The functional layer of
the endometrial breaks down during
menses, with repair occurring simulta-
neously in adjacent areas (2). Therefore,
maximal CXCL4 within the endome-
trium at this time is consistent with
involvement in breakdown and repair
of the tissue. Expression of the CXCL4
receptor,CXCR3, has been identified as
necessary for efficient wound healing
(30). Mice lacking CXCR3 had signif-
icantly delayed re-epithelialization and

delayed repair of the basement membrane following ex-
cisional wounds.

Next, we investigated the regulation of CXCL4 in the
human endometrium. Because of the dramatic variations
observed across the menstrual cycle, we examined steroid
regulation of this cytokine. A series of in vitro studies
revealed that progesterone withdrawal resulted in a
significant increase of CXCL4 expression within endo-
metrial stromal cells, consistent with maximal levels
during menstruation. HEECs, however, do not express
the progesterone receptor (31); hence, it was unsurprising
that treatment conditions using progesterone or pro-
gesterone withdrawal had no profound effects. However,
HEECs are known to express the glucocorticoid receptor

Figure 3. Steroid regulation of CXCL4 in HEECs. Treating HEECs with estrogen,
progesterone, progesterone withdrawal (P withdrawal), and cortisol showed that CXCL4 was
significantly upregulated by treatment with cortisol at the (a) mRNA level (n = 4) and (b)
protein level (n = 4), quantified by densitometry (c). Green, CXCL4; red, b-tubulin. In (a) and
(c), each box represents lower quartile, median, and upper quartile. Whiskers display
minimum and maximum value. **P , 0.01.
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(32), and treatment of these cells with cortisol resulted
in a significant increase of CXCL4 expression. We have
previously shown that local levels of cortisol regulating

enzymes increase in human endome-
trial tissue during menstruation (33).
Therefore, two different steroid hor-
mones have the ability to regulate
CXCL4 in endometrial cells to increase
concentrations of this putative wound
repair factor during menstruation.

Because CXCL4 is a putative endo-
metrial repair factor,weexaminedmRNA
concentrations in endometrial tissue
sample homogenates from women with
HMB and NMB. We hypothesized that
women with HMB would have reduced
CXCL4 induction during menstruation,
leading to inefficient endometrial repair
and prolonged, HMB. However, no
significant differences inCXCL4mRNA
concentrations were detected between
these two groups of women during the
late secretory or menstrual phases.

There are two potential explana-
tions for these findings. First, theremay
be no deregulation of CXCL4 in
women with HMB. However, our re-
sults suggested an alternative expla-
nation: that different cell types within
the human endometrium have differ-
ential regulation of CXCL4 induction,
with progesteronewithdrawal having a
substantial impact on stromal cells and
cortisol regulating CXCL4 in en-
dothelial cells. Examination of
homogenized whole endometrial
biopsy specimensmaymaskdifferential
expression of CXCL4 within different
cell types in women with heavy versus
normal menstrual blood loss. Therefore,
we examined CXCL4 protein in stromal
cells and endothelial cells in womenwith
NMB and HMB during the late secre-
tory andmenstrual phases. This revealed
that endothelial cell CXCL4 protein was
significantly reduced in women with
HMB versus NMB during menses,
which might be consistent with a de-
fective cortisol microenvironment (33).
Our laboratory has previously revealed
that the cortisol-inactivating enzyme 11
b-hydroxysteroid dehydrogenase-2 is
significantly increased in endometrium

from women with HMB versus NMB, thereby creating a
local glucocorticoid deficiency (20). Therefore,we propose
that women with HMB have reduced endometrial cortisol

Figure 4. (a) CXCL4 in late secretory and menstrual endometrial biopsy specimens from
women with objectively measured NMB (,80 mL, white bars) and HMB (.80 mL, gray bars).
(b) Immunoscoring of CXCL4 staining of the stromal (St) compartment and endothelial cells
in late secretory (LS) and menstrual (M) endometrium from women with NMB and HMB. (c)
Immunohistochemistry staining of CXCL4 in menstrual endometrium from women with NMB
and HMB. Inset shows immunoglobulin G–matched negative control. Arrow, endothelial cells;
NS, nonsignificant. In (a) and (b), each box represents lower quartile, median, and upper
quartile. Whiskers display minimum and maximum value. *P , 0.05.
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leading to decreased CXCL4 in endothelial cells, which
may contribute to increased MBL. CXCL4 is known to
have angiogenic properties (18, 19), but its functional role
in the endometrium remains to be determined.

CXCL4 is known to be a chemoattractant in
many tissues, triggering migration of monocytes and
macrophages to sites of inflammation (34, 35). Herein we
show that cortisol-treated, M2-like macrophages exhibit
increased chemotaxis toward CXCL4 compared with
other steroid treated macrophages. This suggests that
the microenvironment created by synthesis of CXCL4
may alter immune cell components. It is also notable that

cortisol-treated macrophages have been
documented to take part in the resolu-
tion of inflammation, including removal
of apoptotic cells (36). Taken together,
these data suggest that CXCL4 may act
as a chemoattractant at focal points
within the human endometrium that
require repair.

In summary, we have identified that
CXCL4 is increased in the human en-
dometrium during menstruation, a time
consistent with involvement in endo-
metrial repair. Mechanistically, we have
revealed that endometrial CXCL4 is
regulated by progesterone withdrawal
and cortisol. In addition, we reveal that
CXCL4 is reduced in endothelial cells of
women with HMB at menses. Func-
tionally, CXCL4 appears to have an
important role as a macrophage che-
moattractant, particularly for macro-
phages pre-exposed to cortisol. These
data implicate CXCL4 as a key player in
the physiologic process of endometrial
repair after menses.
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Long-term, hormone-responsive organoid cultures of
human endometrium in a chemically defined medium
Margherita Y. Turco1,2,13, Lucy Gardner1,2, Jasmine Hughes3, Tereza Cindrova-Davies2,4, Maria J. Gomez1,
Lydia Farrell1,2, Michael Hollinshead1, Steven G. E. Marsh5, Jan J. Brosens6, Hilary O. Critchley7,
Benjamin D. Simons8,9, Myriam Hemberger2,10, Bon-Kyoung Koo9,11, Ashley Moffett1,2,12 and
Graham J. Burton2,4,12,13

In humans, the endometrium, the uterine mucosal lining,
undergoes dynamic changes throughout the menstrual cycle
and pregnancy. Despite the importance of the endometrium as
the site of implantation and nutritional support for the
conceptus, there are no long-term culture systems that
recapitulate endometrial function in vitro. We adapted
conditions used to establish human adult stem-cell-derived
organoid cultures to generate three-dimensional cultures of
normal and decidualized human endometrium. These organoids
expand long-term, are genetically stable and differentiate
following treatment with reproductive hormones. Single cells
from both endometrium and decidua can generate a fully
functional organoid. Transcript analysis confirmed great
similarity between organoids and the primary tissue of origin.
On exposure to pregnancy signals, endometrial organoids
develop characteristics of early pregnancy. We also derived
organoids from malignant endometrium, and so provide a
foundation to study common diseases, such as endometriosis
and endometrial cancer, as well as the physiology of
early gestation.

Throughout adult reproductive life, the functional layer of the
human endometrium undergoes a monthly cycle of regeneration,
differentiation and shedding under the control of the hypothalamic–
pituitary–ovarian axis. The mucosa contains simple glands lined
by secretory columnar epithelium, separated by intervening stroma.
During the oestrogen-dominated proliferative phase that follows
menstruation, the mucosa regrows and then differentiates during
the progesterone-dominated secretory phase. Implantation occurs

∼7 days post-ovulation onto the ciliated luminal epithelium and
stimulates transformation into the gestational endometrium, the true
decidua of pregnancy, that provides a microenvironment essential
for placentation. Up to ∼10 weeks of gestation, uterine glands
provide histotrophic nutrition for the conceptus before the definitive
haemochorial placenta is established1,2. Animal models in mice and
ruminants where glandular function is suppressed are unable to
support implantation and pregnancy3,4. Such models have revealed
the molecular interactions involved between the trophectoderm and
the uterine surface, and the key cytokines secreted by the glands,
such as leukaemia inhibitory factor5. However, the composition of the
secretions, and the gland/conceptus signalling dialogue during human
placentation are unknown due to their inaccessibility in vivo and the
absence of in vitromodels. Suboptimal glandular development and/or
functions may result in human pregnancy failure or predispose to
complications of later pregnancy, such as growth restriction6. Thus,
model systems to study these essential processes of human early
pregnancy would have many biological and clinical applications.

Although stem/progenitor cells within the stromal compartment of
the endometrium have been identified, suitable markers for glandular
progenitors are unknown7. In mice, stem cells are probably present at
the base of the glands8; similarly in primates, cells in the basal layer
that is not shed during menstruation can generate both glandular
and luminal epithelia9,10. In humans, putative endometrial stem cells
are the SSEA-1+, SOX9+ population with clonogenic ability11,12 but
these are not fully characterized and it is unknown how they maintain
uterine glands. Previous culture systems of human endometrial
glandular cells, including three-dimensional (3D) cultures, do not
fully recapitulate glandular features in vivo, and are not long-term
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or chemically defined13,14. Establishing defined endometrial organoid
cultures will offer possibilities for studying events during implantation
and early pregnancy in vitro as human blastocysts can be cultured past
the implantation phase of development15,16.

Organoids are self-organizing, genetically stable, 3D culture
systems containing both progenitor/stem and differentiated cells
that resemble the tissue of origin. Human organoids have been
derived from tissue-resident adult epithelial stem cells from gut, liver,
pancreas, prostate and fallopian tube17–21. We have now generated
long-term, chemically defined 3D glandular organoid cultures from
non-pregnant endometrium and decidua. The organoids recapitulate
features of uterine glands in vivo; the ability to respond to hormonal
signals, secrete components of ‘uterine milk’ and differentiate into
ciliated luminal epithelial cells. Human endometrial organoids can
be used to answer questions about uterine/placental cross-talk during
placentation, and will provide a system for studying the pathogenesis
and treatment of common conditions affecting women, such as
endometriosis and endometrial cancer.

RESULTS
Long-term genetically stable 3D organoid cultures can be
established from human non-pregnant endometrium
and decidua
To generate endometrial organoids, we used tissue isolates enriched
for epithelial cells, and allowed these to self-organize within Matrigel
droplets with the basal medium that supports development of other
human tissue organoids, containing EGF, Noggin and R-spondin-1
(ENR) (Fig. 1a). Because the signalling pathways maintaining
endometrial gland stem/progenitor cells are unknown, we tested
factors secreted by surrounding stromal cells, FGF10 and HGF22–25.
Nicotinamide and the Alk3/4/5 inhibitor, A83-01, that blocks the
TGFβ pathway were added as they are crucial in the establishment
and/or long-term culture of other human organoid systems18,20,26.
Decidual sampleswere initially used to optimize the culture conditions
as they yield high cell numbers. Glandular cells were cultured for
7 days and passaged at 1:3. Organoid numbers were counted after
another 7 days (Fig. 1b,c). A83-01, FGF10 andHGFwith EGF,Noggin,
R-spondin-1 and nicotinamide, expansion medium (ExM), gave the
highest yield of organoids (Fig. 1c, C8).

Organoid cultures were established in ExM within 1–2 passages
(Fig. 1d). To assess the requirement for each culture component,
5,000 cells were plated from established cultures (grown for >4
passages) in the absence of each factor, and the number of spheroids
present after one week was counted. Withdrawal of nicotinamide
had the strongest effect, whilst the lack of Noggin, R-spondin-1,
A83-01, EGF and HGF resulted in reduced numbers and/or smaller
organoids (Fig. 1e and Supplementary Fig. 1a). FGF10wasmaintained
in the medium, even though it had no effect on size or numbers of
organoids (Fig. 1e), because it was important initially in establishing
cultures and provides a physiological environment (Fig. 1b). ENR,
A83-01 and nicotinamide will maintain established cultures, but
were not tested in differentiation experiments and long-term culture
(Supplementary Fig. 1b). Organoid cultures were robustly established
from decidual samples in ExM from 25/26 donors (derivation
efficiency of 96%). Organoids were then successfully generated from
non-pregnant secretory endometriumwith 100%derivation efficiency

(11/11) (Fig. 1f). Proliferative phase endometrium is infrequently
sampled, but we did generate organoids from this phase (n= 3) and
from atrophic endometrium (n= 1), demonstrating that our culture
conditions can be used for tissue throughout the menstrual cycle, as
well as pregnant and post-menopausal endometrium (Fig. 1f). The
origin and characterization of established organoid cultures used for
this study are summarized in Supplementary Table 1.

The established organoids can be expanded at passage ratios of
1:2 or 1:3 every 7–10 days for >6 months (reaching more than a
106-fold increase in the number of organoids). Markers of glandular
epithelium (MUC1, E-cadherin, CK7 and EPCAM) are strongly
expressed by the organoids (Fig. 1g,h,i). EPCAM and laminin are
present at the baso-lateral membrane, showing that epithelial polarity
is intact (Fig. 1i). EdU pulse-labelling shows that ∼30% of cells are
actively replicating (Fig. 1i). The organoids form cystic structures
lined by columnar epithelium with secretions visible in the lumen.
Electron microscopy reveals a microvillus, pseudostratified columnar
epithelium supported by amorphous basement membrane material
with basally located nuclei (Fig. 1j). The cytoplasm contains plentiful
rough endoplasmic reticulum and Golgi bodies, numerous secretory
vesicles, with evidence of secretory activity from the apical surface
(Fig. 1k, arrowheads). A major component of endometrial glandular
secretions, glycogen, was visualized by vivid periodic acid Schiff
(PAS) staining (Fig. 1l). Thus, the appearances are highly similar to
endometrial glands in vivo27.

Next, the chromosomal stability of our endometrial organoids was
checked by the Comparative Genomic Hybridization (CGH) array.
Genomic DNAs were compared between the patient and established
organoid cultures at early passage (p) (2–4p) and between early
and late cultures (8–15p) (Supplementary Fig. 1d–f). No significant
DNA copy number abnormalities were identified during derivation
or after continuous passaging for up to 5 months. These organoids
can be frozen, thawed and regrown, allowing bio-banking of human
endometrial cultures.

Established human endometrial gland organoids recapitulate
molecular signature of glands in vivo
To assess the similarity between organoids and the tissue of origin,
we analysed the global gene expression profiles from established
organoid lines (n=7), initial glandular digests, and cultured stromal
cells from the same biopsy. Staining for MUC1 (glands) and vimentin
(stroma) confirmed enrichment of glands in our isolates and the
purity of stromal cultures (Supplementary Fig. 2a–d). Hierarchical
clustering analysis based on 15,475 probes (s.d./mean>0.1) shows that
the organoid cultures cluster more closely to glands than to stroma,
confirming their glandular epithelial nature (Fig. 2a).

To define an endometrial glandular genetic signature, we compared
glands and organoids to stroma. Two hundred and eighty-seven
genes were commonly upregulated in organoids and glands compared
with stroma with a fold change of ≥1.5 (P ≤ 0.01) (Fig. 2b). Gene
ontology (GO) analysis shows enrichment for ‘epithelial identity’
and ‘glandular function’ (Fig. 2c,d). Markers of epithelial cells
(CDH1, CLDN10 and EPCAM), mucosal secretory cells (PAX8
and MUC1) and of uterine glandular products were all present
(PAEP, KLK11 and MUC20) (Fig. 2e). Murine genes involved in
endometrial glandular development and function (FoxA2, Sox17 and
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Figure 1 Long-term 3D organoid cultures can be established from human
non-pregnant endometrium and decidua. (a) Scheme for deriving organoids.
(b) Screening conditions for generating organoids. FGF10, A83-01, HGF and
nicotinamide added in combinations to generic organoid medium (ENR).
Number of organoids derived under each condition (C2 to C9) shown
relative to basal conditions (C1). Decidual digests from three different
patients. Source data in Supplementary Table 5. (c) Representative images
for conditions C1–C9 in b. Scale bars, 500 µm. (d) Images of decidual
gland isolates (passage 0) and organoids after one passage in expansion
medium (ExM) (passage 1). Scale bars, 200 µm. Representative of all
samples, summarized in Supplementary Table 1. (e) Effect of withdrawal
of growth factors from ExM. Organoids grown in ExM and each factor
withdrawn: EGF, Noggin (NG), R-spondin-1 (RSPO1), FGF10, A83-01,
HGF and nicotinamide (NIC). Organoids formed shown relative to ExM(%).
Shown are decidual cultures derived from three different patients. Source
data in Supplementary Table 5. (f) Images of organoids established
in ExM from proliferative (Prol.) endometrium (n= 3), secretory (Sec.)
endometrium (n= 11), decidua (n= 25) and post-menopausal (atrophic)

endometrium (n= 1). Scale bars, 100 µm. (g) Immunohistochemistry of
decidua (in vivo) and organoids for mucin 1 (MUC1). Scale bars, 50 µm.
Representative of six decidual and endometrial samples, and organoids
derived from two endometrial and two decidual samples from different
patients. (h) Immunofluorescence staining of organoid for E-cadherin (E-cad)
and cytokeratin-7 (CK7). Phase, phase-contrast image. Scale bar, 50 µm.
Experiment repeated twice (one endometrial-derived and one decidua-derived
organoid). (i) Immunofluorescence staining of organoid for cell proliferation
(uptake of EdU), epithelial marker EPCAM and basement membrane
marker laminin (LAM). Scale bar, 50 µm. Experiment repeated twice
(one endometrial-derived and one decidua-derived organoid). (j) Electron
micrograph of organoid showing columnar epithelial cells with basally located
nuclei. Scale bar, 5 µm. Experiment repeated twice with different donors.
(k) Electron micrograph showing secretory activity (black arrowheads). Scale
bar, 1 µm. Experiment repeated twice with different donors. (l) PAS staining
for glycogen in endometrium and organoids. Scale bars, 50 µm (main image)
and 10 µm (inset). Representative of three endometrial samples and three
endometrial organoids.

Klf5) also emerged4,28–31. Using immunohistochemistry, we verified
nuclear presence of FOXA2, SOX17 and PAX8 in all organoids and
endometrial glandular cells throughout the cycle (Fig. 2f). Markers
(PROM1, AXIN2 and LRIG1) common to other epithelial progenitor
cells32,33 were found (Fig. 2e), but in endometrium LRIG1 transcripts
are present in glands and luminal epithelium throughout the cycle
and so their significance is uncertain (Fig. 2g and Supplementary
Fig. 3a). Analysis of expression of other putative endometrial stem

cell markers,AXIN2 and SSEA-1 was inconclusive11. AlthoughAXIN2
transcripts were found in glands in vivo, lack of a reliable antibody
prevented further analysis (Supplementary Fig. 3b). Only a few
cells were SSEA-1+ in organoids, analysed by immunohistochemistry
and flow cytometry (2–3%) and, after sorting SSEA-1+/− cells,
organoids emerged from the SSEA-1− fraction (Supplementary
Fig. 3c,d). Overall the gene signature of decidual organoids (n= 6)
is also very similar to non-pregnant endometrium (Supplementary
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Figure 2 Established human endometrial organoids recapitulate the
molecular signature of glands in vivo. (a) Unsupervised hierarchical clustering
analysis of global gene expression profiles by microarray of gland digests,
stromal cells and corresponding established organoids from endometrium
(n=7 independent donors). Analysis based on 15,475 probes with s.d./mean
>0.1. Expression profiles of organoids cluster with glands while those of
the stroma cluster in a separate tree. (b) Venn diagram showing overlap
of 287 genes significantly upregulated in glands and organoids with a fold
change ≥1.5 (P≤0.01) relative to stroma. (c) Gene ontology (GO) analysis
of the 287 genes from b using HumanMine v2.2 database for the GO terms
associated with ‘biological processes’ and Benjamini Hochberg test correction
with maximum P value of 0.05. The top ten significantly enriched GO terms
for each category are shown with the −log of their P values and are enriched
for terms describing epithelial tissue. (d) GO analysis of the 287 genes
from b using the same method as in c. The top ten significantly enriched
GO terms describe epithelial cells with secretory function. (e) Clustered

heatmap of 287 genes commonly upregulated between organoids and
glands compared with stroma from b. Genes of interest are listed on
the right. Epithelial markers (blue) (EPCAM, CLDN10, CDH1), glandular
products and markers of secretory cells (purple) (MUC20, PAX8, PAEP,
MUC1), progenitor cell markers (cyan) (LRIG1, PROM1, AXIN2) and murine
genes important for endometrial function (pink) (SOX17, KLF5, FOXA2).
(f) Immunohistochemistry for genes selected from microarray, FOXA2, SOX17
and PAX8, in proliferative and secretory endometrium and organoids. Scale
bars, 50 µm (main image) and 10 µm (insets). Representative of three
proliferative and seven secretory endometrial samples and endometrial
organoids derived from eight different patients. (g) In situ hybridization for
LRIG1 on proliferative and secretory endometrium and organoids. Negative
control probe is for the bacterial gene dapB. Scale bars, 50 µm (main
image) and 10 µm (insets). Representative of three proliferative and three
secretory endometrial samples and endometrial organoids derived from four
different patients.

Fig. 4a), with immunostaining of FOXA2, SOX17 and PAX8 and
expression of LRIG1 uniformly similar to ex vivo decidual glands
(Supplementary Fig. 4b,c).

Apart from shared gene sets between glands and organoids, there
are also genes expressed only in glands (421/652) or organoids
(286/484) (Supplementary Fig. 5). GO terms for glands describe
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stromal interactions (integrin binding and extracellular matrix
structural constituents), all absent in vitro. For organoids, in vitro
proliferation (cell division and mitotic nuclear division) dominated.
Thus, differential gene expression between gland samples and
organoids reflects their contrasting microenvironments.

A converse analysis to define a stromal cell signature (Supple-
mentary Fig. 2e) revealed minimal contamination from endothelial
cells (CD31 or CD34) or leukocytes (CD45). GO analysis showed
‘biological processes’ typical of fibroblasts and ‘molecular functions’
(Supplementary Fig. 2f,g). Gene sets were enriched for stromal cell
markers (THY1, NT5E and IFITM1)34,35, extracellular matrix pro-
teins (COL8A1, COL12A1, COL13A1 and LAMA1), and metallopro-
teinases (MMP11, MMP2, MMP12, MMP27, MMP3, TIMP2 and
CTGF) (Supplementary Fig. 2e). Genes encoding for components of
WNT (WNT2, WNT5A, RSPO3), BMP (BMP2, GREM1) and MAPK
(FGF2) signalling pathways also emerged, pathways identified from
our culture conditions.

Human endometrial gland organoids respond to sex hormones
Unlike other mucosal epithelia, the endometrium responds
dramatically to ovarian hormones, oestrogen (E2) and progesterone
(P4), which regulate cyclical proliferation and differentiation of
endometrial glands with concomitant dynamic temporal and spatial
expression of their receptors, ERα and PR (Fig. 3a)36–38. Following
menstruation, glands increase expression of ERα in response to
rising E2 levels (proliferative phase). After ovulation, ERα expression
declines in the early secretory phase whereas PR is maintained until
the mid-secretory phase (LH+7), after which both ERα and PR
expression disappears37.

To mimic the response of the organoid cultures to hormones,
we exposed organoids to E2 followed by P4 (Fig. 3b). Under ExM
conditions most cells show weak expression of ERα (ERαlow) with
some ERαhigh (Fig. 3c, arrowheads) and ERα− cells (Fig. 3c, arrows)
present. Although most organoids are PR−, a few cells are PRhigh; on
serial sections these are also ERαhigh. After exposure to E2 and P4, high
expression of both ERα and PR is seen in most organoids similar to
the situation in vivo (Fig. 3c). Organoid cultures derived from decidua
showed similar responses (Supplementary Fig. 6a).

We performed amicroarray analysis of organoids in ExM, E2 alone
or E2 and P4. Known genes upregulated by E2 and P4 in the mid-
secretory phase 17βHSD2, PAEP, SPP1, LIF, IGFBP4, IGFBP5 and
CYCLIN A1 were all upregulated in hormonally treated organoids
(Fig. 3d)39–42. This was confirmed for several genes using quantitative
real-time PCR (qRT-PCR) (Fig. 3e) and at the protein level for PAEP
and SPP1 (Fig. 3f,g). We also confirmed that the addition of cyclic
adenosine monophosphate (cAMP) to the differentiation medium, a
component used typically in decidualization protocols, enhances the
expression of differentiation markers shown by increased expression
of PAEP and SPP1 (Supplementary Fig. 6b)43.

Other hormonally regulated endometrial genes emerged, including
OLFM4, an intestinal stem cell marker44. In ExM, organoid cells
were OLFM4-negative but a subset became OLFM4+ after E2
treatment, similar to the proliferative phase in vivo (Fig. 3h, arrows).
Collagen 1A2 (COL1A2), chromogranin A (CHGA) and OVOL2
were also upregulated, whilst HES1 and SOX9 were downregulated.
In summary, the phenotypic response of glandular endometrial

organoids to ovarian sex hormones is characteristic of the early–mid-
secretory phase.

Signals from decidualized stroma and the placenta can further
stimulate differentiation of human endometrial gland organoids
If implantation occurs, the endometrium forms the true decidua of
pregnancy in response to P4; decidualized stromal cells characteris-
tically secrete prolactin (PRL)45. Both PRL and signals from the con-
ceptus are likely to stimulate uterine gland activity in early pregnancy
(Fig. 4a)46,47. To mimic pregnancy, we added placental hormones
(chorionic gonadotropin, hCG and human placental lactogen, hPL) in
combinations with PRL to ExM containing E2+P4+cAMP, referred
to as differentiation medium (Fig. 4b).

The three hormones together stimulate maximal production of
PAEP and a hypersecretory morphology characteristic of decidual
glands in vivo (Fig. 4c). PRL has an additional effect by stimulating the
formation of ciliated cells (identified by acetylatedα-tubulin) (Fig. 4d).
Similar findings were obtained using conditioned media from stromal
cells decidualized in vitro for 10 days (Supplementary Fig. 6c). As
ciliated cells are present in vivo only in the uterine luminal epithelium
and in superficial glands, the organoids are undergoing both glandular
and luminal differentiation.

SOX9, a marker of progenitor cells, is expressed in the base of
endometrial glands in vivo and at high levels in the organoids11,48,49 but
is absent from decidual glands in vivo. Organoids cultured with both
ovarian and pregnancy hormones undergo differentiation as SOX9
was downregulated (Fig. 4e). Thus, appropriate hormonal stimulation
induces organoids to acquire a decidual-like phenotype characteristic
of early pregnancy.

Human endometrial organoids have clonogenic ability and
are bipotent
To assess for stem cell activity, we measured clonogenic ability by
plating single cells from established organoid cultures by limiting
dilution; drops containing single cells were marked and followed
by time-lapse photography. Some cells formed an entire organoid
over 7–14 days; the rest either did not divide or formed small dying
spheroids (Fig. 5a). The organoid-forming efficiency of these cells was
2–4%with 100 cells per drop and∼10-fold lowerwith 10 cells per drop
(SupplementaryTable 2). Single organoids can be expanded into clonal
cultures and we now have grown 12 clonal lines from 5 independently
derived organoids (Fig. 5b). A single cell has bipotent ability as it could
generate the two main endometrial cell types: secretory (PAEP+) and
ciliated (acetylated-α-tubulin+) cells (Fig. 5c). Formation of cilia was
confirmed by electron microscopy (Fig. 5d).

Organoid cultures can be derived from endometrial cancer
Endometrial cancer is the commonest gynaecological tumour.
Organoids were derived from samples of tumours and the normal ad-
jacent endometrium from post-menopausal women. Themorphology
of the organoids showsn in Fig. 6 resembles the primary tumour (FIGO
grade I endometrioid carcinoma) showing pleomorphic cells with hy-
perchromatic nuclei and disorganized epithelium. In places, breaching
of the basement membrane is obvious, and isolated cells are seen in
the surrounding Matrigel. The organoids are positive for glandular
markers such asMUC1 and SOX17, confirming their glandular origin.
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Figure 3 Human endometrial organoids respond to sex hormones. (a) Ovarian
hormones, oestrogen (E2) (solid red), progesterone (P4) (solid blue), and
the cycling endometrium. Expression of oestrogen receptor (ERα) (dashed
red) and progesterone receptor (PR) (dashed blue) is specific for glands of
the functional layer. Data taken from refs 36–38. (b) Hormonal stimulation.
Organoids grown in ExM, day 0, are primed with E2 for 48h on day
4 followed by stimulation with P4 and cyclic AMP (cAMP) for 48 h.
(c) Immunohistochemistry for ERα and PR on organoids after hormonal
stimulation. In ExM expression of ERα is weak, but some cells are either
ERαhigh (arrowheads) or ERαnegative (arrows). Few cells are positive for PR
(arrowheads). After E2 and P4 treatment, levels of ERα and PR are
higher. Scale bars, 50 µm (main image), 10 µm (insets). Representative
of endometrial organoids from six patients and decidual organoids from
nine patients. (d) Clustered heatmap of selected genes from organoids
grown in ExM, ExM+E2 or ExM+E2+P4+cAMP (n=3 donors). Shown are
genes known to reflect differentiation in response to hormones (purple),
uncharacterized genes (grey) and downregulated genes (cyan). (e) qRT-PCR
analysis for differentiation markers (PAEP, SPP1, 17HSDβ2 and LIF ) of

organoids grown in ExM, ExM+E2 or ExM+E2+P4+cAMP. Shown are the
mean ± s.e.m. levels of expression relative to housekeeping genes and ExM
conditions (δδCt). Data from endometrial organoids from n= 6 different
patients. Source data in Supplementary Table 5. (f) Western blot for PAEP
in organoids after hormonal stimulation. Levels of glycosylated and non-
glycosylated PAEP increase following exposure to E2 and E2+P4+cAMP.
Ponceau S staining (Ponc S) for loading control. Experiment repeated twice
using endometrial organoids from two patients. Unprocessed original scans of
blots are shown in Supplementary Fig. 7. (g) Enzyme-linked immunosorbent
assay for SPP1 production by endometrial organoids following exposure to
hormones. Three independent experiments (donors 1–3). SPP1 secretion
increases following exposure to E2 and further after E2+P4+cAMP.
Source data in Supplementary Table 5. (h) Immunohistochemistry for
OLFM4 on organoids under ExM, ExM+E2 and ExM+E2+P4+cAMP,
and proliferative and secretory endometrium. Scale bars, 50 µm (main
image) and 10 µm (insets). Representative of two proliferative and two
secretory endometrial tissues and organoids derived from three diff-
erent patients.
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Figure 4 Signals from decidualized stroma and the placenta can further
stimulate differentiation of human endometrial organoids. (a) Hormonal
environment of endometrium during the first trimester of pregnancy.
Oestrogen (E2) and progesterone (P4) are ovarian products, human chorionic
gonadotropin (hCG) and human placental lactogen (hPL) are secreted by
trophoblast and prolactin (PRL) by decidualized stromal cells. (b) Protocol
for stimulation of endometrial organoids. Organoids are passaged and plated
on day 0 in ExM. On day 4, ExM is changed to differentiation medium
(DM; ExM with E2+P4+cAMP). hCG, hPL and/or PRL were added for
8 d. (c) Immunohistochemistry for PAEP on endometrial organoids under
the following conditions: ExM, DM, DM with hCG/hPL or PRL or all three
combined. Maximal production of PAEP and differentiated morphology of
cells is seen following exposure to DM with hCG, hPL and PRL. Scale bars,
50 µm. Representative of endometrial organoids derived from three different

patients. (d) Immunohistochemistry for acetylated α-tubulin to visualize
cilia in secretory endometrium (Sec. endom.) and endometrial organoids
following stimulation with PRL. Ciliated cells (arrows) are present in the
luminal epithelium (LE) and within organoids. GE, glandular epithelium.
Scale bars, 50 µm (main image) and 10 µm (insets). Representative of
four secretory endometrial samples and endometrial organoids derived from
four different patients. (e) Immunohistochemistry for SOX9 on endometrial
glands (in vivo) and organoids. Organoids in ExM express high levels of
SOX9 similar to proliferative endometrium (Prol. endom.). After hormonal
stimulation, SOX9 is downregulated in organoids (ExM+hCG+hPL+PRL)
similar to glands in decidua. Scale bars, 50 µm (main image) and
10 µm (insets). Representative of four proliferative endometrial samples,
seven decidual samples and endometrial organoids derived from four
different patients.

DISCUSSION
Here, we describe a robust chemically definedmethod for establishing
genetically stable endometrial organoids from human non-pregnant
endometrium and decidua that can be cultured long-term and
recapitulate the molecular signature of endometrial glands in vivo.
Several murine genes important for glandular development and
function (Foxa2, Klf5 and Sox17 ) are also expressed. The organoids
functionally respond to sex hormones, E2 and P4, and when further
stimulated with pregnancy (hCG, hPL) and stromal cell (PRL) signals,
acquire characteristics of gestational endometrium, synthesizing
abundant PAEP (glycodelin) and SPP1 (osteopontin). PAEP and
SPP1, components of glandular secretions, ‘uterine milk’, provide
histotrophic support to the trophoblast before the haemochorial
placenta is established.

Clonal organoid cultures generated from a single cell contain cells
with extensive proliferative capacity, and both ciliated and secretory
cells. Their gene signature includes markers of epithelial stem cells,
LRIG1, PROM1, AXIN2 and SOX9. Because we could generate SOX9-
expressing organoids from non-proliferative, SOX9−, differentiated
secretory phase endometrium and decidua, the few SOX9+ cells
present mainly in the basal layer might expand11. Alternatively,
plasticity of endometrial cells allows SOX9− differentiated cells to
self-renew and reacquire SOX9 expression in our cultures. A similar
reversion occurs in the liver, where non-Lgr5+ cells reacquire Lgr5
stem cell marker expression following tissue injury50.

Although organoids have been established from human fallopian
tube with differentiation into both ciliated and secretory cells, neither
the dramatic cyclical changes in response to E2 and P4, nor the process
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Figure 5 Human endometrial organoids have clonogenic ability and are
bipotent. (a) Phase-contrast images of (from top to bottom row): an
organoid forming from a single cell; a single cell forming a spheroid with
no further growth, and a single cell showing no growth. Images were
taken every two days. Scale bars, 50 µm. The experiment was performed
with three clonal lines derived from two endometrial and one decidual
organoid culture. (b) Representative image showing expansion of a clonal
culture at passage 1 (p1) from a single organoid (at p0) in a 96-well
plate. Scale bars, 500 µm. Twelve clonal cultures were established from
organoids from five different patient samples. (c) Immunofluorescence

on clonally derived endometrial organoid cultures subjected to the full
cocktail of hormonal stimuli to visualize two main endometrial epithelial
cell types: ciliated cells (acetylated α-tubulin) (cyan, and white arrowheads)
and secretory cells (PAEP) (red). Scale bars from left to right: 100 µm,
20 µm and 5 µm. Representative of four clonal lines derived from two
different endometrial organoid cultures. (d) Electron microscopy on clonally
derived endometrial organoid cultures subjected to the full cocktail of
hormonal stimuli showing basal bodies of fully formed cilia. Scale bars,
10 µm and 1 µm. Experiment performed twice using one clonal endometrial
organoid culture.

of decidualization induced by pregnancy occurs in the fallopian
tube, a mucosal surface contiguous to endometrium21. Furthermore,
the crucial site of embryo attachment is the luminal surface of
the endometrium.

Endometrial organoids can be maintained and expanded in ExM,
recapitulating pathways essential for culturing organoids from other
organs—the FGF-MAPK,WNT–R-spondin, BMP–Noggin and TGFβ
signalling pathways51. The contribution of endometrial stromal cells
to these signalling pathways is revealed from our microarray analysis
showing stromal transcripts encoding R-spondin-3 and FGF2. Further
refinement of the method to replace Matrigel with a chemically
defined extracellular matrix would enhance the model in future52.
The identity of the endometrial epithelial stem cells remains unknown
although their presence is revealed by the long-term expansion and
clonogenic activity of organoids, and we have defined the essential
niche components for their maintenance.

We also recapitulate the glandular cyclical changes during the
menstrual cycle triggered by sequential secretion of ovarian hormones,
E2 and P4. Endometrial organoids acquire a differentiated phenotype
characteristic of the mid-secretory phase, with upregulation of several
genes (17βHSD2, SPP1, LIF) expressed at this time. Other genes, such
asOLFM4, thatmay play key roles in regulating gland cell proliferation
and function during the cycle were also identified.

Besides the direct effect that E2 and P4 have on the glands, they
also exert a paracrine effect via the stromal cells. Decidualized stroma

secretes a wide range of proteins, including PRL whose function
is unknown. Unlike the pituitary, decidual PRL is driven from an
alternative promoter, derived from transposable elements (MER20)53.
Our finding that addition of PRL induces ciliated cells suggests that it
may influence differentiation and function of the glands.

The glands of gestational endometrium continue to differentiate
and display a hypersecretory appearance with abundant PAEP
production54,55. In our organoid system, addition of trophoblast
hormones (hCG and hPL) resulted in a similar appearance. This
culture system will therefore allow further investigation of the
essential (but understudied) period of histotrophic nutrition in the
first trimester of pregnancy before the haemochorial placenta is
established. Additionally, we were able to derive organoids from
endometrial adenocarcinomas. These common tumours in post-
menopausal women are associated with increased exposure to
oestrogen that is a feature of obesity, nulliparity, treatment with
tamoxifen and late menopause56. These can be used in the future
to build a biobank to screen drugs and investigate the mutational
changes, as has been done for colon cancers57.

In summary, we describe a method for reliable chemically
defined, long-term culture of endometrial glands from non-pregnant
endometrium and decidua that closely recapitulates the molecular
and functional characteristics of their cells of origin. The organoid
cultures can be frozen down without loss of their proliferative ability
after thawing, allowing the possibility to build up patient-specific
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Figure 6 Derivation of organoids from endometrial carcinomas. From left
to right: haematoxylin and eosin (H&E)-stained sections of normal atrophic
endometrium showing gland surrounded by dense stroma and a FIGO grade I
endometrioid carcinoma with dense glandular structures from the same pa-
tient (scale bars, 100 µm); bright-field (BF) images of organoids derived from
matched normal and malignant endometrium cultured in ExM (passage 1)
(scale bars, 100 µm); H&E-stained sections showing marked differences in

morphology between organoids derived from normal endometrium and those
from tumours that show nuclear pleomorphism, a disorganized epithelium
with irregular basement membrane and isolated cells present in surrounding
Matrigel (arrows) (scale bars, 20 µm); immunohistochemistry for MUC1 and
SOX17 on tumour and normal organoids confirms their glandular origin
(scale bars, 20 µm). Representative of organoids derived from three different
endometrial carcinomas and one matching normal tissue.

bio-banks. This method will be an invaluable research tool to study
new therapies for common pathologies of the endometrium, such
as endometriosis and endometrial cancer, as well as investigating
problems of implantation and the secretion of uterine histotroph
during early pregnancy. �

METHODS
Methods, including statements of data availability and any associated
accession codes and references, are available in the online version of
this paper.

Note: Supplementary Information is available in the online version of the paper
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METHODS
Patient samples. All tissue samples used for this study were obtained with written
informed consent from all participants in accordance with the guidelines in The
Declaration of Helsinki 2000 from multiple centres.

Decidual samples were obtained from elective terminations of normal preg-
nancies at Addenbrooke’s Hospital between 8 and 12 weeks gestation under ethical
approval from the Cambridge Local Research Ethics Committee (04/Q0108/23).

Secretory phase (6 and 10 d after pre-ovulatory luteinizing hormone surge)
endometrial samples were obtained from subjects recruited from the Implantation
Clinic at University Hospitals Coventry and Warwickshire National Health Service
Trustwith ethical approval fromNHSNational ResearchEthics—Hammersmith and
Queen Charlotte’s & Chelsea Research Ethics Committee (1997/5065). Endometrial
biopsies were obtained using a Wallach Endocell sampler, starting from the uterine
fundus and moving downward to the internal cervical ostium. None of the subjects
were on hormonal treatments for at least 3 months prior to the procedure.

Proliferative and secretory endometrial samples were obtained from
Addenbrooke’s Hospital under ethical approval from the East of England—
Cambridge South Research Ethics Committee (08/H0305/40).

Endometrial carcinoma samples were obtained from Addenbrooke’s Hospital
Tissue Bank.

Proliferative and secretory human endometrial tissue sections for immunohis-
tochemistry and in situ hybridization studies were available with research ethical
committee approval (LothianResearch Ethics Committee: 10/S1402/59; 16/ES0007).
Endometrial tissues were staged on the basis of standard histological criteria and
circulating oestradiol and progesterone levels at the time of collection and no
exogenous hormone exposure.

Isolation of glands, derivation and culture of organoids fromhumanuterine tissue
samples. Endometrial/decidual/carcinoma tissues were chopped using scalpels into
approximately 0.5mm3 cubes and enzymatically digested in 20–30ml 1.25Uml−1
Dispase II (Sigma, D4693)/0.4mgml−1 collagenase V (Sigma, C-9263) solution
in RPMI 1640 medium (Thermo Fisher Scientific, 21875-034)/10% FCS (Biosera,
FB-1001) with gentle shaking at 37 ◦C for 30–60min. The supernatant was
passed through one or more 100 µm cell sieves (Corning, 431752) and the
sieve washed several times with medium. The flow-through was collected for
stromal cell culture in Advanced DMEM/F12 (Thermo Fisher Scientific, 12634010)
+10%FBS+pen/strep (Sigma, P0781)+L-glutamine (Sigma, 25030-024) for several
days and subsequent analysis. The sieves were inverted over a Petri dish and
retained glandular elements were backwashed from the sieve membranes, pelleted
by centrifugation and resuspended in ice-cold Matrigel (Corning, 536231) at a
ratio of 1:20 (vol:vol). Twenty-microlitre drops of Matrigel–cell suspension were
plated into 48-well plates (Costar, 3548), allowed to set at 37 ◦C and overlaid with
250 µl organoid Expansion Medium (ExM). See Supplementary Table 3 for ExM
composition. The medium was changed every 2–3 d. Cultures were passaged by
manual pipetting every 7–10 d. For freezing organoids, Matrigel was removed
using Cell Recovery Solution (Corning, 354253) and organoids were resuspended
in Recovery cell culture freezing medium (Thermo Fisher Scientific, 12648-010).
A step-by-step protocol of the derivation and maintenance of human endometrial
organoid cultures can be found at Nature Protocol Exchange58.

Organoid formation efficiency assays. Organoids were removed of Matrigel using
Cell Recovery Solution and pipetted several hundred times before trypsinizing with
TrypLE Express (Invitrogen, 12604-013). Cells were washed in medium and passed
through a 40 µm cell strainer (Corning, 352340) to ensure single-cell suspension.
Cells were diluted in trypan blue to exclude dead cells and counted using a
haemocytometer. For the growth factor requirement experiment (Fig. 1e), 5,000
cells were plated per 20 µl Matrigel drop into 48-well plate, per culture condition
in triplicate. The number of organoids formed after 7 d was scored. For organoid
formation efficiency assay (Supplementary Table 2), 100 cells or 10 cells were plated
into 5 µl Matrigel drops into 96-well plates (Thermo Fisher Scientific, 167008) and
overlaid with 100 µl medium. The number of organoids was scored after 10 d.

Single-cell organoid formation timecourse. Organoids were processed in the same
way as for organoid formation efficiency assay. Cells were then plated using the
limiting dilution assay technique to have approximately 1 cell per 2.5 µl Matrigel
drop. The drops were plated onto gridded 35mm ibidi glass-bottom dishes (Thermo
Scientific, 81148) and overlaid with 1.2ml of ExM. ExM was supplemented with
10 µM Y-27632 (Merck, 688000) for the first 3 d of culture. Drops were screened
and the relative positions of the drops containing one cell were stored using the
Axiovision image software V4.8 and cells were imaged in phase contrast every 2 d
using the Zeiss Axiovert Z1 microscope and Axio Observer software.

Differentiation of endometrial organoids. For hormonal stimulation of organoids
with β-oestradiol (E2, Sigma E4389), progesterone (P4, Sigma P7556) and

8-bromoadenosine 3′, 5′-cyclic monophosphate (cAMP, Sigma B7880), organoids
were passaged routinely and after 4 d of growth in ExM, they were primed with
10 nME2. After 48 h, mediumwas replaced with the following conditions: untreated
(ExM); 10 nM E2; or 10 nM E2+ 1 µM P4+ 1 µM cAMP. After 96 h, the organoids
were collected for downstream applications.

For differentiation of organoids using human pregnancy hormones, 20 ngml−1
prolactin (PRL, Peprotech 100-07), 1 µgml−1 human chorionic gonadotropin (hCG,
Source Bioscience ABC403) and 20 ngml−1 human placental lactogen (hPL, R&D
5757-PL) were used. Organoids were passaged routinely and after 4 d in ExM, the
medium was switched to differentiation medium (DM), which is ExM containing
10 nM E2 + 1 µM P4 + 1 µM cAMP. DM was added with a combination of HCG,
hPL and/or PRL for another 8 d. See Supplementary Table 3 for further information.

Enzyme-linked immunosorbent assay.Organoids from nine wells of a 48-well plate
were pooled and transferred onto three 35mm ibidi µ-dishes (Thermo Scientific,
81156) thinly coated withMatrigel diluted 1:2 inDMEM/F12.Matrigel was removed
with Matrigel cell recovery solution on ice for 1 h. Organoids were washed in
DMEM/F12 and resuspended in 1.2ml ExM. Organoid suspension (400 µl) was
plated into each dish and incubated at 37 ◦C for 2 h to allow organoids to attach.
Dishes were flooded with ExM and cultured for 2–4 d until complete monolayers
of cells had grown out. Cells were then treated as described above for E2 and
P4 stimulation. Supernatants were harvested after a further 96 h and centrifuged
to remove any cellular material prior to concentrating to 250 µl with Vivaspin 2
concentrators (Generon, VS0291). Concentrated supernatants were stored at−80 ◦C
until use. Human Osteopontin (SPP1) Platinum ELISA (eBioscience, BMS2066)
was performed using 50 µl concentrated supernatant with 50 µl sample buffer in
duplicate alongside double diluted human SPP1 standard as per the manufacturer’s
instructions. The concentration of SPP1 in the supernatants was calculated from the
line formula of the standard plots using Microsoft Office Excel.

Immunohistochemistry. Tissue sections of 4 µm were cut from formalin-fixed
paraffin wax-embedded human endometrial and decidual tissues and organoids.
Prior to paraffin embedding, organoids were removed from Matrigel using Cell
Recovery Solution, fixed in formalin (Sigma, F5554) and embedded into 1% agarose
(Melford, MB1200). Sections were dewaxed with Histoclear (National Diagnostics,
HS-200), cleared in 100% ethanol and rehydrated through gradients of ethanol
to PBS. Heat-induced epitope retrieval (HIER) was performed in Access Rev-
elation (AR) pH 6.4 buffer (A.Menarini, MP-607-PG1) or Access Super (AS)
(A.Menarini, MP-606-PG1), at 125 ◦C in an Antigen Access pressure cooker unit
(A.Menarini, MP-2008-CE). Sections were blocked with 2% serum (of species in
which the secondary antibody was made) in PBS, primary antibody incubation was
30min at room temperature or overnight at 4 ◦C and slides were washed in PBS.
Biotinylated horse anti-mouse or goat anti-rabbit secondary antibody was used,
followed by Vectastain ABC-HRP reagent (Vector, PK-6100) and developed with
di-aminobenzidine (DAB) substrate (Sigma, D4168). Sections were counterstained
with Carazzi’s haematoxylin and mounted in glycerol/gelatin mounting medium
(Sigma, GG1-10). Primary antibody was replaced with an equivalent concentration
of mouse or rabbit IgG for negative controls. See Supplementary Table 4 for anti-
body information. Periodic acid Schiff (PAS) staining was performed on paraffin
sections following standard protocols provided by Surgipath. Tissue sections were
imaged using a Zeiss Axiovert Z1 microscope and Axiovision imaging software
SE64 V4.8.

Immunofluorescence (IF) and confocal microscopy. Endometrial organoids
were grown in 35mm ibidi µ-dishes (Thermo Scientific, 81156). Organoids were
incubated for 2 h at 37 ◦C in 10 µM EdU in ExM. Organoids were fixed in 4% PFA
for 30min at room temperature and washed several times in PBS. Cells were perme-
abilized for 30min in 0.5% Triton/PBS. EdU staining was done using Click-iT EdU
Alexa Fluor 594 Imaging Kit (Thermo Scientific, C10339) following the manufac-
turer’s instructions. Organoids were washed in PBS and blocked in 5%GS/1%BSA in
PBS for 40min at room temperature. Primary antibodies were incubated in blocking
buffer with 0.05% Triton at 4 ◦C overnight. For antibodies used, see Supplementary
Table 4. Negative controls were prepared by omitting primary antibody and omitting
EdU incubation. Organoids were washed 3 times for 15min in PBS. Organoids
were incubated for 3 h at room temperature in PBS with secondary antibodies (all
from Thermo Fisher Scientific): Alexa Fluor 488 goat anti-mouse IgG1 (A21121),
Alexa Fluor goat anti-rabbit 568 (A11011) or Alexa Fluor 647 (A21244) at 1:400 and
DAPI (Sigma, D9542). Organoids were washed in PBS for 30min 3 times, mounted
in ibidi mounting medium (Thermo Fisher Scientific, 400241) and imaged using
the ZEISS 700 Confocal microscope and ZENMicroscope Software.

Flow cytometry.Organoids were processed as described above in the ‘Organoid for-
mation efficiency assays’ section to obtain single-cell suspensions. Cells were blocked
in 1% FBS in DPBS without calcium and magnesium (Thermo Fisher Scientific,
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14190136) with human IgG (Sigma, I4506) and then incubated at 4 ◦C with SSEA-
1-PE at 1:10 (Miltenyi, 130-104-936). 7-AADwas used for live/dead discrimination.
Cells were sorted using a DakoCytomation MoFlo cytometer and Summit software.

In situ hybridization assays. In situ hybridization assays for LRIG1 and AXIN2were
performed on 4-µm-thick paraffin sections using the RNAscope 2.0 High definition
assay (AdvancedCell Diagnostics) following themanufacturer’s instructions. Briefly,
the tissue sections were baked at 60 ◦C for 1 h and dewaxed with xylene, cleared in
100% ethanol and air-dried. For tissue sections, the slides were treated according
to the standard protocol: 10min in Pretreat buffer 1, 15min in Pretreat buffer 2
and 30min at 37 ◦C in Pretreat buffer 3. For organoid sections, milder treatments
were necessary to avoid non-specific signal: Pretreat 2 for 5min and Pretreat 3
for 15min. Sections were then incubated with LRIG1 probe (Cat. no. 407421) or
AXIN2 (Cat. no. 400241), positive control probe PPIB (Cat. no. 313901), negative
control probe dapB (Cat no. 310043) for 2 h at 40 ◦C. Positive and negative controls
were performed for each sample. For the visualization of signal, the samples were
incubated using the amplification kit and then treatedwithDAB for 10min. Sections
were then dehydrated, mounted in DPX (Sigma, 44581) and imaged using a Zeiss
Axiovert Z1microscope and Axiovision imaging software SE64 V4.8.

Election microscopy (EM). For Fig. 1j,k, organoids were fixed in 4% glutaraldehyde
in 0.1 M HEPES buffer (pH 7.4) for 12 h at 4 ◦C, rinsed in 0.1 M HEPES buffer
×5, treated with 1% osmium ferricyanide at room temperature for 12 h, followed
by 5 washes in deionized water . They were then treated with 2% uranyl acetate in
0.05 M maleate buffer (pH 5.5) for 12 h at room temperature, rinsed in deionized
water and dehydrated in an ascending series of ethanol solutions from 70% to
100% treated twice with dry acetonitrile and infiltrated with Quetol epoxy resin.
Images were taken in an FEI Tecnai G2 operated at 120 kV using an AMT XR60B
digital camera running Deben software. For Fig. 5d, organoids were fixed in 0.5%
glutaraldehyde in 0.2M sodium cacodylate buffer (pH 7.2) for 30min, washed in
sodium cacodylate buffer, treated with reduced osmium tetroxide 1% OsO4, 1.5%
potassium ferricyanide at room temperature for 60min, washed in water, treated
with 0.5%magnesium uranyl acetate at 4 ◦C for 16 h, dehydrated with ethanol rinsed
in propylene oxide and embedded in Epon resin. Ultrathin sections were examined
in an FEI Tecnai G2 TEM at 80 kV. Images were acquired with a MegaView III CCD
and Soft Imaging Systems program.

Western blotting analysis. Organoids were incubated in Matrigel cell recovery
solution on ice for 1 h to remove Matrigel, washed in ice-cold PBS and
resuspended in ice-cold buffer containing 20mM Tris (pH 7.5), 150mM NaCl,
1mMEDTA, 1mMEGTA, 1% Triton X-100, 2.5mM sodium pyrophosphate, 1mM
glycerolphosphate, 1mM Na3VO4 and complete mini proteases inhibitor cocktail
(Roche, 04693159001). Western blots were performed as previously described59.
Equivalent amounts of protein were resolved by SDS–PAGE, and transferred onto
nitrocellulose membranes. Membranes were blocked in 5% milk in TBST for 1 h at
room temperature and then incubated overnight at 4 ◦C with anti-PAEP antibody
(Abcam, ab53289) diluted in 5% milk/TBST at 1:1,000. The membranes were
analysed by enhanced chemiluminescence (GE Healthcare, RPN2106) using Kodak
X-OMAT film (Sigma, F1274).

DNAextraction andquantification.DNAwas extracted fromdonor patients’ blood,
endometrial biopsies, decidual tissue and organoids using QIAamp DNA blood
Mini kit (Qiagen) by digestion with ATL buffer (Qiagen, 19076) and Proteinase K
(Sigma, P4850), followed by purification steps with RNase A (Sigma, R6513) and
Protein Precipitation Solution (Qiagen, 158910), precipitation with isopropanol and
washing with 70% ethanol. DNA quality and concentration were determined using
the Nanodrop ND-1000 Spectrophotometer.

Genetic analysis.TheDNAwas analysed using theAgilent SureprintG3unrestricted
CGH ISCA 8 × 60K array (Agilent, G4450A) by the Medical Genetics Laboratory
at Addenbrooke’s Hospital. Five independent organoid samples were analysed and
DNA from patient’s blood, biopsied tissue or early passage organoids was used as
hybridization controls. DNAwas diluted to 50 ng µl−1 and labelled using the Agilent
kit following the manufacturer’s instructions. Data analysis for segmentation and
copy number calls was performed at a genome-wide resolution of 500 kb using the
default analysis method—CGHv2 from the Agilent CytoGenomics software Edition
2.5.8.11 (Build 37).

RNA extraction, quantification and cDNA synthesis. Total RNA was extracted
using the RNeasy Mini kit with on column DNAse treatment (Qiagen, 79254),
following the manufacturer’s instructions. RNA quality and concentration
were determined using the Nanodrop ND-1000 Spectrophotometer. Total RNA
(500 ng–1 µg)was reverse transcribed using Superscript VILOReverse Transcriptase
(Thermo Fisher Scientific, 11754050) with random hexamers and RNAse inhibitor

according to the manufacturer’s instructions. An RNA sample without reverse
transcriptase was used as a control for genomic DNA contamination.

Real-time PCR. Quantitative real-time PCR (qRT-PCR) was performed on a
7900HT Fast Real-Time PCR system (Applied Biosystems) using Fast Taqman
Mix and Taqman gene expression assays and following the manufacturer’s pro-
tocol. The cycling conditions are: 95 ◦C for 20 s and 40 cycles of 95 ◦C for 3 s
followed by 60 ◦C for 30 s. TaqMan Gene expression assays (Applied Biosystems)
used: LIF (Hs01055668_m1), PAEP (Hs01046125_m1), SPP1 (Hs00959010_m1)
and HSD17B2 (Hs00157993_m1). Expression levels were calculated applying the
comparative Cycle threshold (Ct) method. Relative expression levels were normal-
ized to the geometric mean of three housekeeping genes HPRT1 (Hs02800695_m1),
TOP1 (Hs002432257_m1) andTBP (Hs00427620_m1) usingMicrosoftOfficeExcel.
All qRT-PCR experiments were carried out with a non-template control.

Microarray expression profiling and data analysis. Microarray experiments were
performed using the HumanHT-12 v4 Expression BeadChip (Illumina, BD-103-
0204) according to the manufacturer’s instructions by the Cambridge Genomic
Services at University of Cambridge. A total of 7 endometrial samples were analysed
and for each, the starting glandular digest, stromal cells and established organoids
were used for analysis. Six organoid cultures derived from decidua were also
analysed. RNA samples for microarray analysis were assessed for concentration
and quality using a SpectroStar and a Bioanalyser. Briefly, 200 ng of Total RNA
underwent linear amplification using the Illumina TotalPrep RNAAmplification Kit
(Thermo Fisher Scientific, AMIL1791) following the manufacturer’s instructions.
The concentration, purity and integrity of cRNA were measured by SpectroStar
and Bioanalyser. cRNA was hybridized to the HumanHT-12 v4 BeadChip overnight
followed by washing, staining and scanning using the Illumina Bead Array Reader.
After scanning, the data were loaded into GenomeStudio software. No background
correction or normalization is applied at this stage. The data are processed in
R using the lumi package and the limma package. Across all samples probes for
which the intensity values were not significantly different (P > 0.01) from the
negative controls were removed from the analysis. Following filtering the data
were transformed using the Variance Stabilization Transformation (VST) from lumi
and then normalized to remove technical variation between arrays using quantile
normalization. Comparisons were performed using the limma package with results
corrected for multiple testing using False Discovery Rate (FDR) testing. Finally, the
quality of the data was assessed and the correlation of the samples in the groups
compared. Heatmaps were generated using the heatmap.2 function of the R package
‘gplots’, which uses the Euclidean method to obtain the distance matrix and the
complete agglomerationmethod for clustering. For the sample heatmaps, the input is
a correlationmatrix based on samples’ expression profile. For the gene heatmaps, the
input is the vst transformed and normalized intensitymatrix. The cluster analysis for
the hormone stimulation microarray was done using the R sva package; expression
values from all geneswere transformed by removing the baseline differences between
samples due to patient origin. Then, cluster analysis was done on a selected group of
genes (those differentially expressed between control groups (ExM) and stimulated
with oestrogen (ExM+E2) with adjusted P values ≤0.05) using the R stats package.
The distance matrix was computed using 1-correlation as the distance measure, and
hierarchical clustering was performed using the complete linkage method.

Statistics and reproducibility. All experiments reported in this study have been
reproduced with similar results using independent samples (tissues and organoids)
frommultiple patients. The origin of derivation of organoids (proliferative or secre-
tory endometrium, decidua, post-menopausal or carcinoma) and the number of
times the experiments were repeated are reported in the figure legends and summa-
rized in Supplementary Table 1. Given the descriptive nature of the work and biolog-
ical variation between human samples, the experimental data points for each patient
sample are shown separately unless stated otherwise. Statistical analyses used to
analysemicroarray data are reported in theMethods above and in the figure legends.

Data availability. Microarray data that support the findings of this study have
been deposited in the Gene Expression Omnibus (GEO) under accession codes
GSE83281 (Fig. 2 and Supplementary Fig. 2) and GSE94723 (Fig. 3). Source data for
Figs 1b,e and 3e,g and Supplementary Fig. 6b have been provided as Supplementary
Table 5. All other data supporting the findings of this study are available from the
corresponding authors on reasonable request.
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Supplementary Figure 1 Growth factor requirements of established endo-
metrial organoids (a) Bright field (BF) images of spheroid formation assay 
for endometrial organoids at d 7. Single factors were omitted from ExM 
(control) as indicated. Noggin (NG), Rspondin-1 (RSPO1) and Nicotinamide 
(NIC). Scale bar, 500 μm. Representative of experiments performed with 3 
decidual organoids derived from different donors. (b) BF images of endome-
trial organoids after 4 passages in ENR, ENR+A83-01, ENR+Nicotinamide, 
ENR+ A83-01+Nicotinamide and ExM.  Scale bar, 500 μm. Represen-
tative of experiments performed with 3 endometrial organoids derived 
from different donors. (c) BF images of organoids derived from atrophic 
post-menopausal endometrium 10 d after plating and cultured under ENR, 
ENR+A83-01+Nic and ExM conditions. Scale bar, 500 μm. Only 1 tissue 
sample obtained for this experiment. (d) BF images of endometrial organ-
oids at early passage 2, (p2) and late passage 8 (p8). Scale bar, 100 μm. 

(e) Analysis of genetic stability of cultures with CGH array. A representa-
tive whole-genome array CGH plot generated using Agilent Cytogenomics 
software. Genomic DNA from early passage (p2) endometrial organoids 
(red) is compared to genomic DNA from original sample (blue). Each spot 
is a single probe. Log ratios of the average signal intensity of each probe 
on the Y-axis along its position on the chromosomes (1-22, X and Y) on 
the x-axis. A log signal ratio of 0 represents equivalent copy number. High 
signal in the Y chromosome region is not significant, and is due to absence 
of the Y chromosome in the samples. Repeated with 4 different decidual 
organoids and 2 endometrial organoids. (f) Genomic DNA from late passage 
(p8) endometrial organoids (red) compared to genomic DNA from early 
passage (p2) organoids (blue). The plot represents data described in the 
same way as in (e). Repeated with 4 different decidual organoids and 2 
endometrial organoids.

http://dx.doi.org/10.1038/ncb3516
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Supplementary Figure 2 Cell isolation procedure from endometrium enrich-
es for glands and stromal cells. (a) BF image of gland fragments generated 
from endometrium. Scale bar, 500 μm. (b) IF staining on cytospin smears 
of gland isolates shows enrichment for MUC1-positive fragments. Scale 
bar, 100 μm. Experiment repeated twice with endometrial digests from 
different donors. (c) Phase-contrast image of endometrial stromal cultures 
isolated from endometrium showing typical fibroblast morphology (passage 
2). Scale bar, 200 μm. (d) IF staining of endometrial stromal cultures 
shows cells are uniformly positive for mesenchymal marker VIMENTIN (far 
left, scale bar, 50 μm). Image at higher magnification (centre, scale bar 
50 μm) and zoom-in image (far right) show filamentous staining pattern 
typical of VIMENTIN (white arrowheads). Experiment repeated twice with 
stromal cells isolated from endometrial samples from different patients. (e) 

Clustered heatmap of 376 genes upregulated in stromal cells compared to 
gland digests and organoids derived from endometrium (n=7 independent 
donors). Genes descriptive of fibroblast function (magenta), genes that 
encode for signalling pathways (blue) and genes that encode for fibroblast 
markers (cyan). (f) Gene ontology (GO) analysis of upregulated genes from 
(e) using HumanMine v2.2 database for GO Terms Molecular Function with 
Benjamini Hochberg test correction with maximum p-value of 0.05. The 
top eight significantly enriched GO terms for each category are shown with 
the –log of their p-values on the x-axis. (g) analysis of upregulated genes 
from (e) using HumanMine v2.2 database for GO Terms Cellular Compo-
nents with Benjamini Hochberg test correction with maximum p-value of 
0.05. The top eight significantly enriched GO terms are shown with the –log 
of their p-values on the x-axis. 
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Supplementary Figure 3 Expression of stem cell markers LRIG1, AXIN2 
and SSEA-1 in human endometrium. (a) ISH for LRIG1 on functional and 
basal layers of proliferative endometrium. LRIG1 transcripts are detected 
in both luminal (LE) and glandular (GE) compartments (positive signal, in 
brown, DAB and counterstain in purple with Carazzi’s hematoxylin). Stroma 
(St) and myometrium (M) are negative. Positive control probe is for PPIB. 
Negative control probe is for the bacterial gene dapB. Scale bars, 50 μm. 
Representative of 3 different endometrial samples. (b) ISH to localize 
AXIN2 expression in human endometrium (positive signal, in brown, DAB). 
AXIN2 transcripts are found within GE and not in St. Scale bars, 50 μm 
(main image) and 10 μm (inset). Representative of 3 different endometrial 
samples. (c) IHC for SSEA-1 on endometrial organoids showing a small 

population of positive cells. Representative of 3 different endometrial 
samples. (d) FACS sorting gates for SSEA-1 on endometrial organoids. 
Organoids were processed to obtain single cells and stained for SSEA-1-PE 
and 7-AAD. Gating strategy (from left to right); debris was gated out on 
forward/side scatter (cells, R1), singlets were gated on (R2) and live cells 
based on negativity for 7-AAD (R3). To ensure sorted SSEA-1+ /- cells are 
pure, gating between them was distanced by a log difference. Negative 
control using mouse IgG-PE was used for gating positive populations. 
Specificity of SSEA-1 staining was tested on peripheral blood where it 
is expressed on granulocytes and monocytes. Percentages of SSEA-1+ 
cells from organoid cultures derived from 4 different donors are shown in 
table below.
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Supplementary Figure 4 Organoids derived from gestational endome-
trium (decidua) are similar to endometrial organoids. (a) Unsupervised 
hierarchical clustering analysis of global gene expression profiles by mi-
croarray of initial glandular digests, primary isolates of stromal cells and 
corresponding established organoids from endometrial biopsies. Highlight-
ed in red, endometrial organoid_1 to organoid_7, highlighted in yellow: 
decidual organoid_8 to organoid_13. Analysis based on 20611 probes 
with sd/mean >0.1. Glands and organoids derived from endometrium and 
decidua cluster together whilst the stroma clustered separately. (b) IHC 
for FOXA2, SOX17 and PAX8 expression identified from the microarray as 

characteristic of endometrial glands. All gland cells in the decidua and 
organoids derived from decidua are positive for these markers. Scale bars, 
50 μm (main image) and 10 μm (insets). Representative images of neg-
ative controls on decidua and organoids using mouse or rabbit IgGs are 
shown. Representative of 7 decidual samples and organoids derived from 
5 different patients. (c) ISH for LRIG1 on decidua and organoids derived 
from decidua. Positive control probe is for PPIB. Negative control probe is 
for the bacterial gene dapB. Scale bars, 50 μm (main image) and 10 μm 
(insets). Representative of 3 decidual samples and organoids derived from 
3 different patients. 
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Supplementary Figure 5 Analysis of genes that are differentially expressed 
between isolated glands and organoids in comparison to stromal cells. 
Genes that are only expressed in one or other group without restriction to 
a fold change of ≥1.5 were examined. For glands, these are 421/652, and 
for organoids 286/484. Gene ontology analysis using R package TopGO 

(stringent Weight method) of 421 genes expressed only in isolated glands 
show terms that describe interaction of cells with their microenvironment, 
such as integrins and extracellular matrices. The 268 genes expressed only 
in organoids contain GO terms describing proliferation and DNA replication, 
reflecting the expanding in vitro system.
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Supplementary Figure 6 Further characterization of endometrial and decid-
ual organoid differentiation. (a) IHC for ERα and PR on decidual organoids 
cultured in ExM and after hormonal stimulation. Expression and upregula-
tion of ERα and PR in ExM and after hormonal stimulation is similar to that 
of endometrial organoids (Figure 3c). Scale bars, 50 μm (main image) and 
10 μm (insets). Representative of stimulation of decidual organoid cultures 
derived from 3 different patients. (b) QRT-PCR for differentiation markers 
PAEP and SPP1 in endometrial organoids stimulated with differentiation 
protocol described in Figure 3b, in the presence and absence of cAMP. 

Addition of cAMP to differentiation medium enhances upregulation of 
these markers. Results from endometrial organoids derived from 3 different 
donors are shown individually. (c) Effect of conditioned medium from endo-
metrial stromal cells stimulated with hormones on cilia formation in endo-
metrial organoids. Acetylated-α tubulin are shown in brown (DAB) and cells 
are counterstained with Carazzi’s Hematoxylin. Ciliated cells are present in 
both ExM+E2+P4+cAMP+PRL and d 10 stromal cell conditioned medium. 
Scale bars, 50 μm (main image) and 10 μm (insets). Representative of 
treatment of endometrial organoids derived from 3 different patients.
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Supplementary Figure 7 Unprocessed scans of western blots for Figure 3f.  
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Supplementary Table Legends

Supplementary Table 1 Summary of established organoid cultures used for this study. Organoids were derived from 43 samples: proliferative phase en-
dometrium (n=3), secretory endometrium (n=11), decidua (n=25), atrophic endometrium (n=1) and endometrial adenocarcinomas (n=3). Each organoid 
culture was derived from a different patient sample. Shown below are the samples used in this study (n=34). For each organoid culture, the type of endo-
metrial tissue from which it was derived and the characterisation performed are indicated (grey box). 

Supplementary Table 2 Human endometrial organoids have clonogenic ability. Organoid formation efficiency is shown as percentage of plated cells from 
established organoid cultures ± SD (plated at 100 and 10 organoid cells/5 μL Matrigel drop into 96-well plates). From endometrial organoids derived from 
3 different patients.

Supplementary Table 3 Expansion medium composition for the culture of organoids from human endometrium and hormones used for their differentiation.

Supplementary Table 4 List of antibodies used.

Supplementary Table 5 Source data for Figures 1b, 1e, 3e, 3g and Supplementary Figure 6b.
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Abstract
 Human mast cells (MCs) are long-lived tissue-residentBackground:

immune cells characterised by granules containing the proteases chymase
and/or tryptase. Their phenotype is modulated by their tissue
microenvironment. The human uterus has an outer muscular layer (the
myometrium) surrounding the endometrium, both of which play an
important role in supporting a pregnancy. The endometrium is a sex steroid
target tissue consisting of epithelial cells (luminal, glandular) surrounded by
a multicellular stroma, with the latter containing an extensive vascular
compartment as well as fluctuating populations of immune cells that play an
important role in regulating tissue function. The role of MCs in the human
uterus is poorly understood with little known about their regulation or the
impact of steroids on their differentiation status.
The current study had two aims: 1) To investigate the spatial and temporal
location of uterine MCs and determine their phenotype; 2) To determine
whether MCs express receptors for steroids implicated in uterine function,
including oestrogen (ERα, ERβ), progesterone (PR) and glucocorticoids
(GR).

 Tissue samples from women (n=46) were used for RNAMethods:
extraction (n=26) or fixed (n=20) for immunohistochemistry.

 Messenger RNAs encoded by   (tryptase) and Results: TPSAB1 CMA1
(chymase) were detected in endometrial tissue homogenates.
Immunohistochemistry revealed the relative abundance of tryptase MCs
was myometrium>basal endometrium>functional endometrium. We show
for the first time that uterine MCs are predominantly of the classical MC
subtypes: (positive, +; negative, -) tryptase+/chymase- and
tryptase+/chymase+, but a third subtype was also identified
(tryptase-/chymase+). Tryptase+ MCs were of an ERβ+/ERα-/PR-/GR+
phenotype mirroring other uterine immune cell populations, including
natural killer cells.

 Endometrial tissue resident immune MCs have threeConclusions:
protease-specific phenotypes. Expression of both ERβ and GR in MCs

mirrors that of other immune cells in the endometrium and suggests that
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mirrors that of other immune cells in the endometrium and suggests that
MC function may be altered by the local steroid microenvironment.
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Introduction
Mast cells (MCs) are long-lived tissue resident immune cells, 
derived from CD34+/c-kit+ pluripotent progenitors, that reside in 
the bone marrow (Kirshenbaum et al., 1999). MC progenitors are 
recruited into peripheral tissues by chemokines secreted by stro-
mal cells, which together with stem cell factor, a complex array of 
cytokines, and a range of micro-environmental factors, are reported 
to stimulate the development of tissue resident mature MCs  
(Valent et al., 1992). Mature MCs are usually classified according 
to the presence of one or more serine proteases (tryptase and/or 
chymase) in prominent cytoplasmic granules.

MCs are typically phenotyped as MC
TC

, with granules contain-
ing both tryptase (TPSAB1) and chymase (CMA1), or MC

T
, with 

granules only containing tryptase alone (Collington et al., 2011;  
Wernersson & Pejler, 2014). It has been reported that MCs maturing  
in different tissue microenvironments can vary widely in the  
amount of tryptase and chymase they contain (Caughey, 2007). 
When MCs are activated they de-granulate by exocytosis, releasing 
these serine proteases together with other inflammatory meditators 
(Lorentz et al., 2012; Tiwari et al., 2008). The female sex hormones, 

oestradiol and progesterone, are thought to have an impact on MCs 
because many pathophysiological conditions attributed to MC 
activity have a higher prevalence in females than males (Narita  
et al., 2007). Studies in non-reproductive tissue systems and those 
using the HMC-1 cell line (human MC line, (Butterfield et al., 
1988)) have reported that MCs express the oestrogen receptor α 
isoform (ERα) and progesterone receptor (PR) (Jensen et al., 2010;  
Nicovani & Rudolph, 2002; Zaitsu et al., 2007). Some authors 
found evidence that MCs can be rapidly stimulated to degranu-
late by oestradiol via ERα (Zaitsu et al., 2007). Glucocorticoid  
treatments are reported to reduce the number of tissue resident  
MCs by reducing concentrations of stem cell factor that are 
required for MC survival (Finotto et al., 1997). Glucocorticoids are 
also reported to prevent MC activation via their high-affinity IgE  
receptor (Smith et al., 2002).

The human endometrium undergoes physiological cycles of  
cellular proliferation, differentiation and secretory activity during 
each menstrual cycle (Johannisson et al., 1987). In the absence of 
embryo implantation, the upper functional layer of the endometrium 
breaks down and is shed at menstruation, which is consid-
ered to bear the hallmarks of an inflammatory process (Jabbour  
et al., 2006). Endometrial tissue adjacent to the myometrium  
(basal compartment) is not shed during menstruation and is  
implicated in the rapid re-epithelialisation, cessation of bleeding 
and restoration of tissue homeostasis facilitating regeneration of 
the functional layer. This monthly tissue remodelling is regulated 
by changes in cyclical ovarian steroid hormones with oestrogen 
increasing cell proliferation, progesterone inducing functional 
maturation of stromal cells in preparation for implantation, and  
progesterone withdrawal precipitating a cascade of changes  
culminating in tissue breakdown and menstruation (Kelly et al., 
2001; Maybin & Critchley, 2015; Salamonsen & Lathbury, 2000). 
Endometrial tissue contains stromal, epithelial, and endothelial 
cells, as well as a diverse population of immune cells, the most 
abundant of which are uterine natural killer cells (uNK) and mac-
rophages (Evans & Salamonsen, 2012; Thiruchelvam et al., 2013).  
We, and others, have investigated the impact of steroids on 
uNK cells and macrophages and shown that they contain both  
receptors that can bind oestrogens (ERβ isoform) and glucocor-
ticoids (Bombail et al., 2008; Henderson et al., 2003), but are 
immmuno-negative for ERα and PR. The concentrations of steroids 
in endometrial tissue are subject to local modulation by enzymes 
that metabolise sex steroids (androgens, oestrogens), as well 
as glucocorticoids (Bamberger et al., 2001; Gibson et al., 2013;  
Gibson et al., 2016; McDonald et al., 2006). The creation of a 
steroid rich microenvironment has an impact on the function of 
immune cells and the vasculature. For example, exposure of uNK 
to oestrogens increases their secretion of CCL2, which has an  
impact on vascular endothelial cells (Gibson et al., 2015), and  
likewise exposure of macrophages to cortisol results in the  
release of factors that induce altered endometrial endothelial cell 
expression of angiogenic genes (Thiruchelvam et al., 2016).

The basal portion of the endometrium sits directly on the myo-
metrium, which is made up of three layers consisting of smooth 
muscle fibres and associated vasculature and stroma. The inner 
layer, adjacent to the endometrium, is also known as the junctional 

            Amendments from Version 1

•    We have referenced the study by Mori et al. (1997) in the 
Introduction and the study by Engemise et al. (2011) in the 
Discussion.

•    We have changed the text of the Introduction so that the 
abbreviations for TPSAB1 and CMA1 are introduced during 
the first mention of their importance in defining the mast cell 
phenotype.

•    The text describing the samples has been changed to clarify 
that although 46 patients were recruited during this study 
their samples were split between RNA (n=20) and fixation for 
immunostaining (n=26).

•    Although the delta delta CT method is one of the most 
popular it is based on comparable amplification efficiencies 
of the endogenous control and gene of interest. As 
determined by the standard curves the efficiencies of the 
TPSAB1 and CMA1 were not suitable for analysis by this 
method and therefore a more appropriate method was the 
relative standard curve method.

•    The tonsil sample was chosen as a positive control as this 
tissue has mast cells which contain tryptase and chymase: 
we chose this tissue because we were able to access fixed 
material from our hospital to use for control experiments to 
validate the antibodies.

•    For dual immunostaining primary antibodies were applied 
to sections overnight (16h) and incubated in a fridge 
- secondary antibodies were applied for 1h at room 
temperature. This is a standard method used in our 
laboratory and in our hands it leads to lower rates of non-
specific background staining than application of primary 
antibody at room temperature.

•    The limitations on the amount of individual fixed samples 
meant that not all of the fixed samples (n=20) were stained 
with all antibodies and this is reflected in the numbers stated 
in the figure legends.

See referee reports

REVISED
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zone. This zone has circular muscle fibres and like the endometrium 
it is derived from the Mullerian duct (Uduwela et al., 2000), whilst 
the other layers develop from non-Mullerian tissue. The smooth 
muscle cells of the myometrium (myocytes) are active during the 
non-pregnant menstrual cycle, with uterine peristalsis constituting 
one of their fundamental functions (Kunz & Leyendecker, 2002). 
Like the endometrium, the myometrium is a steroid target organ 
with myocytes expressing receptors for oestrogens, progestagens 
and androgens, all of which can induce changes in gene expression 
(Chandran et al., 2016; Makieva et al., 2016).

MCs have been identified in the human uterus, with reports that 
their phenotype is similar to lung MCs in terms of a response to 
secretagogues and release of prostaglandins, but a granule pheno-
type distinct to that of gut MCs (Massey et al., 1991). There has 
also been interest in the role played by MCs in myometrial contrac-
tions and in fibroids, although whether they play an important role 
in either has been questioned (Garfield et al., 2006; Menzies et al., 
2011; Protic et al., 2016). A detailed study on uterine MCs was 
published by Jeziorska et al. (1995), who used immunohistochem-
istry to identify tryptase and chymase positive cells in 107 uterine 
samples taken across the menstrual cycle. They reported that there 
were similar MC numbers throughout the functional, basal layers of 
the endometrium, and myometrium during the menstrual cycle. In 
a smaller study Mori et al. (1997) immunostained uterine samples 
from 24 women with a variety of gynaecological disorders using 
antibodies against tryptase and chymase. They reported that the 
MCs were most abundant in the inner half of the myometrium and 
most endometrial MCs were of the MCT phenotype.

In summary, the role of MCs in the human uterus is poorly under-
stood and little is known about their regulation, or the impact of 
steroids within the uterine microenvironment on their differentia-
tion status. The current study used tissue sections of human uterus to 
define the spatial and temporal location of MCs in the myometrium 
and endometrium, and explored their phenotype by examining the 
pattern of expression of the proteases tryptase and chymase using 
fluorescent co-staining. We also examined expression receptors for 
oestrogen (ERα, ERβ), progesterone (PR) or glucocorticoids (GR) 
to determine their ability to respond directly to steroids.

Methods
Patients and tissue recovery
Ethical committee approval was obtained from the Lothian 
Research Ethics Committee (LREC; approval numbers, 10/
S1402/59 and 16/ES/0007). Patients were recruited by dedi-
cated research nurses from clinics treating women for benign 
gynaecological conditions, including heavy menstrual bleeding 
and fibroids. In all cases written patient consent was obtained 
prior to tissue collection. Full details of patients are provided in  
Supplementary Table 1. The total number of women from which 
samples were obtained was 46. However, due to limited amount 
of tissue available, some samples were either fixed (n=20) or used 
for RNA extraction (n=26), but not for both. Patients were aged 
between 25–50 years (average of 39.8 years), reported regular 
menstrual cycles and had not taken any exogenous hormones in 
the three months prior to surgery. Stage of the menstrual cycle was 
evaluated by analysis of circulating steroid concentrations (P

4
, E

2
) 

using blood samples obtained at the time of surgery. Assays were 
performed by the Specialist Assay Service (Surf Facility, University 

of Edinburgh) and cycle stage was further confirmed by examina-
tion of tissue sections by an expert pathologist, Professor A.R.W.  
Williams (NHS, Royal Infirmary, Edinburgh). Critical inclusion 
criteria were the absence of pelvic pain, such as dysmenorrhea, 
absence of fibroids or presence of small fibroids only (<3 cm): none 
of these women had a diagnosis of endometriosis.

RNA extraction, cDNA synthesis and qRT-PCR
Total RNA was extracted using the RNeasy Mini Kit (Qiagen,  
UK), according to manufacturer’s instructions. RNA concen-
tration and purity was measured using the Nanodrop (LabTech  
International, UK) and standardised to 100ng/µl for all samples. 
Reverse transcription was performed using 100ng of RNA with 
0.125× Superscript Enzyme in 1× VILO reaction mix (Thermo 
Fisher Scientific, UK) at 25°C for 10 minutes, followed by 42°C 
for 60 minutes and finally 85°C for 5 minutes. Quantitative PCR 
was performed using FAM labelled probes for TPSAB1 (number 
20) and CMA1 (number 81) from the Universal Probe Library 
(Roche Diagnostics, UK) and VIC labelled human PPIA (Cyclo-
philin A) endogenous control (Thermo Fisher Scientific), with 
specific primers for TPSAB1 (forward 5’-cctgcctcagagacct-
tcc-3’; reverse 5’-acctgcttcagaggaaatgg-3’) and CMA1 (forward 
5’-ttcacccgaatctcccatta-3’; reverse 5’-tcaggatccaggattaatttgc-3’) 
(Eurofins Genomics, UK). Primers directed against human cyclo-
phillin A (CYC, PPIA) served as an endogenous control were sup-
plied in a premade kit purchased from Thermo Fisher Scientific  
(catalogue number 4310883E). Each 15µl reaction consisted 
of 1µl of cDNA in 1× Express qPCR Supermix (Thermo Fisher  
Scientific) with 200nM of forward and reverse primer, 100nM 
probe, amplified for 40 cycles at 95°C for 15s followed by 60°C  
for 1 minute using the ABI Prism 7900HT Fast Real-Time  
PCR System (Applied Biosystems, UK). Analysis was by relative 
standard curve according to the recommendations of Bustin et al. 
(2009) using tonsil mRNA (ASD-0088; Applied StemCell, USA), 
chosen because it is a well-established positive control for mRNA 
expression of MC proteases (Irani et al., 1986).

Statistical analysis was carried out using GraphPad Prism 6.0 
(GraphPad Software, USA). Data are presented as the median. 
One-way ANOVA was used, and Kruskal-Wallis was performed as 
a secondary test with Dunn’s multiple comparisons test. Criterion 
for significance was p<0.05.

Phenotyping mast cells by immunohistochemistry and dual 
colour immunofluorescence
Immunohistochemistry was carried out on “full thickness” (uter-
ine lumen to endometrial-myometrial junction) human uterine  
sections to localize MCs to the different tissue layers: myometrium, 
basal endometrium and functional (luminal) endometrium.  
Uterine biopsies were fixed in 4% neutral buffered formalin,  
embedded in paraffin wax and cut to 5µm sections. Following 
dewaxing and rehydration, sections were blocked in methanol 
peroxide for 30 minutes on a rocker at room temperature (RT), 
followed by 30 minutes blocking in normal goat blocking serum 
(Sigma Aldrich, Dorset, UK), before primary antibody incubation 
at 4°C overnight (16h): Tryptase, rabbit monoclonal, Abcam, UK;  
Chymase, mouse monoclonal, AbSerotec, UK; ERα, mouse mono-
clonal, Vector Laboratories, UK; ERβ mouse monoclonal, AbSero-
tec, UK. After washing in 1× Tris Buffered Saline + 0.05% Tween, 
slides were incubated with secondary antibody for 1 hour at RT, 
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Figure 1. Messenger RNAs encoded by genes encoding mast cell proteases were not cycle stage dependent. (A) TPSAB1 mRNA and 
(B) CMA1 mRNA. Single dots represent different patient samples, and data are expressed as the median. Proliferative phase n=14, early 
secretory phase n=7, mid secretory phase n=6, and menstrual phase n=3.

followed by 1:50 tyramide signal amplification (TSA Fluores-
cein Tyramide Reagent Pack, PerkinElmer, USA) for 10 minutes. 
Antigen retrieval was performed at pH6 in citrate buffer, and then 
further blocked with serum to avoid cross-reactivity. The second 
primary antibody was then added and incubated overnight at 4°C. 
Incubation with an appropriate secondary antibody at 4°C for  
16 hours and a further TSA amplification step were carried out 
before counterstaining the sections with DAPI (1:500 dilution in 
TBS) and mounting with permafluor (ThermoFisher Scientific). 
Fluorescent images were acquired with a Zeiss Axioscan Z1 or 
a Zeiss 710 confocal microscope, and analysed with Zen Blue or 
Black software (version 2; Zeiss, Jena, Germany). Full antibody 
details can be found in Supplementary Table 2.

Results
Messenger RNAs encoding mast cell proteases were 
detected in human endometrium
In tissue homogenates of endometrium, total concentrations of 
messenger RNAs encoded by TPSAB1 (gene for tryptase α and 
βisoforms; Figure 1A) and CMA1 (chymase; Figure 1B) did not 
change significantly (TPSAB1 0.254; CMA1 0.867), according to 
stage of the menstrual cycle. 

Immunoflourescence identified three distinct mast cell 
subtypes in uterine biopsies collected during different stages 
of the menstrual cycle
Immunoexpression of both tryptase and chymase positive cells 
were identified in all three layers of the human uterus examined 
in this study. In line with a previous report (Jeziorska et al., 1995), 
the numbers of tryptase immunopositive cells appeared higher 
in the myometrium and adjacent basal layer of the endometrium  
than in the functional layer (green cells) in all phases of 

the cycle (Figure 2 and Figure 3, Supplementary Figure 1– 
Supplementary Figure 3). Notably some of the chymase cells 
(red staining) in the myometrium appeared to be ‘activated’, with 
immunopositive staining being intense and diffuse within the  
tissue during both the early (Supplementary Figure 2) mid  
(Figure 3, arrow) and late (Supplementary Figure 3) secretory and 
menstrual (Figure 4, arrows) phases.

Examination of tissues from 20 of the patients obtained at differ-
ent stages of the cycle, including the proliferative (Supplementary 
Figure 1), early (Supplementary Figure 2) mid (Figure 3) 
and late (Supplementary Figure 3) secretory and menstrual  
(Figure 4) phases, also identified a population of MCs that  
were chymase positive, but without co-incident expression of  
tryptase (arrows). These cells appeared less abundant than those  
that were immunopositive for both tryptase and chymase (arrow-
heads), and were confined to the basal compartment of the 
endometrium and the myometrium.

The data obtained from immunohistochemical analysis of the  
20 patients are summarized in Table 1.

Tryptase-positive uterine mast cells were immunopositive for 
oestrogen receptor beta but did not express either oestrogen 
receptor alpha or progesterone receptor
The uterus is an oestrogen target organ and detailed immunohis-
tochemical studies conducted on menstrual cycle staged sections  
of endometrial tissue by ourselves (Bombail et al., 2008;  
Critchley et al., 2001) and others (Mylonas et al., 2004; Snijders  
et al., 1992) have documented cell and phase-dependent expres-
sion of both isoforms of the oestrogen receptor (ERα, ERβ). In the  
current study, in line with expectation, we identified ERα  
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Figure 2. Comparison of immunoexpression of chymase and tryptase in “full thickness” (uterine lumen to endometrial/myometrial 
junction) tissue samples obtained from across the menstrual cycle. Note that mast cells were less abundant in the functional layer and 
appeared to be exclusively tryptase+/chymase-. (A–C) Functional, basal endometrium and myometrium during proliferative phase (P); (D–F) 
Early secretory phase (ES); (G–I) Mid secretory phase (MS); (J–L) Late Secretory phase (LS); (M–O) Menstrual phase (M); (P–R) Negative 
control (omission of primary antibody). Double immunofluorescence has revealed the presence of three uterine mast cell subtypes, single 
tryptase, single chymase and double tryptase-chymase positive cells. (P n=4, ES n=4, MS n=2, LS n=3, M n=2): negative controls were 
included on all sections.

positive stromal and epithelial cells in the endometrium and stro-
mal fibroblasts in the myometrium (Supplementary Figure 4);  
however, although tryptase-positive cells were readily detected in 
the basal endometrium and myometrium, none of these had detect-
able ERα protein in their nuclei (Supplementary Figure 4). In 
contrast, immunopositive staining for ERβ protein was present in 
multiple cell types, including stromal fibroblasts and endometrial 
epithelial cells, as well as tryptase-positive (green cytoplasm) MCs 
in both the functional and basal regions of the endometrium and 
throughout the myometrium of the uterus (Figure 5, arrows). The 
results obtained with antibody directed against the progesterone 
receptor mirrored those of ERα, with no evidence of PR-positive 
MCs (Supplementary Figure 5).

Uterine mast cells are immunopositive for the glucocorticoid 
receptor
We have previously identified GR in multiple cells within the 
endometrium, including endothelial cells and immune cells  
(Rae et al., 2009; Thiruchelvam et al., 2016), complemented by 
evidence that enzymes capable of the biosynthesis of cortisol, 
the natural ligand for GR, are present in the tissue (Thiruchelvam  
et al., 2016). In the present study, immunostaining for GR  
showed it was expressed within the stromal fibroblasts and  
other cells (putative immune cells), as well as being present in 

the nucleus of tryptase-positive cells in both endometrium and  
myometrium (arrowheads, Figure 6).

In summary, we detected co-immunoexpression of both the beta  
isoform of ER and GR in the nuclei of uterine MCs (tryptase  
positive staining in their cytoplasm), but no evidence of immu-
noexpression of ERα or PR. A photomontage of representative  
sections stained for each of the receptors is provided in  
Figure 7.

Dataset 1. TPSAB1 and CMA1 CT values for qRT-PCR

http://dx.doi.org/10.5256/f1000research.11432.d160468

Discussion
This study has shed new light both on the phenotype of endome-
trial and myometrial MCs, as well as revealing the potential that  
they might respond in situ to both oestrogens and glucocorticoids. 
MCs are known to arise from progenitors in the bone marrow,  
but adapt to their mature phenotype depending upon the tissue 
microenvironment in which they mature. To date, uterine MCs  
have received little attention compared to other immune cell popu-
lations, such as uNK cells and macrophages (Gibson et al., 2015;  
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Figure 3. A population of chymase positive mast cells that did not express tryptase was identified in uterine tissue samples from the 
mid secretory phase. The endometrial compartment shows three different mast cell (MC) subtypes: tryptase single positive, chymase single 
positive and tryptase and chymase double positive. Basal endometrial MCs are chymase+/tryptase- single positive and double positive, 
instead functional endometrium MCs are fewer in number and show a chymase-/tryptase+ phenotype. MCs during the secretory appeared 
to be activated in the myometrium, releasing both proteases from the cytoplasm. (n=3) (Arrowheads: MCTC cells; Vs: MCT cells; arrows: MCC 
cells).

Henderson et al., 2003; Thiruchelvam et al., 2013). For exam-
ple, detailed analysis of immune cell populations in endometrium 
show cyclical variations in their numbers of immune cells, 
with a notable rise in uNK cells during the secretory phase, a 
rise in numbers of neutrophils at the start of menstrual tissue  
breakdown and the largest numbers of macrophages detected  
during the menstrual phase (reviewed in Maybin & Critchley, 
2015).

Analysis of mRNAs encoding proteases expressed by MCs has  
not previously been reported in endometrial tissue homoge-
nates. We found that the concentrations of tryptase and chymase 
mRNAs in our samples did not vary significantly between different  
phases of the menstrual cycle. These results would be consist-
ent with previous reports that MC numbers vary little throughout 
the menstrual cycle (Salamonsen et al., 2002). We speculate that  

these results may reflect the long life span of tissue resident MCs, 
with some studies reporting that MCs have a lifespan of weeks to 
months (Kiernan, 1979; Padawer, 1974). As tryptase and chymase 
mRNAs are constitutively expressed by MCs (Pejler et al., 2007), 
it is unsurprising they may remain unchanged if cell numbers are  
fairly constant.

Traditionally, human MCs are classified according to differ-
ent phenotypes depending on their expression of tryptase and/or  
chymase in cellular granules (Irani et al., 1986). In line with expec-
tations based on MC phenotype in multiple tissues, we readily 
detected both tryptase positive and chymase positive cells within 
both the endometrium and myometrium. Using immunofluores-
cence, we were able to co-stain for tryptase and chymase in the  
same cells revealing populations of cells that were of MC

T
 and 

MC
TC

 phenotypes. Weidner & Austin (1993) were the first to 
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Figure 4. Samples from the menstrual phase contained chymase positive cells that appeared to be ‘activated’, as well as abundant 
double positive cells in the basal endometrium. Uterine mast cells (MCs) appear to be tryptase and chymase double positive, in both 
myometrial and basal endometrial layers, with a small portion of chymase+ MCs in the myometrium. MCs were not detectable in the functional 
layer. MCs during the menstrual phase appeared to be activated only in myometrial compartment, releasing both tryptase and chymase from 
the cytoplasm. In the basal endometrium, MCs showed a steady state instead. (n=2) (Arrowheads: MCTC cells; Vs: MCT cells; arrows: MCC 
cells).

Table 1. Summary of uterine mast cell phenotypes documented in tissue samples 
collected across the menstrual cycle.

Proliferative Early 
secretory

Mid 
secretory

Late 
secretory Menstrual

Mast cell 
sub-types

Endo MCT, MCTC MCT, MCTC
MCT, MCTC, 

MCC
MCT MCTC

Myo MCTC, MCC
MCT, MCTC, 

MCC
MCT, MCTC MCTC MCTC, MCC

report the existence of a chymase positive/tryptase negative (MC
C
)  

population of MCs in skin, lung and bowel. MC
C
 have been 

detected by immunofluorescence in the airway and gastroin-
testinal tract, reported as being 12% of the MC population in 
human bronchi and 16.8% bowel submucosa. The current study  
provides the first evidence for the presence of a chymase positive  

subpopulation of MCs that did not contain tryptase. This com-
plements and extends a previous study that stained parallel tissue 
sections with antibodies directed against tryptase and chymase  
(Jeziorska et al., 1995), identifying both MC

T
 and MC

TC
, and 

increases both our understanding of the location and phenotypic 
heterogeneity of MCs in the uterus.
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Figure 5. Mast cells are immunopositive for ERβ. Immunohistochemistry showed co-localization of ERβ in uterine mast cells (MCs). Nuclear 
expression of ERβ receptor (red staining) was detected in MCs across the tissue structures of uterus, myometrium, basal and functional 
endometrium, and during both the proliferative and secretory phases of the menstrual cycle. (Proliferative n=5, Secretory n=5).

Results in this study showed the phenotype of the uterine MCs 
varied between the different tissue layers of the uterus. Confirm-
ing previous studies, MC

TC
 were predominantly resident in the 

basal endometrium and in the myometrium and MC
T
 were found 

in functional endometrium. The rare MC
C
 type was detected in 

the basal endometrium and myometrium and completely absent 

in the functional layer. These findings reinforce the principle  
that tissue specific phenotypes of MCs can exist within different 
regions within the same organ. It is already well known that the 
functional and basal compartments of the endometrium and myo-
metrium vary with regard to cellular composition and cytokine/
chemokine concentrations. Interestingly the region of the tissue 
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Figure 6. Uterine mast cells in the endometrium and myometrium are immunopositive for glucocorticoid receptor. Mast cell nuclear 
glucocorticoid receptors (GR; red staining) was detected during the proliferative and secretory phase, throughout the myometrium, functional 
and basal endometrial and layers. The images are representative of results in proliferative (n=5) and secretory (n=5) phase samples.
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Figure 7. Summary immunoexpression of steroid receptors in human uterine mast cells. Uterine mast cells are immunopositive for ERβ 
and GR, and immunonegative for ERα and PR. (Red staining: ERα, ERβ, PR and GR; green staining: tryptase). Arrowheads point to nuclei 
that have immunopositive (red) staining for ERβ and GR.

where MCs appeared most abundant were close to the endome-
trial-myometrial junction. Previous studies have demonstrated that 
a large number of CD34+ MC progenitor cells reside in this area of 
the tissue and that their numbers are independent of phase of the 
menstrual cycle (Cho et al., 2004; Mai et al., 2008). Finding MCs 
in close proximity to smooth muscle fibres would be consistent 
with this cell type being a key source of stem cell factor, and a vital 
mediator for MC maturation and survival (Zhang et al., 1996).

The activation state of uterine MCs was also explored during 
the present study. Previously, endometrial MCs were reported to 
degranulate during the secretory phase, at a time when the tissue 
is in an oedematous state. This observation was based on detec-
tion of extracellular tryptase during oedema and weak intracel-
lular tryptase staining detectable during the proliferative phase  
(Jeziorska et al., 1995). In this study, endometrial activation  
and the degranulation of MCs was documented during the early 
and mid-secretory stages of normal uterine tissue with detection of 
tryptase and chymase in the extracellular matrix. A ‘recovery’ state, 
characterised by weak immunostaining, was observed in tissue  
collected from patients during the proliferative (Supplementary  
Figure 1), late secretory (Supplementary Figure 3) and menstrual 
(Figure 4) stages. Within the myometrial compartment, MCs 
appeared to be in a ‘resting’ state during the proliferative phase 
(Supplementary Figure 1). Interestingly, in the myometrium, MCs 
appeared to be ‘activated’ with detection of immunopositive stain-
ing for chymase diffuse and spread beyond the margins of the 
individual cells during both mid secretory and menstrual phases  
(Figure 3 and Figure 4). We speculate that this might suggest a 
potential role for MC derived proteases in regulation of arteriole 
sprouting at early/mid secretory phases. A previous study also  
suggested the release of granules may play a role in smooth  

muscle contraction during menses (Sivridis et al., 2001) and our 
findings would be consistent with this suggestion.

Although, other authors have previously demonstrated a direct 
effect of female sex hormones on MC behaviour, activation and 
migration, in those studies they cited activation of MCs via ERα 
and PR (Jensen et al., 2010; Zaitsu et al., 2007). The study by 
Engemise et al. (2011) examined the number of mast cells, iden-
tified by toluidine blue, in the endometrium of 28 women with 
endometriosis before and after insertion of a Mirena coil secret-
ing the progestogen levonorgestrel. They reported a reduction in 
mast cell number after 6 months but found no evidence of stain-
ing for PR or ERα. In the current study, based on detailed immu-
nohistochemical analysis, using previously validated antibodies 
directed against oestrogen receptor subtypes (Critchley et al., 2002;  
Henderson et al., 2003), we found novel evidence for immunoex-
pression of ERβ, but no evidence of expression of ERα. These 
results mirror the oestrogen receptor phenotype of both uNK 
(Gibson et al., 2015; Henderson et al., 2003)) and macrophages 
(Thiruchelvam et al., 2013). This observation is also supported by 
the activation of uterine MCs during the secretory phase at a time  
in the menstrual cycle when intracrine biosynthesis of oestradiol  
has been shown to activate ERβ positive uNKs (Gibson et al., 
2015).

In other studies, we have shown that in endometrial tissue  
expression of ERβ often parallels that of GR with co-expression 
in both uNK (Henderson et al., 2003) and endothelial cells  
(Critchley et al., 2002). In the current study, nuclear GR was 
detected in MCs in the functional, basal endometrium and myo-
metrium. In the same samples, GR protein was also detected 
in endometrial stroma and smooth muscle fibres during the 
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proliferative phase, but its expression was reduced during the 
progesterone-dominant secretory phase, a result which was 
in agreement with previous reports (Bamberger et al., 2001;  
Henderson et al., 2003). Several studies have reported that  
glucocorticoids may have an indirect anti-inflammatory impact 
on MCs, with the postulated mechanism being a reduction of 
stem cell factor production by fibroblasts (Da Silva et al., 2002).  
Alternatively, they may also have direct impacts by reducing 
IgE binding to the FcεRI receptors, thereby down regulating the  
expression of these receptors on the cell membrane of the MCs 
and inhibiting MC degranulation in vitro (Finotto et al., 1997; 
Yamaguchi et al., 2001; Zhou et al., 2008). Prior to the current 
study, the only report of expression of GR in human MCs was 
from Oppong et al. (2014). In their study, they localized GR to the  
plasma membrane in the RBL-2H3 MC line. The current study 
is the first to demonstrate that uterine MCs are immunopositive 
for nuclear GR. A glucocorticoid rich environment would favour  
activation of GR, with shuttling of ligand activated receptor  
from the cytoplasm towards the nucleus (Phuc Le et al., 2005).  
This observation would be consistent with expression 11-β 
hydroxysteroid dehydrogenase enzymes within the uterus, result-
ing in a cortisol rich microenvironment (Gibson et al., 2013;  
McDonald et al., 2006).

In summary, our study confirms that MCs are members of the leu-
kocyte population of the human uterus, and that they are most abun-
dant in the myometrial and basal endometrial compartments. Whilst 
uterine MCs predominantly belong to the classic MC subtypes: 
tryptase positive/chymase negative (MC

T
) and tryptase/chymase 

positive (MC
TC

), a rare third subtype (MC
C
) was also identified in 

the uterus for the first time. We demonstrated that endometrial and 
myometrial MCs are immunopositive for both ERβ and GR, dem-
onstrating that, like other immune cells present in the endometrium 
(uNK, macrophages), they may be a target for the direct actions of 
oestrogens and glucocorticoids, which are both synthesised within 
the endometrial tissue microenvironment. This study provides a 
framework for furture studies on the role of MCs in endometrial 
and myometrial disorders, including conditions associated with 
increased pain, such as endometriosis.
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Supplementary Table 1. Details of patients, cycle stage, diagnosis and use of individual samples in different experimental protocols.

Click here to access the data.

Supplementary Table 2. Details of antibodies used for immunofluorescence.

Click here to access the data.

Supplementary Figure 1. Immunolocalisation of tryptase and chymase in proliferative phase endometrium. Single fluorescence 
channels show the different mast cell subtypes in a uterine “full thickness” section during proliferative phase of the menstrual cycle. The 
myometrial compartment shows three different mast cell subtypes: tryptase single positive, chymase single positive and tryptase and chy-
mase double positive. Basal endometrial mast cells are tryptase single positive and double positive, instead functional endometrium MCs 
are fewer in number and show a tryptase only phenotype. The MC activation profile during proliferative phase looks quiescent; proteases are 
retained in the cytoplasm. (n=4) (White triangles: MCTC cells; white Vs: MCT cells; white arrows: MCC cells).

Click here to access the data.
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Supplementary Figure 2. Mast cell subtypes and activation state during the early secretory phase. Single fluorescence channels show 
the different mast cell subtypes in a uterine full thickness section during the early secretory phase. Myometrial compartment shows three 
different mast cell subtypes: tryptase single positive, chymase single positive and tryptase and chymase double positive. Basal endometrial 
mast cells are tryptase single positive and double positive, instead functional endometrium MCs are fewer in number and show a chymase 
negative phenotype. MCs during the early secretory phase appeared to be activated, releasing both proteases from the cytoplasm. (n=4) 
(White triangles: MCTC cells; white Vs: MCT cells; white arrows: MCC cells).

Click here to access the data.

Supplementary Figure 3. Mast cell subtypes and activation state during the late secretory phase. During the late secretory phase, MCs 
are identified as tryptase single positive and weakly double positive (MCTC). In both the endometrial layers MCs showed a strong tryptase 
only phenotype. MCs during the late secretory phase appeared to be activated only in the myometrial compartment, releasing tryptase and 
retaining chymase in the cytoplasm. (n=3) (White triangles: MCTC cells; white Vs: MCT cells).

Click here to access the data.

Supplementary Figure 4. Immunoexpression of ERalpha (ERα) was detected in multiple cell types within the endometrium  
and myometrium but not in the nuclei of tryptase-positive mast cells (MCs). Double immunofluorescence showed no ERα immunoex-
pression (red staining) in the nuclei of uterine MCs (green staining). MCs were noted to be immunonegative in all uterine layers and across 
the phases of the menstrual cycle. Myometrial, stromal andepithelial cells showed expression for ERα, as expected (Proliferative n=5, 
Secretory n=5).

Click here to access the data.

Supplementary Figure 5. Mast cells and progesterone receptor (PR) immunoexpression in the human uterus. Mast cells were dem-
onstrated to be immunonegative for PR expression (red staining), across “full thickness” uterine sections and during both the proliferative 
and secretory phase. (Proliferative n=5, Secretory n=5).

Click here to access the data.
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This is an observational, descriptive study describing the enzymatic and hormonal phenotype of the mast
cells in full thickness normal human endometrium and the adjacent myometrial layers. The data from the
modest sample size presented in the manuscript confirms previous reports of spatio-temporal distribution
of MC and their phenotype throughout the menstrual cycle; highlighting the novel finding, the
glucocorticoid receptor expression in these cells. The authors have also examined the GR expression in
the context of the expression of a selected panel of other steroid receptors. The manuscript is well written
and presented; however, there are some points detailed below which warrants further consideration/
clarification.

General comments:

The conventional histopathological description of the endometrial layers as endometrial basalis layer and
functionalis layer, or stratum basalis or stratum functionalis throughout the manuscript may provide more
clarity than the inconsistent use of less conventional descriptive terms of basal compartment etc. in the
present MS.

Referral to some pivotal previous references could make the manuscript more comprehensive, such as 
    , 2011; Engemise SL et al, Eur J Obstet Gynecol Reprod Biol. ; Mori A  , Hum Reprod., 1997et al. Drudy L

et al.,  Eur J Obstet Gynecol Reprod Biol., 1991 
 
The description of the genes   and  first appear in the results section but should be stated atTPSAB1 CMA1 
the initial mention for clarity.  

Methods:
Authors have analysed the   and  mRNA expression by relative standard curve usingTPSAB1 CMA1 
a tonsil mRNA as a reference. What is the reason for this and why was this method utilised in place
of the usual comparative Ct (delta delta Ct) method? The reasons need to be explained with
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3.  

a tonsil mRNA as a reference. What is the reason for this and why was this method utilised in place
of the usual comparative Ct (delta delta Ct) method? The reasons need to be explained with
reference to the more widely known method.
 
In dual IHC, was the 2RT antibody incubation for 16h? This appears to be relatively longer than the
usual protocols. Did the authors use a quantification method to assess the immunolocalisation of
the proteins of interest?

 
Results:

The total number of samples mentioned in the Methods is 46, yet there is inconsistent numbers
used at different aspects of the analysis. Particularly in the paragraph describing steroid receptors
co-stained with tryptase, the number of samples stated in the legends of referenced figures does
not add up to 20 as mentioned in the text.
 
The authors present data on the steroid receptor expression in tryptase-positive uterine mast cells
why did they not present the data for the same in the chymase-positive cells? It is noticeable that
not all the MC were ERβ+, this might be associated with chymase expression?
 
Data in Table 1 could be more informative, with quantification of the expression and statement if
this refers to the exact endometrial layer; basalis or functionalis.
 
In Figure 6, GR+ MCs seems to be activated. Is this pertinent to all the samples? Or is it phase
specific phenomenon?

 
Discussion:

Page 10, “We found that the   of tryptase and chymase mRNA  ”, should beconcentrations
replaced with “levels”
 
The statement “As tryptase and chymase are constitutively expressed by MCs (Pejler  ., 2007),et al
it is unsurprising they may remain unchanged if cell numbers are fairly constant.” Need to be
updated with reference to activated MC releasing the tryptases to the extracellular compartment,
but the extracellular compartment is part of the whole endometrial lysate that has been examined
so overall levels are not expected to change anyway.
 
The reference to some other papers that agree and disagree with their work (mentioned above),
authors may also acknowledge the small sample size as a limitation of their study.

Is the work clearly and accurately presented and does it cite the current literature?
Partly

Is the study design appropriate and is the work technically sound?
Yes

Are sufficient details of methods and analysis provided to allow replication by others?
Partly

If applicable, is the statistical analysis and its interpretation appropriate?
Yes

Are all the source data underlying the results available to ensure full reproducibility?

Yes

Page 16 of 20

F1000Research 2017, 6:667 Last updated: 30 SEP 2019



 

Yes

Are the conclusions drawn adequately supported by the results?
Yes

 No competing interests were disclosed.Competing Interests:

I confirm that I have read this submission and believe that I have an appropriate level of
expertise to confirm that it is of an acceptable scientific standard.

Author Response (   ) 17 Jun 2017Member of the F1000 Faculty
, The University of Edinburgh, Edinburgh, UKPhilippa Saunders

We thank Dr Kamal for her comments on our paper which we have edited to address some of her
concerns.

Specific responses:
We have now referenced the small study by Mori   (1997) in the Introduction and the study byet al
Engemise   in the Discussion.et al

We have changed the text of the Introduction so that the abbreviations for TPSAB1 and CMA1 are
introduced during the first mention of their importance in defining the mast cell phenotype.

Methods.
The text describing the samples has been changed to highlight the patient information provided in
Suppl Table 1 and clarify that although 46 patients were recruited during this study their samples
were split between RNA (n=29) and fixation for immunostaining (n=26).

Analysis methods for RTPCR data: Although the delta delta CT method is one of the most popular
it is based on comparable amplification efficiencies of the endogenous control and gene of interest.
As determined by the standard curves the efficiencies of the TPSAB1 and CMA1 were not suitable
for analysis by this method and therefore a more appropriate method was the relative standard
curve method. The text in M&M has been revised to make this clearer.

See: Bustin SA, Benes V, Garson JA etal, the MIQE guidelines: Minimum Information for
Publication of Quantitative Real-Time PCR experiments, Clinical Chemistry 55:4 611-622 (2009)

These methods are also described in detail in Applied Biosystems manual online
http://www6.appliedbiosystems.com/support/tutorials/pdf/performing_rq_gene_exp_rtpcr.pdf

The tonsil sample was chosen as a positive control as this tissue has mast cells which contain
tryptase and chymase, the RNA sample was purchased from a commercial supplier and we chose
this tissue because we were able to access fixed material from our hospital to use for control
experiments to validate the antibodies.

For dual immunostaining primary antibodies were applied to sections overnight (16h) and
incubated in a fridge - secondary antibodies were applied for 1h at room temperature. This is a
standard method used in our laboratory and in our hands it leads to lower rates of non-specific
background staining than application of primary antibody at room temperature. We did not quantify

the fluorescent staining.
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the fluorescent staining.

Results.
The limitations on the amount of individual fixed samples meant that not all of the fixed samples
(n=20) were stained with all antibodies and this is reflected in the numbers stated in the figure
legends.

MCs were considered as ERbeta positive only if the entire nucleus was identified in the section (as
highlighted with white arrowheads). In this study the low number of chymase only MCs meant we
were not able to conduct a comprehensive staining for ERbeta.

In the summary Table 1 we decided to combine the results from the functional and basal layers
because the mast cells were very rare in the former and we wanted to provide an overview to
complement the more comprehensive data shown in the individual photographs.

Our interpretation of the data related to GR positive cells (as illustrated in Figure 3, 6 panels) is that
the tryptase positive mast cells that were GR+ appeared to be in resting state i.e. the tryptase
appeared to be confined to the cytoplasmic area around the nucleus.

Discussion.
We used a standard curve method so 'concentration' is more appropriate than 'levels' which is a
common term when the delta CT method is used.

We have changed the text to make it clearer that this paragraph is discussing mRNAs and hence
protein release is not relevant to the argument about constitutive expression. 

 noneCompeting Interests:

 16 May 2017Reviewer Report

https://doi.org/10.5256/f1000research.12343.r22759

© 2017 Salamonsen L. This is an open access peer review report distributed under the terms of the Creative Commons
, which permits unrestricted use, distribution, and reproduction in any medium, provided the originalAttribution License

work is properly cited.

 Lois Salamonsen
Hudson Institute of Medical Research, Clayton, VIC, Australia

This article examines in detail the phenotypes of mast cells in the uterus – depending on their
tryptase/chymase content and their steroid hormone receptor status. The work is solid, and well
presented. The methods are well described so that others can validate the data. While tryptase/chymase
phenotypes have previously been described across the menstrual cycle (referenced), the information
regarding a tryptase-/chymase+ phenotype is new, as is the steroid receptor phenotypeof
ERβ+/GR+/ERα-/PR-  in tryptase positive cells. Where the data particularly varies from that previously

published is in the activation status of the mast cells. This variation could be explained by different fixation
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published is in the activation status of the mast cells. This variation could be explained by different fixation
protocols or different antibodies. Activation is very important as mast cells are only functionally relevant
following this release of the potent molecular contents of their granules.

Is the work clearly and accurately presented and does it cite the current literature?
Yes

Is the study design appropriate and is the work technically sound?
Yes

Are sufficient details of methods and analysis provided to allow replication by others?
Yes

If applicable, is the statistical analysis and its interpretation appropriate?
Not applicable

Are all the source data underlying the results available to ensure full reproducibility?
Yes

Are the conclusions drawn adequately supported by the results?
Yes

 No competing interests were disclosed.Competing Interests:

Reviewer Expertise: Uterine biology and endometrial remodelling, including leukocyte populations in
endometrium

I confirm that I have read this submission and believe that I have an appropriate level of
expertise to confirm that it is of an acceptable scientific standard.

Author Response (   ) 17 Jun 2017Member of the F1000 Faculty
, The University of Edinburgh, Edinburgh, UKPhilippa Saunders

We thank Professor Salamonsen for her positive comments: we agree different methods of fixation
can affect results in different studies. All the samples in this study were processed according to
standard methods approved by our pathologist. 

 noneCompeting Interests:
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Endometrial apoptosis and 
neutrophil infiltration during 
menstruation exhibits spatial 
and temporal dynamics that are 
recapitulated in a mouse model
Gregory M. Armstrong1, Jacqueline A. Maybin  1, Alison A. Murray1, Moira Nicol1,  
Catherine Walker1, Philippa T. K. Saunders  2, Adriano G. Rossi2 & Hilary O. D. Critchley1

Menstruation is characterised by synchronous shedding and restoration of tissue integrity. An in vivo 
model of menstruation is required to investigate mechanisms responsible for regulation of menstrual 
physiology and to investigate common pathologies such as heavy menstrual bleeding (HMB). We 
hypothesised that our mouse model of simulated menstruation would recapitulate the spatial and 
temporal changes in the inflammatory microenvironment of human menses. Three regulatory events 
were investigated: cell death (apoptosis), neutrophil influx and cytokine/chemokine expression. Well-
characterised endometrial tissues from women were compared with uteri from a mouse model (tissue 
recovered 0, 4, 8, 24 and 48 h after removal of a progesterone-secreting pellet). Immunohistochemistry 
for cleaved caspase-3 (CC3) revealed significantly increased staining in human endometrium from 
late secretory and menstrual phases. In mice, CC3 was significantly increased at 8 and 24 h post-
progesterone-withdrawal. Elastase+ human neutrophils were maximal during menstruation; Ly6G+ 
mouse neutrophils were maximal at 24 h. Human endometrial and mouse uterine cytokine/chemokine 
mRNA concentrations were significantly increased during menstrual phase and 24 h post-progesterone-
withdrawal respectively. Data from dated human samples revealed time-dependent changes in 
endometrial apoptosis preceding neutrophil influx and cytokine/chemokine induction during active 
menstruation. These dynamic changes were recapitulated in the mouse model of menstruation, 
validating its use in menstrual research.

Menstruation is an inflammatory process characterised by breakdown and shedding of the endometrium, bleed-
ing and recruitment of migratory leucocyte populations. Resolution of inflammation at and following menstru-
ation is critical to limiting tissue damage and to efficient repair of the endometrium. Apoptosis and clearance 
of apoptotic cells are critical to the successful resolution of inflammation elsewhere in the body1, however the 
relative timing and extent of apoptosis with respect to inflammation and its resolution in the endometrium have 
yet to be well characterised.

The endometrium consists of a simple columnar epithelium overlying a multicellular stroma. The stroma 
comprises connective tissue with fibroblast-like stromal cells and contains a number of tubular glands contiguous 
with the luminal surface, spiral arteries and fluctuating populations of various recruited leucocytes.

Over the course of the menstrual cycle, the human uterus is exposed to an environment of cyclically expressed 
ovarian sex steroids which are crucial to the regulation of growth and differentiation of the endometrium2,3. 
Principal amongst these sex steroids are 17β-oestradiol (E2) and progesterone (P4), concentrations of which fluc-
tuate in a well-characterised manner through the menstrual cycle.
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The rapid decline in ovarian-derived progesterone that occurs when the corpus luteum involutes dur-
ing a non-pregnant cycle triggers changes in endometrial function which culminate in the breakdown and 
piecemeal shedding of the upper, functional layer of the endometrium during menstruation. Leading up to 
menstruation, a number of histological changes in the endometrium are observed: tissue oedema4, exten-
sive recruitment of circulating leucocytes, breakdown of the basal lamina supporting endothelial cells, and 
augmented blood vessel permeability and fragility2,5. These histological changes are further accompanied by 
molecular events, such as the focal activation of matrix metalloproteinases (MMPs) in regions of menstrual 
lysis6,7, increased cyclooxygenase-2 (COX-2)8 and a consequent increase in prostaglandins9. The similarities 
of these features to those of classical inflammation formed the basis for the first hypothesis of menstruation as 
an inflammatory event4.

Amongst the leucocytes to which the human endometrium is host through the menstrual cycle, neutrophil 
granulocytes are reported to be recruited in substantial numbers prior to menstruation10 – coincident with declin-
ing progesterone concentrations. Neutrophils have been estimated to comprise between 6–15% of the total endo-
metrial cell numbers at this time11, and have been suggested to play an important role in not only the destruction 
of endometrial tissue at menstruation, but also in its concomitant repair12.

Apoptosis is a form of programmed cell death in which cells condense and fragment their nuclear material, 
condense their cytoplasmic material, and then release their contents in membrane-bound apoptotic bodies13. 
Cells are induced to undergo apoptosis through either extrinsic or intrinsic pathways, both of which converge 
on the cleavage of inactive pro-caspase-3 to active, cleaved caspase-3, an ‘executioner’ cysteine-aspartic acid 
protease (caspase) whose activation irreversibly initiates the cascade of apoptotic events14. Extrinsic apoptotic 
pathways lead to pro-caspase-3 cleavage by the ‘initiator’ caspase-815, while intrinsic apoptotic pathways lead to 
pro-caspase-3 cleavage by the initiator caspase-916.

Clearance of apoptotic cells by resident phagocytes represents a critical juncture in the transition from 
inflammation to resolution, acting both to deplete inflammatory cells from the site and to skew phagocytes to 
an anti-inflammatory phenotype1,17. In most acute inflammatory contexts, short-lived neutrophils represent the 
major infiltrating leucocyte constituent, and are therefore among the more abundant apoptotic cells encountered 
by professional phagocytes in the resolving inflammatory environment.

Menstruation only occurs in mammals whose endometria spontaneously decidualise prior to implantation, 
such as humans and Old World primates. Mice, along with other mammalian species whose endometria do 
not undergo spontaneous decidualisation18, do not ordinarily menstruate. Nevertheless, menstruation can be 
simulated in mice, according to a well-established protocol19,20: ovariectomised mice are administered oestra-
diol injections and a subcutaneously implanted progesterone-releasing implant to mimic human endocrine reg-
ulation, after which the endometrium is stimulated to undergo decidualisation via the intrauterine injection 
of oil. Removal of the progesterone implant (mimicking regression of the corpus luteum in humans) triggers 
menstrual-like molecular and histological changes in the endometrium (Fig. 1).

Herein we detail the onset of apoptosis during the peri-menstrual phase (ovarian luteo-follicular transition) 
in carefully categorised human endometrium and in the mouse model of simulated menstruation. In addition, 
we identify the timing of neutrophil influx in both human and mouse endometrium. Finally, we reveal increased 
leucocyte chemokines and inflammatory mediators in human endometrium and the recapitulation in the mouse 
endometrium during ‘simulated’ menses.

Results
Human endometrial glands undergo widespread apoptosis in the late secretory phase, 
preceding menstrual shedding. Post-hysterectomy, full-thickness endometrial biopsies (from lumi-
nal endometrium to the endometrial/myometrial junction) were immunostained for the apoptotic marker, 
cleaved caspase-3 (CC3; Fig. 2a,b), to investigate the temporal and spatial organisation of apoptosis in the 
endometrium during the ‘peri-menstrual phase’. Endometrial biopsies were selected therefore to span from late 
secretory phase (wherein the concentration of progesterone is high and the concentration of oestradiol low) 
through to early proliferative phase (wherein the concentration of progesterone is low and the concentration 
of oestradiol high).

Cleaved capsase-3 was strongly stained in the glandular epithelium from late secretory phase, preceding overt 
menstrual bleeding. Cleaved caspase-3 staining continued through into the menstrual phase before significantly 
decreasing by the early proliferative phase (Fig. 2c). Cleaved caspase-3 staining was also detected in the endome-
trial stroma, but much less intensely than in the glandular epithelium. Low level stromal staining persisted during 
the menstrual phase, particularly localised to the functional layer (Fig. 2).

These results suggest a coordinated induction of apoptosis in the human endometrium as progesterone con-
centrations decline (though in advance of menstruation proper), with apoptotic cells apparent first in the glandu-
lar epithelium before appearing in the stromal compartment.

Apoptosis is detected in the mouse endometrium 8 and 24 hours following progesterone 
withdrawal. A mouse model of simulated menstruation was employed to investigate whether the tim-
ing and extent of apoptosis observed in the human endometrium was simulated in the mouse endometrium 
following progesterone withdrawal. Immunostaining for cleaved caspase-3 in the mouse model revealed an 
induction of apoptosis preceding menstrual bleeding (Fig. 3a,b), consistent with observations in the human 
endometrium (Fig. 2). Cleaved caspase-3 immunostaining was heterogeneous at 8 and 24 hours following pro-
gesterone withdrawal, with strongest expression in the decidualised stroma and adjacent areas of basal stroma. 
By 48 hours following progesterone withdrawal, full endometrial repair had been effected, there was no longer 
any decidualised stroma, and no cleaved caspase-3 immunostaining was seen in either the surface epithelium 
or basal stroma.
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Stromal decidualisation in the mouse endometrium makes assessment of glandular epithelium unrelia-
ble, therefore the decidualised mass and surface epithelium were assessed. Cleaved caspase-3 peaked in the 
surface epithelium and underlying stroma of the mouse endometrium 8 hours after progesterone withdrawal. 
Thereafter, staining decreased substantially in the surface epithelium by 24 hours (Fig. 3c) but remained sig-
nificantly increased in the decidualised stroma (Fig. 3d). In tissues lying basal to the decidualised endometrial 
tissue (‘basal’ stroma), cleaved caspase-3 staining increased significantly by 8 hours after progesterone with-
drawal and further still by 24 hours, but had a lower histoscore than the decidualised stroma compartment 
(Fig. 3e).

Apoptosis was rapidly induced in the progesterone-withdrawn, artificially decidualised mouse endometrium, 
recapitulating the phenomenon seen in the human endometrium at menses.

Neutrophil abundance increases dramatically in the menstrual phase of the human endome-
trium. Investigating changes in neutrophil abundance across the peri-menstrual phase of the menstrual cycle 
revealed a tightly temporally regulated influx of elastase-immunopositive cells (Fig. 4a–c).

Neutrophil populations were consistently sparse in late secretory phase endometrial samples, however 
numbers of neutrophils increased dramatically by early menstrual phase (Fig. 4b). This influx of neutrophils 
was short-lived, decreasing by late menstrual phase and further still by the early proliferative phase to nearing 
pre-menstrual levels. Mean endometrial neutrophil abundance was significantly greater in the menstrual phase 
endometrium than in either late secretory or early proliferative phases (Fig. 4c).

Figure 1. Schematic comparison of human menstrual cycle (top) and simulated menstruation protocol in 
an ovariectomised mouse model (bottom). (a) Upper panel depicts a schematic of the endometrium and 
its changes through the menstrual cycle consequent upon circulating concentrations of oestradiol (E2) and 
progesterone (P4). Lower panel depicts a schematic of the simulated menses protocol in the ovariectomised 
mouse model and the time-points at which tissues were collected. ovex = ovariectomy, s.c. = subcutaneous, 
i.u. = intrauterine. (b) Representative H&E photomicrographs of mouse endometrial tissue sections through 
decidualisation (0 h; stromal decidualisation, but no tissue breakdown), overt menses (8 h; loss of stromal 
compartment structural integrity), early repair (24 h; early re-epithelialisation and dissociation of necrotic tissue 
from basal endometrium) and full repair (48 h; stromal restoration and complete re-epithelialisation) following 
withdrawal of progesterone. Black arrow indicates active bleeding at 8 h, which can be seen both micro- and 
macroscopically. BS = basal stroma, DS = decidualised stroma, Lu = lumen, SE = surface epithelium.
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Figure 2. Apoptosis precedes menstrual shedding in the human endometrium. Expression of cleaved 
caspase-3 was analysed by immunohistochemistry and semi-quantitative histoscoring. (a) Representative 
photomicrographs of endometrial tissue sections at high power and low power with isotype control insets. 
GE = glandular epithelium, St = stroma. (b) Cleaved caspase-3 (CC3) expression in the endometrial 
glands and stroma plotted against day of patient menstrual cycle. Each x-value represents data from one 
individual patient sample, therefore some cycle days are repeated. Dark grey box indicates the period of 
menstruation. (c, d) CC3 expression in endometrial glands and stroma grouped by menstrual cycle phase. 
Results are presented as mean ± SEM, with results consistent across three technical replicates. Significance 
determined by 1-way ANOVA and Tukey’s multiple comparisons test. *p < 0.05, **p < 0.01.
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These results indicate that neutrophil populations in the endometrium are tightly controlled, with influx being 
both rapidly induced and short-lived.

Neutrophil populations increase significantly in the mouse endometrium after progesterone 
withdrawal. The mouse endometrium was similarly subject to significant increases in neutrophil abundance fol-
lowing the withdrawal of progesterone, as evidenced by immunostaining for the neutrophil marker, Ly6G (Fig. 5a,b).

Ly6G-immunopositive cell abundance was increased significantly by 8 hours following progesterone with-
drawal (Fig. 5b), at which time neutrophils were principally localised to within the decidualised endometrial 
stroma (Fig. 5a). By 24 hours after progesterone withdrawal, Ly6G-immunopositive cell abundance was further 
increased (Fig. 5b), with neutrophils increasingly frequently localised to beneath the newly epithelialising lumi-
nal surfaces (Fig. 5a) – in contrast, this sub-luminal localisation of neutrophils was not observed in the human 

Figure 3. Apoptosis is significantly increased by 8 hours after progesterone withdrawal in the mouse 
endometrium. Expression of CC3 was analysed by immunohistochemistry and semi-quantitative histoscoring. 
(a) Representative photomicrographs of endometrial tissue sections at high power, centred on decidualised 
stroma and basal stroma. BS = basal stroma, DS = decidualised stroma, Lu = lumen, SE = surface epithelium, 
SM = smooth muscle. (b) CC3 expression in the surface epithelium (SE; black squares), decidualised stroma 
(DS; black triangles) and basal stroma (BS; black circles) plotted against time post-progesterone-withdrawal. (c–
e) Expression in individual tissues plotted against time post-progesterone withdrawal. Results are presented as 
mean ± SEM. Significance determined by 1-way ANOVA and Dunnett’s multiple comparisons test (to 0 hours’ 
progesterone withdrawal). *p < 0.05, **p < 0.01, ****p < 0.0001.
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endometrium. By 48 hours after progesterone withdrawal, when full endometrial repair has been effected, no 
Ly6G-immunopositive cells were observed in the mouse endometrium.

Thus neutrophil abundance in the mouse endometrium was tightly regulated, again closely simulating the 
events in the human endometrium at menstruation.

Figure 4. Neutrophil abundance peaks at the onset of menstruation in the human endometrium. Neutrophil 
abundance was analysed by immunohistochemistry and ImageJ-assisted stereology. (a) Representative 
photomicrographs of endometrial tissue sections at high power and low power with isotype control insets. 
GE = glandular epithelium, Lu = lumen, St = stroma. (b) Percentage of endometrial stroma comprised by 
elastase-immunopositive cells (normalised to total cell nuclei) plotted against day of patient menstrual cycle. 
Each x-value represents data from one individual patient sample, therefore some cycle days are repeated. † 
symbol indicates %SE (standard error) < 5. Dark grey box indicates the period of menstruation. (c) Stromal 
neutrophil abundance grouped by menstrual cycle phase. Results are presented as mean ± SEM, with results 
consistent across three technical replicates. Significance determined by 1-way ANOVA and Tukey’s multiple 
comparisons test. **p < 0.01, ***p < 0.001.
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Leucocyte chemokines and inflammatory cytokines are maximal in the menstrual phase of the 
human endometrium. mRNA concentrations of the chemokines CCL2 and CXCL8, and of the cytokines 
IL-6 and TNF, were raised significantly in menstrual phase endometrium compared to both late secretory and 
early proliferative phase endometrium (Fig. 6a–d).

These data demonstrate that endometrial inflammatory mediators are associated with neutrophil recruitment 
observed in the human endometrium following progesterone withdrawal.

Leucocyte chemokines and inflammatory cytokines increase in the mouse endometrium fol-
lowing progesterone withdrawal. Transcript levels of the chemokine CXCL1 (mouse homologue of 
human CXCL8) and of the cytokine TNF were significantly elevated in the mouse uterus at 24 hours following 
progesterone withdrawal (Fig. 7a,b) compared to tissue exposed to progesterone (0 hours).

These data indicate an increase in endometrial inflammatory mediators following progesterone withdrawal in 
the mouse model, coincident with neutrophil recruitment observed in the mouse endometrium and mimicking 
observations made in the human endometrium at menstruation.

Discussion
In this report, the cellular and histological events occurring in the mouse endometrium during simulated men-
struation were demonstrated to recapitulate the events that occur in the human endometrium at menstruation, 
specifically, apoptosis preceding cytokine/chemokine expression and extensive neutrophil influx.

We have shown that apoptosis occurs in the endometrium before both menstrual inflammation and overt 
shedding, and persists beyond the cessation of menstruation. Apoptosis may be among the earliest histological 
changes detected in the human endometrium leading up to menstruation. Likewise, in a mouse model of men-
struation, endometrial apoptosis is rapidly detectable 4 hours after withdrawal of progesterone, and by 8 hours, 
apoptosis is widespread throughout the endometrium. As in the human endometrium, apoptosis precedes overt 
menstrual shedding and persists into post-menstrual endometrial repair. While apoptosis precedes inflammatory 
changes in the human and the mouse endometrium temporally, it is important to note that both apoptosis and 
inflammation are consequent upon the withdrawal of progesterone – no direct causal relationship is suggested 
between apoptosis and the subsequent inflammation.

Figure 5. Neutrophil abundance is increased by 8 hours and peaks at 24 hours after progesterone withdrawal 
in the mouse endometrium. Neutrophil abundance was analysed by immunohistochemistry and ImageJ-
assisted stereology. (a) Representative photomicrographs of endometrial tissue sections at high power. 
DS = decidualised stroma, Lu = lumen, SE = surface epithelium. (b) Percentage of endometrial stroma 
comprised by Ly6G-immunopositive cells (normalised to total cell nuclei) plotted against time post-
progesterone-withdrawal. Results are presented as a boxplot constructed from second and third quartiles, 
with whiskers extending to minimum and maximum values. Significance determined by 1-way ANOVA and 
Dunnett’s multiple comparisons test (to 0 hours’ progesterone withdrawal). *p < 0.05, ***p < 0.001.
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The influx of neutrophils in the human endometrium was shown to occur dramatically at the onset of men-
struation, after which neutrophil abundance decreased steadily through the menstrual phase. By the early prolif-
erative phase of the menstrual cycle, neutrophils were all but absent from the human endometrium.

In the mouse model, endometrial neutrophil abundance was virtually negligible until 8 hours after the with-
drawal of progesterone, whereupon the proportion of neutrophils in the stroma increased significantly. By 
24 hours after progesterone withdrawal, neutrophils comprised approximately 10% of the endometrial stroma.

The human data presented in this report were plotted from individual patient samples, each meticulously 
characterised and selected to span the days preceding, during and following menstruation, i.e. during the 
luteo-follicular transition. The histological data were generated from ‘full-thickness’ endometrial biopsies retain-
ing the myometrial-endometrial junction and uterine lumen architecture, thereby providing more reliable and 
complete measurements of apoptosis through the entirety of the endometrium than would otherwise have been 
achieved by other methods of endometrial sampling (e.g. ‘Pipelle’ tissue biopsies), where the spatial architecture 
may be lost. The RT-qPCR data were generated from endometrial biopsies collected from women with objectively 
verified ‘normal’ menstrual bleeding (i.e. < 80 mL per cycle)21, providing a tightly defined sample cohort.

Mean cleaved caspase-3 was significantly higher in the glands of the late-secretory-phase and menstrual-phase 
endometrium than in the glands of the proliferative-phase endometrium, and although less intense than in the 
glandular epithelium, was significantly higher in the stroma of the menstrual-phase endometrium than in the 
proliferative-phase endometrium. Cleaved caspase-3 in the luminal epithelium of the endometrium is likely to 
follow a similar course to that of the glandular epithelium, though reliable measurements proved difficult to 
obtain due to extensive luminal shedding in the menstrual phase. These data were therefore not shown.

Previous investigations of apoptosis in the endometrial glands have concerned themselves only with 
proliferative-phase samples22, wherein the authors sought to determine the extent of apoptosis by the broad 
agreement of terminal deoxynucleotidyl transferase (TdT)-mediated dUTP-biotin nick end labelling (TUNEL) 
staining with morphological apoptotic criteria13.

Figure 6. Expression of inflammatory cytokines and chemokines peaks during menstruation in the 
human endometrium. mRNA levels of (a) CCL2, (b) CXCL8, (c) IL6 and (d) TNF determined by RT-qPCR 
and normalised to ATP5B mRNA levels. Data were analysed by ΔΔCq method. Results are presented as 
mean ± SEM, with results consistent across three technical replicates. Significance determined by 1-way 
ANOVA and Tukey’s multiple comparisons test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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In the investigations of endometrial apoptosis undertaken herein, cleaved caspase-3 immunostaining was 
employed as a method of detecting apoptosis, in place of TUNEL staining. Whereas TUNEL staining is prone 
to false negatives (e.g. cells undergoing apoptosis which have not yet fragmented their chromatin23) and false 
positives (e.g. cells undergoing active gene transcription24, autolysis25, or exposed to certain tissue fixation and 
processing techniques26), cleaved caspase-3 immunostaining is not27.

Mean cleaved caspase-3 staining in the mouse endometrium was significantly increased in the lumi-
nal epithelium, decidualised and underlying basal stroma at 8 hours after progesterone withdrawal relative to 
0 hours. By 24 hours after progesterone withdrawal, cleaved caspase-3 remained significantly increased in the 
decidualised and basal stroma relative to 0 hours, but not in the surface epithelium – likely due to the extensive 
re-epithelialisation occurring at this time, thereby reducing the proportion of epithelial cells that are apoptotic.

Previous studies investigating apoptosis in the progesterone-withdrawn mouse endometrium19,28 have not 
compared the localisation of apoptosis within the endometrium to specific tissue compartments as this report 
has. One of these studies28 effected the withdrawal of progesterone in the endometrium via the introduction 
of a progesterone receptor antagonist (mifepristone/RU486), effectively withdrawing progesterone phar-
macologically. In contrast, withdrawal of progesterone was achieved in the current study via the removal of a 
progesterone-releasing implant – a method likely to better simulate the rapid regression of the corpus luteum 
prior to human menstruation.

In one of the few studies to date to have investigated neutrophil influx in the human endometrium in detail, 
neutrophils were found to comprise some 6–15% of the endometrial stroma on menstrual days 26–28 (which 
the authors designate ‘menses’)11. The data presented in this current report show a stromal neutrophil (elastase+) 
abundance of not more than 1% in samples from days 26–28 and not more than 1–10% of total stromal cells 
from women with active bleeding (days 1–3; mean ± SEM = 4.902 ± 1.321%). This slight difference in neutro-
phil abundance may be due to the inclusion in this report of data from “later” menstrual samples (days 2–3), 
when neutrophils are less abundant than menstrual onset (day 1). The use of ‘full-thickness’ endometrial samples 
(consistent for histological appearance, reported last menstrual period and serum oestradiol and progesterone 
concentrations at the time of endometrial sampling) in this report nevertheless permitted a detailed study where 
endometrial architecture from myometrial-endometrial junction to the upper functional layer-luminal surface 
was retained.

In mouse models, neutrophil abundance in the progesterone-withdrawn endometrium has also been inves-
tigated29,30, albeit not without some important limitations. Previous studies relied on two different antibodies to 
detect neutrophils: one specific for the Ly6B.2 antigen (clone 7/4)29, expressed not only by neutrophils, but also 
by inflammatory monocytes and a subset of activated macrophages31; and one specific for granulocyte recep-
tor 1 (Gr-1; clone RB6-8C5)30. Gr-1 comprises the related antigens Ly6G (which is granulocyte-restricted) and 
Ly6C (which is expressed by neutrophils, dendritic cells, monocytes, macrophages and lymphocytes32), both of 
which are detected by anti-Gr-1 antibodies33. The quantification of neutrophils undertaken in this current report 
employed a Ly6G-specific antibody (clone 1A8), which demonstrates no cross-reactivity with the more broadly 
leucocyte-expressed Ly6C34. Recent work also supports the lack of cross-reactivity of this antibody with mono-
cytes or monocyte-derived macrophages in the mouse uterus35.

Investigation into transcriptional changes in inflammatory chemokines and cytokines herein revealed sta-
tistically significant increases in CCL2 (MCP-1), CXCL8 (IL-8), IL-6 and TNF in the menstrual-phase human 
endometrium relative to that of the late secretory and early proliferative phases.

Figure 7. Expression of neutrophil chemokine CXCL1 and inflammatory cytokine TNF peaks at 24 hours after 
progesterone withdrawal in the mouse endometrium. mRNA levels of (a) Cxcl1 and (b) Tnf determined by 
RT-qPCR and normalised to Actb mRNA levels. Data were analysed by ΔΔCq method. Results are presented 
as mean ± SEM, with results consistent across three technical replicates. Significance determined by 1-way 
ANOVA and Dunnett’s multiple comparisons test (to 0 hours’ progesterone withdrawal). *p < 0.05.
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Previous work has reported endometrial CCL2 immunoreactivity as being significantly higher in 
late-secretory-phase tissues than in early-secretory-phase tissues, but did not find any significant differences 
between late-secretory-phase and menstrual-phase tissues and neither was CCL2 transcriptional regulation spe-
cifically addressed36.

CXCL8 is a chemoattractant and activator of neutrophils, stimulating their adhesion to and extravasation 
through the endothelium as well as their degranulation within tissues37. As with CCL2, CXCL8 is reportedly 
increased in response to TNF alongside other pro-inflammatory stimuli38.

In the human endometrium, CXCL8 mRNA concentration and protein has been described across the men-
strual cycle39 in stromal cells40 and in blood vessel perivascular cells41, with the highest expression described in 
the menstrual phase39.

Endometrial transcription of IL6 across the menstrual cycle has previously been reported, with peak tran-
scription demonstrated in the late secretory phase42; these studies failed, however, to investigate transcription in 
menstrual-phase samples. Subsequent work by these same authors corroborated these transcriptional data with 
protein data, demonstrating peak IL-6 protein in the late secretory phase, which was localised to the endometrial 
glands and their secretions43. As before, however, menstrual-phase endometrial samples were not included in 
these experiments.

In the human endometrium, TNF has been described in stromal and epithelial cells44, wherein it has been 
suggested to play a role in menstrual shedding45. Levels of TNF mRNA are reportedly increased in the endome-
trium during the late secretory phase42, though as noted previously, no menstrual-phase samples were included 
in this sample cohort.

The findings of this report therefore substantially build upon existing literature regarding CCL2 transcription 
in the endometrium across the menstrual cycle and corroborate previous findings regarding CXCL839,41, though 
are the first to do so in endometrial tissues carefully characterised for menstrual cycle staging and for ‘normal’ 
menstrual blood loss. Increased IL6 and TNF transcription in the menstrual phase endometrium have not, to our 
knowledge, been previously described in the literature.

Transcriptional changes in Tnf (TNF) and in the neutrophil chemokine gene Cxcl1 (KC; GRO-α) in the 
mouse endometrium investigated in this report revealed significant increases in the transcription of both genes at 
24 hours following progesterone withdrawal.

Previous studies have demonstrated a significant increase in the transcription of Tnf at 24 hours following 
progesterone withdrawal30, which is corroborated by the data presented in this report. Increased Tnf at 24 hours 
is also in line with their finding that transcription of the prostanoid synthesis pathway gatekeeper enzyme Ptgs2 
(cyclooxgenase-2; COX-2) is increased at 24 hours, as TNF is a known inducer of Ptgs2 transcription46.

CXCL1 is a mouse homologue of the human neutrophil chemokine CXCL847, and has not previously been 
demonstrated in the mouse endometrium after withdrawal of progesterone. The transcription of another mouse 
neutrophil chemokine and CXCL8 homologue, Cxcl2 (GRO-β), has however been demonstrated significantly 
upregulated at 24 hours following progesterone withdrawal30, which supports and complements the findings of 
this report.

That Cxcl1 transcription was increased at 24 hours’ post-progesterone withdrawal is in keeping with the neu-
trophil abundance data presented herein, which showed substantial increases in neutrophil numbers at 24 hours. 

Figure 8. Summary of endometrial changes during menstruation in humans (top) and during simulated 
menstruation in an ovariectomised mouse model (bottom). Cellular and histological events occurring in the 
mouse endometrium during simulated menstruation recapitulate events that occur in the human endometrium 
at menstruation: apoptosis preceding extensive neutrophil influx and inflammatory cytokine expression. 
NΦ = neutrophils, P4 = progesterone.
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It moreover strengthens the argument that the infiltration of large numbers of neutrophils is a ‘deliberate’, coordi-
nated response, and lends credence to the hypothesis that neutrophils are important to the breakdown and repair 
of the mouse endometrium following progesterone withdrawal12.

Perhaps the most important finding of this report is the parallel that can be drawn between the observations 
made in the ‘peri-menstrual’ human endometrium and those made in the progesterone-withdrawn mouse endo-
metrium in the ‘menses model’ (Fig. 8), strengthening the legitimacy of the model in recapitulating the events of 
human menstruation.

In the mouse, ‘menses’ occurs due to the removal of the progesterone-releasing Silastic implant; in the human, 
menses occurs due to the regression of the progesterone-producing corpus luteum. Nevertheless, features com-
mon to both the mouse and human endometrium are many: early endometrial apoptosis preceding overt men-
strual bleeding and tissue destruction; substantial increases in infiltrating neutrophil granulocyte abundance; and 
increased transcription of inflammatory chemokines and cytokines (Tnf/TNF, Cxcl1/CXCL8).

In conclusion, these data from well-categorised human endometrium reveal progesterone withdrawal is fol-
lowed by endometrial apoptosis, which precedes increased endometrial cytokine and chemokine presence and 
neutrophil influx during menstruation. These events are recapitulated in the mouse model of simulated menstru-
ation, further validating its use as a tool for the investigation of endometrial physiology, pathology and menstrual 
disorders.

Materials and Methods
Human endometrium clinical samples. Twenty-two paraffin-embedded, post-hysterectomy endometrial 
tissue samples (luminal endometrium to endometrial/myometrial junction, i.e. ‘full-thickness’) for immunohisto-
chemical (IHC) studies and, 11 endometrial ‘Pipelle’ biopsies (blind sampling technique from uterine cavity) for 
RT-qPCR studies were obtained from otherwise healthy women, whose menstrual cycle phases had been charac-
terised by histological dating, last menstrual period and serum oestradiol/progesterone concentrations at the time 
of biopsy collection. Full exclusion criteria and menstrual cycle details are provided in Supplementary Table 1.

All participating patients provided informed, written consent. Samples were collected with Lothian Research 
Ethics Committee approval (1994/6/17; 05/S1103/14; 10/S1402/59). All procedures were conducted in accord-
ance with relevant guidelines and regulations.

Mouse endometrial samples and model of simulated menstruation. Menstruation was simulated 
in C57Bl/6 J mice (8–12 weeks, n = 31; Harlan Laboratories, Indianapolis, USA) according to an established pro-
tocol19,20 (Fig. 1). Mice were ovariectomised under isoflurane-induced anaesthesia with buprenorphine hydro-
chloride analgesic, and allowed to recover for a minimum of 7 days. Oestradiol was administered on 3 consecutive 
days (100 ng s.c.); 4 days later, a subcutaneous progesterone-releasing implant was inserted, and a lower dose of 
oestradiol was administered on 3 consecutive days (5 ng s.c.). On the last day of lower-dose oestradiol injections, 
endometrial decidualisation was stimulated by the injection of 18 μL of arachis oil into the lumen of one uterine 
horn (with the other horn acting as a non-decidualised control) using non-surgical embryo transfer (NSET) 
devices. Progesterone-withdrawal was achieved by the surgical removal of the progesterone-releasing implants 
under anaesthesia. Mice were sacrificed and endometrial tissues were collected at 0 (n = 9), 4 (n = 7), 8 (n = 6), 24 
(n = 7) and 48 (n = 2) hours after progesterone withdrawal.

All mouse experiments were performed under a Home Office issued Personal Licence (I00B1A8F3) and 
Project Licence (60/4208). All mouse experiments were conducted in accordance with relevant guidelines and 
regulations.

Immunohistochemistry and stereology. Immunohistochemical staining for cleaved caspase-3, 
neutrophil elastase and Ly6G was performed in 22 paraffin-embedded human endometrial tissues and 29 
paraffin-embedded mouse endometrial tissue sections.

Neutral-buffered formalin-fixed, paraffin-embedded tissues were cut into 5-μm-thick sections, deparaffinised 
in xylene (10 minutes), rehydrated in decreasing concentrations of ethanol (100%, 95%, 80% and 70%; 20 seconds 
each) and subjected to heat-induced epitope retrieval in 0.01 M sodium citrate buffer (pH 6.0) at 127 °C (10 sec-
onds). After cooling and washing in phosphate-buffered saline (PBS), tissues were incubated in 3% H2O2/metha-
nol (10 minutes) to quench endogenous peroxidase activity, then incubated in non-immune block. Non-immune 
block consisted of serum from the species in which the secondary antibody was raised (goat or horse), diluted 1 
in 5 in 5% w/v bovine serum albumin (BSA)/PBS.

Sections from tissues known to express high levels of proteins of interest were used as positive controls. For 
negative controls, equimolar concentrations of generic immunoglobulins from the same species in which the 
primary monoclonal antibodies were raised (or the immunoglobulin fraction of serum from non-immunised 
animals in which polyclonal antibodies were raised) were used in place of the primary antibodies.

Primary antibodies and their matched negative controls were as follows: anti-cleaved-caspase-3 (rabbit 
polyclonal antibody, 63 μg/mL used at 1:400; Cell Signalling Tech, Leiden, Netherlands) and rabbit ‘normal’ 
Ig (immunoglobin fraction of serum from non-immunised rabbits); anti-elastase (mouse monoclonal anti-
body, clone NP57, 0.22 μg/mL used at 1:500; Agilent Technologies, Stockport, UK) and mouse IgG1 κ; and 
anti-Ly6G (rat monoclonal antibody, clone 1A8, 0.5 μg/mL used at 1:1000; BioLegend, San Diego, USA) and 
rat IgG2a κ.

Tissues were incubated in humidified chambers overnight at 4 °C with the primary antibodies diluted to 
appropriate concentrations in 20% serum/BSA/PBS. After washing with PBS, tissues were then incubated at 
room temperature with peroxidase-labelled anti-mouse (horse), -rabbit (horse) or -rat (goat) secondary anti-
body (Anti-Mouse (MP7402); Anti-Rabbit (MP7401) and Anti-Rat (MP7444) and all were used at a dilu-
tion of 1:200 for 30 minutes; Impress kits from Vector Labs, Peterborough, UK), then washed again with 
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PBS. Expression was visualised with 3,3′-diaminobenzidine (DAB) chromogen, and Harris’ haematoxylin 
counterstain.

A well-established semi-quantitative histoscoring system48–50, calculated by multiplying a staining intensity 
grade of 0–3 (0, no staining; 1, weak staining; 2, moderate staining; 3, strong staining) by an estimation of the 
percentage of immunopositive tissue within different cellular compartments (to the nearest 10%), was employed, 
yielding a histoscore of 0–300. Each data point represented an average taken from at least three different tissue 
section histoscores.

Cells of interest were counted by stereological microscopy: the area of tissue sections comprised by endome-
trium was manually delineated, and counting fields were selected automatically and randomly by the software. 
Immunopositive cells were counted from each field manually, while total cell numbers were counted with the 
assistance of a macro written for the open-source image manipulation software ImageJ1 to allow discrimination 
of cell nuclei on the basis of colour thresholds and minimum/maximum size criteria. Manual user interven-
tion permitted the elimination of false positives and inclusion of false negatives obtained through this method. 
Immunopositive cell counts were normalised to total cell nuclei.

RNA isolation and RT-qPCR. Total RNA was extracted from endometrial tissues using commercially 
available RNA extraction kits per the manufacturer’s instructions, with additional DNA digestion treatment of 
samples with DNase I. RNA concentrations were quantified and purities were verified by means of a spectropho-
tometer, after which RNA was reverse transcribed using commercially available kits (Invitrogen SuperScript Vilo 
cDNA synthesis kit (#11754-250; Life Technologies Ltd, Paisley, UK).

TaqMan-based RT-qPCR was performed using TaqMan Supermix (Thermo Fisher Scientific, Perth, UK), with 
three technical replicates. The data were normalised to internal housekeeping controls (ATP5B, human endome-
trium; Actb, mouse endometrium) which were validated prior to conducting the experiments. Data were analysed 
and processed with Sequence Detection System v2.3 software (Applied Biosystems, Foster City, USA).

Statistical analyses. Standard errors for cell counting were calculated according to the equation, 

=
−SE PP (100 )

P
pi pi

T
 where Ppi represents the percentage of points occupied by cells of interest and PT represents the 

total number of points occupied by all cells. Percentage standard error was then calculated according to 

( )SE% 100% SE
Ppi

= .
All other statistical analyses were performed with GraphPad PRISM software (v6.0; GraphPad Software Inc., 

San Diego, CA). Data were analysed using 1-way ANOVA methods with Tukey’s or Dunnett’s multiple compari-
sons tests, and represented as the means ± SEM, where p < 0.05 was considered significant.

Data Availability. The datasets generated and analysed during this study are included in this published arti-
cle (and its Supplementary Information files), and are available from the corresponding author on reasonable 
request.
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ARTICLE

Hypoxia and hypoxia inducible factor-1α are
required for normal endometrial repair during
menstruation
Jacqueline A. Maybin 1, Alison A. Murray1, Philippa T.K. Saunders 2, Nikhil Hirani2, Peter Carmeliet3 &

Hilary O.D. Critchley 1

Heavy menstrual bleeding (HMB) is common and debilitating, and often requires surgery due

to hormonal side effects from medical therapies. Here we show that transient, physiological

hypoxia occurs in the menstrual endometrium to stabilise hypoxia inducible factor 1 (HIF-1)

and drive repair of the denuded surface. We report that women with HMB have decreased

endometrial HIF-1α during menstruation and prolonged menstrual bleeding. In a mouse model

of simulated menses, physiological endometrial hypoxia occurs during bleeding. Maintenance

of mice under hyperoxia during menses decreases HIF-1α induction and delays endometrial

repair. The same effects are observed upon genetic or pharmacological reduction of endo-

metrial HIF-1α. Conversely, artificial induction of hypoxia by pharmacological stabilisation of

HIF-1α rescues the delayed endometrial repair in hypoxia-deficient mice. These data reveal a

role for HIF-1 in the endometrium and suggest its pharmacological stabilisation during

menses offers an effective, non-hormonal treatment for women with HMB.
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Heavy menstrual bleeding (HMB) is one of the most
common reasons for attendance at gynaecology clinics,
affecting 20–30% of pre-menopausal women1. Over

800,000 women per year seek treatment in the UK alone1, 2. Many
women with HMB become anaemic and have significantly
decreased quality of life3. A US study highlighted the substantial
socioeconomic impact of HMB, with financial losses of greater
than $2000 per patient per year as a result of work absence and
additional home management costs4. Medical treatments for
HMB are available but are often intolerable for women due to
lack of efficacy or troublesome hormonal side effects, including
prevention of fertility, bloating, unscheduled bleeding, fatigue and
depression. A national 4-year audit of HMB in the UK found 43%
of women received surgery within a year of their first attendance
at hospital1. Considering 47% of all UK-born babies are to
women aged ≥305, fertility-ending surgery is frequently unac-
ceptable. In addition, surgery introduces risk of organ damage,
haemorrhage and infection. There is a clear unmet clinical need
for non-hormonal, fertility-preserving and cost-effective medical
treatments for this debilitating condition.

In the absence of pregnancy, a sharp decline in ovarian pro-
gesterone (P4) production occurs as the corpus luteum regresses.
This triggers an inflammatory response in the local endometrial
environment, culminating in tissue destruction, shedding of the
luminal two thirds of the endometrium (the functional layer) and
menstrual bleeding (Fig. 1a). Cessation of menses requires (i)
vasoconstriction of specialised endometrial spiral arterioles, (ii) an
effective haemostatic response, including repair of damaged vas-
culature and (iii) timely reepithelialisation of the remaining denu-
ded basal endometrium6, 7. This unique, scarless repair process is
essential to maintain fertility and limit menstrual blood loss (MBL)
and has immense translational potential. To date, the mechanisms
and regulation of endometrial repair are not well understood.

The possibility that hypoxia has a physiological role at menses
was proposed over 70 years ago8. Direct observation of endometrial
explants transplanted to the eye of Rhesus macaques revealed
intense vasoconstriction of spiral arterioles and focal bleeding fol-
lowing P4 withdrawal. Since this publication, the presence and role
of hypoxia in the endometrium has remained the subject of intense
debate, with conflicting results from different laboratories utilising
in vitro, ex vivo and in vivo models9–13.

Hypoxia inducible factor (HIF) is the master regulator of the
cellular response to hypoxia, having well defined roles in angio-
genesis, mitogenesis, apoptosis, inflammation and metabolism at
other tissue sites14–16. When oxygen is abundant, the alpha subunit
(HIF-1α) is hydroxylated by prolyl hydroxylase (PHD) enzymes
which triggers its rapid degradation by the proteasome17. In
hypoxia, the oxygen-dependent PHD enzymes are inactive and HIF-
1α protein is stable. HIF-1α can then bind to the beta subunit (HIF-
1β) and induce the transcription of downstream targets that promote
adaptation to a hypoxic environment18. HIF-2α is an alternative
binding partner for HIF-1β and appears to have overlapping but
distinct target genes compared to HIF-1α19. The role of hypoxia
and HIF in human endometrial function remains undetermined.

In studying the role of hypoxia and HIF-1 at menstruation
using human endometrial tissue and mouse models of simulated
menses, we reveal hypoxia stabilises HIF-1α in the menstrual
endometrium to enable timely repair of the denuded endometrial
surface. In addition, we highlight a potential use for PHD inhi-
bitors (HIF-1α stabilisers) as a transient, non-hormonal treat-
ment for women with HMB.

Results
Menstrual endometrial HIF-1α is decreased in women with
HMB. HIF-1α mediates the cellular response to hypoxia and thus

is a marker of tissue hypoxia. To investigate whether levels of
hypoxia/HIF-1α differ across the menstrual cycle, we extracted
nuclear protein from well characterised endometrial biopsies
from women with subjectively normal menstrual bleeding (NMB)
at various stages of the menstrual cycle (Supplementary Table 1).
HIF-1α protein was detected in endometrial tissue from the late
secretory (LS), menstrual (M) and one sample from the early
proliferative phase (P) of the menstrual cycle (Fig. 1b), i.e. stages
of the menstrual cycle when progesterone levels are low (Fig. 1a).
HIF-1α was not detected during the later proliferative, early- or
mid-secretory phases (ES, MS). Densitometry revealed HIF-1α
levels were highest during the menstrual phase (Fig. 1b). HIF-2α,
an alternative binding partner for HIF-1β, was not detected in
human endometrial biopsies taken during the peri-menstrual
phase but was detected during the early-mid secretory phase
(Fig. 1c).

After determining that HIF-1α, but not HIF-2α, was present at
a cycle stage consistent with active menstruation and repair, we
investigated the presence of HIF-1α during menstruation in
women with objectively measured MBL (Supplementary Table 1)
to determine if an aberrant endometrial hypoxia/HIF-1 response
is associated with HMB (blood loss> 80 ml/cycle). Western blots
of whole endometrial tissue nuclear extracts revealed that women
with HMB had significantly lower levels of HIF-1α at menstrua-
tion than those with NMB (Fig. 1d). There were no significant
differences in endometrial HIF1A or HIF2A between women with
NMB compared to HMB at any cycle stage (Supplementary
Fig. 1). As there were no differences in HIF-1α transcript during
menstruation in women with HMB versus normal loss, we
concluded that endometrial HIF-1α is post-transcriptionally
regulated, most likely due to protein stabilisation.

Stabilisation of HIF-1α during normal menstruation would be
expected to lead to an increase in downstream HIF-1 targets. We
examined VEGF and CXCR4 as known targets of HIF-1 that have
putative roles in endometrial repair and regeneration12, 20–22.
These HIF-1 targets were dramatically increased in endometrial
samples collected during the menstrual phase from women with
NMB (Fig. 1e), consistent with high levels of HIF-1 at this stage of
the cycle. In contrast, women with HMB showed no increase in
VEGF levels during the menstrual phase. The twofold increase in
endometrial CXCR4 mRNA concentration during menstruation
in women with NMB was similarly absent in women with HMB.

As HIF-1 is known to accelerate wound repair via stimulation
of mitogenesis and angiogenesis at other tissue sites23, 24, we
aimed to determine the functional impact of decreased HIF-1α
and its downstream targets in the endometrium at menstruation.
We measured duration of bleeding as a clinical marker of
endometrial repair. Women with HMB were found to bleed for
2 days longer on average than women with NMB, consistent with
defective repair (Fig. 1f).

Hypoxia is present in a mouse model of simulated menses. Our
observational human data are consistent with a defective hypoxic
response in the endometrium at menstruation. However, to detect
and manipulate endometrial hypoxia we utilised a mouse model
of endometrial breakdown and repair that simulates menstrua-
tion. Ovariectomised mice were treated sequentially with E2 and
P4 to replicate the proliferative and secretory phases of the
human cycle. Decidualisation of the endometrium is required for
active menses and occurs spontaneously in humans during the
secretory phase. This was replicated in our model by a trans-
cervical injection of oil, resulting in a decidualisation reaction.
Subsequent withdrawal of P4 triggered menstrual-like bleeding 8
h later (T8 = active bleeding, ‘menstruating’) (Fig. 2a). By 24 h
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following P4 withdrawal endometrial reepithelialisation and
stromal restoration was underway (T24 = endometrial repair).

Pimonidazole is a marker of tissue hypoxia, with positive
staining only detected in tissues where oxygenation is <10
mmHg. In our simulated menses model there were obvious
temporal changes in pimonidazole staining following P4

withdrawal (Fig. 2b). Hypoxia was not detected prior to
menstrual bleeding (T0, when P4 levels were high). During
simulated menstruation (T8, 8 h after P4 withdrawal), pimoni-
dazole staining was intense and localised to the area of
endometrial separation, i.e. the area requiring repair. At the time
of endometrial repair (T24, 24 h after P4 withdrawal)
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pimonidazole staining was greatly reduced; where present it was
confined to non-reepithelialised epithelium that had not yet fully
repaired. Thus a transient hypoxic episode was detected in the
endometrium during normal menstruation and was localised to
the areas requiring repair. We postulated that this local hypoxia
regulated endometrial HIF-1α levels during menses.

Lack of hypoxia reduces HIF-1α and prevents efficient repair.
To test the hypothesis that local hypoxia regulates endometrial
HIF-1α, we subjected C57BL/6 mice to hyperoxia (75% O2) at the
time of P4-withdrawal (T0) and compared them to mice main-
tained in normoxia (21% oxygen). Hyperoxia prevented local
endometrial hypoxia at menses, evidenced by minimal pimoni-
dazole staining 8 h after imposition of hyperoxia concurrent with
P4 withdrawal (Fig. 3a, upper panel). In contrast, strong pimo-
nidazole staining was detected in the endometrium of mice
maintained in normoxia (Fig. 3a, lower panel), indicating phy-
siological hypoxia at simulated menses. Consistent with hypoxia
being the trigger for HIF-1α induction at menses, HIF-1α protein
levels were significantly reduced 8 h following P4 withdrawal (T8)
in the endometrium of mice under hyperoxia versus those in
normoxia (Fig. 3b).

Histological scoring of uterine sections was used to quantify
endometrial breakdown and repair from 1 (decidualisation)
through to 5 (full repair) (Supplementary Fig. 2). Assessment of
endometrial breakdown/repair at T8 revealed no significant
differences between mice under hyperoxia versus normoxia
(Fig. 3c), indicating no difference in endometrial breakdown/
onset of menses. Examination of tissue at the time of expected
repair (T24) revealed 56% of mice in normoxia (hypoxic
menstruation) reached complete repair, compared to only 22%
of mice where hypoxia was prevented during menses (hyperoxia),
although median repair scores were not significantly different
between groups (Fig. 3d).

A panel of known HIF-1 targets and inflammatory mediators
were examined by PCR in uterine tissue from mice in these
experimental groups (normoxia/hyperoxia) at T8 and T24
(Fig. 3e, Supplementary Fig. 3). HIF-1 regulated mRNAs were
increased at T8, corresponding with physiological endometrial
hypoxia. In contrast, inflammatory mRNAs were increased at
T24, subsequent to the transient hypoxic episode. Prevention of
menstrual hypoxia had no significant impact on Vegf or Cxcr4
mRNA concentrations. The pattern of Cxcr4 was more consistent
with other inflammatory mediators investigated (Supplementary
Fig. 3), displaying an increase at T24 rather than T8, i.e. after the
endometrial hypoxic response. In contrast, Vegf was maximal at
T8 and showed a non-significant decrease in hyperoxic mice
versus normoxic conditions, suggesting hypoxic/HIF-1 regulation
(Fig. 3e). This non-significant trend was consistent in all HIF-1
targets investigated; Adm, Glut-1 and Ldha (Supplementary
Fig. 3), consistent with a sub-optimal HIF-1 response in
hypoxia-deficient menses. We conclude that hypoxia is required
to stabilise HIF-1α in the menstrual endometrium to drive
optimal production of downstream repair factors.

Hif-1α+/− mice have delayed endometrial repair. To confirm the
role of HIF-1α in the menstrual endometrium, we compared
endometrial breakdown/repair in wild type (Hif-1α+/+) and HIF
heterozygote (Hif1a+/−) mice. HIF-1α−/− knockout mice are
embryonically lethal due to cardiovascular and neural tube
defects25. In contrast, HIF-1α+/− mice are phenotypically normal
but lack the ability to mount an appropriate HIF-1 response to
hypoxic conditions (i.e. at menstruation)26, 27, a scenario we
postulate is analogous to the endometrium of women with HMB
at menses (Fig. 1d, Supplementary Fig. 4a). Importantly, HIF-2α
did not increase during bleeding to compensate for HIF-1α
deficiency (Supplementary Fig. 4b). When actively bleeding at T8,
there was no significant difference in histological endometrial
breakdown/repair score, suggestive of no difference in onset of
menses (Fig. 4a). In contrast, during the repair phase at T24, the
score was significantly lower in Hif1a+/− mice versus controls
(Fig. 4b), consistent with delayed endometrial repair. No sig-
nificant differences in Vegf or Cxcr4 were observed between HIF-
1α heterozygotes and wild types at any time-point (Fig. 4c). Ldha
was significantly decreased in HIF-1α heterozygous mouse uter-
ine tissue at T8 (Supplementary Fig. 4c). As carbonic anhydrase
IX (CaIX) is one of the most sensitive endogenous sensors of
HIF-1 activity28, we examined its presence by immunohis-
tochemistry in Hif1a+/− versus wild-type mice at T8 (time of
active bleeding and maximal hypoxia). Similar to pimonidazole,
CaIX staining was localised to the area of endometrial separation
(Fig. 4d). CaIX staining was reduced in Hif1a+/− mice, consistent
with a reduced HIF-1 response in these HIF-deficient mice. We
conclude that HIF-1α deficiency at menstruation results in sig-
nificantly delayed endometrial repair.

Pharmacological inhibition of HIF-1 at menses delays repair.
To provide acute pharmacological manipulation of Hif-1α at
menses, C57BL/6J mice were treated with echinomycin (1 mg kg
−1), which inhibits HIF-1 binding to hypoxia-response elements
on target genes29. Conversely, ‘pseudohypoxia’ was induced using
DMOG (8mg), a PHD inhibitor that stabilises HIF-1α even in
normoxia30. Drugs were administered 24 h prior to and at the
time of P4-withdrawal (T0) and histological breakdown/repair
quantified at T8 (active bleeding, ‘menstruation’) and T24 (during
repair).

At the time of bleeding (T8), all treatment groups showed
features of decidualisation or breakdown (Fig. 5a). Echinomycin
treatment was associated with an earlier stage of breakdown when
compared to vehicle but not DMOG-treated mice. More
significantly, echinomycin treatment delayed endometrial repair
at T24, showing little difference between tissues recovered at T8
and T24 (Fig. 5b). Uterine morphology in echinomycin-treated
mice was characteristic of early stages of breakdown 24 h after P4
withdrawal, contrasting markedly with vehicle or DMOG-treated
mice that had progressed into the repair phases. Interestingly,
stabilisation of HIF1α with DMOG had no additional effect over
vehicle treated animals (Fig. 5b). These data suggest the
physiological hypoxic response at menses is sufficient for

Fig. 1 HIF-1α is present in the human endometrium at menstruation and reduced in women with HMB. a The human menstrual cycle. E2 estradiol,
P4 progesterone. b Western blot and densitometry for HIF-1α in nuclear protein extracts from endometrial samples taken at different phases of the
menstrual cycle. (n= 1–3 biological replicates per stage of cycle). c HIF-2α western blot of endometrial nuclear protein extracts from across the menstrual
cycle (Representative image from n= 3 biological replicates per stage of cycle.). d HIF-1α protein blot and densitometry in menstrual phase endometrium
from women with NMB (n= 4) and HMB (n= 4). *P< 0.05, unpaired t-test. e VEGF and CXCR4 mRNA concentrations in endometrium from women with
HMB and NMB at each stage of the menstrual cycle. ***P< 0.001, two-way ANOVA with Bonferroni’s multiple comparison’s test. f Duration of bleeding in
days for women with objectively measured NMB and HMB. **P< 0.01, unpaired t-test. Box and whisker plots: box represents upper and lower quartiles
with horizontal line representing the median, whiskers represent minimum and maximum values. M menstrual, P proliferative, ES early secretory, MS mid
secretory, LS late secretory. HMB=heavy menstrual bleeding, >80ml; NMB=normal menstrual bleeding, <80ml. Uncropped western blots included in
Supplementary Fig. 8
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maximal HIF-1α stabilisation and confirms that HIF-1 is essential
for normal endometrial repair at this time.

Downstream targets of HIF-1 were examined in mice treated
with echinomycin, vehicle and DMOG at T0 (prior to P4
withdrawal), T8 (during bleeding) and T24 (repair phase). In
vehicle controls, Vegf mRNA was again maximal at T8 (Fig. 5c).
Echinomycin treatment prevented this T8 increase in Vegf,
consistent with a defective HIF-1 response (Fig. 5c). Echinomycin
treatment also significantly decreased uterine Cxcr4 at T24 versus
DMOG treatment but not vehicle. Again HIF-1 target genes
displayed similar patterns to Vegf and inflammatory mediators
were comparable to Cxcr4 (Supplementary Fig. 5a). Consistent
with these chemokine data, neutrophils were increased in uterine
tissue at T24 and there was a marked decrease in tissues from
mice treated with echinomycin (Fig. 5d). There were no
detectable differences with HIF-1 pharmacological inhibition/
stabilisation in neutrophil numbers at T8 or macrophage
numbers at either timepoint (Supplementary Fig. 5b).

As a reduction in HIF-1 at menses decreased Vegf and other
HIF-1 targets, we examined the functional consequences of these
aberrations during endometrial repair by examining surface
epithelial cell proliferation and endometrial vasculature in our
experimental groups. Immunohistochemical staining of bromo-
deoxyuridine (BrdU) incorporation (Fig. 5e) showed intense
staining of luminal epithelium of vehicle treated mice, consistent
with high rates of proliferation to reepithelialise the shed

endometrial surface. This was even more marked in DMOG-
treated mice. In contrast, there was minimal incorporation of
BrdU in the endometrium of echinomycin-treated mice suggest-
ing that inhibition of HIF-1 prevented the normal proliferation of
the surface epithelial cells and delayed reepithelialisation.

Uterine endothelial cells (CD31-positive cells) in echinomycin-
treated mice had a disorganised appearance, without evidence of
lumen formation or pericyte coverage (α smooth muscle actin
(αSMA) staining) when compared to DMOG-treated animals
(Fig. 5f). This is suggestive of a disordered angiogenic response at
menstruation, which may have significant impact on vascular
function and MBL in subsequent cycles.

Human endometrial HIF-1α affects endothelial branching.
Alongside our mouse model, we wished to test if reduced HIF-1α
had similar effects in human endothelial cells. To do this we
silenced HIF1A in human endometrial epithelial cells incubated
in hypoxia and confirmed HIF1A specific knockdown (Supple-
mentary Fig. 6). Conditioned media from HIF1A silenced and
control cells was collected and used to treat human umbilical
vascular endothelial cells to examine impact on endothelial
branch formation (Fig. 5g). Addition of media conditioned by
untransfected epithelial cells grown under hypoxia to HUVEC
cells significantly increased HUVEC branching over that from
normoxic incubation. However, branching was significantly
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attenuated if HUVEC cells were treated with medium condi-
tioned by epithelial cells grown in hypoxia but in which shRNA
had been used to knock down HIF1A. Two different ShRNA
constructs had the same effect (1470/2192). We have previously

demonstrated that endometrial cells grown under hypoxia release
VEGF12. To test whether VEGF could restore the endothelial
branching potential of supernatant from HIF1A silenced cells, we
added back rhVEGF, and found HUVEC branching was rescued.
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DMOG restores endometrial repair in non-hypoxic menses.
Our hyperoxic mouse model of menstruation demonstrated that
local hypoxia prevention decreased endometrial HIF-1α and
resulted in suboptimal endometrial repair, analogous with our
findings in the endometrium of women with HMB. Therefore, we

aimed to improve endometrial repair by pharmacologically
increasing HIF-1α at menses. DMOG stabilises HIF-1α, even in
normoxic conditions, by inhibiting PHD enzymes involved in
HIF-1α breakdown, i.e. induces ‘pseudohypoxia’. C57BL/6J mice
were treated with vehicle or DMOG 24 h prior to P4 withdrawal
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and at the time of P4 withdrawal (T0) and all mice were placed in
hyperoxia at T0 to prevent endometrial hypoxia at menstruation
(Fig. 6a). At 24 h following P4 withdrawal (T24), mice treated
with DMOG had significantly greater histological repair score
than mice treated with vehicle (Fig. 6b), providing evidence that
DMOG can rescue the delayed endometrial repair observed when
physiological hypoxia is not present at menstruation.

Discussion
Excessive menstruation is common and debilitating, resulting in
significantly decreased quality of life for women and a major
socio-economic burden. Current medical treatments often have
unacceptable hormonal side effects or are ineffective31. We reveal
that women with HMB have reduced endometrial HIF-1α and
downstream targets and prolonged menstrual bleeding, suggestive
of delayed endometrial repair. Herein, we detected hypoxia dur-
ing active bleeding in the mouse model of simulated menses.
Prevention of menstrual hypoxia decreased HIF-1α and delayed
repair of the denuded endometrium. Deficient endometrial HIF-
1α following P4-withdrawal in our mouse model was associated
with delayed endometrial repair. Finally, we revealed that
administration of DMOG (HIF stabiliser) at the time of simulated
menstruation in our model of non-hypoxic menstruation sig-
nificantly improved endometrial repair. These results confirm
that pharmacological stabilisation of HIF-1α at menstruation has
the potential to fulfil the unmet clinical need for a novel, non-
hormonal therapeutic strategy for women with HMB.

As HIF has two transcriptionally active forms with distinct but
overlapping target genes18, 19, we examined both subunits across
the menstrual cycle. We found endometrial HIF-1α was present
exclusively during the peri-menstrual phase (luteo-follicular
transition), when vasoconstriction of spiral arterioles and local
endometrial hypoxia are expected to occur8. Endometrial HIF-2α
was not present during menstruation, but only during the early to
mid-secretory phase. This temporal pattern suggests HIF-2α does
not have a key role in the regulation of menstruation, though it
remains possible it may contribute to endometrial function at
other stages. This is consistent with in vitro studies of breast
cancer cells, where HIF-2α contributed to few, if any, of the
transcriptional responses to acute hypoxia18. We also revealed
that women with objectively defined HMB (>80 ml per cycle) had
decreased endometrial HIF-1α protein and its downstream tar-
gets VEGF and CXCR4 during menstruation when compared to
women with NMB. These carefully categorised tissues with linked
objectively measured MBL suggest a role for hypoxia and HIF-1
in menstrual physiology and that aberrations may lead to HMB.
Therefore, we utilised our mouse model of simulated menstrua-
tion to delineate the role of hypoxia and HIF-1α at menstruation.

Herein we detected a transient but intense hypoxic episode in
the mouse endometrium during active bleeding, localised to the
area in need of repair. This is in direct conflict with the xenograft
menses model, where explants of human endometrial tissue were
grafted subcutaneously and E2 and P4 pellets inserted and
withdrawn after 60–90 days to induce menstruation9. Hypoxia
was not detected using HIF-1α or pimonidazole immunohis-
tochemistry. These differences may be explained by disturbance
of the full thickness endometrial architecture in the immunode-
ficient xenograft model, where spiral arteriole function and
immune cell function will be drastically modified. Our results are
consistent with findings in the mouse model of simulated men-
struation from within and outwith our department11, 32.

A number of publications describe non-hypoxic regulation of
HIF-1α with increases in HIF-1α protein in normoxic conditions
by inflammatory mediators, such as prostaglandins and tumour
necrosis factor α33, 34. As the local endometrial environment at
menses has many features of an acute inflammatory response,
with increases in prostaglandins, cytokines/chemokines and an
influx of leukocytes35, the contribution of hypoxia to HIF-1α
stabilisation remained unclear. To address the role of hypoxia in
HIF-1α regulation, we prevented menstrual hypoxia in our mouse
model and observed a significant reduction in HIF-1α protein.
Therefore, endometrial hypoxia is necessary for an appropriate
HIF-1α response in vivo at menses. These findings are consistent
with our previous human data, where hypoxic induction of VEGF
and ADM in human endometrial cells was dependent on HIF-1α
but that increases observed with normoxic prostaglandin E2
treatment were independent of HIF-1α12, 36. Hypoxic conditions
were previously found to be unnecessary for MMP-induced
menstrual breakdown in human cells and tissue explants cultured
in vitro10, 37. Herein, our novel in vivo model confirmed that
menstruation occurred despite the absence of hypoxia, but
revealed that endometrial repair was delayed.

Genetic reduction of HIF-1α in our mouse model of simulated
menses demonstrated normal onset of active bleeding but sig-
nificantly delayed endometrial repair. Echinomycin treatment of
mice to inhibit menstrual HIF-1 also significantly decreased HIF
downstream targets and delayed endometrial repair. The decrease
in HIF downstream targets was much less marked in HIF-1α
heterozygotes, with no differences in Vegf and a non-significant
trend towards reduction in Adm, Glut1 and Ldha in heterozygote
mice versus wild type. This is not unexpected considering our
model was a HIF-1α deficient, rather than a knockout animal and
that the hypoxic episode was comparable between the two groups.
Furthermore, localised endometrial hypoxia may result in loca-
lised, clinically significant alterations in HIF-1 targets, as
demonstrated by changes in carbonic anhydrase protein. Loca-
lised changes in mRNA may not be detected in our analysis of

Fig. 5 Pharmacological inhibition of HIF-1α delays endometrial repair in a mouse model of simulated menstruation. a Histological breakdown/repair score
at 8 h after P4 withdrawal (T8) in wild-type mice treated with echinomycin (EC), vehicle or dimethyloxalylglycine (DMOG) and b 24 h following P4
withdrawal (T24). *P< 0.05, **P< 0.01, ANOVA with Dunn’s multiple comparison’s test. Graphs represent percentage of mice at each histological grade
per experimental group. c Relative mRNA concentration of Vegf and Cxcr4 in uterine tissue at T8 and T24 from mice treated with echinomycin, vehicle or
DMOG. Box represents upper and lower quartiles with horizontal line representing the median, whiskers represent minimum and maximum values. **P<
0.01 ***P< 0.001 ****P< 0.0001, two way ANOVA with Tukey’s multiple comparison’s test. d Ly6G staining in endometrium collected 24 h following
progesterone withdrawal (T24) from mice treated with echinomycin (EC: HIF-1 inhibitor), vehicle or dimethyloxalylglycine (DMOG: HIF-1α stabiliser). M
myometrium, DM decidualised mass, E endometrium. Scale bar= 100 µm. e BrdU staining in mouse uterine tissue at T8 and T24 in mice treated with
echinomycin, vehicle or DMOG. Arrows in T24 represent areas of active proliferation. Inset= negative control, scale bar= 100 μm. f Endothelial cells
(CD31, green) in echinomycin-treated animals at T24 display an abnormal, disorganised appearance with no detection of the pericyte marker αSMA (red),
as seen in DMOG-treated mice (arrows). Nuclear staining (DAPI, blue). Representative images from n≥ 6 per treatment group. Scale bar= 100 μm. g
Human umbilical vein endothelial cell (HUVEC) branch point number in vitro after 8 h treatment with the conditioned media from (i) normoxic
untransfected endometrial epithelial cells, (ii) hypoxic untransfected epithelial cells, (iii) hypoxic epithelial cells transfected with a scrambled control
sequence. (iv, v) Hypoxic HIF-1α silenced epithelial cells or (vi, vii) HIF silenced cells in hypoxia with add back of rhVEGF (300 ngml−1). n= 3. UTF
untransfected cells, SCR scrambled sequence negative control, 1470/2192: two different ShRNA constructs against HIF-1α. ns non-significant, *P< 0.05,
ANOVA with Tukey’s multiple comparison’s test. Error bars= SEM
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whole uterine samples. Small changes in many HIF-1 down-
stream targets may explain the delayed endometrial repair phe-
notype observed.

Interestingly, blockage of VEGF using VEGF Trap in the
rhesus macaque and a different mouse model of simulated
menstruation (pseudopregnancy followed by decidualisation
induction and ovariectomy to trigger menses) has previously
revealed inhibited neovascularisation and delayed reepitheliali-
sation of the denuded endometrial surface during menstruation11,
consistent with our findings in these hypoxia/HIF-1 deficient
models. We have previously demonstrated that VEGF mRNA and
protein are increased in human endometrial tissue during men-
struation and that HIF-1α is necessary for hypoxia-induced
increases in VEGF in human endometrial epithelial cells12. HIF-
1α has been demonstrated to directly bind to the Vegf promoter
during menstruation in a mouse model38. Our data herein sub-
stantially extend these findings to provide definitive evidence that
hypoxia regulates HIF-1α in vivo to coordinate timely repair of
the denuded endometrial mucosal surface at menses.

Interestingly, our DMOG-treated mice showed no additional
increases in repair grade over vehicle treated mice. We propose
the intense physiological hypoxia observed during menstruation
in our model resulted in sufficient HIF-1α stabilisation and
activation in vehicle treated mice to enable efficient repair and
that further HIF stabilisation with DMOG was unnecessary. This
is in contrast to other tissue sites where physiological
hypoxia does not occur and DMOG treatment is known to sig-
nificantly increase HIF-1α protein and Vegf when compared to
controls39, 40.

We demonstrate that inhibition of HIF-1 with echinomycin
dramatically reduces neutrophil influx during menstrual bleeding.
A previous study has demonstrated reduced endometrial repair
following neutrophil depletion41, highlighting the requirement
for innate cell influx for normal menstruation. Macrophage
numbers were not found to be different with HIF-1 inhibition/
stabilisation. This is consistent with findings in the tumour

environment, where macrophage numbers were not altered by
hypoxia but phenotype was affected42. The role of hypoxia and
HIF-1 on endometrial macrophage phenotype remains to be
determined.

Herein, we demonstrate an impact of HIF-1 manipulation on
endometrial epithelial cells, with proliferation of luminal epithe-
lial cells visible at an earlier time point in mice with HIF-1α
stabilisation. Similar epithelial benefits were observed in a mouse
model of colitis, with overexpression of HIF-1 in intestinal epi-
thelial cells found to be protective with diminished clinical
symptoms43. Furthermore, pharmacological stabilisation with
DMOG was also found to be protective in a colitis mouse model,
demonstrating an anti-apoptotic phenotype in intestinal epithelial
cells that the authors suggested maintained the epithelial bar-
rier44. This significant positive impact of HIF-1 on epithelial
function and the prevention of pathology in an inflammatory
environment are consistent with our findings in the menstrual
endometrium.

Our experiments also suggest endometrial endothelial cells
have optimised function with stabilisation of HIF-1α. Endo-
metrial vessels in DMOG-treated mice were occasionally sur-
rounded by αSMA positive cells indicative of increased maturity
versus echinomycin-treated mice. This is consistent with findings
in Phd2+/− mice (decreased HIF-1α degradation), where tumour
vessel density and lumen size was unaffected but endothelial
lining and maturation were normalised, resulting in improved
tissue oxygenation and inhibition of metastases45. Our finding
that silencing of HIF-1α in human endometrial epithelial cells
significantly decreased endothelial cell branching further support
a role for HIF-1 in vascular regulation during human men-
struation. A previous study revealed differences in the vascular
smooth muscle cell differentiation markers in endometrial vas-
culature from women with HMB and NMB46. Hence, HIF-1 may
increase the efficiency of repair of the damaged vasculature and/
or drive angiogenesis to optimise vascular function in subsequent
menstrual cycles.
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Finally, we reveal that DMOG stabilisation of HIF-1α in our
hyperoxia model (i.e. non-hypoxic menstruation) significantly
improved endometrial repair. For women with a defective
hypoxic response at menstruation, this offers real promise of a
non-hormonal medication to improve prolonged menstrual
bleeding. Similar to effects in the mouse model of colitis44, the
actions of DMOG in the endometrium appear to be secondary to
improved epithelial function, with reepithelialisation of the
denuded surface a major contribution to the improved histolo-
gical repair scores. Previous studies have also identified an anti-
inflammatory effect of PHD inhibition47 describing NFκB inhi-
bition and switch to an M2 macrophage phenotype. However, we
found an increase in inflammatory mediator mRNA concentra-
tions in the mouse uterus after treatment with DMOG. These
differences may be due to the origin of the inflammatory sti-
mulus, i.e. LPS induced ‘injury’ versus the physiological inflam-
matory response of endometrial shedding (i.e. menstruation).
Alternatively, the response within discrete immune cell popula-
tions may be masked in our homogenated tissue samples and
anti-inflammatory effects in these populations remain
undetermined.

Hydroxylase inhibitors have recently entered clinical trials for
the treatment of chronic kidney disease associated anaemia and
were well tolerated48, 49. This opens up the possibility of using
these compounds for the treatment of HMB. Our findings suggest
their use just prior to/during menstruation may significantly
reduce the duration of bleeding. The off target effect of increased
erythropoiesis may be a very desirable additional health benefit
for women suffering from heavy periods, who commonly
experience anaemia and occasionally require blood transfusion.

In conclusion, our data reveal an important role for hypoxia
and HIF-1 in menstrual physiology. Targeting the HIF-1 pathway
at menstruation has promising therapeutic potential, offering a
non-hormonal, fertility preserving medical treatment option for
women with prolonged HMB.

Methods
Human tissue collection. Endometrial biopsies (n = 91) were collected with a
suction curette (Pipelle, Laboratorie CCD, Paris, France) from women (median age
42 years, range 26–50) attending gynaecological out-patient departments in NHS
Lothian. Written informed consent was obtained from participants and ethical
approval granted from Lothian Research Ethics Committee (REC 08/S1103/38, 10/
S1402/59). All women reported regular menstrual cycles (21–35 days) and no
exogenous hormone exposure for 2 months prior to biopsy. Women with large
fibroids (>3 cm) or endometriosis were excluded. Tissue was divided and (i) placed
in RNA later, RNA stabilisation solution (Ambion (Europe) Ltd., Warrington, UK),
(ii) fixed in 4% neutral buffered formalin for wax embedding. Biopsies were con-
sistent for (i) histological dating using criteria of Noyes et al.50, (ii) reported last
menstrual period and (iii) serum P4 and estradiol concentrations at time of biopsy.
Six tissue samples were excluded from analysis due to inconsistent dating and one
sample excluded due to detection of hyperplasia. Classifications of participant
samples are detailed in Supplementary Table 1.

Objective measurement of MBL. A subset of the participants (n = 75) agreed to
collect their sanitary ware to allow objective quantification of their MBL. Women
were provided with the same brand of tampon/pad (TampaxAlways) and verbal
and written instructions on collection. Blood loss was measured using a modified
alkaline-haematin method51, 52. In brief, used sanitary products were added to a
measured volume of 5% sodium hydroxide. After 24 h an aliquot was removed,
filtered and the optical density (OD) measured with spectrophotometry at 546 nm.
This was compared to a 1 in 200 dilution of the patient’s venous blood in 5%
sodium hydroxide incubated for 24 h. MBL was calculated using the equation (1).

MBL ¼ ODof menstrual blood solution ´ total value of added sodiumhydroxideð Þ
ðODof venous blood solution ´ 200Þ :

ð1Þ

This method was validated using time expired whole blood applied to the same
sanitary products given to participants. An MBL of >80 ml was classified as HMB
and <80 ml as NMB. In total, 44 women also completed a menstrual pictogram
chart, detailing their duration of bleeding.

Mouse studies. All experimental animal procedures were carried out with
appropriate approval. The Institutional Animal Care and Research Advisory
Committee of the University of Leuven granted permission to the Vesalius
Research Centre, KU Leuven and UK home office approval was granted for studies
at the University of Edinburgh.

Simulated mouse model of menstruation. Female C57BL/6JOlaHsd mice were
purchased from Envigo (Hillcrest, UK). Endometrial shedding and repair was
simulated in ovariectomised mice53, 54 (Fig. 2a). In brief, 6–9-week-old female mice
were ovariectomised on day 1 of the protocol to deplete endogenous steroid pro-
duction. Mice then received daily subcutaneous injections of β-estradiol (E2) in
peanut oil (100 ng) on days 7–9. A progesterone implant (P4) was placed sub-
cutaneously on day 13, mice also received daily injections of E2 (5 ng) from day 13
to 15. On day 15, decidualisation of one uterine horn was induced by intracervical
injection of 20 μl peanut oil using a non-surgical transfer device (ParaTechs,
Lexington, KY, USA). P4-withdrawal was induced 4 days after decidualisation (day
19) by removal of the P4 implant. Mice received an intra-peritoneal injection of
bromodeoxyuridine (BrdU, 100 μl) and pimonidazole (Hypoxyprobe, 60 mg/kg)
1.5 h prior to culling. Mice were culled by cervical dislocation at the time of P4-
withdrawal (T0) or 8 or 24 after P4-withdrawal (T8, T24). Uteri were dissected and
collected in RNA later, 4% neutral buffered formalin for paraffin embedding and
snap frozen in liquid nitrogen for protein extraction. Any animal with failed
decidualisation was excluded from the study. Eight replicates at each time point
will give 80% power to detect as significant true mean differences of about
1.6 standard deviations between groups.

Hyperoxic conditions. C57BL/6 mice undergoing the menstrual protocol were
randomised using Microsoft Excel to standard conditions (21% O2) or incubation
in a hyperoxic chamber (75% O2, Coy laboratory Products, Michigan, USA) at the
time of P4 withdrawal (T0) until sacrifice (T8 or T24). Body and uterine weights
did not vary between groups (Supplementary Fig. 7a).

Generation of HIF-1α deficient mice. HIF-1α+/− ES cells were used to generate
HIF-1α+/− mice (129/Sv × Swiss) as previously described45, 55. Wild-type (50% Sw
50% 129S6) females were mated with HIF-1α+/− (50% Sw 50% 129S6) males and
offspring genotyped to identify female HIF-1α+/− and normal littermate controls.
Mouse and decidualised uterine weights did not significantly differ between the
wild-type and HIF-1α+/− mice (Supplementary Fig. 7b).

Pharmacological manipulation of HIF. C57BL/6JOlaHsd mice (Envigo) under-
went the simulated menstruation protocol described above. Twenty four hours
prior to P4 withdrawal (day 18) and at the time of P4 withdrawal (day 19, T0) mice
were randomised to administration of an intraperitoneal injection of either echi-
nomycin (HIF-1 inhibitor, 1 mg/kg, Bioviotica, Liestal, Switzerland), dimethylox-
alylglycine (DMOG; PHD inhibitor; 8 mg, Enzo Life Sciences, Lausen, Switzerland)
or vehicle control. Body weight was unaffected by drug treatment (Supplementary
Fig. 7c). Decidualised uterine weight was significantly reduced 24 h after P4-
withdrawal in mice treated with echinomycin (T24). No differences were observed
at 8 h post withdrawal (T8) (Supplementary Fig. 7c).

DMOG rescue. C57BL/6J mice undergoing the simulated menstruation protocol
were randomised to an intraperitoneal injection of dimethyloxalylglycine (8 mg,
Enzo Life Sciences, Lausen, Switzerland) or vehicle control 24 h prior to P4-
withdrawal and at T0. Mice were all placed into hyperoxic conditions (75% O2)
until sacrifice at T24 (24 h post P4-withdrawal; Fig. 6a).

Histological analysis. Five micrometer mouse uterine sections were stained with
haematoxylin and eosin (H&E) and stage of breakdown/repair graded by two
masked independent observers using a previously published scoring system41

(Supplementary Fig. 2). Mouse uterine sections were also stained for endoglin
(1:50, R&D Systems, AF1320, Abingdon, UK), alpha smooth muscle actin (αSMA,
1:250, C6198, Sigma, Dorset, UK), Ly6G (BioLegend, 127601, 1:1000. London,
UK), F4/80 (Bio-Rad, MCA497GA, 1:50. Oxford, UK) and carbonic anhydrase IX
(Abcam, ab184006, 1:2000, Cambridge, UK). Proliferating cells were identified
using anti-bromodeoxyuridine antibody (BrdU, 1:1500, Fitzgerald, Acton, MA,
USA) and hypoxia detected using anti-pimonidazole antibody as per manu-
facturer’s instructions (4.3.11.3 mouse MAb, Hypoxyprobe, Burlington, USA).

Western blots. In total, 15 μg of nuclear protein extract from whole human
endometrial biopsies was denatured for 5 min at 90 °C. Proteins were separated on
4–12% Bis–Tris Gels (NuPAGE Novex, Invitrogen, Carlsbad, CA) and transferred
onto polyvinylidene difluoride membranes (Millipore, Watford, UK). Membranes
were blocked overnight before incubation with primary antibodies for 2 h at room
temperature; anti-HIF1α antibody (BD Biosciences, Oxford, UK, 1:250), anti-
HIF2α antibody (Novus Biologicals CO, USA, 1:1000), rabbit polyclonal to beta-
actin (Abcam, Cambridge, UK 1:5000). After washing, the membrane was incu-
bated with an appropriate secondary antibody before detection using
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chemiluminescent horseradish peroxidase substrate (Immobilon Western, Milli-
pore Corporation, MA, USA) (Supplementary Fig. 8).

In total, 80 μl whole protein extracts from whole mouse uterine biopsies were
denatured and loaded to NuPAGE Novex 3–8% Tris-acetate gel. Transfer was
conducted semiwet, using nitrocellulose membrane prior to blocking for 1 h. Anti-
mouse HIF1α (0.5 μg/ml, AF1935, R&D Systems, Abingdon, UK) or HIF2α (1 μg/
ml, AF2997 R&D Systems) was applied overnight at 4 °C. After washing, the
membrane was incubated with an appropriate secondary antibody before detection
using chemiluminescent horseradish peroxidase substrate (Pierce ECL Western
Blotting Substrate, Life technologies, Paisley, UK). (Supplementary Fig. 8).

Quantitative real time PCR. Total RNA from whole uterine mouse tissue, human
cells and whole human endometrial biopsies were extracted using the RNeasy Mini
Kit (Qiagen Ltd., Sussex, UK) with on column DNaseI digestion according to
manufacturer’s instructions. RNA samples were reverse transcribed using Super-
script Vilo cDNA synthesis Kit (Life Technologies). Messenger RNA transcripts
were quantified relative to appropriate reference genes (human samples: 18S and
ATP5B, mouse samples: ACTB and RLP13), as determined by geNorm assay
(Primerdesign Ltd., Southampton, UK). Specific primers were designed using the
universal probe library assay design centre and checked with BLAST (Supple-
mentary Table 2). Reactions were performed in triplicate using ABI Prism
7900 system under standard conditions with Invitrogen 2xExpress Supermix (Life
Technologies). Quantification was performed using the 2−ΔΔCt method after
normalisation against controls (a sample of liver cDNA).

Endothelial cell branch assay. HIF-1α was silenced in endometrial cells (Ishi-
kawa, 99040201, Culture collections, Sailsbury, UK) using two different lentiviral
ShRNA constructs (HIF-1α/shRNA1470, HIF-1α/shRNA2192), gifted by T. Cra-
mer and described in ref. 12. Cells were tested to exclude mycoplasma con-
tamination. Untransfected cells and cells transfected with HIF-1α/shRNA1470,
HIF-1α/shRNA2192 or HIF-1α/shRNASCR (a scrambled negative control) were
covered with 1 ml of serum free DMEM media and placed in hypoxic conditions
(0.5% O2) for 8 h. The conditioned media (CM) was harvested. An in vitro
endothelial cell branch assay was then performed56. In brief, 100 μl Matrigel (BD
Biosciences, Bedford, MA) was added per well in a 48 well plate. Human umbilical
vascular endothelial cells (HUVEC, PromoCell, Heidelberg, Germany) were seeded
at a density of 2 × 104 in 200 μl EBM-2 media (Lonza, MD, USA) supplemented
with GA1000 and ascorbic acid SingleQuots. The CM from (i) untransfected
Ishikawa endometrial epithelial cells, (ii) HIF-1α/shRNA1470 transfected cells, (iii)
HIF-1α/shRNA2192 transfected cells, (iv) HIF-1α/shRNASCR transfected cells (v)
HIF-1α/shRNA1470 transfected cells plus 300 ng ml−1 rhVEGF protein or (vi)
HIF-1α/shRNA2192 transfected cells plus 300 ng ml−1 rhVEGF protein. Assays
were carried out in triplicate and with CM from three separate experiments.
Endothelial cell branching was captured in the same position in each well after 8 h
using an inverted Axiovert microscope. Branch points of the formed tubes were
counted by an observer masked to the sample origin and an average of the repli-
cates determined after unmasking.

Statistical analysis. Analysis was carried out using GraphPad Prism software (San
Diego, CA). Analysis of two groups (i.e. histological breakdown/repair scores,
densitometry, duration of bleeding) utilised unpaired t tests where the distribution
of data was normal and Mann–Whitney test where data were not normally dis-
tributed. For comparison of data sets with two variables (i.e. human data: MBL and
stage of cycle, mouse data: treatment groups and time) a two way analysis of
variance was used with Bonferroni’s/Tukey’s multiple comparisons test. Endo-
thelial cell branch point assay was analysed by paired one-way analysis of variance
with Tukey’s multiple comparisons test. A value of P< 0.05 was considered sta-
tistically significant.

Data availability. All relevant data are available from the authors upon reasonable
request.
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Abstract
Background:	The	International	Federation	of	Gynecology	and	Obstetrics	(FIGO)	sys-
tems	for	nomenclature	of	symptoms	of	normal	and	abnormal	uterine	bleeding	(AUB)	
in	the	reproductive	years	(FIGO	AUB	System	1)	and	for	classification	of	causes	of	AUB	
(FIGO	AUB	System	2;	PALM-	COEIN)	were	first	published	together	in	2011.	The	pur-
pose	was	 to	harmonize	 the	definitions	of	normal	and	abnormal	bleeding	symptoms	
and	to	classify	and	subclassify	underlying	potential	causes	of	AUB	in	the	reproductive	
years	to	facilitate	research,	education,	and	clinical	care.	The	systems	were	designed	to	
be	flexible	and	to	be	periodically	reviewed	and	modified	as	appropriate.
Objectives:	 To	 review,	 clarify,	 and,	 where	 appropriate,	 revise	 the	 previously	
published	systems.
Methodology and outcome:	To	a	large	extent,	the	process	has	been	an	iterative	one	
involving	the	FIGO	Menstrual	Disorders	Committee,	as	well	as	a	number	of	 invited	
contributions	from	epidemiologists,	gynecologists,	and	other	experts	in	the	field	from	
around	the	world	between	2012	and	2017.	Face-	to-	face	meetings	have	been	held	in	
Rome,	Vancouver,	and	Singapore,	and	have	been	augmented	by	a	number	of	telecon-
ferences	and	other	communications	designed	to	evaluate	various	aspects	of	the	sys-
tems.	Where	substantial	change	was	considered,	anonymous	voting,	in	some	instances	
using	a	modified	RAND	Delphi	technique,	was	utilized.

K E Y W O R D S

Abnormal	uterine	bleeding;	Adenomyosis;	Anovulatory	bleeding;	Arteriovenous	malformation;	
Coagulopathy;	Endometrial	hyperplasia;	Endometrial	polyp;	FIGO;	Heavy	menstrual	bleeding;	
Heavy	uterine	bleeding;	Intermenstrual	bleeding;	Irregular	menstrual	bleeding;	Irregular	uterine	
bleeding;	Isthmocele;	Leiomyoma;	Menorrhagia;	Metrorrhagia;	PALM-COEIN

1  | INTRODUCTION

The	worldwide	impact	of	abnormal	uterine	bleeding	(AUB)	in	the	repro-
ductive	years	is	substantial,	with	a	prevalence	of	approximately	3%–30%	
among	reproductive	aged	women.	The	reasons	for	the	wide	spectrum	
of	estimates	are	unclear	but	vary	with	age,	being	higher	in	adolescents	
and	 in	the	fifth	decade	of	 life,	and	varying	somewhat	with	country	of	

origin.1–9	Approximately	one	third	of	women	are	affected	at	some	time	
in	their	life.3,6	Many	of	the	published	studies	are	restricted	to	estimates	
of	the	prevalence	of	the	symptoms	of	heavy	menstrual	bleeding	(HMB);	
when	other	symptoms,	particularly	those	of	irregular	and	intermenstrual	
bleeding	are	included,	the	prevalence	rises	to	35%	or	higher.9

Available	evidence	suggests	that	as	many	as	half	of	affected	women	
do	 not	 seek	medical	 care,	 even	 if	 they	 have	 access	 to	 a	 healthcare	
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provider,4,5,8	a	circumstance	that	may	explain	the	variation	in	reported	
prevalence.	The	manifestations	vary	from	modest	to	severe	disruption	
of	work	productivity	and	quality	of	 life,10,11	and	 increasing	maternal	
morbidity	and	mortality	for	pregnant	women	with	pre-	existing	AUB-	
related	anemia.12,13

In	2011,	recognizing	the	international	need	created	by	the	impact	
of	 AUB,	 the	 International	 Federation	 of	 Gynecology	 and	 Obstetrics	
(FIGO),	published	a	pair	of	systems	and	a	set	of	clinical	recommenda-
tions	with	the	aim	of	informing	and	aiding	clinicians	and	investigators	in	
the	design	and	interpretation	of	investigations	into	AUB	in	the	repro-
ductive	years,	as	well	as	the	provision	of	evidence-	based	clinical	care.14

The	present	manuscript	was	designed	to	provide	a	detailed	update	
on	the	FIGO	recommendations	concerning	 terminologies,	definitions,	
and	underlying	causes	of	AUB	in	the	reproductive	years.	Revised	ter-
minologies	 and	 definitions	 of	 normal	menstrual	 parameters,	 and	 the	
symptoms	of	AUB	were	initially	published	in	2007,15,16	while	the	sem-
inal	 2011	 publication14	 presented	 both	 systems—Terminology	 and	
Definitions	(FIGO-	AUB	System	1)	and	Classification	of	Causes	of	AUB	in	
the	Reproductive	Years,	the	PALM-	COEIN	system	(FIGO-	AUB	System	
2).	From	the	beginning,	it	was	determined	that	these	recommendations	
should	 be	flexible	 and	 subject	 to	ongoing	 regular	 review	 to	 incorpo-
rate	 results	of	new	research	and	analysis.	These	review	periods	were	
intended	to	broadly	coincide	with	the	triennial	FIGO	World	Congresses.

The	first	key	recommendations,	published	simultaneously	in	2007	
in	 Fertility	 Sterility	 and	 Human	 Reproduction,15,16 recommended a 
substantial	 revision	of	existing	 terminologies	and	definitions	 for	 the	
description	of	AUB	 features	and,	by	doing	 so,	 redefined	 the	normal	
parameters	of	menstrual	bleeding.	Recommended	was	the	abolition	of	
terms	(largely	of	Latin	and	Greek	origin)	such	as	menorrhagia,	metror-
rhagia,	and	dysfunctional	uterine	bleeding,	which	were	poorly	defined,	
used	 internationally	 in	 a	 disparate	 manner,	 and	 had	 no	 consistent	
meaning	for	the	general	and	academic	communities.15–17

The	 second	 key	 publication14	 presented	 a	 novel	 and	 pragmatic	
approach	 to	 classification	 of	 the	 underlying	 causes	 of	AUB	 in	 non-	
pregnant	 women.	 No	 such	 systematic	 classification	 of	 underlying	
causes	 existed	 at	 that	 time.	 This	 2011	 manuscript	 introduced	 the	
PALM-	COEIN	 classification	 based	 on	 clinical-		 and	 imaging-	based	
stratification	 of	 causes	 into	 “structural”	 pathologies	 that	 can	 be	
“imaged”	 and/or	 defined	 histopathologically	 (Polyps,	 Adenomyosis,	
Leiomyomas	 and	 Malignancy	 or	 atypical	 endometrial	 hyperplasia;	
PALM).	 The	 remaining	 causes	were	 categorized	 as	 “non-	structural”,	
in	that	they	cannot	be	 imaged,	but	clinical	assessment	with	detailed	
history	 and	 appropriate	physical	 examination,	 sometimes	 supported	
by	laboratory	testing,	can	largely	imply	or	make	a	diagnosis	of	cause	
(Coagulopathies,	Ovulatory	disorders,	primary	Endometrial	disorders,	
Iatrogenic	and	Not	otherwise	classified;	COEIN).

It	rapidly	became	clear	that	each	of	these	individual	causes	could	
require	division	into	subclassifications	of	cause	and	phenotype	to	opti-
mize	clinical	management	and	support	the	broad	spectrum	of	research	
needed.	The	subclassification	of	leiomyomas	was	an	obvious	starting	
point.14	Three	key	publications14–17	formed	the	foundation	of	a	sim-
ple,	flexible,	and	educationally	sound	pair	of	descriptive	systems	that	
were	designed	to	provide	a	quick	initial	clinical	direction	of	diagnosis	

and	management,	but	also	to	be	flexible	enough	to	provide	effective	
linkages	with	laboratory	and	research	aspects.

The	present	report	updates	the	FIGO	recommendations	for	both	
FIGO-	AUB	Systems	1	and	2,	including	clarifications	on	terminologies	
and	definitions,	as	well	as	modifications	in	the	PALM-	COEIN	system	
that	include	reassignment	of	some	entities,	and	guidance	for	subclas-
sification	of	 leiomyomas,	much	of	which	has	been	preliminarily	pub-
lished.18–20	These	changes	represent	structured	deliberative	processes	
that	 include	use	of	a	modified	RAND	Delphi	process	applied	 to	 the	
attendees	of	a	series	of	FIGO	Menstrual	Disorders	Committee	(MDC)	
sponsored	 expert	 meetings.	 To	 allow	 this	 report	 to	 function	 inde-
pendently,	and	to	provide	context,	there	exists	substantial	but	neces-
sary	overlap	with	the	original	publication,14	and	with	other	subsequent	
and	related	publications	produced	by	the	MDC	since	2011.18–24

The	FIGO	MDC	is	currently	working	on	subclassification	systems	for	
adenomyosis	and	endometrial	polyps.	The	adenomyosis	 subclassifica-
tion	system	is	the	most	advanced	and	will	be	published	soon	in	prelimi-
nary	form	with	planned	validation	studies	to	follow.	The	polyp	system	is	
being	developed	but	a	release	date	has	not	yet	been	determined.	There	
is	consideration	for	subclassification	systems	for	AUB-	C,	-	O,	-	E,	and	–I,	
but	these	initiatives	are	still	in	the	very	early	stages	of	development.

It	is	important	that	clinicians	recognize	that	these	FIGO	systems	relate	
solely	to	assessment	and	management	of	nongestational	AUB.	There	are	
other	causes	of	genital	tract	bleeding	and	urinary	tract	or	gastrointestinal	
bleeding	that	do	not	come	from	the	uterus.	These	can	usually	be	identi-
fied	by	an	appropriate	case	history	and	physical	examination.

2  | ACUTE VERSUS CHRONIC 
NONGESTATIONAL AUB IN THE 
REPRODUCTIVE YEARS

In	 the	 original	 system,14	 FIGO	 introduced	 the	 concept	 of	 nonges-
tational	acute	AUB	 in	 the	 reproductive	years,	distinguishing	 it	 from	
chronic	 AUB—an	 approach	 endorsed	 by	 the	 American	 College	
of	 Obstetricians	 and	 Gynecologists.25	 These	 definitions	 remain	
unchanged	for	2018.	Chronic	nongestational	AUB	in	the	reproductive	
years	is	defined	as	bleeding	from	the	uterine	corpus	that	is	abnormal	
in	duration,	volume,	frequency,	and/or	regularity,	and	has	been	pre-
sent	for	the	majority	of	the	preceding	6	months.	Acute	AUB,	on	the	
other	 hand,	 is	 defined	 as	 an	 episode	of	 heavy	bleeding	 that,	 in	 the	
opinion	of	the	clinician,	is	of	sufficient	quantity	to	require	immediate	
intervention	to	minimize	or	prevent	further	blood	loss.	Acute	heavy	
menstrual	 bleeding	 may	 present	 in	 the	 context	 of	 existing	 chronic	
AUB	or	can	occur	in	the	absence	of	such	a	background	history.

3  | FIGO- AUB SYSTEM 1

3.1 | Revision of terminologies and definitions of 
symptoms of abnormal uterine bleeding

The	 revised	 FIGO-	AUB	 System	1	 is	 seen	 in	 Figure	1,	with	 changes	
summarized	 in	Table	1.	As	determined	by	 the	multinational	process	
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described	 in	 the	original	publications,14–16	 terms	such	as	menorrha-
gia,	metrorrhagia,	 oligomenorrhea,	 and	dysfunctional	 uterine	 bleed-
ing	have	been	abandoned.	There	is	acknowledgement	of	the	specific	
changes	 in	 menstrual	 bleeding	 patterns	 that	 may	 be	 encountered	
at	 each	 end	 of	 the	 reproductive	 spectrum	 (i.e.	 in	 adolescence	 or	
the	peri-	menopause).26

Preparation	 of	 the	 present	 2018	 recommendations	 is	 the	 result	
of	sequential	reviews	of	the	FIGO-	AUB	System	1	initially	proposed	in	
2007	and	2009,	and	underwent	slight	modification	for	2011.	The	cur-
rent	revisions	represent	deliberations	in	meetings	held	in	2012,	2015,	
and	2017.	These	reviews	have	included	comment,	detailed	question-
ing,	and	recommendations	from	many	clinicians	from	around	the	world	
but	have	only	resulted	in	minor	changes	and	refinement	of	definitions	
from	the	original	system.

In	this	revision	of	FIGO	AUB	System	1,	the	definition	of	regular-
ity	has	been	changed	from	one	where	the	shortest	to	 longest	varia-
tion	 is	up	 to	20	days,	 to	variation	of	7–9	days,	depending	upon	age	

(18–25	years	≤9	days;	26–41	years	≤7	days;	42–45	years	≤9	days).27 
For	 practical	 purposes,	 this	 normal	 variation	 in	 cycle	 length	 can	 be	
alternatively	expressed	as	±4	days.

Formally	included	is	the	term	HMB,	a	symptom	(not	a	diagnosis),	
that	has	been	defined	(in	clinical	situations)	by	the	National	Institute	
for	Health	and	Clinical	Excellence	as	“excessive	menstrual	blood	loss,	
which	 interferes	 with	 a	 woman’s	 physical,	 social,	 emotional	 and/or	
material	quality	of	life”.5,28

4  | FIGO AUB SYSTEM 2

4.1 | Revision of classification of underlying causes 
of AUB (PALM- COEIN)

Highlights	 of	 changes	 since	 the	 original	 publication	 in	 201114 are 
summarized	in	Table	2.	The	basic/core	classification	system	is	almost	
unchanged	and	is	presented	in	Figure	2.	There	remain	the	nine	main	

F IGURE  1 FIGO	AUB	System	1.	Nomenclature	and	Definitions	of	AUB	Symptoms.	For	2018,	intermenstrual	bleeding	has	been	added,	and	
there	is	now	a	practical	definition	for	irregular	menstrual	bleeding	created	by	using	the	75th	percentile,	effectively	excluding	the	occasional	long	
or	short	cycles	experienced	by	many	women.	*The	available	evidence	suggests	that,	using	these	criteria,	the	normal	range	(shortest	to	longest)	
varies	with	age:	18–25	y	of	age,	≤9	d;	26–41	y,	≤7	d;	and	for	42–45	y,	≤9	d	Harlow	et	al.,	2000.27	For	clinical	purposes,	the	definition	of	HMB	
proposed	by	the	UK	National	Institute	for	Health	and	Care	Excellence	has	been	adopted5,28	–	“Excessive	menstrual	blood	loss	which	interferes	
with	a	woman’s	physical,	social,	emotional,	and/or	material	quality	of	life”.	Abbreviations:	AUB,	abnormal	uterine	bleeding;	FIGO,	International	
Federation	of	Gynecology	and	Obstetrics;	HMB,	heavy	menstrual	bleeding.	[Correction	added	on	12	November	2018,	after	first	online	and	print	
publication:	Frequency	parameter	has	been	updated	from	‘Infrequent	(<24	days)’	to	‘Frequent	(<24	days)’	and	‘Irregular’	modified	to	‘≥8-10	days’.]
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categories,	 arranged	 according	 to	 the	 acronym	 PALM-	COEIN	 (pro-
nounced	“palm-	koin”):	Polyp;	Adenomyosis;	Leiomyoma;	Malignancy	
and	hyperplasia;	Coagulopathy;	Ovulatory	 dysfunction;	 Endometrial	
disorders;	 Iatrogenic;	 and	Not	 otherwise	 classified.	 Category	N	 has	
undergone	a	change	from	“not	yet	classified”	to	“not	otherwise	classi-
fied”	as	we	cannot	be	certain	which,	if	any,	of	these	entities	will	ulti-
mately	be	placed	in	a	unique	category.	The	components	of	the	PALM	
group	are	generally	discrete	(structural)	entities	that	can	be	evaluated	
or	measured	visually	using	some	combination	of	imaging	techniques	
and	histopathology;	 the	COEI	group	comprises	entities	that	are	not	
defined	by	 imaging	or	histopathology	(non-	structural).	By	 its	nature,	
the	“Not	otherwise	classified”	category	includes	a	spectrum	of	poten-
tial	entities	that	may	or	may	not	be	measured	or	defined	by	histopa-
thology	or	imaging	techniques.

The	system	has	been	constructed	with	the	understanding	that	a	
given	patient	may	have	one	or	more	entities	that	could	cause	or	con-
tribute	to	AUB	symptoms	and	that	structurally	definable	entities,	such	
as	adenomyosis,	leiomyomas,	and	endocervical	or	endometrial	polyps	
are	often	asymptomatic	and,	therefore,	may	not	contribute	to	the	pre-
senting	symptoms.

Since	 the	original	publication	of	 the	FIGO	AUB	systems,14	 there	
have	been	advances	in	the	diagnosis	of	adenomyosis,	although	its	rela-
tionship	 to	 reproductive	 function	and	uterine	bleeding	 is	 still	under	
investigation.	 It	has	been	demonstrated	that	two-	dimensional	trans-
vaginal	ultrasonography	has	similar	sensitivity	and	specificity	for	the	
diagnosis	 of	 adenomyosis	 when	 compared	 to	 magnetic	 resonance	
imaging	 (MRI).29,30	 There	 is	 some	 progress	 regarding	 the	 spectrum	
of	 two-	dimensional	 ultrasonography	 findings	 associated	 with	 the	

diagnosis,31,32	 but	 no	 consensus	 regarding	 how	many	 and	which	 of	
these	findings	are	necessary	before	there	is	reasonable	certainty	that	
a	diagnosis	of	adenomyosis	is	present.	The	eight	criteria	suggested	by	
the	morphological	uterus	sonographic	assessment	(MUSA)	group	are	
shown	in	Figure	3.31	The	FIGO	MDC	is	currently	working	on	an	inter-
national	 consensus	 for	 an	 imaging-	based	 adenomyosis	 classification	
system	designed	to	phenotype	the	disorder	in	a	standardized	fashion	
that	should	facilitate	research,	education,	and	clinical	care.	However,	
for	diagnosis	the	use	of	the	transvaginal	ultrasonography-	based	MUSA	
criteria31	for	the	diagnosis	of	adenomyosis	for	the	purposes	of	FIGO	
AUB	System	2	is	suggested.

The	only	subclassification	system	ratified	so	far	is	the	leiomyoma	
subclassification	system,	essentially	unchanged	since	the	initial	2011	
publication14	(Fig.	4).	The	only	subtle	difference	is	for	Type	3	myomas,	
where	contact	with	the	endometrium	is	a	feature	shared	by	other	sub-
mucous	leiomyomas	(Types	0,	1,	and	2),	whereas	intramural	location,	
without	focal	distortion	of	the	endometrial	cavity,	 is	a	characteristic	
of	Types	4	and	higher.	The	system	now	recognizes	this	area	of	over-
lap.	 It	 is	 also	 recognized	 that	 there	are	 some	difficulties	 in	 applying	
the	leiomyoma	subclassification	system	to	the	spectrum	of	 leiomyo-
mas	 that	 can	be	encountered,	especially	 in	 large	uteri	with	multiple	
leiomyomas.33	There	is	now	more	detailed	guidance	for	distinguishing	
amongst	the	leiomyoma	subtypes.

Distinguishing	between	Type	0	and	1,	and	between	Type	6	and	7	
leiomyomas	is	now	accomplished	by	comparing	the	stalk	diameter	to	

TABLE  1 Summary	of	changes	to	FIGO	System	1	(normal	and	
abnormal	uterine	bleeding).

Parameter Change

Frequency Amenorrhea	is	now	part	of	the	frequency	
category

Regularity Refined	definition	of	regularity

	Normal	variation	(shortest	to	longest)	7-9	d

	Slight	variance	depends	on	age

Duration Now	only	two	categories	for	duration

	Normal:	≤8	d

	Prolonged:	>8	d

Volume Definition	of	the	symptom	of	HMB

	NICE	definition5,28

	Bleeding	volume	sufficient	to	interfere	with	the	
woman’s	quality	of	life

Intermenstrual	
bleeding

Definition	of	the	symptom	of	inter-	menstrual	
bleeding

	Spontaneous	bleeding	occurring	between	
menstrual	periods

	Can	be	either	cyclical,	or	random

Abbreviations:	 FIGO,	 International	 Federation	 of	 Gynecology	 and	
Obstetrics;	HMB,	 heavy	menstrual	 bleeding;	NICE,	National	 Institute	 of	
Care	Excellence.

TABLE  2 Summary	of	changes	to	FIGO	AUB	System	2	Causes	or	
Contributors	to	AUB	in	the	Reproductive	Years	(PALM-	COEIN).

System 2 
category Change

AUB-	A Refined	sonographic	diagnostic	criteria

AUB-	L Inclusion	of	Type	3	as	a	submucous	leiomyoma

Type	definitions	and	distinctions

Distinction	between	Types	0	and	1;	6	and	7

Distinction	between	Types	2	and	3;	4	and	5

AUB-	C No	longer	includes	AUB	associated	with	pharmacologic	
agents	that	impair	blood	coagulation	which	are	now	
included	in	AUB-	I

AUB-	I Now	includes	AUB	associated	with	all	iatrogenic	
processes	including	the	use	of	pharmacological	agents	
used	for	anticoagulation	and	those	thought	to	interfere	
with	ovulation

AUB-	O Diagnostic	threshold	changes	based	upon	the	revisions	
of	System	1,	described	above

No	longer	includes	ovulatory	disorders	associated	with	
drugs	known	or	suspected	to	interfere	with	ovulation

AUB-	N The	name	of	the	category	has	been	changed	from	“Not	
Yet	Classified”	to	Not	Otherwise	Classified

There	is	a	brief	discussion	of	a	potential	new	cause	of	
AUB	the	so-	called	uterine	“niche”	or	isthmocele	
following	lower	segment	cesarean	section

Abbreviations:	 AUB,	 abnormal	 uterine	 bleeding;	 FIGO,	 International	
Federation	of	Gynecology	and	Obstetrics.
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the	mean	diameter	of	the	leiomyoma.	Types	0	and	7	now	comprise	leio-
myomas	that	have	a	stalk	diameter	that	is	10%	or	less	than	the	mean	
diameter	of	the	leiomyoma.	Hysteroscopy	has	now	been	deemed	the	
standard	for	distinguishing	between	a	Type	2	and	3	leiomyoma,	with	
the	determination	based	upon	the	lowest	filling	pressure	that	allows	
visualization	of	the	endometrial	cavity.	Distinguishing	between	Type	4	
and	Type	5	leiomyomas	should	be	based	upon	observation	of	distor-
tion	of	the	serosa	(Type	5)	as	determined	by	ultrasonography	or	MRI.

FIGO	now	provides	additional	guidance	for	investigators	using	the	
FIGO	subclassification	system	for	leiomyomas.	A	minimal	data	set	for	
describing	leiomyomas	should	include	an	estimate	of	total	uterine	vol-
ume	based	on	 imaging	 (transabdominal	or	 transvaginal	ultrasonogra-
phy	or	MRI),	as	well	as	an	estimate	of	the	number	of	leiomyomas	(1,	2,	
3,	4,	or	greater	 than	4).	 If	such	 imaging	 is	not	available,	such	as	may	
be	 the	case	 in	 low-	resource	countries,	 the	minimum	data	 set	 should	
include	an	estimate	of	uterine	size	on	clinical	examination	as	equivalent	

F IGURE  2 FIGO	AUB	System	2.	PALM-	COEIN	System	for	Classification	of	Causes	of	AUB	in	the	Reproductive	Years.	The	basic	system	
comprises	four	categories	that	are	defined	by	visually	objective	structural	criteria	(PALM:	Polyp;	Adenomyosis;	Leiomyoma;	and	Malignancy	
and	hyperplasia),	four	that	are	unrelated	to	structural	anomalies	(COEI:	Coagulopathy;	Ovulatory	dysfunction;	Endometrial	disorders;	Iatrogenic	
causes),	and	one	reserved	for	entities	categorized	as	“Not	otherwise	classified”.	The	leiomyoma	category	(L)	is	subdivided	into	patients	with	
at	least	one	submucous	myoma	(LSM)	and	those	with	myomas	that	do	not	impact	the	endometrial	cavity	(Lo).	Modified	with	permission.

67 
Abbreviations:	AUB,	abnormal	uterine	bleeding;	FIGO,	International	Federation	of	Gynecology	and	Obstetrics.

F IGURE  3 Adenomyosis	diagnostic	criteria.	Graphical	depictions	of	the	eight	TVUS	criteria	proposed	by	the	MUSA	group	are	presented.	
These	include	asymmetrical	myometrial	thickening	(A);	myometrial	cysts	(B);	hyperechoic	islands	(C);	fan	shaped	shadowing	(D);	echogenic	
subendometrial	lines	and	buds	(E);	translesional	vascularity	(F),	where	present;	irregular	junctional	zone	(G);	and	an	interrupted	junctional	zone	
(H).	Identification	and	evaluation	of	the	junctional	zone	may	best	be	accomplished	with	three-	dimensional	ultrasonography.	For	the	present	
at	least,	the	presence	of	two	or	more	of	these	criteria	are	highly	associated	with	a	diagnosis	of	adenomyosis.	Reproduced	with	permission.31 
Abbreviations:	MUSA,	Morphological	Uterus	Sonographic	Assessment;	TVUS,	transvaginal	ultrasonography.
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to	a	gravid	uterus	of	“X”	weeks.	When	transvaginal	ultrasonography	or	
MRI	are	available,	the	location	(anterior,	posterior,	left,	right,	or	center)	
and	the	estimated	volume	of	up	to	four	individual	leiomyomas	should	
be	recorded.	Additionally,	the	location	in	the	vertical	plane	should	be	
described;	upper	half,	 lower	half,	 or	both.	When	more	 than	 four	 are	
present,	the	volume	of	the	largest	 leiomyoma	should	be	recorded,	as	
a	minimum.	If	other	leiomyomas	are	judged	to	be	of	equal	or	greater	
relevance	for	clinical	decision	making	based	on	location,	the	volume	of	
these	lesions	should	be	recorded	as	well.	If	the	endometrium	is	visual-
ized,	then	the	relationship	between	the	documented	myomas	and	the	
endometrium	should	be	described	using	the	FIGO	classification	system.

Women	 with	 AUB	 and	 associated	 malignant	 or	 premalignant	
lesions	 of	 the	 uterus	 (e.g.	 endometrial	 carcinoma,	 leiomyosarcoma,	
and	atypical	endometrial	hyperplasia	sometimes,	referred	to	as	endo-
metrial	intraepithelial	neoplasia	or	EIN34,35),	are	categorized	as	having	
AUB-	M.	Their	categorization	 is	 further	defined	using	existent	WHO	
and	FIGO	classification	and	staging	systems.36,37

AUB	 associated	with	 the	 use	 of	 selected	 categories	 of	 systemic	
pharmacotherapy	or	intrauterine	systems	or	devices,	is	classified	as	“iat-
rogenic”.38	In	addition	to	gonadal	steroids	such	as	estrogens,	progestins,	
and	androgens,	and	agents	that	directly	affect	their	production	or	local	
function,	this	category	now	includes	nonsteroidal	pharmaceuticals	that	
contribute	to	ovulatory	disorders,	such	as	those	that	affect	dopamine	
metabolism,	 including	phenothiazines	and	tricyclic	antidepressants.	 In	
the	original	categorization,	women	with	AUB	associated	with	the	use	
of	anticoagulants	were	categorized	with	coagulopathies	(AUB-	C);	in	this	
revision,	 they	 are	 considered	 iatrogenic	 and	 classified	 as	AUB-	I.	This	
includes	 the	modern,	 non-	vitamin-	K	 antagonists	 such	 as	 rivaroxaban	
that	appears	to	have	a	greater	impact	on	the	volume	of	menstrual	bleed-
ing	than	the	traditional,	vitamin	K	antagonists,	typified	by	warfarin.39,40

Category	“N”,	“not	otherwise	classified”	was	created	in	the	original	
system	to	accommodate	entities	that	are	rarely	encountered	or	are	ill	
defined.	These	 include,	but	 are	not	 limited	 to,	 entities	 such	as	 arte-
riovenous	malformations	 (AVMs)41	 and	 the	 lower	 segment	 or	 upper	

F IGURE  4 FIGO	leiomyoma	subclassification	system.	System	2	classification	system	including	the	FIGO	leiomyoma	subclassification	system.	
The	system	that	includes	the	tertiary	classification	of	leiomyomas	categorizes	the	submucous	group	according	to	the	original	Wamsteker	et	al.	
system68	and	adds	categorizations	for	intramural,	subserosal,	and	transmural	lesions.	Intracavitary	lesions	are	attached	to	the	endometrium	
by	a	narrow	stalk	(≤10%	or	the	mean	of	three	diameters	of	the	leiomyoma)	and	are	classified	as	Type	0,	whereas	Types	1	and	2	require	a	
portion	of	the	lesion	to	be	intramural—with	Type	1	being	less	than	50%	of	the	mean	diameter	and	Type	2	at	least	50%.	Type	3	lesions	are	
totally	intramural	but	also	about	the	endometrium.	Type	3	are	formally	distinguished	from	Type	2	with	hysteroscopy	using	the	lowest	possible	
intrauterine	pressure	necessary	to	allow	visualization.	Type	4	lesions	are	intramural	leiomyomas	that	are	entirely	within	the	myometrium,	with	no	
extension	to	the	endometrial	surface	or	to	the	serosa.	Subserous	(Types	5,	6,	and	7)	leiomyomas	represent	the	mirror	image	of	the	submucous	
leiomyomas—with	Type	5	being	at	least	50%	intramural,	Type	6	being	less	than	50%	intramural,	and	Type	7	being	attached	to	the	serosa	by	a	
stalk	that	is	also	≤10%	or	the	mean	of	three	diameters	of	the	leiomyoma.	Classification	of	lesions	that	are	transmural	are	categorized	by	their	
relationship	to	both	the	endometrial	and	the	serosal	surfaces.	The	endometrial	relationship	is	noted	first,	with	the	serosal	relationship	second	
(e.g.	Type	2–5).	An	additional	category,	Type	8,	is	reserved	for	leiomyomas	that	do	not	relate	to	the	myometrium	at	all,	and	would	include	
cervical	lesions	(demonstrated),	those	that	exist	in	the	round	or	broad	ligaments	without	direct	attachment	to	the	uterus,	and	other	so-	called	
“parasitic”	lesions.	Modified	with	permission.67	Abbreviation:	FIGO,	International	Federation	of	Gynecology	and	Obstetrics.
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cervical	 niche	 or	 “isthmocele”	 frequently	 found	 in	 association	 with	
previous	 cesarean	 delivery	 and	 sometimes	 attributed	 to	 as	 a	 cause	
of	AUB.42,43

5  | NOTATION

After	the	patient	has	undergone	appropriate	investigation,	discussed	
below,	she	could	be	found	to	have	one	or	more	potential	causes	of,	
or	contributors	to,	the	AUB	symptoms.	Consequently,	the	system	has	
been	designed	to	enable	appropriate	multi-	category	notation.	While	
it	is	recognized	that	this	increased	level	of	complexity	will	be	of	most	
value	 to	 specialists	 and	 researchers,	 it	 should	 have	 utility	 for	 any	
healthcare	provider.

This	 approach	 has	 been	 designed	 following	 the	 example	 of	 the	
WHO	 TNM	 staging	 of	 malignant	 tumors,	 with	 each	 component	
addressed	 for	 all	women	 investigated	 for	AUB	 symptoms	 using	 the	
two	FIGO	AUB	Systems.	For	example,	if	an	individual	was	suspected	to	
have	a	disorder	of	ovulation,	a	type	2	leiomyoma,	and	no	other	anoma-
lies,	they	would	be	categorized	as	follows	in	the	context	of	a	complete	
evaluation:	AUB	P0	A0	L1(SM) M0	 -		C0	O1	E0	 I0	N0.	 It	was	 recognized	
that	in	clinical	practice	the	use	of	such	full	notation	might	be	consid-
ered	cumbersome,	so	an	option	for	abbreviation	has	been	developed.	

The	abbreviated	FIGO	description	of	the	patient	previously	described	
would	be	AUB-	LSM;	-	O.

FIGO	now	encourages	clinicians	and	investigators	to	consider	the	
use	of	a	matrix	for	the	evaluation	of	patients	with	AUB	in	the	repro-
ductive	years	(Fig.	5).	This	allows	for	the	identification	and	documen-
tation	of	the	status	of	the	investigation.

6  | RECOMMENDATIONS FOR 
CLINICAL INVESTIGATION

A	woman	presenting	with	AUB	may	have	one	or	a	number	of	 fac-
tors	that	may	contribute	to	the	genesis	of	the	symptoms.	Using	FIGO	
AUB	System	1	 to	 define	 the	 types	 of	AUB	 symptoms	present	 is	 a	
prerequisite	to	evaluation	for	the	elements	in	FIGO	AUB	System	2.	
A	number	of	pathological	entities	(e.g.	subserous	leiomyoma)	may	be	
present	that	are	possibly	or	even	unlikely	to	be	a	contributor	to	the	
symptoms.	Consequently,	the	investigation	of	women	with	AUB	dur-
ing	the	reproductive	years	must	be	undertaken	in	as	comprehensive	
but	practicable	fashion	given	the	clinical	situation	and	the	available	
resources,	with	the	findings	carefully	interpreted	for	their	role	in	the	
symptoms.	For	example,	available	evidence	would	suggest	that	a	sin-
gle	 1-	cm	 polyp	would	 not	 be	 the	 cause	 of	 the	 symptom	 of	HMB.	

F IGURE  5 FIGO	AUB	System	2	diagnostic	matrix.	A	simplified	diagnostic	matrix	is	illustrated	in	the	left	pane.	Each	of	the	primary	
classification	system	elements	are	listed.	If	a	patient	has	not	been	completely	evaluated	for	a	potential	cause	it	is	listed	in	the	“?”	column,	if	
evaluation	has	demonstrated	no	evidence	of	the	abnormality	the	“N”	column	is	checked,	and	if	assessment	is	positive,	an	X	is	placed	in	the	
appropriate	box.	An	example	is	shown	in	the	panel	on	the	right.	The	patient	has	the	symptom	of	HMB,	and	interim	assessment,	including	
contrast	hysterosonography	documented	in	the	left	matrix	has	revealed	a	subserosal	leiomyoma	designated	as	Lo.	However,	the	patient	
had	a	positive	historical	screening	result	for	coagulopathy	and	hematological	assessments	for	coagulation	disorders	are	not	yet	available.	
Consequently,	the	“C”	and	“E”	rows	remain	in	the	“?”	category.	The	hematological	assessment	demonstrates	that	there	is	no	evidence	of	
coagulopathy,	so	the	diagnosis	of	a	primary	disorder	of	endometrial	hemostasis	is	made.	The	C	row	can	now	be	assigned	an	“N”	while	the	E	
category	can	be	checked	as	“Y”.	Abbreviations:	AUB,	abnormal	uterine	bleeding;	FIGO,	International	Federation	of	Gynecology	and	Obstetrics;	
HMB,	heavy	menstrual	bleeding.
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A	suggested	approach	is	illustrated	in	Figure	6A,B,	and	described	in	
brief	below.

6.1 | General assessment

When	 evaluating	 a	woman	 of	 reproductive	 age	with	 either	 acute	
or	 chronic	 genital	 tract	 bleeding	 thought	 to	be	AUB,	 the	 clinician	
should	 ensure	 that	 the	 bleeding	 is	 not	 related	 to	 pregnancy,	 and	
is	emanating	 from	the	cervical	canal,	 rather	 than	another	 location	
such	as	the	vagina,	vulva,	perineum,	or	perianal	region.	Pregnancy	
may	be	reliably	confirmed	with	a	urine	or	serum	assay	for	the	pres-
ence	 of	 the	 β-	subunit	 of	 human	 chorionic	 gonadotropin	 (hCG).	 It	
is	 to	 be	noted	 that	 determination	of	 the	 location	or	 viability	 of	 a	
pregnancy	is	not	considered	to	be	within	the	domain	of	the	FIGO-	
AUB	systems.	Women	with	both	acute	and	chronic	AUB	should	be	
evaluated	for	iron	deficiency,	if	possible,	with	serum	ferritin,	and	for	
related	anemia	by	measuring	hemoglobin	and/or	hematocrit	(pref-
erably	a	full	blood	count,	including	platelets).	Once	the	bleeding	has	
been	confirmed,	or	suspected,	to	originate	 in	the	cervical	canal	or	
endometrial	cavity,	the	clinician	should	systematically	evaluate	the	
patient	 for	 each	 of	 the	 components	 of	 FIGO	AUB	 System	 2,	 the	
PALM-	COEIN	classification.

6.2 | Determination of ovulatory status

Predictable	 cyclic	 menses	 every	 24–38	days	 are	 usually	 (but	 not	
always)	associated	with	ovulation	whereas	bleeding	associated	with	
ovulatory	disorders	is	typically	irregular	in	timing	and	flow,	and	often	
interspersed	with	episodes	of	amenorrhea.

If,	 largely	 based	 on	 FIGO	AUB	 System	 1,	 a	woman	 is	 found	 to	
have	AUB	related	to	a	ovulatory	disorder,	she	is	to	be	categorized	as	
AUB-	O.	 If	 there	 is	 uncertainty	 regarding	 ovulatory	 status,	measure-
ment	of	serum	progesterone,	timed	to	the	best	estimate	of	mid-	luteal	
phase,	may	 be	 useful	 for	 confirming	 ovulation	 in	 the	 current	 cycle.	
Whereas	 endometrial	 biopsy	 is	 not	 recommended	 as	 a	method	 for	
determination	of	ovulatory	status,	when	performed	and	appropriately	
indicated—to	evaluate	for	the	presence	of	premalignant	or	malignant	
endometrial	 change—histopathological	 findings	 reflecting	 secretory	
change	may	confirm	that	ovulation	has	occurred.

6.3 | Screening for systemic disorders of hemostasis

A	 structured	history	 is	 a	 useful	 and	effective	 screening	 tool.	 FIGO	
suggests	a	 tool	 that	has	been	demonstrated	 to	have	90%	sensitiv-
ity	 for	 the	detection	of	 these	 relatively	 common	disorders	 (coagu-
lopathies)44	 (Table	3).	 For	 those	 with	 a	 positive	 screening	 result,	
further	 testing	 is	 necessary,	 often	 following	 consultation	 with	 a	
physician	with	a	special	interest	in	disorders	of	coagulation,	such	as	
a	 hematologist.	 Such	 tests	may	 include	 assays	 for	 von	Willebrand	
factor,	 Ristocetin	 cofactor,	 partial	 thromboplastin	 time	 (PTT)	 and	
other	measures.45	 If	 the	 results	are	positive,	 the	woman	with	AUB	
would	be	being	categorized	as	having	AUB-	C.	Previously,	by	conven-
tion,	 individuals	with	AUB	associated	with	the	use	of	anticoagulant	

therapy	were	categorized	as	AUB-	C,	but	they	now	are	included	in	the	
AUB-	I	category.

6.4 | Evaluation of the endometrium

Endometrial	 sampling	 is	not	 required	 for	 all	 patients	with	AUB,	 so	
it	is	necessary	to	identify	the	women	for	whom	endometrial	biopsy	
is	 appropriate.	 Selection	 for	 endometrial	 sampling	 is	 based	 on	
a	 combination	 of	 risk	 factors	 for	 the	 presence	 of	 premalignant	 or	
malignant	changes,	comprising	some	combination	of	age,	personal,	
and	genetic	risk	factors,	and	TVUS	screening	for	endometrial	echo-	
complex	thickness.5,46–49	Although	some	studies	have	indicated	that	
age	is	not	important	as	an	independent	variable,47	most	suggest	that	
endometrial	 sampling	 be	 considered	 for	 all	 women	 over	 a	 certain	
age,	usually	45	years.5	It	is	also	evident	that	obesity	contributes	sig-
nificantly	 to	 the	 risk	 of	 premalignant	 and	malignant	 change	 in	 the	
endometrium,	a	feature	that	increases	the	risk	of	endometrial	neo-
plasia	even	in	young	women	in	the	third	and	fourth	decades	of	life.50 
Women	with	a	family	history	of	hereditary	nonpolyposis	colorectal	
cancer	syndrome,	now	called	Lynch	Syndrome,	have	a	lifetime	risk	of	
endometrial	cancer	of	up	to	60%,	with	the	mean	age	at	diagnosis	of	
48–50	years.51,52	Regardless	of	 the	clinical	guideline,	when	AUB	 is	
persistent	and	either	unexplained	or	inadequately	treated,	endome-
trial	sampling	is	necessary—if	possible—in	association	with	hystero-
scopic	evaluation	of	the	uterine	cavity.28	Sonohysterography	is	likely	
a	reasonable	substitute	for	hysterography	to	diagnose	for	polyps	and	
submucous	leiomyomas.53–55	There	exist	a	number	of	techniques	for	
endometrial	 sampling,	but	 it	 is	 important	 that	 an	adequate	 sample	
be	obtained	before	the	patient	can	be	considered	at	 low	risk	for	a	
malignant	neoplasm.56

It	is	apparent	that	a	relationship	exists	between	chlamydial	infec-
tion	of	the	endometrium	and	AUB.	Consequently,	it	may	be	prudent	to	
consider	evaluating	for	the	presence	of	the	organism	in	symptomatic	
patients.57	Although	cervical	assays	seem	reasonable,	the	relationship	
between	cervically	obtained	specimens	and	the	presence	of	absence	
of	endometrial	infection	is	unclear.58	If	chronic	endometritis	is	identi-
fied,	patients	should	be	categorized	as	having	AUB-	E.

6.5 | Evaluation of the structure of the 
endometrial cavity

Evaluation	 for	 structural	 abnormalities	 affecting	 the	 endometrial	
cavity	 is	 performed	 to	 identify	 pathology—including	 endometrial	 or	
endocervical	polyps	and	submucous	leiomyomas—that	could	contrib-
ute	to	AUB.	Transvaginal	ultrasonography	(TVUS)	is	an	appropriate	and	
important	screening	tool	and,	in	most	instances,	should	be	performed	
early	 in	the	course	of	the	 investigation.	 Ideally,	the	ultrasonography	
system	must	be	of	adequate	quality	to	clearly	display	both	myometrial	
and	endometrial	 features,	 and	 the	examiner	 should	have	 the	ability	
to	 operate	 the	 scanning	 device	 and	 interpret	 the	 images	 displayed.	
Regardless,	TVUS	is	not	100%	sensitive	even	in	 ideal	circumstances	
because	polyps	and	other	small	lesions	may	elude	detection,	even	in	
the	context	of	a	normal	study.59,60
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(A)

(B)

FIGURE 6 Investigative	algorithms	for	patients	with	chronic	AUB	during	the	reproductive	years.	(A)	Initial	investigation	comprises	a	structured	
history,	physical	examination,	and	the	use	of	appropriate	ancillary	investigations,	in	part	based	upon	the	history	and	physical	assessment.	
Evidence	suggesting	an	ovulatory	disorder	prompts	assessment	for	endocrinopathy,	whereas	a	positive	screening	result	for	coagulopathy	
(Figure	7)	will	indicate	the	need	for	appropriate	hematological	assessment.	A	complete	blood	count	should	be	performed	on	all	women	with	
the	symptom	of	heavy	menstrual	bleeding.	(B)	A	pragmatic	guide	to	uterine	assessment.	If	the	initial	evaluation	(Figure	6A)	suggests	a	low	
risk	for	coagulopathy,	structural	or	malignant/premalignant	change,	patients	may	be	presumed	to	have	AUB-	E	or	-	O	and	offered	appropriate	
treatment	options.	However,	if	there	is	an	enhanced	risk	for	endometrial	hyperplasia	or	malignancy	(left),	endometrial	sampling	is	recommended.	
If	an	adequate	specimen	is	not	obtained,	hysteroscopic	examination	and	biopsy	is	recommended.	If	there	is	an	enhanced	risk	for	a	structural	
abnormality,	transvaginal	ultrasonography	is	the	next	step	(right).	If	evaluation	of	the	endometrium	is	suboptimal	or	there	is	a	suggestion	of	an	
abnormality	affecting	the	endometrial	cavity,	either	hysteroscopy	or	contrast	hysterosonography	is	indicated.	MRI	may	be	occasionally	indicated	
if	hysteroscopy	or	contrast	hysterosonography	are	not	feasible,	such	as	in	the	case	of	virginal	women.	Abbreviations:	AUB,	abnormal	uterine	
bleeding;	MRI,	magnetic	resonance	imaging;	TVUS,	transvaginal	ultrasonography.	Images	are	used	courtesy	of	Malcolm	G.	Munro.
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If	 good	 ultrasonic	 images	 fail	 to	 show	 findings	 suggestive	 of	
endometrial	polyps	or	submucous	leiomyomas,	the	clinician	may	ini-
tially	presume	that	the	structure	of	the	endometrial	cavity	is	normal.	
However,	 if	there	are	imaging	features	that	 indicate	the	presence	of	
endometrial	polyp(s),	 if	 there	are	 leiomyomas	 that	may	encroach	on	
the	 endometrial	 cavity,	 or	 if	 the	 examination	 is	 suboptimal,	 imag-
ing	 with	 more	 sensitive	 techniques	 is	 recommended.	 These	 gener-
ally	 include	 hysteroscopy	 and/or	 transvaginal	 ultrasonography	 with	
intrauterine	contrast,	either	gel	or	saline,	termed	sonohysterography.	
Which	of	these	techniques	is	used	will	depend	on	the	resources	avail-
able	to	the	clinician.53–55	In	most	instances,	sonohysterography	will	be	
more	readily	available,	particularly	when	the	only	available	resources	
for	hysteroscopy	reside	in	an	operating	room.	However,	if	office	hys-
teroscopy	is	available,	there	may	be	additional	value,	particularly	when	
polyps	are	suspected,	as	hysteroscopically	directed	polypectomy	will	
be	feasible	in	the	same	setting.

In	 some	 parts	 of	 the	world,	 notably	 in	 the	UK	 (managed	 by	 the	
British	National	Health	Service),	 there	 is	 an	emphasis	on	conducting	
investigation	 and	management	 of	 the	 symptom	 of	HMB	 at	 the	 first	
consultation	(“One	stop	management”,	including	key	history,	examina-
tion,	 transvaginal	 ultrasonography,	 and	 hysteroscopy,	 if	 indicated,	 at	
the	same	visit).28	This	 type	of	management	has	been	assisted	by	the	
systematic	application	of	the	two	FIGO	AUB	Systems	–	clearly	defining	
the	symptoms	using	FIGO	AUB	System	1,	and	then,	following	an	appro-
priately	structured	evaluation,	categorization	of	the	findings	or	assess-
ments	using	FIGO	AUB	System	2,	the	PALM-	COEIN	classification.

When	vaginal	access	is	difficult	or	impossible,	a	circumstance	often	
encountered	 with	 adolescents	 and	 virginal	 women,	 TVUS,	 contrast	
sonohysterography,	 and	office	hysteroscopy	may	not	 be	 feasible.	 In	
such	 instances,	 there	 is	 a	 role	 for	MRI.	Alternatively,	 hysteroscopic	
examination	 with	 indicated	 biopsies,	 performed	 under	 appropriate	
anesthesia	may	be	the	best	approach.

With	 the	PALM-	COEIN	classification,	 the	presence	of	a	polyp	or	
polyps	(AUB-	P)	is	confirmed	only	with	documentation	of	one	or	more	
clearly	defined	polyps,	generally	with	either	hysteroscopy	or	sonohys-
terography.	Usually,	 a	 patient	may	 be	 categorized	with	 one	 or	more	
submucous	 leiomyomas	 (AUB-	LSM)	 with	 either	 sonohysterography	
or	hysteroscopy.	When	using	either,	 the	clinician	should	take	care	to	
infuse	 the	 distending	medium	with	 low	 pressure	 so	 that	 the	 natural	

relationships	 of	 the	 leiomyoma	with	 the	 endometrium	 and	 myome-
trium	are	distorted.	As	described	above,	FIGO	now	recommends	that	
the	distinction	between	Type	2	and	3	leiomyomas	be	based	upon	hys-
teroscopy	performed	using	the	lowest	pressure	necessary	to	evaluate	
these	relationships.	The	use	of	sonohysterography	for	this	purpose	is	
considered	to	be	a	suitable	and	more	practical	substitute	in	a	variety	
of	clinical	situations.

6.6 | Myometrial assessment

For	the	primary	leiomyoma	categorization,	the	myometrium	is	assessed	
primarily	with	a	combination	of	TVUS	and	transabdominal	ultrasonog-
raphy	to	identify	leiomyomas,	with	any	such	identified	lesion	leading	
to	an	“L”	assignment.	For	the	secondary	subclassification,	it	is	neces-
sary	to	determine	the	relationship	(contact	or	not)	of	the	endometrium	
with	the	leiomyoma	by	performing	some	combination	of	TVUS,	con-
trast	sonohysterography,	hysteroscopy,	and	MRI.	Should	one	or	more	
submucous	leiomyomas	be	found	(Types	0,	1,	2,	or	3)	then	the	woman	
is	stated	to	have	LSM,	if	only	Type	4,	5,	6,	7,	and/or	8	are	identified,	the	
categorization	is	Lo.

Tertiary	subclassification	of	leiomyoma	type	requires	that	the	clini-
cian	clarify	the	relationship	of	the	leiomyomas	with	the	endometrium,	
endometrial	cavity,	myometrium,	and	uterine	serosa.	At	least	for	those	
leiomyomas	that	do	not	distort	 the	endometrial	cavity	 (Types	3	and	
up),	this	distinction	requires	the	use	of	 imaging,	either	ultrasonogra-
phy,	or,	more	accurately	MRI	as	described	previously.

The	 myometrium	 should	 also	 be	 evaluated	 for	 the	 presence	 of	
adenomyosis	or	to	distinguish	between	leiomyomas	and	localized	col-
lections	of	adenomyosis	or	adenomyomas.31,61	The	sonographic	and	
MRI	criteria	for	the	diagnosis	of	adenomyosis	are	described	elsewhere	
in	the	present	document.	While	the	FIGO	MDC	is	currently	develop-
ing	a	system	for	the	classification	of	adenomyosis,	for	the	present,	an	
assignment	 of	AUB-	A	 is	 best	 based	 on	 imaging	 findings	 consistent	
with	TVUS	as	described	above31	 (Fig.	3)	or,	 if	available,	using	MRI.30 
Although	promising	for	the	diagnosis	of	adenomyosis,	the	role	of	both	
three-	dimensional	TVUS62,63	and	sonographic	elastography64,65	is	still	
a	subject	of	investigation.

If	 available,	 MRI	 may	 be	 necessary	 for	 evaluation	 of	 the	 myo-
metrium	 to	distinguish	between	 leiomyomas	and	adenomyosis.	MRI	

FIGURE  7 Four	examples	of	the	use	of	a	matrix	to	guide	FIGO-	based	evaluation	of	patients	with	chronic	AUB.	(A)	Patient	with	the	symptom	
of	heavy	menstrual	bleeding	(duration	of	menses	10	d	and	perceived	and	affecting	the	patient’s	quality	of	life).	Contrast	sonohysterography	
demonstrates	a	posterior	Type	2	leiomyoma	1.85	by	1.49	cm	in	diameter.	All	other	investigations	have	been	completed	and	are	negative.	Diagnosis:	
AUB-	LSM.	(B)	Here	the	cycle	length	varies	from	14	to	60	d,	the	duration	of	menstrual	bleeding	from	2	to	11	d,	and	the	volume	ranging	from	light	
to	heavy.	Transvaginal	sonography	shows	a	posterior	Type	6	leiomyoma.	Other	investigations	are	normal	save	the	thyroid-	stimulating	hormone,	
which	is	elevated.	Diagnosis:	AUB-	Lo;	-	O	with	the	primary	cause	of	AUB	the	ovulatory	disorder	secondary	to	hypothyroidism.	(C)	In	this	example	the	
patient’s	menstrual	parameters	are	normal	with	the	exception	of	her	complaint	of	intermittent	intermenstrual	bleeding.	Contrast	sonohysterography	
shows	an	endometrial	polyp	and	a	Type	5	leiomyoma	(not	shown).	The	hysteroscopic	view	at	the	time	of	the	polypectomy	is	shown.	Diagnosis:	
AUB-	P;	-	Lo	with	the	primary	cause	of	the	AUB	the	endometrial	polyp.	(D)	This	patient	has	the	complaint	of	lifelong	heavy	menstrual	bleeding	that	
is	becoming	heavier,	with	clots,	and	associated	with	worsening	dysmenorrhea	that	lasts	the	entire	period.	She	has	a	history	of	easy	bruising	and	
frequently	bleeds	when	brushing	her	teeth.	Her	menses	are	cyclically	predictable	with	a	normal	cycle	length	of	33	d.	Transvaginal	ultrasonography	
shows	a	globular	uterus,	an	asymmetrically	thickened	posterior	myometrium,	and	fan-	shaped	shadowing.	All	of	the	coagulation	parameters	
measured	were	abnormal,	and	consistent	with	vWD	Type	1.	Diagnosis:	AUB-	A,	-	C.	Abbreviations:	AUB,	abnormal	uterine	bleeding;	FIGO,	
International	Federation	of	Gynecology	and	Obstetrics;	vWD,	von	Willebrand	disease.	Images	are	used	courtesy	of	Malcolm	G.	Munro.
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imaging	may	also	be	superior	to	TVUS,	sonohysterography,	and	hys-
teroscopy	for	measuring	the	myometrial	extent	of	submucous	leiomy-
omas.59	However,	reliance	on	MRI	is	currently	impractical,	especially	
for	 low-	resource	nations,	because	of	the	relative	or	absolute	 lack	of	
access	within	many	healthcare	systems.66

7  | DISCUSSION

AUB	in	women	of	reproductive	age	is	a	manifestation	of	any	of	a	number	
of	disorders	or	pathologic	entities.	The	FIGO	systems	for	nomenclature	
and	symptoms	(System	1),	and	for	classification	of	potential	causes	of	
AUB	in	the	reproductive	years	(System	2)	are	designed	to	facilitate	both	
basic	science	and	clinical	investigation,	as	well	as	the	practical,	rational,	
and	consistent	application	of	medical	and	surgical	therapy	for	affected	
women.	 The	 current	 revisions	 of	 the	 two	 FIGO-	AUB	 systems	 are	
designed	to	clarify	and	modify,	in	a	fashion	that	should	improve	the	util-
ity	of	these	systems	for	research,	education,	and	clinical	care.	Clinicians,	
educators,	and	investigators	are	encouraged	to	use	the	matrix	concept	
to	guide	the	evaluation	of	women	afflicted	with	chronic	AUB,	as	well	as	
acute	AUB	once	the	patient	is	stabilized	(Fig.	7).

These	systems,	and	their	continued	and	appropriate	revision,	repre-
sent	a	collaboration	involving	clinicians,	investigators,	and	other	informed	
participants	 from	 six	 continents.	 This	 participation	 was	 designed	 to	
develop	an	implementable	System	1	and	to	provide	input	into	the	practi-
cality	of	performing	the	investigations	described	for	categorizing	accord-
ing	to	System	2,	the	PALM-	COEIN	classification.	Currently,	the	routine	
characterization	of	structural	lesions	of	the	uterus	using	MRI	is	not	feasi-
ble	and	its	use	is	not	included	as	a	mandatory	tool	for	evaluating	patients	
with	chronic	AUB.	This	does	not	mean	that	clinicians	cannot	or	should	

not	use	MRI	if	 it	 is	deemed	necessary	and	is	available,	with	the	results	
used	to	categorize	leiomyoma	type	or	determine	the	presence,	absence,	
or	location	and	extent	of	adenomyosis.

8  | CONCLUSION

The	present	paper	reports	the	changes	to	both	FIGO	AUB	systems	
based	 on	 6	years	 of	 analysis,	 discussion,	 and	 debate	 since	 the	
original	 publication.	 The	 original	 seminal	 publications	 presented	
effective	approaches	to	the	terminologies	and	definitions	around	
AUB	(System	1),	followed	by	development	of	a	novel	classification	
(PALM-	COEIN)	 of	 underlying	 causes	 of	 abnormal	 uterine	 bleed-
ing	 in	 the	 reproductive	 years	 (System	2).14	 These	 developments	
and	refinements	are	 integrated	 into	the	whole	FIGO-	AUB	model	
in	this	manuscript.
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Abstract

Abnormal uterine bleeding (AUB) is an extremely common problem and represents a clinical area of
unmet need. It has clinical implications and a high cost for the healthcare system. The PALM-COEIN
acronym proposed by FIGO may be used as a foundation of care; it improves the understanding of
the causes of AUB, and in doing so facilitates effective history taking, examination, investigations,
and management.
Heavy menstrual bleeding, a subset of AUB, is a subjective diagnosis and should be managed in
the context of improving the woman’s quality of life. Available evidence suggests that there is poor
satisfaction with standard treatment options often resulting in women opting for major surgery
such as hysterectomy. Such women would benefit from a tailored approach, both for diagnosis
and treatment, highlighting the deficiency of biomarkers in this area.
This article focuses on the causes of AUB as per the PALM-COEIN acronym, the researched biomark-
ers in this area, and the potential pathogenetic mechanisms. In the future, these approaches may
improve our understanding of AUB, thereby enabling us to direct women to most suitable current
treatments and tailor investigative and treatment strategies to ensure best outcomes, in keeping
with the principles of personalized or precision medicine.

Summary Sentence

Abnormal uterine bleeding (AUB) is an extremely common problem and represents a clinical area
of unmet need. Identifying potential biomarkers in this area would allow for planning individualized
care and improving treatment outcomes.

Key words: angiogenesis, apoptosis, endometrium, estradiol/estradiol receptor, epigenetics, female reproductive
tract, menstrual cycle, proteomics, progesterone/progesterone receptor, uterus.

Introduction

A biomarker is a characteristic that can be objectively measured and
evaluated as an indicator of normal biological processes, pathogenic
processes, or pharmacological responses to a therapeutic inter-
vention. The ideal platforms for biomarker discovery include ge-

nomic, transcriptomic, proteomic, metabolomic, and imaging anal-
yses. Many commonly used tests in clinical practice can serve as
biomarkers, and the majority have been identified on the basis of
insight or underlying physiology or biological mechanisms [1]. Ab-
normal uterine bleeding (AUB) is an extremely common problem
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Figure 1. FIGO classification of causes of AUB; “PALM-COEIN.”

and represents a clinical area of unmet need. Identifying potential
biomarkers in this area would allow for planning individualized care.

AUB was re-defined by Federation International de Gynecolo-
gie et d’Obstetrique (FIGO) in 2009 to introduce standardization of
nomenclature and identify an etiological basis [2, 3]. Chronic AUB
was defined as bleeding from the uterine corpus that is abnormal
in volume, regularity, and or timing and has been present for the
majority of the last 6 months. Acute AUB was defined as an episode
of heavy bleeding that, in the opinion of the clinician, is of sufficient
quantity to require immediate intervention to prevent further blood
loss. Intermenstrual bleeding is defined as bleeding that occurs be-
tween clearly defined cyclic and predictable menses and includes both
randomly occurring episodes and those that manifest predictably at
the same time in each cycle [2].

Heavy menstrual bleeding (HMB) is a subcategory of AUB and
has a woman-centered approach to diagnosis. Rather than using
objective measurements of volume or using PBAC (Pictorial Blood
Assessment Chart) scores, NICE (National Institute for Care and
Excellence) define HMB as an excessive menstrual loss that interferes
with the physical, social, emotional, and or material quality of life
[4]. This takes precedence over the previously used definitions of
menstrual blood loss of greater than 80 mL in both research and
clinical settings [5–7].

History of menstrual terminology
From 430 BC until the early 1800s, the main menstrual symptom
appearing in medical writings was excessively heavy bleeding [8].
The description of periods in early writings also includes phrases
such as “the flux is immoderate, either when the periods return
too often, when they continue too long, or when too much blood
is discharged at one time.” Irregular and often light bleeding was
referred to as “the weeping of the womb” [9].

The term “menorrhagia” appears to have been used for the first
time in the late 1700s in the lectures of Professor William Cullen,

Professor of the Practice of Physic at the University of Edinburgh.
The term “metrorrhagia” probably came into use at the same time,
with Cullen using the spelling “maetrorhagia” [10].

The introduction of the confusing modern term “dysfunctional
uterine bleeding” did not occur until the 1930s. Graves used the term
“dysfunctional uterine bleeding” to try and explain “impairment of
endocrine factors,” which normally controlled menstrual function
[11].

FIGO classification of AUB etiology
Once a diagnosis of AUB has been established, the further classi-
fication is based on the PALM-COEIN acronym. The system was
developed with contributions from an international group of both
clinical and nonclinical investigators from 17 countries on six con-
tinents [3]. This system was created as a detailed assessment of the
previously used menstrual terminology concluded that there is great
confusion in the way these terminologies are used and there is an ur-
gent need for international agreement on the consistent use of terms
and definitions for symptoms, signs, and causes of abnormal uterine
bleeding [12, 13].

There are nine main categories: Polyp, Adenomyosis,
Leiomyoma, Malignancy and Hyperplasia, Coagulopathy,
Ovulatory dysfunction, Endometrial, Iatrogenic, and Not oth-
erwise classified. In general, the components of the PALM group
are discrete (structural) entities that may be identified visually with
imaging techniques and or histopathology, whereas the COEIN
group is related to entities that are not defined by imaging or
histopathology (nonstructural) (Figure 1) [2].

The term “DUB,” which was previously used as a diagnosis when
there was no systemic or locally definable structural cause for AUB,
should be abandoned [8]. These women generally have one or a
combination of coagulopathy, a disorder of ovulation, or primary
endometrial disorder—the last of which is most often a primary or
secondary disturbance in local endometrial hemostasis [2]. Similarly,
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the terms menorrhagia and metrorrhagia should also be abandoned
[3].

Demographics
There is a significant clinical burden associated with AUB, affecting
14–25% of women in the reproductive age group [14, 15]. About
20% of the 1.2 million referrals to specialist gynecologist services
concern women with HMB [15]. Current NICE guidance clearly
states that HMB should be managed in the context of improving the
woman’s quality of life, rather than treating a target blood loss vol-
ume [4]. A recent HMB audit by the Royal College of Obstetricians
and Gynaecologists, assessing patient outcomes and experiences in
England and Wales, reported that 1-year post referral only 30% of
women (including those managed with surgery) were “satisfied” (or
better) at the prospect of current menstrual symptoms continuing,
as currently experienced, for the next 5 years [15].

Thus, menstrual problems represent a clinical area of unmet need.
Poor satisfaction with standard treatment options often results in
women opting for major surgery such as hysterectomy. Such women
would benefit from a tailored approach, both for diagnosis and treat-
ment, highlighting the deficiency of biomarkers in this area.

Advances in genomics have ushered in a new era called “person-
alized” or “precision” medicine, which takes into account individual
genetic and other sources of variability in disease treatment and pre-
vention. A strong rationale for the shift toward precision medicine
was laid by the National Research Council [16]. Genomic profiling
of endometrium may offer a significant step forward, in the health-
care for women with AUB/HMB, both by directing patients to most
suitable current treatments and by informing new avenues for effec-
tive and personalized medical management.

In keeping with the PALM-COEIN classification system, AUB-
E possibly represents a primary endometrial disorder, while AUB-
L and AUB-A, which are still poorly understood, potentially, may
represent, a secondary endometrial disorder.

Polyps and AUB (AUB-P)
Endometrial polyps are epithelial proliferations arising from the en-
dometrial stroma and glands. The majority are asymptomatic The
reported prevalence of endometrial polyps varies widely and ranges
from 7.8 to 34.9%, depending on the definition of a polyp, the diag-
nostic method used, and the population studied [17–20]. There are
no identified biomarkers for polyps in clinical use, and their diag-
nosis relies on imaging, ultrasonography (USS), sonohysterography,
and hysteroscopy [4].

Adenomyosis and AUB (AUB-A)
Adenomyosis is defined as the presence of ectopic endometrial glands
and stroma in the myometrium, although it remains a poorly under-
stood entity. The prevalence of adenomyosis is difficult to ascertain
because of a wide variation in diagnostic criteria both with imaging
modalities and with histology. It has been estimated that histological
confirmation of adenomyosis ranges from 5 to 70% of patients who
undergo hysterectomy [21]. Adenomyosis is thought to cause HMB,
dysmenorrhea and infertility [22] although not all studies agree that
HMB is a causal association [23].

Risk factors for adenomyosis include increasing parity, termi-
nation of pregnancy, uterine curettage, and caesarean birth, all of
which may disrupt the endo-myometrial junction and thereby al-
low infolding of the endometrium with direct myometrial invasion
[24, 25]. There also appears to be an association between estro-

gen exposure and development of adenomyosis. Increasing age with
increased duration of estrogen exposure, and tamoxifen use posi-
tively correlate with adenomyosis risk [26]; interestingly, cigarette
smoking may be protective [27]. Increasing age with cellular dam-
age and repair may be contributory. Other gynecological conditions
that may be associated with adenomyosis include uterine fibroids
and endometriosis, although there is a debate if the latter is a sepa-
rate entity at all [28]. At a cellular level, matrix metalloproteinases
(MMPs) may initiate damage to the endo-myometrial junction via
the basement membrane [29], and cyclo-oxygenase (COX) enzymes,
vascular endothelial growth factor (VEGF), and stem cell progenitors
may contribute to the development of adenomyosis [30, 31].

In a study by Li et al, aberrations in angiogenesis were proposed
as mechanisms to explain histological changes in adenomyosis. A
positive correlation was observed between VEGF expression and
MMP-2 and MMP-9 expression. A positive correlation was also
found between mean vessel diameter (MVD) and MMP-2 or MMP-
9 expression. It seems, therefore, that the elevation of MMP-2 or -9
expression may represent an important factor in the development of
the disease, contributing to the invasion of endometrial tissues into
the myometrium and angiogenesis in adenomyotic implants [32].

Recent evidence also points to epithelial to mesenchymal tran-
sition (EMT) in the pathogenesis. Epithelial-to-mesenchymal transi-
tion is a process characterized by a loss of polarity of epithelial cells
and transition to a mesenchymal phenotype, which at a molecular
level involves downregulation of epithelial markers (e.g. E-cadherin)
and overexpression of mesenchymal markers (e.g. fibronectin and
vimentin), and activation of a number of transcription factors, in-
cluding Snail, Slug, Twist, Zeb1, and SIP1 [33].

Reduced apoptosis and increased proliferation of the eutopic en-
dometrium could play a role in the pathophysiology of adenomyosis
[34]. This was further quantified using a Ki-67 (a nuclear and nucle-
olar protein that is strictly associated with cell proliferation) labeling
index by Yang and colleagues [35]. The study involved analyzing eu-
topic endometrium in premenopausal women with and without ade-
nomyosis who underwent a hysterectomy. The endometrium was
separated into endometrial stromal cells (ESCs). Markers for pro-
liferation were investigated using nonradioactive assay kits, and im-
munohistochemistry (IHC) and those for apoptosis was analyzed us-
ing fluorescence-activated cell sorter. Sotnikova et al have suggested
impaired cytokine production in the development of adenomyosis
[36].

Studies also propose an increased synthesis of local estrogen and
possibly, progesterone resistance in women with adenomyosis. In-
creased aromatase and estrone sulfatase activity in glandular cells
of eutopic and ectopic endometrial tissues in women with adeno-
myosis can contribute to increased local uterine/endometrial estro-
gen production, and reduced progesterone receptor B isoform (PR-B
receptors) may contribute to local progesterone resistance [37, 38].

The concept of repeated tissue injury and repair in women with
adenomyosis is supported in a study by Liu and colleagues. They pro-
pose that platelet-induced activation of the TGF-β/Smad signaling
pathway may be a driving force in EMT, fibroblast-to-myofibroblast
transdifferentiation, and smooth muscle metaplasia in the develop-
ment of adenomyosis leading to fibrosis. Platelets may also be in-
volved in uterine hyperactivity and myometrial hyperinnervation,
potentially contributing to adenomyosis symptoms [39].

Diagnosis of adenomyosis is based on histology (at hysterectomy)
and imaging. The common imaging modalities used for nonhisto-
logical diagnosis of adenomyosis include transvaginal ultrasound
(TVUS) and magnetic resonance imaging (MRI), although a clear

Biomarkers in abnormal uterine bleeding, , Vol. 101, No. 62019 1157

D
ow

nloaded from
 https://academ

ic.oup.com
/biolreprod/article-abstract/101/6/1155/5154908 by The U

niversity of Edinburgh user on 26 M
arch 2020



consensus on imaging criteria remains lacking. A recent systematic
review confirms that TVUS 2D is effective and should be consid-
ered as the first-line ultrasound imaging method for the diagnosis
of adenomyosis. Enhancing tools such as TVUS 3D improved upon
sensitivity when used with poor definition of the junctional zone,
while no improvement was noted in the overall sensitivity compared
to TVUS 2D [40]. Newer imaging techniques such as elastography
in addition to conventional ultrasound may hold potential in the
future to assist with diagnosis of uterine focal lesions and may be
useful in preoperative planning [41]. A recent study has also pro-
posed that TV elastography can improve the diagnostic accuracy for
adenomyosis, especially in differentiating it from uterine fibroids.
The study also suggests a role for elastography in the assessment of
the developmental stage of adenomyotic lesions and a guide for the
best treatment modality for the patient [42].

A meta-analysis comparing TV US and MRI in the adenomyosis
concluded that both techniques showed high levels of accuracy, al-
though a correct diagnosis was obtained more often with MRI [43].
The Morphological Uterus Sonographic Assessment (MUSA) group
has proposed uniform criteria for the diagnosis of both uterine fi-
broids and adenomyosis to facilitate consistent reporting in both
daily clinical practice and for research purposes [44, 45].

Several biomarkers have been explored in research settings for
diagnosing adenomyosis, but none have been adapted for clinical
use. Caveolin (CAV) proteins are the fundamental components of
caveolae that form different structural and functional microdomains
in a wide variety of cell types. A study evaluated the expression of
CAV 1 in the ESCs in the human uterus affected by adenomyosis and
concluded that loss of stromal CAV1 expression may play a critical
role in the pathogenesis of adenomyosis. Loss of stromal CAV1 ex-
pression enhanced metastasis of ESCs and enabled increased growth,
migration, and invasion of endometrial epithelial cells (EECs) that
might involve the release of RANTES in the stroma of the ectopic le-
sion. RANTES (also termed CCL5), a chemokine for monocytes and
activated T cells, significantly correlates with the severity of stages
and dysmenorrhea in women with deep infiltrating endometriosis.
The expression level of RANTES in the ectopic ESCs of adenomyosis
patients was significantly higher than that of the eutopic counterpart.
Silencing of stromal CAV1 in ESCs could trigger nitric oxide (NO)
and prostaglandin E2 (PGE2) production in ESCs, potentially con-
tributing to the symptom of dysmenorrhea [46].

Moesin, a protein encoded in human by the MSN gene, has been
proposed as a biomarker for adenomyosis. Using proteomic analy-
sis, a higher expression of moesin was noted in adenomyosis versus
normal endometrium. This was initially identified using IHC with
a higher expression in ESC than in EEC and confirmed using RT-
PCR and western blot. An association between moesin as a marker
for EMT has been already proposed and may contribute to our un-
derstanding of the pathophysiology of adenomyosis. Adenomyosis
development mimics the process of tumor metastasis, which is char-
acterized by progressive transmyometrial invasion of endometrial
cells and neovascularization in ectopic lesions. To explain the inva-
siveness seen in adenomyosis, the authors propose a further review
of the phosphorylation of moesin in women with adenomyosis, as in
certain tumors such as invasive gastric adenocarcinoma, the extent
of invasiveness correlates with moesin expression [47].

A common method employed for biomarker discovery is pro-
teomics, which is, in essence, a large-scale study of proteins.
Proteomic-based approaches for biomarker investigation can be em-
ployed in different aspects of medicine, such as elucidation of path-
ways affected in disease, identification of individuals who are at

a high risk of developing disease for prognosis and prediction of
response, identification of individuals who are most likely to re-
spond to specific therapeutic interventions, and prediction of which
patients will develop specific side effects. Proteomics analysis has
been used to compare the differential protein expression profile be-
tween matched ectopic and eutopic endometrium of adenomyosis.
The study showed that a group of estrogen-responsive proteins were
significantly altered and amongst them, Annexin 2 (ANXA2) was
identified as a key player in adenomyosis development by inducing
both metastasis and proangiogenesis of adenomyotic endometrial
cells. The invasive and metastatic potential involved in adenomyosis
was achieved by ANXA2-induced β-catenin/T-cell factor associated
EMT-like switch in endometrial cells, and the proangiogenic capacity
in local lesion was enhanced via ANXA2/HIF-1α/VEGF-A pathway
activation [48].

Proteomic analysis using matrix-assisted laser desorption ioniza-
tion time-of-flight mass spectrometry (MALDI-TOF-MS) has been
studied in women with adenomyosis and endometriosis. The study
compared protein peaks using the MALDI-TOF-MS system in the
serum of women with endometriosis or adenomyosis to controls and
identified a possible biomarker for the conditions, but was unable to
differentiate between endometriosis and adenomyosis [49].

The nuclear factor kappa light chain enhancer of activated B cells
(NF-κB) pathway has long been considered a proinflammatory sig-
naling pathway, largely based on the role of NF-κB in the expression
of proinflammatory genes including cytokines, chemokines, and ad-
hesion molecules. It also plays an important role in apoptosis and
cellular growth [50]. NF-κB activity is regulated by a family of pro-
teins known as IκBs. There are two pathways of (NF-kB) activation
that are known currently. The canonical pathway is triggered by mi-
crobial products and proinflammatory cytokines such as TNFα and
IL-1, while the alternative pathway is triggered by TNF-family cy-
tokines but not TNFα [51, 52]. Immunoreactive proteins have been
studied as potential biomarkers, including p65, p50, and p52. Nu-
clear p65 immunoreactivity was positively associated with heavier
menses and decreased PR-B, and increased nuclear p65 immunore-
activity in the ectopic endometrium was associated with the severity
of dysmenorrhea in women with adenomyosis [34, 38].

Huang et al. proposed that an imbalance between apoptosis and
proliferation may contribute to the pathogenesis and progression of
adenomyosis. The presence of ectopic endometrium in adenomyosis
is likened to a tumor-like invasiveness, although poorly understood
[53]. Tyrosine kinase receptor B (TrkB) is a neurotrophic recep-
tor and contributes to tumor cells’ resistance to apoptosis, and the
acquisition of invasive and metastatic abilities [54]. Moreover, over-
expression of TrkB in several types of human malignancy supports
this hypothesis. The study concluded that TrkB protein and TrkB
mRNA in adenomyotic endometrium were elevated and positively
correlated with the degree of dysmenorrhea. This may contribute
to our understanding of the pathogenesis of adenomyosis and may
represent a potential biomarker for disease progression in the future
[53].

Tissue factor (TF) is a cell membrane-bound glycoprotein and a
member of the cytokine receptor family [55]. Tissue factor is mainly
expressed in ESC and is regulated by progesterone. Tissue factor is
involved in the pathogenesis of endometriosis, possibly in angiogenic
and inflammatory signaling and has been evaluated as a biomarker
in women with endometriosis [56]. Tissue factor elevation in women
with endometriosis is thought to explain symptoms of dysmenorrhea
and HMB, and given the similarities between endometriosis and ade-
nomyosis, the authors proposed to identify elevated TF expression
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Table 1. Researched biomarkers and potential pathogenesis in adenomyosis.

� Increased MMP expression [32]
� Epithelial to mesenchymal transition (EMT) [33]
� Increased proliferation (KI-67) and reduced apoptosis in the eutopic endometrium [35]
� Increased local estrogen production—increased aromatase and estrone sulfatase activity [35]
� Increased local progesterone resistance mediated by progesterone receptor B isoform (PR-B receptors) [38]
� Repeated tissue injury and repair—platelet-induced activation of the TGF-β/Smad signaling pathway [39]
� Reduced expression caveolin (CAV) proteins [44]
� Increased moesin expression [47]
� Increased Annexin 2 (ANXA2) expression [48]
� Activation of NF-κB [51, 52]
� Increased expression of TrkB [51,52]
� Increased SLIT/ROBO expression [60, 61]
� Imaging—elastography [41, 42]

in women with adenomyosis [57]. The study showed increased TF
immunoreactivity in the adenomyotic endometrium (eutopic and ec-
topic) versus controls (no adenomyosis) and had a strong association
with HMB and dysmenorrhea [57].

SLIT is a secretory glycoprotein that acts via its receptor ROBO,
a transmembrane protein. SLIT-ROBO system is reported to func-
tion as a chemoattractant to recruit vascular endothelial cells to
sites for vasculogenesis [58]. Increased SLIT expression correlates
with increased MVD and is a marker for tumor angiogenesis [59].
SLIT immunoreactivity is increased in endometriosis. Its elevation
may be a constitutive biomarker for recurrence of endometriosis,
and given the similarities between adenomyosis and endometriosis,
SLIT has been explored as a potential biomarker in women with
adenomyosis [60]. In comparison to the normal endometrium, Nie
and colleagues demonstrated that SLIT expression was higher in the
ectopic endometrium of women with adenomyosis, while ROBO1
immunoreactivity and MVD were higher in both eutopic and ectopic
endometria of women with adenomyosis and that these biomarkers
positively correlated with the severity of dysmenorrhea [61]. Table
1 summarizes the researched biomarkers and potential pathogenetic
mechanisms of adenomyosis.

Leiomyomas and AUB (AUB-L)
Uterine fibroids (myomas, leiomyomas) are the most common be-
nign tumors in women of reproductive age present in almost 80%
of all women by the age of 50 [62]. Fibroids tend to be twice or even
three times more common in black women as compared to other
racial or ethnic groups [63]. The association between AUB and fi-
broids is complex and poorly understood, as women with fibroids
may be asymptomatic; however, a strong association exists between
submucous myomas and AUB, demonstrated as early as 1956 [64].

The proposed mechanisms of how fibroids may cause AUB in-
clude an increase in the endometrial surface, an increase in uterine
vascularization, changes in patterns of myometrial contractility, ul-
ceration of the surface of a myoma, myoma degeneration, and uterine
venous ectasia by compression effect from the myoma(s) [65]. These
proposed mechanisms often relate to fibroid size, but cannot explain
completely the relationship between AUB and fibroids. There is a
correlation between AUB and the degree of distortion and penetra-
tion of the uterine cavity associated with the fibroid(s). Submucous
myomas (FIGO 0, 1, 2, and 3) are thought to be most symptomatic
[66]. Distortion of the uterine cavity by fibroids is also proposed to
explain other symptoms such as infertility [67].

In recent years, our understanding of fibroids at a molecular level
and cellular has significantly improved. Although several potential

biomarkers have been identified (discussed below), none are in clin-
ical use. It is well established that fibroids are monoclonal tumors
arising from the smooth muscle cells of the myometrium. Fibroids
contain three different cell populations: fully differentiated smooth
muscle cells, intermediate cells, and fibroid stem cells, which in turn
are crucial to fibroid growth. A genetic hit in the myometrial stem
cell can produce fibroid stem cells. These genetic hits include mu-
tations in the mediator complex (MED) 12 gene and chromosomal
rearrangements on the high mobility group A (HMG2A) gene on the
long arm of chromosome 12 [68–71].

Endocrine-disrupting chemicals (EDCs) are substances in our en-
vironment, food, and consumer products that interfere with hor-
mone biosynthesis, metabolism, or action resulting in a deviation
from normal homeostatic control or reproduction and there is evi-
dence to suggest that exposure to EDCs, especially in critical phases
of uterine development such as in utero and early childhood, may
result in genetic mutations influencing fibroid growth [72, 73].

Fibroids are steroid hormone-dependent tumors; however, un-
like differentiated fibroid cells, fibroid stem cells have a very low
expression of estrogen and progesterone receptors, indicating that
these hormones exert their tropic effects on fibroid stem cells via a
paracrine mechanism. Fibroids also secrete increased transforming
growth factor-beta 3 (TGF-β3) in response to steroids (see below).
TGF-β3 is a cytokine that is involved in cell differentiation, em-
bryogenesis, and development and is believed to regulate molecules
involved in cellular adhesion and extracellular matrix (ECM) forma-
tion. TGF-β has a direct effect on fibroid ECM production, stimulat-
ing collagen expression as well as plasminogen activator inhibitor-1
expression [74]. The role of TGF-β in fibrotic processes such as liver
cirrhosis and pulmonary fibrosis is well established, and further re-
search may improve our understating of fibrotic pathways associated
with fibroids [75].

The role of the WNT/β-catenin pathway is also of importance in
fibroid growth. Mutations in MED 12 genes are believed to lead to
alterations in the WNT/B-catenin pathway expression and signaling.
This results in degradation of cytoplasmic β-catenin and increased
nuclear β-catenin, which is associated with increased fibroid bur-
den in murine models [76, 77]. In human fibroid cells, silencing
the MED 12 gene results in decreased WNT/β-catenin pathway sig-
naling, thereby slowing fibroid growth [70]. The WNT/β-catenin
pathway also results in increased expression of TGF-β3. A recent
study by Sinclair et al. suggested that leiomyoma-secreted TGF-β3
induces BMP-2 resistance in the endometrium by downregulation
of BMPR-2, likely causing defective endometrial decidualization.
TGF-β3 also reduces expression of plasminogen activator inhibitor-1
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Table 2. Researched biomarkers and potential pathogenesis—fibroids.

� Chromosomal rearrangements on the high mobility group A (HMG2A) gene [71]
� Mutations in the mediator complex (MED) 12 gene [68–70]
� Exposure to endocrine-disrupting chemicals (EDCs) [72, 73]
� Increased production of transforming growth factor-beta 3 (TGF-β3) with increased BMP-2 resistance [74]
� WNT/β-catenin pathway [70, 76–78]
� Altered cytokines such as interleukins (IL) -10,13,17 [84]
� Imaging—elastography [41]

Table 3. Detection of coagulopathies (adapted from Kouides et al [87]).

Structured history—positive screen if

a. Excessive menstrual bleeding since menarche, or
b. History of one of the following—postpartum hemorrhage, surgery-related bleeding, or bleeding associated with dental work, or
c. History of two or more of the following—bruising greater than 5 cm once or twice/month, epistaxis once or twice/month, frequent gum bleeding,
family history of bleeding symptoms.

(PAI-1), ATIII, and thrombomodulin in the endometrium, likely con-
tributing to AUB/HMB. In the past, TGF-β3 has been shown to be
involved in ECM remodeling and proliferation which could modu-
late fibroid growth [78].

AUB/HMB associated with fibroids may be explained by a com-
plex interplay between coagulation, neo-angiogenesis, and vaso-
constriction. As described above, fibroids secrete TGF-β3, which
in turn may alter normal hemostatic and fibrinolytic pathways
through PAI-1, ATIII, and thrombomodulin in endometrium [78].
Evidence also suggests an increased expression of fibroblast growth
factor and fibroblast growth factor receptor in the endometrium
of women with fibroids [79]. Other angiogenic factors such as
heparin-binding epidermal growth factor, platelet-derived growth
factor, VEGF, parathyroid hormone-related protein, and prolactin
are also altered in women with fibroids [80]. This could explain al-
tered neo-angiogenesis and HMB with fibroids. Endothelin-1 (ET)
and prostaglandin F2 alpha (PGF2α) are potent vasoconstrictors that
regulate menstruation [81]. Vasoconstrictors that regulate myome-
trial contractility (ET-1, PGF2α) and spiral arteriole vasoconstriction
(ET-1) are altered in women with fibroids [82, 83]. PGF2α produc-
tion is increased in women with uterine fibroids [82]. Endothelin-
1 acts via the ETA-R and ETB-R receptors and higher levels of
endothelin-1 have identified in the endometrium as compared to the
fibroid tissue and myometrium. In addition, higher levels of ETA-R
are identified in the myometrium compared to fibroid tissue and vice
versa for ETB-R. These alterations suggest disordered ET function
in women with uterine fibroids [83]. The consequence of perturbed
expression of these vasoconstrictors results in alerted myometrial
contractility and dilatation of endometrial stromal venous spaces
and may explain HMB associated with fibroids.

Changes in circulating levels of cytokines such as interleukins
(IL)-10, 13, and 17 have been identified in women with fibroids [84].
In general, an infection is accompanied by an inflammatory process;
however, an inflammatory response evidenced by altered cytokine
levels in the endometrium (out with infection), as a mechanism for
HMB associated with fibroids, remains to be established.

A clinical and functional genomics analysis in women with fi-
broids was undertaken and concluded that that intramural leiomy-
omas not affecting the endometrial cavity alters the expression pat-
tern of some endometrial genes, but the genes involved in implanta-
tion are not affected. The study identified that the expression of 69
genes strongly correlated with the size of the myoma, and 26 genes

did so positively, whereas 43 did so negatively. Among the genes
that were upregulated with the size of the intramural fibroid, there
was an association with larger blood vessel size, a feature that corre-
lates well with the angiogenesis involved in fibroid vascular supply
and growth. Similarly, immune response and response to wounding
were underrepresented when a fibroid was present. An impairment
of maturation and differentiation of lymphocytes in women with
large leiomyomas suggested a decrease in the local immune response
[85].

Despite all the advances discussed above, a biomarker for identi-
fying causal factors underlying AUB in women with fibroids remains
elusive currently, and reliance for identifying the presence of uter-
ine fibroids is placed on imaging modalities (USS, MRI, sonohys-
terography) and hysteroscopy. Table 2 summarizes the researched
biomarkers and potential pathogenetic mechanisms of leiomyomas.

Malignancy and AUB (AUB-M)
It is beyond the scope of this article to discuss malignancy-related
biomarkers as it is primarily focused on benign pathology.

Coagulopathy and AUB (AUB-C)
Coagulopathies are reported to affect 13% of the women present-
ing with HMB [86]. The systemic disorders of hemostasis may be
identified in 90% of women using a structured history (see Table 3)
[87].

There are clearly defined biomarkers for this cause of AUB, so
long as health professionals are meticulous at screening women at
risk and offering onward referral to appropriate specialists. These
biomarkers include a full blood count, measurement of individual co-
agulation factor quantity and/or activity, D-Dimer, fibrinogen, inter-
national normalized ratio, partial thromboplastin time, prothrombin
time, thrombin time, platelet function test, ristocetin cofactor, von
Willebrand factor antigen, and several more. It is beyond the scope
of this article to discuss individual biomarkers for AUB-C.

In the original FIGO PALM-COEIN system, women with
AUB associated with the use of anticoagulants were categorized
with coagulopathies (AUB-C). In the updated classification (2018),
they are considered iatrogenic and classified as AUB-I. This in-
cludes the modern, nonvitamin-K antagonists such as rivaroxa-
ban that appears to have a greater impact on the volume of
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menstrual bleeding than the traditional, vitamin K antagonists
such as warfarin [13, 88].

Ovulatory disorders and AUB (AUB-O)
Anovulation is observed at extremes of age, in association with en-
docrine disorders such as hypothyroidism, polycystic ovarian syn-
drome, hyperprolactinemia, and with factors such as mental stress,
extremes of weight, excess exercise, and even drugs that interfere
with the hypothalamic–pituitary–ovarian axis such as dopamine ag-
onists. Anovulatory cycles tend to present as an alteration in cycle
length (often > 38 days) and AUB/HMB due to the effect of unop-
posed estrogen on the endometrium.

Although a well-structured history and examination may iden-
tify many cases, specific tests may be ordered to rule out en-
docrinopathies. Thus, there are clinically relevant biomarkers for
this cause of AUB, such as serum thyroid stimulating hormone and
thyroxine levels, prolactin levels, gonadotropin levels (FSH/LH), sex
hormone binding globulin, free androgen index, and so on. It is be-
yond the scope of this article to discuss individual biomarkers for
endocrinopathies contributing to AUB-O.

Bao et al. have presented data to identify serum amyloid protein
A (SAA) as a potential biomarker to differentiate between ovula-
tory and anovulatory AUB. Using surface-enhanced laser desorption
ionization TOF-MS, they identified three protein peaks correspond-
ing to SAA, VEGF, and anti-vitamin K epoxide reductase (VKOR).
Given that SAA is highly expressed in individuals with nonimmune
inflammation, the authors hypothesized a similar response in women
with AUB, that SAA was highly expressed in the menses (sera and
supernates) of anovulatory and ovulatory women with AUB versus
controls. The role of VEGF is well established in menstruation and
endometrial repair [89]. In this study, VEGF was highly expressed
in ovulatory women with AUB but poorly expressed in anovulatory
patients suggesting a possible aberration in angiogenesis in anovula-
tory AUB. Vitamin K is essential in the clotting cascade and requires
VKOR for this process. The authors noted a poor expression of
VKOR in the menses of women with ovulatory AUB possibly sug-
gesting a defect in clotting [90].

Endometrial disorders and AUB (AUB-E)
AUB that occurs in the absence of an identifiable histological or
structural cause (AUB-L, AUB-A, AUB-P), in the context of regular
menstrual cycles (ovulatory) and with coagulopathy ruled out, in
the absence of iatrogenic causes (AUB-I) usually represents a pri-
mary endometrial disorder (AUB-E). AUB-E is thought to be caused
by a local disturbance(s) in endometrial function—deficiencies or ex-
cesses of proteins or other entities that have an adverse impact on
hemostasis, normal angiogenesis, vascular integrity, or endometrial
repair. AUB-E is a diagnosis of exclusion; a well-structured history
and examination often help, but there is no commercially available
testing. Hence, a clear role for developing biomarkers exists for this
cause of AUB.

The endometrium is a complex multicellular tissue that lines the
inside of the endometrial cavity and involves interactions of immune,
endocrine, and vascular systems. It is morphologically divided into
functional and basal layers. The functional layer occupies the upper
two-thirds of the endometrium. During endometrial repair and pro-
liferation, mitosis occurs in the functional layer of the endometrium,
a highly active layer consisting of glands supported by stroma. Stud-
ies now demonstrate that the basal layer may not serve as a source of
stem cells for endometrial regeneration after normal menstruation.

Instead, changes in the microenvironment may reprogram the few
functional cells remaining after menstruation to regenerate a new
functional layer [91].

It is well established that progesterone withdrawal secondary to
the demise of the corpus luteum in the absence of pregnancy is the sig-
naling event for the onset of menstruation. A key role is played by de-
cidualized ESCs, as they remain responsive to progesterone through
the secretory phase. They retain progesterone receptor (PR) expres-
sion, thereby allowing the endometrium to respond to progesterone
withdrawal. Progesterone withdrawal is proposed to have two major
effects: (a) increased levels of cytokines and prostaglandins into the
endometrium and consequently (b) influx of leukocytes, activation
of MMPs, and destruction of the ECM [92]. The action of MMPs
is thought to be independent to progesterone withdrawal after an
initial inflammatory response.

Neutrophil type leukocytes predominantly increase in the en-
dometrium and contain high levels of MMPs and can activate
local MMPs, initiating endometrial breakdown. Increased B-cell
lymphoma 2 (BCL 2– an apoptosis regulator) levels secondary
to progesterone withdrawal, limit neutrophil activity in the en-
dometrium and prevent a damaging chronic inflammatory response
[93]. Macrophages also increase perimenstrually and produce cy-
tokines and proteases and are involved in tissue remodeling and
debris removal [94, 95].

Inflammatory responses in the endometrium are mediated via
the NF-κB pathway, secondary to steroid hormone withdrawal. NF-
kB increases the transcription of a wide variety of genes, includ-
ing cytokines (IL-1, IL-6), chemokines (CXCL8/IL-8, chemokine
ligand 2/CCL-2), and adhesion molecules [96]. Increased IL-8
mRNA expression in premenstrual endometrium and localiza-
tion to perivascular cells by the withdrawal of progesterone has
been shown by Milne et al. [97]. A role for cyclo-oxygenase
(COX)-2 following progesterone withdrawal has also been demon-
strated [98]. Inhibition of the COX enzymes or NF-kB at the
time of progesterone withdrawal significantly decreased the amount
of bleeding and endometrial breakdown and leukocyte influx in
a murine model [99].

Menstruation has been proposed to occur also as a result of a
physiological process of ischemia and reperfusion. Ischemia has not
been detected in the human endometrium during menstruation to
date; however, evidence supports the occurrence of hypoxia in the
endometrium. Markers for hypoxia (CAIX and hypoxia inducible
factor-1α [HIF-1α]) have been detected in the human endometrium
during menstruation [100]. The current evidence supports the
role of hypoxia and HIF-1α in the process of endometrial repair
during menstruation [101].

Vasoconstriction of the uterine spiral arterioles mediated by
PGF2α and ET-1 is considered to play a role in determining blood
loss during menstruation. PGE2 is known to have a vasodilatory
effect [102]. Evidence supports the theory of HMB secondary to a
reduced endometrial expression of ET-1 and an altered PGF2α/PGE2

ratio. The reduced maturity of the uterine spiral arteriole vessel wall,
increased gaps in the endothelial cell lining, and reduced vascular
smooth muscle proliferation may all contribute to HMB [103–106].

Cessation of menstruation relies on an intact endometrial coag-
ulation system. Endometrial endothelial injury initiates immediate
activation and aggregation of platelets to form a plug. The subse-
quent stage of hemostasis involves the formation of fibrin via the
coagulation cascade. Tissue plasminogen activator and urokinase
plasminogen activator drive the production of plasmin, and PAI in-
hibits fibrinolytic activity [107]. There is evidence that an overactive
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fibrinolytic system in the endometrium interferes with hemostasis
and contributes to HMB [108].

Angiogenesis and spiral arteriole maturation are essential compo-
nents of repair during menstruation, a process that is usually com-
pleted by cycle day 5. Vascular endothelial growth factor, a key
mediator of vascular function, is increased in women at menses, and
is regulated by hypoxia [109]. This process is independent of steroid
hormones. Recently, interest has increased in the role of immune cell
influx at the time of menstruation the role they may play in the regu-
lation of endometrial bleeding. The uterine natural killer (uNK) cells
may play an important role in spiral arteriole maturation, which in
turn will impact upon vasocontraction and potentially reduced men-
strual blood loss [110]. Dysregulation of uNK cells in HMB has also
been demonstrated, which may have an impact on endometrial vas-
cular development and or endometrial preparation for menstruation.
[111].

Newer research has focused on the role of hypoxia and the HIF-
1α in endometrial repair using a murine model of simulated menstru-
ation. Validation of the mouse model of menstruation has already
been performed [95]. The study by Maybin et al. demonstrated re-
duced endometrial HIF-1α in women with AUB/HMB. The study
suggests that HIF-1α regulates response within cells to low oxygen
levels (hypoxia), increasing the production of a number of repair fac-
tors and therefore playing an important role in repair of the denuded
endometrial surface [101].

Despite the vast improvements in the understanding of the cel-
lular and molecular basis of menstrual physiology, clinically usable
biomarkers remain lacking in women with AUB-E.

Iatrogenic AUB (AUB-I)
AUB may be associated with the use of exogenous steroids, usually as
continuous estrogen and or progesterone therapy results in unsched-
uled bleeding (BTB) [112]. Drugs that interfere with ovarian steroid
release may have a similar effect (GnRH agonists and antagonists)
and aromatase inhibitors. The use of intrauterine contraceptive de-
vices may contribute to chronic endometritis (CE) and AUB [113].
A structured history and examination and exclusion of other causes
help to secure the diagnosis. Often cessation of the drug or removal
of the device (implant, intrauterine device) helps resolve the problem.
The role of biomarkers in this category is limited.

Not otherwise classified (AUB-N)
Entities such as CE (not secondary to IUD use), arteriovenous mal-
formations (AVMs) [114], endometrial pseudoaneurysms, and my-
ometrial hypertrophy have been associated with or contribute to
AUB/HMB. Cesarean sections scar defects such as “isthmoceles”
may also contribute to AUB [115, 116]. In addition, there may be
other disorders that would be defined only by biochemical or molecu-
lar biology assays that should be placed in this category. Considering
these entities are extremely rare, the search for a viable endometrial
biomarker is only of academic value.

Most women with AVMs, endometrial pseudoaneurysms, and
myometrial hypertrophy will be diagnosed using imaging techniques.
Chronic endometritis is poorly understood but plays an important
role in AUB and poor reproductive outcomes and is currently di-
agnosed by histology. A study by Tortorella et al, proposed the
use of biomarkers in the menstrual effluent for diagnosing CE.
They identified that proinflammatory cytokines are increased in
menstrual effluents of women with CE with IL-6 and TNF-alpha
having a high screening capacity for the condition [117]. The

role of Chlamydia trachomatis and AUB has also been described,
and its prevalence is thought to be underestimated as a cause of
AUB [118].

Future directions
Although to date, there is a limited success in the clinical use of
biomarkers for women with AUB, this remains an area of unmet
need. In a medical context, the word “phenotype” is used to refer to
some deviation from normal morphology, physiology, or behavior.
Deep phenotyping can be defined as the precise and comprehensive
analysis of phenotypic abnormalities in which the individual com-
ponents of the phenotype are observed and described. The emerging
field of precision medicine aims to provide the best available care
for each patient based on stratification into disease subclasses with
a common biological basis of disease [119]. There is a clear need for
developing a system of deep phenotyping for women with AUB, such
that individualized and personalized care can be offered to ensure
best results with treatment strategies.

A role for the endometrial microbiome has been proposed, and
a study by Pelzer et al. using microbial community profiling re-
vealed differences in the endometrial microbial community profiles
for (1) the endocervix compared to the endometrium, and (2) women
with HMB versus dysmenorrhea [120]. This allows for further ex-
ploration in this field to try and understand the pathogenesis and
develop management strategies for women with AUB.

The role of exosomes using proteomic analysis in predicting ad-
verse pregnancy outcomes and suggesting pathophysiologic mecha-
nisms has been explored in the context of preterm birth [121]. Exo-
somes act as proxies for cells and therefore serve as better biomarkers
than secreted biochemicals from cells. Exosomes may hold a role in
the future as tools for “noninvasive” tissue sampling in women with
AUB. Exosomes derived from menstrual blood have already been
used for other applications [122]. This remains an unexplored field
with the potential to discover new biomarkers. Uterine fluid obtained
by lavage or as aspirates, menstrual loss supernatants, and sera may
all have a future role to play [90, 123].

Current pathology practice utilizes chromogenic IHC, and im-
proving the technology available may allow us to identify clinically
usable biomarkers. Multiplexed IHC (mIHC) approaches are now
available, offering greater insights into disease heterogeneity and the
characterization of systems biology mechanisms driving disease, as
well as helping to conserve limited tissues. Multiplexed IHC offers
greater insight into molecular cascades, preserves tissue context, and
allows for improved accuracy through the application of image anal-
ysis, with the use of landmark markers specifically to indicate tissue
architecture [124]. Application of such technology has already been
used in the field of cancer. Kim et al. have demonstrated quantitative
proteomic profiling of breast cancers using mIHC, so that individu-
alized cancer therapy can be offered [125].

In keeping with advances in technology, elastography (MRI and
USS) is being increasingly used in the assessment of women with
fibroids and adenomyosis serving as noninvasive imaging biomark-
ers. More importantly, there are being used to tailor therapy and
predict treatment response for allowing individualized care [126]. A
recent study showed that fractional change in stiffness value of uter-
ine fibroids measured by magnetic resonance elastography would be
related to the treatment outcomes after magnetic resonance guided
focused ultrasound [127].

Identifying differential gene expression in women with
AUB/HMB, i.e. a gene signature, may advance our understanding
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of the mechanisms responsible for HMB and allowed tailored treat-
ment strategies. Steps in this direction have already been made
[128].

Conclusion

AUB is a common and frequently debilitating condition for women
worldwide. It has clinical implications and a high cost for the health-
care system. Uterine fibroid tumors were estimated to cost the United
States $5.9–34.4 billion annually [129]. HMB is a subjective diagno-
sis affecting women across the globe. The PALM-COEIN acronym
maybe be used as a foundation of care; it improves the understanding
of the causes of AUB, and in doing so facilitates effective history tak-
ing, examination, investigations, and management [2, 13]. A range of
medical and surgical management options are available, the choice
of which is guided by the underlying cause of AUB alongside the
woman’s co-morbidities, fertility wishes, and personal preference in
women with AUB-L and AUB-A.

The classification system reveals the lack of effective biomark-
ers, especially for AUB-E. Tailoring treatments to target increased
inflammation, vascular dysfunction, and delayed endometrial repair
in women with AUB-E should increase compliance, reduce the need
for surgery, preserve fertility (if desired), improve outcomes and pa-
tient satisfaction.

Although several potential biomarkers have been discussed in
this review, the limitations are that many biomarker studies have
only a small number of samples, and studies have not been repeated
or validated.

Key factors in the development of technologies for personalized
medicine are standardization, integration, and harmonization. For
example, the tools and processes for data collection and analysis
must be standardized across research sites. Research activity at dif-
ferent sites must be integrated to maximize synergies, and scientific
research must be integrated with healthcare to ensure effective trans-
lation. There must also be harmonization between scientific prac-
tices in different research sites, between science and healthcare, and
between science, healthcare, and wider society, including the ethi-
cal and regulatory frameworks, the prevailing political and cultural
ethos, and the expectations of patients/citizens [130].
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CLINICAL HIGHLIGHTS
The phoenixlike endometrium and the regulation of menstrua-
tion: the menstruating endometrium is a physiological example
of an injured or “wounded” surface required to rapidly repair
each month.
Each month the human endometrium is exposed to sequential
patterns of circulating ovarian sex steroids [estradiol (E2), pro-
gesterone (P4)].
Progesterone withdrawal is the trigger for menstruation.
Hypoxia likely plays a pivotal role in endometrial repair pro-
cesses.
Blood loss from the uterus may be of normal quantity (NMB);
however, a quarter of women of reproductive age experience
heavy menstrual bleeding (HMB).
Abnormal uterine bleeding (AUB; including symptom of HMB) is
common and debilitating.
Structural features may be present within the uterus, for ex-
ample, leiomyomata/fibroids (L) and/or adenomyosis (A), and
are often associated with the symptom of AUB.
This review summarizes the physiology of menstruation (endo-
crine, inflammatory, and hematological regulation of endome-
trial shedding and repair), outlines causes of AUB, and identi-
fies topical research areas where the management of men-
strual disorders might be improved and the burden of AUB
alleviated.
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occurs, and menstruation in the absence of pregnancy. The endometrium thus plays a pivotal role
in reproduction and continuation of our species. Menstruation is a steroid-regulated event, and
there are alternatives for a progesterone-primed endometrium, i.e., pregnancy or menstruation.
Progesterone withdrawal is the trigger for menstruation. The menstruating endometrium is a
physiological example of an injured or “wounded” surface that is required to rapidly repair each
month. The physiological events of menstruation and endometrial repair provide an accessible in
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bleeding (HMB), imposes a massive burden on society, affecting one in four women of reproductive
age. Understanding structural and nonstructural causes underpinning AUB is essential to optimize
and provide precision in patient management. This is facilitated by careful classification of causes
of bleeding. We highlight the crucial need for understanding mechanisms underpinning menstru-
ation and its aberrations. The endometrium is a prime target tissue for selective progesterone
receptor modulators (SPRMs). This class of compounds has therapeutic potential for the clinical
unmet need of HMB. SPRMs reduce menstrual bleeding by mechanisms still largely unknown.
Human menstruation remains a taboo topic, and many questions concerning endometrial physiol-
ogy that pertain to menstrual bleeding are yet to be answered.

abnormal uterine bleeding; endometrium; inflammation; menstruation; progesterone; progester-
one receptor modulation

I. INTRODUCTION 1149
II. MENSTRUAL CYCLE STAGE IS... 1150
III. SEX STEROID REGULATION OF THE... 1152
IV. ENDOMETRIAL CELL HETEROGENEITY 1154
V. MODELING MENSTRUATION IN THE... 1154
VI. MODELING MENSTRUATION IN THE... 1156
VII. PROGESTERONE WITHDRAWAL: THE... 1156
VIII. MENSTRUATION AS INFLAMMATION 1158
IX. ENDOMETRIAL LEUKOCYTE TRAFFIC 1159
X. MESENCHYMAL-EPITHELIAL ... 1161
XI. LOCAL MECHANISMS THAT LIMIT... 1162
XII. THE IMPACT AND CLASSIFICATION OF... 1165
XIII. TARGETING THE PR FOR THERAPY:... 1168
XIV. CONCLUDING COMMENT AND FUTURE... 1171

I. INTRODUCTION

The functions of the uterine endometrium are to prepare for
implantation, to maintain pregnancy if implantation oc-

curs, and to menstruate in the absence of pregnancy. The
endometrium (uterine lining) thus plays a pivotal role in
reproduction and maintenance of our species. These pivotal
processes are steroid regulated, and the alternative path-
ways for a progesterone-primed endometrium are preg-
nancy or menstruation. The endometrium is a complex
multicellular steroid-target tissue that in the absence of
pregnancy sheds each month (menstruation), and is there-
after rapidly repaired without residual scarring or loss of
function. Endometrial repair following endometrial break-
down and shedding involves resolution of inflammation,
angiogenesis, tissue remodeling, and formation of new tis-
sue. The constituent cell types within the endometrium in-
clude stromal, epithelial, vascular, and immune cells. There
exists a dynamic cell-to-cell dialogue involving the endo-
crine and immune systems that is essential to ensure there is
efficient endometrial shedding and subsequent re-epitheli-
alization (repair of the injured mucosal surface) if preg-
nancy does not occur. The human endometrium and the
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physiological events of menstruation and endometrial re-
pair provide an accessible in vivo human model of inflam-
mation and tissue repair. Hence, the menstruating endome-
trium may be considered a wonderful physiological exam-
ple of an injured or “wounded” surface that is required to
rapidly repair each month.

II. MENSTRUAL CYCLE STAGE IS
GOVERNED BY THE PREVAILING
ENDOCRINE ENVIRONMENT WITH
MAJOR IMPACT ON ENDOMETRIAL
FORM AND FUNCTION

During the human menstrual cycle, the endometrium is ex-
posed each month to sequential patterns of circulating ovar-
ian sex steroids that are crucial to the regulation of growth
and differentiation of the endometrium. Chief players in
this preparation for pregnancy are ovarian 17�-estradiol
(E2) and pregn-4-ene-3,20-dione (progesterone; P4), the
concentrations of which fluctuate in a well-characterized
manner across the menstrual cycle (FIGURE 1A).

The endometrial endocrine environment is initially domi-
nated by estradiol in the early, “proliferative” phase of the
menstrual cycle. At this stage of endometrial development,
vascular and endometrial tissues undergo extensive prolif-
eration. The proliferative phase of the endometrial cycle has
its counterpart in the ovarian “follicular” phase, and fol-
lowing ovulation and formation of a corpus luteum, pro-
gesterone is secreted (49, 181).

During the progesterone-dominant “secretory” phase of
the endometrial cycle (ovarian counterpart is the “luteal”

phase), progesterone production is required for the estab-
lishment and maintenance of pregnancy in the estradiol-
primed endometrium (49, 62, 181).

The events that span the time from regression of the corpus
luteum in the late secretory phase (the time of progesterone
withdrawal), through menstruation culminating in post-
menstrual repair of the endometrium in the proliferative
phase, may be termed the “peri-menstrual” window and
reflect the endocrine “luteo-follicular” transition period
(FIGURE 1B).

Histologically the endometrium comprises a simple colum-
nar epithelium overlying a multicellular stroma. The stroma
hosts cellular components of connective tissue with fibro-
blast-like stromal cells and contains a number of tubular
glands contiguous with the luminal surface, spiral arteries,
and a fluctuating traffic of recruited innate immune cells
(181). There is also substantial evidence for an endometrial
adult stem cell population (89). These populations of endo-
metrial progenitor stem cells may differentiate into stromal
cells and epithelial cells and contribute to the efficient re-
placement and maintenance of the endometrium that is re-
quired to restore endometrial integrity with menstruation.
In the human, these progenitor stem cells are localized to
the basal layer of the endometrium (205).

Endometrial stromal cells (ESCs) are a target for progester-
one. The process in the endometrium termed decidualiza-
tion indicates transformation of ESCs into specialized se-
cretory “decidual cells” that provide both a nourishing and
receptive cell microenvironment that is essential for embryo
implantation and onward placental development (95). “De-
cidualization” is a process involving transformation of
ESCs from an elongated to a rounded morphology, with
induction of expression of progesterone-dependent pro-
teins, including prolactin, glycogen, tissue factor, insulin-
like growth factor-binding protein 1 (IGFBP1), and the
transcription factor Forkhead box O1 (FOXO1) in ESCs
(31, 32, 72, 138, 139, 207). The endometrial decidualiza-
tion response is initiated intracellularly by the production of
cAMP (32), initially in perivascular endometrial stromal
cells before decidualization spreads throughout the endo-
metrial stroma. Decidualization also spreads under the lu-
minal epithelium and is thus prominent in the region of the
endometrium where an embryo may implant. In humans,
decidualization is independent of embryo/endometrial con-
tact (“implantation”), and thus occurs “spontaneously” in
the presence of progesterone exposure. Recently spontane-
ous decidualization has been described in a newly discov-
ered menstruating rodent, the spiny mouse (16) (see sect. V
for description of mouse models of simulated menses).

These functionally distinct phases of the menstrual cycle are
critical for synchronization of the endometrium alongside
oocyte maturation, fertilization, and implantation of the

The phoenixlike endometrium and the regulation of menstrua-
tion: the menstruating endometrium is a physiological example
of an injured or “wounded” surface required to rapidly repair
each month.
Each month the human endometrium is exposed to sequential
patterns of circulating ovarian sex steroids [estradiol (E2), pro-
gesterone (P4)].
Progesterone withdrawal is the trigger for menstruation.
Hypoxia likely plays a pivotal role in endometrial repair pro-
cesses.
Blood loss from the uterus may be of normal quantity (NMB);
however, a quarter of women of reproductive age experience
heavy menstrual bleeding (HMB).
Abnormal uterine bleeding (AUB; including symptom of HMB) is
common and debilitating.
Structural features may be present within the uterus, for ex-
ample, leiomyomata/fibroids (L) and/or adenomyosis (A), and
are often associated with the symptom of AUB.
This review summarizes the physiology of menstruation (endo-
crine, inflammatory, and hematological regulation of endome-
trial shedding and repair), outlines causes of AUB, and identi-
fies topical research areas where the management of men-
strual disorders might be improved and the burden of AUB
alleviated.
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FIGURE 1. The human menstrual cycle. A: estradiol is the dominant hormone acting on the endometrium
during the proliferative phase (ovarian equivalent � follicular phase). The secretory phase occurs subsequent
to ovulation, when the corpus luteum secretes progesterone (ovarian equivalent � luteal phase). B: peri-
menstrual window (luteo-follicular transition): rearrangement of the traditional menstrual cycle to focus on the
significant endocrine and endometrial changes that occur during menstrual breakdown and repair.
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embryo during the middle of the secretory phase when en-
dometrial receptivity is likely to be optimal (229).

It is interesting that the human endometrium exhibits the
most extensive decidualization response of any menstruat-
ing species studied to date (194). This feature may in turn
play an important role in the extensive trophoblast invasion
that takes place at the time of human implantation (82,
113). Crucially, when trophoblast invasion is inadequate or
defective in early pregnancy, miscarriage may be the conse-
quence, and in later pregnancy, problems such as fetal
growth restriction and preeclampsia may manifest (40, 117,
140).

Increasingly, lines of evidence support defective decidual-
ization responses as underpinning problems in early, mid,
and later pregnancy. Perturbed decidual cell function in the
early first trimester may be involved in the later develop-
ment of preeclampsia. For example, aberrant expression of
decidual cell-derived chemokines/cytokines may result in
altered migration, survival, and adhesion of endometrial
immune cells [uterine natural killer (uNK) cells, monocytes/
macrophages, T cells]. This may lead to abnormal interac-
tions with endometrial epithelial and/or endothelial cells
resulting in altered function (numbers, activation) and im-
pact on trophoblast invasion and subsequent risk of pre-
eclampsia development (113). It has also been proposed
that “menstrual preconditioning” (33) protects against de-
velopment of preeclampsia. Good lines of evidence provide
support for the concept that both menstruation and preg-
nancy are inflammatory events associated with physiologi-
cal ischemia-reperfusion tissue injury. The latter is particu-
larly evident during pregnancy. Brosens et al. (33) thus pro-
posed that cyclical menstruation protects uterine tissues
from the excess inflammation and oxidative stress that is
evident with deep placentation, and describes this as men-
strual preconditioning.

Further development of this aspect of uterine/endometrial
function lies beyond the scope of this review.

Circulating estradiol concentrations decrease during the
late secretory phase, partly as a consequence of progester-
one action. Progesterone promotes conversion of estradiol
to a less biologically active form (estrone; E1) via induction
of the steroid-metabolizing 17�-hydroxysteroid dehydro-
genase enzymes (HSDs) (115, 133, 190, 237, 239), thereby
regulating availability of estrogen ligands. Progesterone
also reportedly reduces expression of the estrogen receptor
(ER) (238) and thereby further inhibits the actions of estra-
diol. The 17�-HSDs thus enable each cell to precisely con-
trol the intracellular concentration of each sex steroid ac-
cording to local tissue needs (133). Decidualization appears
to be a prerequisite for menstruation and occurs spontane-
ously in women and old world primates. In contrast, other

species only decidualize at implantation and do not men-
struate.

The absence of pregnancy leads to regression of the corpus
luteum (forming a scarlike structure in the ovary known as
the corpus albicans) and a consequent sharp decline in cir-
culating progesterone and estradiol concentrations (63).
The withdrawal of estradiol and particularly progesterone
initiates the onset of menstruation (FIGURES 1 AND 2), in
which the upper, functional layer of the endometrium
(functional zone; often also referred to as the functionalis) is
broken down, shed, and subsequently restored.

The withdrawal of progesterone effects a number of mor-
phological changes in the endometrium, including tissue
edema, increased endometrial blood flow, vessel permeabil-
ity and fragility (81, 92, 181, 198), along with the traffick-
ing of large numbers of leukocytes (55, 76, 81, 109, 116,
129, 165). Finn (81) first hypothesized that menstruation
was an “inflammatory event” over 30 years ago, and these
phenomena in the menstrual endometrium are analogous to
features of classical inflammation observed at other body
sites.

Important molecular and cellular events accompany the
morphological changes in the endometrium, and these in-
clude the focal activation of matrix metalloproteinases
(MMPs) in regions of menstrual lysis (87, 144, 241) and the
increased local endometrial expression of inflammatory me-
diators, for example, cyclooxygenase-2 (COX-2) (57, 119),
cytokines/chemokines [for example, interleukin (IL)-8,
CCL-2] (57), and an increase in local endometrial prosta-
glandin synthesis (222, 228). The nuclear factor (NF)�B
pathway and E series of prostaglandin receptors and asso-
ciated signaling pathways are modulated by progesterone
withdrawal and implicated in the regulation of menstrua-
tion (see sect. VII). There is evidence of perturbation of
some of these pathways in women who experience aberrant
menstruation, most often experienced as heavy menstrual
bleeding (HMB) (222).

III. SEX STEROID REGULATION OF THE
ENDOMETRIUM AND A ROLE FOR
LOCAL GLUCOCORTICOIDS

As well as ovarian-derived estradiol and progesterone reg-
ulating endometrial form and function, there is evidence
that locally generated steroids, including other estrogens
(96), androgens (97), and glucocorticoids, play important
roles in endometrial function (159, 193).

The target cells for androgens are endometrial stromal cells.
These cells are androgen receptor (AR) positive in the func-
tional layer during the proliferative phase and in the basal
compartment throughout the menstrual cycle (97, 148).
The AR is downregulated in endometrial stromal cells in the
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functional layer during the secretory phase, and upregu-
lated in endometrial epithelial cells as circulating progester-
one concentrations fall with the demise of the corpus lu-
teum (pregnancy absence).

Locally generated glucocorticoids limit inflammation at
other tissue sites. These effects are mediated by cortisol
binding to the nuclear glucocorticoid receptor (GR) (42). In
the endometrium, GR is immunolocalized to stromal and
endothelial cells and uNK cells (107). The enzyme 11�-
hydroxysteroid dehydrogenase type 1 (11�-HSD1) pro-
duces cortisol by the enzymatic reduction of cortisone, and
the reverse reaction is catalyzed by 11�-hydroxysteroid de-
hydrogenase type 2 (11�-HSD2) (73).

Glucocorticoids are reported to inhibit angiogenesis (141,
221). Studies have described the endometrial expression of
11�-HSD1 which is upregulated at menstruation and coin-
cides with maximal concentrations of GR mRNA in endo-
metrial tissue homogenates (159). It is of interest that there
is enhanced local inactivation of cortisol by 11�-HSD2 in
the endometrium of women with HMB (193). In this study,
the level of HSD11B2 mRNA was observed to be 2.5-fold
higher in women with HMB when compared with women
with objectively measured normal menstrual blood loss.
This led to the hypothesis of lower local endometrial corti-
sol concentrations occurring in women with heavier men-
strual bleeding experience. Inactivation of cortisol by 11�-
HSD2 may thus cause local endometrial glucocorticoid de-
ficiency and hence increased angiogenesis and impaired

vasoconstriction. Subsequently, this observation has been
translated in a double-blind response-adaptive parallel-
group placebo-controlled trial (248). Therein, “rescue” of
luteal phase endometrial glucocorticoid deficiency to re-
duce menstrual bleeding has been explored with short-term
administration of the oral synthetic glucocorticoid dexa-
methasone, which is relatively resistant to 11�-HSD2 inac-
tivation (ClinicalTrials.gov NCT01769820; EudractCT
2012–003405–98).

Estrogen receptor (ER� isoform) is located in nuclei of en-
dometrial epithelial and stromal cells throughout the estro-
gen-dominant proliferative phase. Concentrations of ER�
decline in epithelial and stromal cells of the endometrium
through the progesterone-dominant secretory phase of the
menstrual cycle, while progesterone receptor (PR) concen-
trations are maintained in the endometrial stroma, but de-
crease in the glandular epithelium (58, 60, 136, 224).

The PR is located in nuclei of epithelial and stromal cells
during the proliferative phase. PR exists in at least two
isoforms, PRA and PRB, acting as transcriptional regula-
tors of progesterone responsive genes (102, 103). PR ex-
pression exhibits well-described temporal and locational
expression patterns (136, 224). PR persists in the stromal
compartment of the functional layer during the secretory
phase, particularly in the perivascular region.

PR expression is consistent with the functional roles for
progesterone at this time, i.e., differentiation and decidual-
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FIGURE 2. Progesterone withdrawal: the trigger for menstruation. Menstruation is a steroid-regulated
event. There are alternatives for a progesterone-primed endometrium, i.e., pregnancy or menstruation.
Withdrawal of progesterone as a consequence of corpus luteum demise, in the absence of pregnancy, is the
trigger for menstruation. Progesterone withdrawal is associated with an influx of innate immune cells;
increased expression of inflammatory mediators, including prostaglandins; increased vessel permeability; and
tissue breakdown. This inflammatory event manifests as menstrual bleeding. [Adapted from Jabbour et al.
(116).]
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ization of the stromal cell compartment in preparation for
pregnancy. Immunohistochemical analysis of human endo-
metrium has revealed that PRA isoform is predominant
during the secretory phase, whereas the PRB isoform has
been reported to decline in both stromal and glandular cells
during the latter half of the menstrual cycle (32, 167, 246).
The endometrial stromal cell thus remains responsive to
progesterone throughout the secretory phase. In contrast,
the basal endometrial layer of the endometrium has persis-
tent PR expression across the menstrual cycle (136, 224).

Gene-microarray-based studies in both the human and the
murine endometrium have been reviewed in Dey et al. (67).
Analyses of mid-secretory phase endometrium, treated in
vitro decidualized stromal cells, ex vivo progesterone and
PR antagonist-treated endometrium, and uterine tissues de-
rived from PR-deficient mice have all revealed a host of
progesterone responsive genes with potential to retain PR
expression and exhibit maximal response to progesterone.
In the context of corpus luteum demise and preparation for
menstruation, this primes the endometrium to respond to
progesterone withdrawal. Detailed reviews of ER and PR
molecular biology and roles in female reproduction, partic-
ularly in the context of implantation, are available (20, 48,
188).

IV. ENDOMETRIAL CELL HETEROGENEITY

There is an exquisitely coordinated interplay between cir-
culating ovarian steroid hormones and their cognate recep-
tors, with the multiple cell types (143, 152) that compose
the endometrium. The consequence is function that is
tightly regulated in both “time and place,” and when these
endocrine-target cell communications are disturbed, then
common clinical consequences present, such as disorders of
menstrual bleeding or problems associated with implanta-
tion.

Thus, given the heterogeneous nature of the endometrium
with its multiple cellular components, it is important to
recognize that each endometrial cellular component, i.e.,
epithelial, stromal, vascular, and immune, exhibits a unique
gene expression profile. The cellular composition of endo-
metrial samples therefore needs careful consideration when
“-omics” studies are undertaken involving whole-tissue
samples. The data concerning, for example, endometrial
receptivity associated gene expression profiles continue to
be refined especially as technology and use of diagnostic
platforms advances (68). The classic histological character-
istics of the endometrium (181) at the specific time of endo-
metrial sampling/study have been demonstrated to impact
upon tissue gene expression profiles (7, 36, 232). More
recent data describe important alterations in the epithelial
and stromal components between pre-receptive and recep-
tive phases of the endometrium (229). Consequently, endo-
metrial gene expression analysis is now a preferred gold

standard for prediction of the window of implantation
(WOI) (7, 229). It should be noted however that the pro-
portions of each cell type in an endometrial biopsy, which in
turn will reflect the variation in proportions of cell compo-
nents across the menstrual cycle, may influence data on gene
expression profiles derived from whole tissue gene expres-
sion studies (229). The new era of single cell transcriptomics
will herald exciting insights into endometrial function at the
time of menstruation and implantation (242).

V. MODELING MENSTRUATION IN THE
MOUSE

Menstruation is a phenomenon that occurs naturally in
only a few mammals. It is limited to women, old world
primates, fruit bats, the spiny mouse, and the elephant
shrew. Study of human endometrial samples reveals impor-
tant observational data regarding the menstrual process
and its regulation. However, patient variability and disrup-
tion of the normal endometrial architecture during sam-
pling may limit findings. To truly delineate causation, an
animal model is required. Old world primate models have
provided a significant contribution to our knowledge of
endometrial function (see below) but are expensive and re-
quire large numbers to combat inter-animal variations
(176). Current guidelines identify issues surrounding re-
search and welfare of working with non-human primates.
Mouse models are attractive due to genetic homogeneity,
readily available reagents, and relatively low cost. Three
broad categories of mouse models of menstruation are cur-
rently available to researchers in this field.

The mouse model of simulated menstruation, already re-
ferred to herein, was originally developed by Finn and Pope
in the 1980s (83). Refinement of the model’s reproducibility
did not follow until some 20 yr later. The prototype mouse
model (83) utilized sequential administration of estradiol
and progesterone injections in ovariectomized mice to
prime the endometrium for artificial decidualization. This
latter step involved an intrauterine arachis oil injection to
stimulate endometrial decidualization. The Finn and Pope
(1984) model was highly successful, as usually only one
mouse in six failed to exhibit a decidualization response at
the end of the protocol. However, due to the variability in
response and the poor reproducibility concerning timing of
decidualization responses, it took two decades for this
model to return to wider use and interest. In 2003, Brasted
et al. (24) introduced the use of subcutaneous progesterone-
releasing Silastic pumps [developed earlier by Cohen and
Milligan; 1993 (46)], in place of progesterone injections.
This use of Silastic implants to control the release of pro-
gesterone provided a method for the rapid withdrawal of
progesterone from the uterus with surgical removal of the
hormone pump. This step improved the reproducibility of
the timings of the simulated menstrual events which follow
progesterone withdrawal in this model. As a consequence of
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progesterone withdrawal, the endometrial environment is
subject to a host of histological and molecular changes anal-
ogous to those observed morphologically in the human en-
dometrium at the time of menses where there is shedding of
the decidualized endometrium, recruitment of leukocytes
(160), and visible menstrual-like bleeding (54, 201). Subse-
quently, all endometrial tissue is repaired, remodeled, and
regenerated (FIGURE 3).

The critical requirement for a “decidualization step” in the
simulated mouse model of menstruation was established
during the development of this model of simulated menstru-
ation, as progesterone withdrawal alone was shown to be
insufficient for induction of endometrial bleeding (24, 54,
83, 160, 201). The injection of arachis oil into the uterine
lumen provided an induced injury during a prevailing en-
docrine environment of high systemic progesterone and re-
sulted in pre-implantation decidualization of the mouse en-
dometrium. This artificially created event was analogous to
the naturally occurring mid-secretory phase phenomena in
both the non-human primate (rhesus macaque) and
women. This mouse model of simulated menses reinforced
the importance of a decidualization step before progester-
one withdrawal in the physiology of menstruation.

The further refinements of Brasted et al.’s (2003) mouse
model of simulated menstruation has provided a model for
the study of important features of human menstruation.
These features include expression of inflammatory media-
tors, factors influencing endometrial/ menstrual bleeding,

and endometrial repair (45, 54, 122, 123, 125, 160, 201,
254).

This model has been used to manipulate the inflammatory
response (122) and hormonal control (123) at menstrua-
tion, and pharmacologically and genetically alter key fac-
tors involved at menses (157). These studies have confirmed
and extended findings in human tissue, giving mechanistic
insights into the regulation of menstruation and endome-
trial repair. The parallel observations reported in the “peri-
menstrual” human endometrium, and observations in the
progesterone withdrawn mouse endometrium in the “sim-
ulated menses model” (FIGURE 3), provide support for the
mouse model and ability to recapitulate events of human
menstruation (11).

A xenograft model of menstruation also allows in vivo ex-
amination of the menstrual process (51, 105). In this model,
fragments of human endometrium from the functional layer
are xenografted to ovariectomized, immune-deficient mice.
Treatment with estradiol and progesterone followed by re-
moval of ovarian steroids resulted in menstrual breakdown
of the xenografted human endometrium. The clear advan-
tages of this model are the ability to standardize the hor-
monal variations to which human endometrium is exposed,
and to treat and manipulate the endometrium in a way that
would be unethical in human subjects. It also allows exam-
ination of the local versus systemic leukocyte response by
identification of human and mouse cell contributions.
However, transplantation of human endometrium will dis-
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FIGURE 3. Comparison of the human
menstrual cycle and the simulated mouse
model of endometrial breakdown and re-
pair. The mouse uterus is bicornuate, in
comparison to the human “pear-shaped”
uterus. Human endometrium undergoes
spontaneous decidualization, whereas a
transcervical oil injection is required to in-
duce decidualization in a primed mouse
uterus. The intense vascular remodeling
that occurs during the late secretory
phase is not observed in the mouse model.
However, the menstrual processes of
bleeding, shedding, and repair are compa-
rable, and an influx of neutrophils and mac-
rophages has been detected in both hu-
man and mouse endometrium. Also, mark-
ers of hypoxia have been detected in
human and mouse menstrual endome-
trium. Furthermore, the critical period of
P4 withdrawal is present during menses in
humans and this mouse model. E2, estra-
diol; P4, progesterone; equiv, equivalent.

THE ENDOMETRIUM AND REGULATION OF MENSTRUATION

1155Physiol Rev • VOL 100 • JULY 2020 • www.prv.org
Downloaded from journals.physiology.org/journal/physrev (082.037.169.195) on May 28, 2020.



turb the normal endometrial architecture and may alter
vascular and immunological responses at menses. In addi-
tion, immune-deficient mice are required for transplanta-
tion, further modifying the local endometrial environment.

More recently, the common or Egyptian spiny mouse has
been identified as a novel model for menstruation (17). The
spiny mouse was found to undergo spontaneous decidual-
ization and menstruation with a cycle of an average of 3
days duration every 6–10 days. Prior to menses, endome-
trial transformation of the stroma corresponding to spon-
taneous decidualization was observed. As this rodent is sus-
ceptible to obesity and diabetes mellitus and has been pre-
viously studied as an animal model for these conditions, a
limited selection of laboratory reagents is already available.
The potential advantage of this mouse over the simulated
mouse models is that it may permit study of multiple/suc-
cessive menstrual cycles and any preconditioning effects
that menstrual cycles will have on endometrial physiology.
In addition, like women, the spiny mouse produces cortisol
as its circulating glucocorticoid, rather than corticosterone
as in standard laboratory mice. The spiny mouse also ap-
pears to exhibit spiral arteriole remodeling in the decidual-
ized endometrium (16), suggesting it may provide a model
for vascular disorders of pregnancy, such as pre-eclampsia.
Disadvantages include the variability in natural cycles that
makes human and natural primate studies more difficult,
and the current inability to genetically manipulate this
mouse, limiting definitive mechanistic studies.

VI. MODELING MENSTRUATION IN THE
NON-HUMAN PRIMATE

Non-human primates are among the animal species that men-
struate and undergo spontaneous endometrial decidualiza-
tion. Several studies provide good evidence for the rhesus ma-
caque as a model for human menstruation. The rhesus ma-
caque and women share many molecular and histological
similarities in the endometrium during the peri-menstrual win-
dow (luteo-follicular transition) and during menstruation.
Both species display tightly coordinated spatially and tem-
porally regulated increased levels of MMPs (27, 200) and
vascular endothelial growth factor (VEGF) expression dur-
ing the menstrual phase (175), and these observations are
preceded by progesterone withdrawal (28–30, 60, 175,
218, 220).

Although the similarities between humans and macaques
support non-human primate studies for exploration of
mechanisms underpinning menstruation, novel therapeutic
approaches for management of menstrual complaints, and
contraception strategies, there are ethical considerations
concerning use of primates for research, and the monetary
costs associated with their maintenance impose limits on
the macaque’s utility as a model for this aspect of women’s
health.

Alternative models have therefore been explored, and the
mouse models of human menstruation described above are
attractive options for modeling and experimentally manip-
ulating the events of menstruation.

VII. PROGESTERONE WITHDRAWAL: THE
TRIGGER FOR MENSTRUATION

The human endometrium is a physiological tissue site of
repeated episodes of “injury and repair” (menstruation).
The fall in circulating progesterone levels due to corpus
luteum demise is the trigger for menstruation in women.
Support for the crucial role of progesterone withdrawal in
menstrual physiology is provided by studies in women
where PR antagonists administered during the secretory
phase simulate the events of menstruation. The administra-
tion of the PR antagonist RU486 (mifepristone) in the mid-
secretory phase increased endometrial inflammatory medi-
ators, including COX-2, NF�B, and IL-8 (CXCL8) (56, 57).

Further support for the role of progesterone withdrawal
and the induction of menstruation has been derived from
contemporary studies in the non-human primate (rhesus
macaque) (158, 175). In these non-human primate studies,
the menstrual cycle and menstrual bleeding were induced by
the surgical removal of both ovaries followed by 14 days of
estrogen priming before insertion of a progesterone implant
to mimic the endometrial secretory phase. The maintenance
of estradiol over the period of progesterone withdrawal
(with progesterone implant removal) provided evidence for
the dominant effect of progesterone withdrawal over that of
estradiol withdrawal for the induction of menstruation.

The local endometrial events that follow progesterone with-
drawal in women have been considered to occur in two
phases (128) (FIGURE 4). The first phase following proges-
terone withdrawal is associated with increased local expo-
sure of the endometrium to cytokines and prostaglandins
(PGs) and is dependent on an efficient response of the de-
cidualized perivascular stromal cells to declining levels of
progesterone, an anti-inflammatory hormone (39, 77).
Chemokines, specific chemoattractant cytokines, are re-
sponsible for leukocyte traffic in the endometrium (recruit-
ment, migration, and activation). The four subclasses of
chemokines are defined by the structure of their amino-
terminal cysteine motif: C, CC, CXC, and CX3C. Published
data concerning in vitro studies of decidualized human en-
dometrial stromal cells describe the induction of inflamma-
tory mediators following progesterone withdrawal, includ-
ing IL-6; the chemokines CCL11, CCL2, CXCL10, and
CXCL8; and granulocyte-macrophage colony-stimulating
factor (GM-CSF). This cellular response to in vitro proges-
terone withdrawal and the induction of inflammatory me-
diators is orchestrated by the actions of the NF�B transcrip-
tion factor [127, 130; reviewed in Evans and Salamonsen
(77)].
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NF�B is an inducible transcription factor that regulates ex-
pression of genes involved in the inflammatory response.
The NF�B family comprises five members: NF�B1(p50),
NF�B2 (p52), RelA (p65), RelB, and c-Rel which mediate
target gene transcription by binding to specific DNA ele-
ments as hetero- or homodimers (230). NF�B proteins are
normally retained in the cytoplasm of cells in an inactive
form by inhibitory proteins, including I�B. Upon activation
by extracellular stimuli, such as IL-1 and tumor necrosis
factor (TNF) (184), ubiquitin-dependent degradation of
I�B by the proteasome occurs, and this leads to transloca-
tion of NF�B to the nucleus. Activation of NF�B involves
several protein kinases and subsequent degradation of an
endogenous inhibitor, I�B�.

In the context of menstruation and endometrial function,
progesterone has an inhibitory effect on the NF�B pathway
(128, 130) by increasing I�B or by competing for NF�B
gene recognition sites. Withdrawal of progesterone follow-
ing corpus luteal regression removes the inhibition and re-
sults in increased NF�B activity and consequent endome-
trial cytokine and chemokine production. The NF�B tran-
scription factor is also reported to be important for control
of MMP-1, MMP-3, and MMP-9 production (43), thereby
providing a pathway by which progesterone withdrawal
promotes endometrial MMP activity.

The second phase of local endometrial events following
progesterone withdrawal (FIGURE 4) is a consequence of
increased cytokine production and is followed by an influx
of innate immune cells into the local endometrial environ-
ment and accompanied by activation and release of MMPs
with destruction of the extracellular matrix (ECM). This
second phase is considered to be independent of progester-
one receptor actions (FIGURE 4), a hypothesis which has

been subsequently supported by studies in the ovariecto-
mized non-human primate (rhesus macaque) and in a
mouse model. In the non-human primate, progesterone im-
plants were removed at the end of the simulated menstrual
cycle and thereafter replaced at staggered time points from
12 to 72 h after the initial P-implant withdrawal (218). The
study in the macaque demonstrated that replacement of
progesterone up to 24 h after withdrawal prevented men-
struation and also prevented the expected increases in en-
dometrial MMP-1, -2, and -3. In contrast, progesterone
replacement 36 h after earlier removal had no effect on
menstrual bleeding and only partially blocked the produc-
tion of MMPs with notably less endometrial MMP-2. Rep-
lication of the ability to block local endometrial progester-
one withdrawal events in a mouse model of simulated men-
struation (247) has also been reported. These more recent
mouse studies have also demonstrated a “temporal proges-
terone-deprived threshold” (247), during which time pe-
riod the event of menstrual bleeding is inevitable.

The decidualized stromal cells characteristic of the premen-
strual endometrium are a key component of endometrial
sensitivity to circulating hormones. This may offer a mech-
anism whereby progesterone-dependent decidualized endo-
metrial stromal cells (which express the PR) influence the
recruitment of innate immune cells before menses. In sup-
port, a study by Evans and Salamonsen (77) mimicked the
luteal phase by decidualizing cells over a 12-day period of
exposure to estradiol and progestin (medroxyprogesterone
acetate; MPA). Subsequent hormone withdrawal demon-
strated an anticipated increase in NF�B, along with an ex-
pected production of inflammatory cytokines and chemo-
kines. The increase in inflammatory mediators was abro-
gated with administration of a NF�B inhibitor.

Progesterone
concentration

Menstruation

Decidualization
and pregnancy

Progesterone increases threshold
for inflammatory response.

Progesterone with cAMP induces
decidualization.

Reversible (First phase)

Edema and cellular influx.

MMP activation
Tissue sloughing

Prostaglandins rise in perivascular cells.
Removal of repression of NFkB events.

Declining progesterone allows
increasing NFkB expression.

Irreversible (Second phase)

FIGURE 4. Critical period of progesterone
withdrawal. The reversible first phase is as-
sociated with increased local exposure of
the endometrium to cytokines and prosta-
glandins and is dependent on an efficient
response of the decidualized perivascular
stromal cells to declining levels of progester-
one, an anti-inflammatory hormone. The ir-
reversible second phase of local endome-
trial events following progesterone with-
drawal is a consequence of increased
cytokine production and influx of innate im-
mune cells into the local endometrial envi-
ronment, accompanied by activation and re-
lease of matrix metalloproteinases (MMPs)
with destruction of the extracellular matrix.
This phase is considered to be independent
of progesterone receptor actions. NFkB,
nuclear factor �B. [Adapted from Kelly et al.
(128).]
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VIII. MENSTRUATION AS INFLAMMATION

Inflammation refers to a generic response mounted by the
immune system to noxious external stimuli to eliminate
infection, regenerate injured tissue, and restore physiologi-
cal function. Inflammation is classified into “acute” and
“chronic” responses. The former is a short-lived, initial re-
sponse to injurious stimuli, and the latter is a prolonged
response that involves the persistence of certain immune
cells at the site of inflammation alongside host-mediated
tissue destruction and/or fibrosis, ultimately risking a loss of
function (34). Throughout the body it is critical that inflam-
mation is efficiently resolved upon successful removal of
noxious stimuli, to limit tissue damage and to restore tissue
integrity and function. At a cellular level, acute inflamma-
tion involves rapid recruitment of neutrophil granulocytes,
followed shortly thereafter by inflammatory monocytes
which differentiate into macrophages, proliferate in situ,
and orchestrate the continuing inflammatory response and
its resolution (98). Molecular mediators of acute inflamma-
tion produced locally and by recruited leukocytes include
prostanoids (prostaglandins and prostacyclins), lipid medi-
ators, complement, cytokines, and chemokines. The inflam-
matory mediators, which are produced locally in the endo-
metrium during the luteo-follicular transition, i.e., during
the time of progesterone-withdrawal-induced endometrial
shedding (menstruation), may act individually or in concert
to determine the inflammatory response by inducing vaso-
dilation, modifying cell adhesion molecule expression, and
ultimately recruiting leukocytes (50, 57, 88, 120, 162, 212).

The resolution of inflammation in the endometrium is no
less tightly coordinated than the inflammatory response
elsewhere. As at other tissue sites in the body, the synthesis
of pro-inflammatory mediators is curtailed, and existing
inflammatory mediators are degraded to limit leukocyte
recruitment and restore vascular integrity. Endometrial
prostanoids are catabolized via a series of oxidation and
reduction reactions (8, 75), and the clearance of chemo-
kines is orchestrated through chemokine receptor-depen-
dent scavenging by apoptotic leukocytes (10). The local
resolution of inflammation also involves the phagocytosis
of apoptotic neutrophils. The recognition of apoptotic cells
by macrophages during phagocytosis modulates macro-
phage phenotype and promotes the release of anti-inflam-
matory and pro-resolution cytokines, such as IL-10 and
TGF-� (114), along with lipid mediators, for example, li-
poxins and resolvins (34).

The utility and validity of the mouse model of menstruation
to human menstruation has been described in a recent study
where the events of apoptosis and inflammation in the hu-
man endometrium across the peri-menstrual window have
been characterized in endometrium from women for men-
strual phase and bleeding status, alongside study of the
mouse endometrium following progesterone withdrawal in
a mouse model of induced menstruation (11). The spatial

and temporal regulation of apoptosis in the normal human
endometrium were demonstrated to be recapitulated in the
endometrium of the mouse model of induced menses, as
endometrial apoptosis (as assessed by cleaved caspase-3 ex-
pression) was extensive before the onset of breakdown,
shedding, and bleeding in both women and mice.

Furthermore, increases in menstrual-phase inflammatory
chemokine transcription (CXCL8, CCL2, Cxcl1) and in
inflammatory cytokine transcription (TNF, IL-6, Tnf) were
observed in both the well-characterized normal human en-
dometrium and recapitulated in the endometrium of the
mouse menstruation model (11). These increases in chemo-/
cytokine(s) expression in response to progesterone with-
drawal in human and mouse were accompanied by substan-
tial increases in neutrophil numbers upon the onset of men-
struation/simulated mouse menses. A similar leukocyte
response with mononuclear phagocytes localizing to areas
undergoing active repair has also been described in the
mouse model of menses (53).

Menstruation is a physiological model of self-limiting in-
flammation. The menstrual endometrium displays many
classic hallmarks of inflammation, including tissue edema
and influx of immune cells. The inflammatory process that
occurs in the endometrium at menstruation is tightly regu-
lated to prevent loss of function (55, 116).

The proposal that menstruation is an inflammatory event
(81) has been further supported over the past three decades
by many important discoveries pertaining to endometrial
molecular and cellular changes that accompany inflamma-
tion and include focal activation of MMPs (87, 144, 241),
increased COX-2 expression (57, 119), increased prosta-
glandin concentrations (228), and involvement of local tis-
sue hypoxia (52, 59, 93, 154, 157) (see below).

An upregulation of local endometrial inflammatory chemo-
kines and cytokines coincides with the withdrawal of pro-
gesterone. There are well documented increases in CCL2
(MCP-1), CXCL8 (IL-8), IL-6, TNF, and COX-2 expres-
sion in the late secretory and menstrual phases of the men-
strual cycle (11, 57, 119, 162).

In the human endometrium, CXCL8 mRNA concentration
and protein (9, 154) are present across the menstrual cycle
in stromal cells (9, 154) and perivascular cells, and expres-
sion is maximal following progesterone withdrawal (162).
Maximal endometrial transcription and expression of the
cytokine IL-6 across the menstrual cycle has been reported
in the late secretory phase (243) with the protein localized
to endometrial glands and secretions (244). TNF also likely
plays a role in menstruation and has been described in hu-
man endometrial stromal and epithelial cells (231). Levels
of endometrial TNF mRNA are described as increased dur-
ing the late secretory phase (243). In none of these earlier
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studies however were menstrual-phase samples studied.
More recently, Armstrong et al. (11) reported increased
CCL2, CXCL8, IL6, and TNF transcription in menstrual-
phase human endometrium from women with objectively
measured normal menstrual blood loss. These findings were
recapitulated in a simulated model of mouse menses, i.e.,
increased transcriptional changes in Tnf (TNF) and in the
neutrophil chemokine gene Cxcl1 (KC; GRO-�). CXCL1 is
the mouse homologue of the human CXCL8 (183, 225).

The chemokines maximally produced in association with
menstruation perform a range of functions, not only re-
cruiting leukocytes but also contributing to local cell pro-
liferation and angiogenesis. For example, CXCL8 (IL-8),
alongside its well-documented leukocyte chemotactic prop-
erties, is active in local angiogenesis (131) and the induction
of chemotaxis and proliferation of vascular smooth muscle
cells (255).

IX. ENDOMETRIAL LEUKOCYTE TRAFFIC

Endometrial leukocytes play crucial roles in endometrial
function including not only the breakdown of endometrial
tissue, but also endometrial repair (204) and embryo inva-
sion (214). Leukocytes recruited during the peri-menstrual
window are integral components of the endometrial repair
process. The pivotal role for local endometrial immune cell
population(s) has been demonstrated by the finding that the
depletion of neutrophil granulocytes retards endometrial
repair in a mouse model of simulated menstruation (122). It
is of interest too that in a mouse model of myocardial in-
jury, wound healing was disturbed by the depletion of mac-
rophages; a similar situation might reasonably be inferred if
macrophages are depleted or deficient at the time of human
menstruation, but this phenomenon is yet to be demon-
strated (240).

It is possible that local availability of bioactive glucocorti-
coids also plays a role in immune cell vascular cell interac-
tions in the endometrium during tissue repair at menstrua-
tion, and such action may be either direct or indirect via the
functions of tissue resident macrophages (235). Endome-
trial macrophages express the glucocorticoid receptor but
not the progesterone receptor (235). There are data that
draw attention to the importance of local cortisol in regu-
lating paracrine actions of macrophages in the human en-
dometrium. In vitro studies have demonstrated that culture
with supernatants from cortisol-treated peripheral blood
monocyte-derived macrophages alters endometrial endo-
thelial cell transcription of angiogenic genes, e.g., CXCL2,
CXCL8, CTGF, and VEGFC. CXCL2 and CXCL8 protein
has also been detected in endometrial macrophages in situ
(235). The endometrial expression of these factors was ob-
served to be maximal during the menstrual phase, and this
is consistent with these factors playing a role in endometrial
repair at this time.

Endometrial leukocyte populations vary in number across
the menstrual cycle (152). Original reports described the
endometrial leukocyte population as varying between 8.2%
(35) and 10–15% (126) of the endometrial stromal cell
compartment in the proliferative phase when leukocyte
numbers are lowest. In contrast, immune cell numbers vary
from 20–25% (126) to 40–45% of the endometrial stro-
mal cell population immediately before onset of menstrua-
tion (23, 203) when leukocyte numbers are most abundant.
There are however very significant challenges in quantifica-
tion of endometrial immune cell populations owing to the
major impact of endocrine ovarian cycle stage along with
vast heterogeneity in cell distribution patterns in the multi-
cellular endometrium. Attempts to address challenges of
quantification of specific immune cell types in the endome-
trium, for example, uNK cell measurements, are reported
and have relevance for clinical care (135). Such measure-
ments are undertaken in women in the context of infertility
care but do not have known relevance for menstruation/
menstrual bleeding complaints. Any meaningful clinical test
for uNK cell measurements, whatever the clinical context,
would require a standardized method in order to establish
normal ranges for uNK cells. This will be a challenge due to
the heterogeneous localization of uNK cells throughout the
endometrium and, as noted above, menstrual cycle-related
increases in cell numbers.

Neutrophil granulocytes are recruited into the endome-
trium in substantial numbers immediately before menstru-
ation (191), and this leukocyte recruitment is coincident
with progesterone withdrawal (11). Neutrophils contain
high levels of MMPs, and endometrial neutrophils may ac-
tivate MMPs in situ (88), thereby contributing to endome-
trial breakdown at menstruation.

Macrophages are present in the endometrium throughout the
menstrual cycle and increase modestly in number with onset of
menstruation (11, 152, 203, 234). Phagocytic clearance of
apoptotic cells by macrophages is necessary for the resolution
of inflammation at other tissue sites (206), and hence is likely
to be important for resolution of menstrual-related inflamma-
tion in the endometrium. Post-menstruation, macrophages
clear cellular debris (92) and contribute to the remodeling and
repair of the functional layer of the endometrium (156).

Macrophage populations in the endometrium are considered
to represent contributions from two distinct sources, these
being in situ proliferation of resident macrophages (64, 118,
161) and macrophages derived from monocytes recruited into
the tissue (70, 209). Macrophages are known to proliferate in
situ in other inflammatory contexts, such as in the presence of
IL-4 in Th2 inflammatory responses (118). In the context of
menstrual endometrium, evidence for in situ proliferation
comes from experiments in which human endometrium was
xenografted into immunocompromised mice (105). The mice
were subjected to a hormone environment simulating the hu-
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man menstrual cycle, and human macrophage numbers were
highest on day 28 of this simulated cycle. Tissue-resident hu-
man endometrial macrophages express the �-isoform of the
ER (104), and GR immunoreactivity is present in macro-
phages in the human endometrium (235).

Among the chemotactic stimuli by which monocytes are
brought into the endometrium is CCL2 (MCP-1), which is
highly expressed in late-secretory-phase endometrium
(119). Endometrial macrophage populations are reported
to be relatively stable across the menstrual cycle, with num-
bers increasing only in the late secretory/menstrual phase
and early proliferative phase of the menstrual cycle (25). It
is of note that the authors of this study combined tissue

samples of the late secretory and menstrual phases into a
single group. In a more recent study (47), macrophage
abundance was described as significantly increased only
during the menstrual phase.

Armstrong et al. (11) characterized patterns of macrophage
localization across the peri-menstrual window (luteo-follicu-
lar transition) and described innate immune cell trafficking
towards apoptotic glands (FIGURE 5) and subsequent move-
ment outward into the stroma (FIGURE 6).

Resident and recruited leukocyte populations are therefore
critical to endometrial breakdown via expression and acti-
vation of MMPs, and to its repair, modulating local expres-
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FIGURE 5. Apoptosis precedes menstrual shedding in the glands and stroma of the late-secretory-phase
human endometrium. Top: black box in diagram depicts late secretory phase. Bottom: representative immu-
nofluorescent photomicrograph of cleaved caspase-3 (red; apoptosis marker, cleaved caspase-3 positive
immunoreactivity) staining in late secretory phase human endometrium (menstrual cycle day 29). Nuclear
counterstain: Sytox Green (green; Molecular Probes Inc.).
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sion of angiogenic factors and clearing cellular debris.
Numbers of these leukocytes, among which neutrophils and
macrophages are the most abundant, are highest before and
during menstruation.

X. MESENCHYMAL-EPITHELIAL
TRANSITION AS A CRITICAL FACTOR
IN DETERMINING ENDOMETRIAL
FUNCTION

The repeated (physiological) repair and remodeling charac-
teristic of the human endometrium has been the subject of

recent attention in the context of mesenchymal-epithelial
transition (MET) and epithelial-mesenchymal transition
(EMT). The pivotal physiological event of menstruation is
an excellent example where transition between a mesenchy-
mal and epithelial cell phenotype is required for successful
endometrial function. A recent review of the topic details
the historic perspective of studies pertaining to transition of
cell phenotypes in the context of reproduction (185) and
background studies in the field of wound healing. The men-
struating endometrium is after all a physiological example
of an injured “wounded” surface that is required to rapidly
repair each month.
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FIGURE 6. Neutrophils and macrophages are abundant in the shedding menstrual-phase human endome-
trium. Top: black box in diagram depicts menstrual phase. Bottom: representative immunofluorescent photo-
micrograph of CD68 (blue; macrophage marker, CD68 positive immunoreactivity) and elastase (purple;
neutrophil marker, elastase positive immunoreactivity) staining in menstrual phase human endometrium
(menstrual cycle day 1). Endometrial glands are indicated by G, macrophages by M, and neutrophils by N.
Nuclear counterstain: Sytox Green (green; Molecular Probes Inc.).
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Both mesenchymal and epithelial cell markers have been
characterized. The phenotype of a mesenchymal cell is spin-
dle shaped, multipolar, with invasive and migratory prop-
erties. In contrast, the epithelial phenotype is that of a poly-
gon, with apico-basolateral polarization and cell-to-cell ad-
hesion properties. Mesenchymal markers include vimentin,
fibronectin, Snail 1 and 2, smooth muscle actin (137, 185),
and N-cadherin; epithelial markers include cytokeratins (8,
9, 18) and E-cadherin (137, 185). In the context of endo-
metrial regeneration, N-cadherin has been reported as a
specific surface marker for endometrial epithelial progeni-
tor cells studied in vitro. Furthermore, in the same study,
examination of full-thickness (lumen to endometrial-myo-
metrial junction) hysterectomy sections revealed that N-
cadherin was a marker for such progenitor cells in the
glands within the basal layer of the endometrium (178).

At menstruation, the upper functional layer of endome-
trium is shed. As described earlier, this event is triggered by
progesterone withdrawal and a coordinated sequence of
pro-inflammatory events (55, 152, 202, 204). Endometrial
regeneration follows, and evidence is increasing for the ex-
istence of stem/progenitor cell populations located in both
the upper functional layer as well as the lower basal layer
close to the endometrial/myometrial junction (41, 90, 149,
186), and in perivascular locations in both the basal and
functional layers. Regeneration of the endometrium thus
requires several types of stem/progenitor cells including cir-
culating cells derived from the bone marrow (5, 71, 233). A
stem cell population derived from menstrual effluent has
also been characterized and reported to exhibit angiogenic
and inflammatory properties (6, 187). Cells from the endo-
metrial functional layer are also present in menstrual efflu-
ent. The transcriptome from laser captured cells derived
from the endometrial functional and basal layer has been
described (87). This transcriptome study identified gene
products associated with tissue degradation (for example,
matrix metalloproteinase and plasmin systems) along with
gene products of apoptosis. Cells from the functional layer
were enriched in gene products associated with ECM bio-
synthesis (collagens and their processing enzymes). These
data are consistent with the hypothesis that cell fragments
of the functional layer contribute to endometrial regenera-
tion during late menstruation. Further discussion on endo-
metrial stem/progenitor cells lies beyond the scope of this
review (65, 90).

The role for MET during endometrial regeneration has been
studied in a mouse model of simulated menstruation (54).
In this model, decidualization is artificially induced and
progesterone withdrawn by removal of an implant. The
mouse endometrial stromal cells located close to areas of
luminal epithelial repair were identified as expressing both
epithelial and stromal cell markers. Furthermore, and in
support of an underlying MET process involved in endome-

trial regeneration, mesenchymal markers were noted to de-
crease and markers of epithelial cells to increase (54).

XI. LOCAL MECHANISMS THAT LIMIT
NORMAL MENSTRUAL BLEEDING:
VASOCONSTRICTION, ROLE FOR
HYPOXIA, VASCULAR AND EPITHELIAL
REPAIR AND HEMOSTASIS

As already highlighted, progesterone withdrawal induces
many classic hallmarks of inflammation in the endome-
trium. The influx of innate immune cells and release of
MMPs results in shedding of the functional layer at men-
struation. This endometrial injury must be tightly regulated
and rapidly repaired to limit menstrual blood loss. Curtail-
ment of endometrial bleeding (menstruation) thus requires
timely resolution of inflammation, vasoconstriction of spe-
cialized endometrial spiral arterioles, an efficient hemo-
static response including repair of damaged vasculature,
luminal re-epithelialization of the remnants of the denuded
basal endometrium (an injured mucosal surface), and stro-
mal expansion (151, 152, 202). The unique, scarless repair
process associated with postmenstrual repair is essential to
ensure fertility potential is maintained and menstrual bleed-
ing is limited. However, the mechanisms and regulation of
endometrial repair remain poorly understood (157).

Close to 80 yr ago, classic experiments in a non-human
primate model explored the physiological roles of hypoxia
and sex steroid withdrawal (145). Autologous transplants
of rhesus macaque endometrium into anterior eye chamber
permitted visualization of the events of menstruation di-
rectly through a slit lamp ophthalmoscope. Transient and
intense vasoconstriction of the spiral arterioles and focal
bleeding were observed 4–24 h before menstruation, fol-
lowing steroid (progesterone) withdrawal. These observa-
tions were later revisited over 30 yr ago by Baird and col-
leagues (4), where endometrium was transplanted into the
hamster cheek pouch, an immune-privileged site, enabling
direct observation of the impact of addition and withdrawal
of steroids on blood vessel vasoconstriction and vasodila-
tation.

Since these publications, the crucial role of hypoxia in the
endometrium has continued to be a subject of intense
debate. The literature in this field has been inconsistent
and utilized a variety of in vitro, ex vivo, and in vivo
models. As the radius of a blood vessel is the major
determinant of resistance to flow, even a small increase in
vessel radius will have a significant impact on flow, e.g.,
a 2-fold increase in vessel radius leads to a 16-fold de-
crease in resistance to flow (153) (FIGURE 7A). Efficient
vasoconstriction of endometrial arterioles is necessary to
limit menstrual blood loss.
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A. Endometrial Mediators of
Vasoconstriction

Decreased vasoconstriction at menses may be due to defective
production of vasoactive factors following progesterone with-
drawal. PGF2� and endothelin-1 (ET-1) are two endometrial
factors with known vasoconstrictive properties (15, 147).
Women with heavy menstrual blood loss have been shown to

have a significantly decreased PGF2�/PGE2 ratio (223) and
decreased prostaglandin F receptor expression (222). Exces-
sive PGE2 production at the expense of PGF2� may result in
less constriction of the spiral arterioles before menstruation.
Women with HMB have also been shown to have decreased
endometrial expression of the potent vasoconstrictor ET-1
and increased expression of its metabolizing enzyme, neural
endopeptidase (147) (FIGURE 7B).
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Key:  R = resistance to flow;  � = viscosity;  r = radius of vessel;  L = length of vessel.

FIGURE 7. Endometrial processes during menstrual breakdown and repair. A: physiological processes.
Following progesterone withdrawal, the mature, specialized endometrial spiral arterioles contract due to
increased vasoactive factors [e.g., endothelin and prostaglandin (PG) F2�]. This vasoconstriction is imperative
for limitation of menstrual blood loss, as demonstrated by Poiseuille’s equation where vessel resistance (R) is
directly proportional to the length (L) of the vessel and the viscosity (�) of the blood, and inversely proportional
to the radius to the fourth power (r4). The local endometrial environment is exposed to inflammation and
hypoxia and repairs without loss of function. B: aberrant processes occur to cause abnormal blood loss.
Immature endometrial vessels and a reduction in vasoconstrictive factors result in a larger vessel radius during
menses, significantly increasing menstrual blood loss. In addition, this may prevent the physiological hypoxic
response required for normal endometrial repair post menses.
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Alternatively, decreased vasoconstriction at menstruation
may be due to aberrant spiral arteriole maturation through-
out the preceding menstrual cycle. Vessel wall circumfer-
ence and focal discontinuities have been noted to be larger
in the endometrium of women with HMB than normal
controls (163). Women with heavy bleeding had signifi-
cantly reduced vascular smooth muscle cell proliferation in
spiral arterioles during the mid-late secretory phase when
compared with normal controls (2). Furthermore, smooth
muscle myosin heavy chain, a contractile protein used as a
marker of vascular smooth muscle cell maturation, has also
been reported to be significantly decreased in spiral arteri-
oles of women with HMB (1). Additional data in this con-
text come from study of smooth muscle content and differ-
entiation stage of vascular smooth muscle cells (VSMCs) in
endometrial blood vessels in women with normal and re-
ported HMB (21). Therein, expression of the VSMC differ-
entiation markers smoothelin and calponin was observed to
be dysregulated in endometrial blood vessels in women with
heavy bleeding. Smoothelin and calponin are regulators of
vascular tone and vascular contractility (21). Endometrial
arteriogenesis requires coordinated maturation of VSMCs,
underlying endothelial cells (ECs) and surrounding ECM.
Spatial and temporal differences in protein levels of EC
markers and components of the ECM in endometrial vessels
and superficial myometrium have also been reported in
women with HMB (22). Such vascular abnormalities may
result in suboptimal vasoconstriction at menses and signif-
icantly increase menstrual blood loss (see FIGURE 7B).

Decreased vasoconstriction of specialized endometrial spi-
ral arterioles will thus not only impact on menstrual blood
flow but may also increase duration of bleeding due to
delayed endometrial repair. Indeed, women with HMB
have been reported to bleed for 2 days longer (157). The
processes involved in vascular and epithelial repair are dis-
cussed below.

B. Endometrial Hypoxia

In addition to its impact on blood flow, vasoconstriction at
menstruation may contribute to induction of hypoxia in the
menstrual endometrium. Markee’s studies of endometrial
explants in the anterior chamber of the rhesus monkey sug-
gested that the vasoconstriction observed was consistent
with the presence of hypoxia in the menstrual endometrium
(145). This led to the hypothesis that hypoxia was required
for the initiation of menstruation. However, subsequent in
vitro and ex vivo studies demonstrated menstrual break-
down occurred despite the absence of hypoxia (86, 256).

Hypoxia inducible factor (HIF) is the master regulator of
the cellular response to hypoxia, with well-described roles
in mitogenesis, angiogenesis, apoptosis, inflammation, and
metabolism at other tissue sites in the body (210, 211). It is
composed of two subunits: the � subunit, rapidly degraded

when oxygen is abundant, and the � subunit, constitutively
expressed (210). In hypoxia, �� dimerization occurs and
HIF translocates to the nucleus to induce transcription of
genes with hypoxic response elements, including those in-
volved in angiogenesis, energy metabolism, and tissue re-
modeling. All the latter processes underpin menstruation.

In the presence of abundant oxygen, HIF-1�, the � subunit
is hydroxylated by prolyl hydroxylase (PHD) enzymes.
These enzymes initiate rapid degradation of HIF-1� by the
proteasome. In hypoxic conditions, oxygen-dependent
PHD enzymes are inactive and HIF-1� protein remains sta-
ble. HIF-1� is consequently able to bind to HIF-1�, the �
subunit. The transcription of downstream targets of HIF
takes place and enables adaptation to an hypoxic environ-
ment. The alternative binding partner for HIF-1� is HIF-
2�, and this subunit has overlapping as well as distinct
target genes (195).

HIF-1� has been detected in the human endometrium, but it
is limited to the peri-menstrual phase (59, 217). Women
with objectively measured HMB had significantly decreased
endometrial HIF-1� protein and its downstream targets at
menstruation versus women with normal loss, consistent
with a defective hypoxic response. This was modeled in the
mouse (157) by pharmacologically and genetically decreas-
ing HIF-1 at menstruation and resulted in significantly de-
layed endometrial repair (a surrogate marker for menstru-
ation in this mouse model).

Much uncertainty has existed regarding the presence and
role of hypoxia at menstruation. The mouse model of men-
struation (described in detail in sect. V) has shed new light
on this issue. The mouse model of simulated menses has
enabled the use of pimonidazole, a marker of oxygen partial
pressures of �10 mmHg. Intense pimonidazole staining
was detected in the uppermost endometrium following pro-
gesterone withdrawal (52, 79, 157). Transient hypoxia oc-
curred during tissue breakdown and was not detected fol-
lowing repair of the denuded endometrial surface. This pro-
vided definitive evidence that physiological hypoxia occurs
in the menstrual endometrium of this mouse model of sim-
ulated menses. To determine its role, menstrual hypoxia
was prevented by incubation of mice in a hyperoxic cham-
ber at the time of progesterone withdrawal. This delayed
endometrial repair following shedding, indicating that hyp-
oxia is required for normal repair at menstruation (157).

This study lends important further support for a pivotal role
for hypoxia/HIF in the menstruation process. Pharmaco-
logical stabilization of HIF-1� with dimethyloxalylglycine
(DMOG) rescued the delayed endometrial repair observed
in mice undergoing non-hypoxic menstruation. DMOG is a
prolyl-hydroxylase (PHD) inhibitor that stabilizes HIF-1�
even in normoxia (110). This study provides strong support
for a role for HIF-1 in the endometrium (157). Further-
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more, the potential utility of PHD inhibitors (HIF-1� sta-
bilizers) as a briefly administered nonhormonal treatment
for women with HMB has been proposed.

C. Endometrial Vascular and Epithelial
Repair

Messenger RNA and protein of the angiogenic factor VEGF
are increased in human endometrial tissue during menstru-
ation. In the present context, it is notable that HIF-1� is
necessary for hypoxia-induced increases in VEGF in human
endometrial epithelial cells (155). A complementary study
where the angiogenic factor VEGF was blocked with VEGF
Trap in the non-human primate (rhesus macaque) and an
alternative mouse model of simulated menstruation (pseu-
do-pregnancy followed by decidualization induction and
ovariectomy to trigger menses) revealed inhibition of new
blood vessel development and delayed repair (re-epithelial-
ization) of the denuded endometrial surface during men-
struation (79). Further supporting evidence for a role for
HIF in the physiological event of endometrial repair at men-
struation comes from the demonstration that HIF-1� di-
rectly binds to the VEGF promoter during menstruation in
a mouse model (44). These experimental observations pro-
vide good evidence that hypoxia regulates HIF-1� in vivo to
coordinate timely repair of the injured endometrial mucosal
surface at menstruation.

D. Endometrial Hemostasis

At other tissue sites, disruption of blood vessels after injury
results in adherence of platelets to collagen on the injured
basement membrane. Platelet aggregation stimulates the co-
agulation cascade and formation of a fibrin clot. In contrast,
platelet involvement in endometrial vascular repair is rela-
tively low. Vasoconstriction and activation of the clotting
cascade are more important in achieving hemostasis post-
menstruation (94). The coagulation cascade is activated by
two pathways: extrinsic and intrinsic. Each culminates in
the conversion of factor X to Xa, which catalyzes the con-
version of pro-thrombin to thrombin, ultimately leading to
the formation of a fibrin clot. Disorders that interfere with
systemic hemostasis significantly impact on menstrual
blood loss (reviewed in Ref. 66). Von Willebrand disease is
the most common of these disorders, with a prevalence of
13% in women with a complaint of HMB (213).

Degradation of the fibrin clot is mediated by the fibrinolytic
system. Fibrinolysis involves conversion of plasminogen to
active plasmin, promoting the degradation of fibrin depos-
its. Tissue plasminogen activator (t-PA) and urokinase plas-
minogen activator (u-PA) drive the production of plasmin.
In contrast, plasminogen activator inhibitor (PAI) inhibits
fibrinolytic activity. The human endometrium contains
t-PA and u-PA, as well as PAI and the u-PA receptor (100,

180). Women suffering from HMB have raised levels of
t-PA activity on the second day of bleeding when compared
with those with normal menstrual blood loss (100), consis-
tent with an overactive fibrinolytic system. Further evidence
for this overactivation of the fibrinolytic system comes from
the efficacy of tranexamic acid as a nonhormonal treatment
for HMB administered during the first few days of heavy
menses. This antifibrinolytic reduces t-PA and PAI levels in
women with HMB and results in a 58% reduction in blood
loss (101).

Tissue formation and remodeling are key processes in
wound repair. Endometrial repair post-menses is usually
scar-free and rapidly occurring over 3–5 days (78, 157). An
interesting study of menstrual fluid (MF) was performed in
which menstrual effluent was collected on cycle day 2 in a
menstrual cup from women with a normal bleeding dura-
tion of 3–5 days. It was demonstrated that MF enhanced
wound healing in an in vivo porcine wound model as well
as in vitro, and identified MF influence on cell migration
as an important process in the authors’ models of wound
repair (78).

Study of menstrual endometrium with scanning electron
microscopy has revealed that regrowth of the epithelium
occurs first, before stromal expansion (142). This study
suggested epithelial cells grow from the necks of the endo-
metrial glands and spread to meet migrating cells from
other glands, forming a new luminal surface. Examination
of bromodeoxyuridine and proliferating cell nuclear anti-
gen staining in the mouse model of simulated menstruation
suggested that re-epithelialization of the uterine surface
arises from progenitor cells residing in the glandular epithe-
lial cells (124). A study of human endometrium using dy-
namic hysteroscopic and microscopy techniques revealed
that endometrial shedding and regrowth are piecemeal and
occur simultaneously in different areas of the uterus (91).
This study indicated that re-epithelialization arose from the
denuded stromal cells rather than from residual glands.
These studies highlight that our understanding of the endo-
metrial repair process still remains in its infancy. Consider-
ing the ability of the endometrium to repeatedly repair with-
out scarring or loss of function, it is of strategic importance
that these processes and their regulation are delineated.

XII. THE IMPACT AND CLASSIFICATION
OF ABNORMAL UTERINE BLEEDING

Abnormal uterine bleeding (AUB) (169, 170), including
HMB, is associated with debilitating symptoms and iron
deficiency anemia (IDA). AUB imposes a significant clinical
burden. Twenty percent of the 1.2 million referrals to spe-
cialist gynecologist services in the United Kingdom concern
women with HMB (179, 197). A United States study has
reported financial losses of �$2,000/patient per year due to
work absence and home management costs (85). As a con-
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sequence of advances in access to contraception, women in
high income countries may now anticipate at least 400 men-
struation events in their lifetime. Previously women experi-
enced �40 menstrual bleeds in a lifetime due to repeated
pregnancy and prolonged lactational amenorrhea (216).
Thus, as women menstruate more often, the opportunity
for development of menstrual abnormalities has increased
as has the burden of menstrual cycle-related complaints,
including those associated with menstrual bleeding experi-
ence.

Medical treatments for AUB are available but are often
discontinued due to lack of efficacy or side effects, signi-
fying a need for personalized, nonhormonal treatments
for HMB. All progestin-only methods are associated with
irregular and often unpredictable endometrial spotting
or bleeding (3). Unscheduled uterine bleeding is one of
the most common reasons for discontinuation of use of
progestin-only methods. This includes the levonorg-
estrel-releasing intrauterine system (LNG-IUS; Ref. 199).
A national 4-yr audit of HMB reported that 43% of
women received surgery in the year following first atten-
dance at hospital (196, 197). In England and Wales, the
largest percentage increase in fertility rates recently re-
ported was for women aged 40 and over, and this rate has
more than tripled since 1981. In 2015, the fertility rate
for women aged 40 and over rose above the rate for
women aged under 20 (182, 196, 197), meaning fertility-
ending surgery is not always an acceptable option for
women with problems of menstruation. In addition, sur-
gery introduces risk of bowel/bladder/ureteric damage,
hemorrhage, and infection. Problems with menstruation
represent a clinical area of major unmet need and person-
alized, efficient medical treatments that permit women to
retain their fertility/uterus are wanted. Delineation of the
physiology of menstrual initiation and cessation and the
endometrial aberrations present in women with AUB will
aid the identification of novel diagnostic and therapeutic
strategies for such disorders.

The management of this common, life-limiting complaint
will not improve without appropriate diagnosis of the un-
derlying disorder. The plethora of potential causes and lack
of universally accepted nomenclature surrounding AUB has
previously hindered progress in this clinically important
field. However, in 2011 a FIGO (The International Federa-
tion of Gynecology and Obstetrics) classification system for
AUB was published after a multistage development process
involving an international group of clinician-investigators
from 6 continents and over 17 countries (168). This group
advised elimination of inconsistent, confusing terms such as
dysfunctional uterine bleeding and menorrhagia with re-
placement by more simplified terms, such as heavy men-
strual bleeding or irregular heavy menstrual bleeding. In
addition, the PALM-COEIN classification system was in-
troduced (169, 170) (FIGURE 8). PALM represents the struc-

tural disorders of polyps (AUB-P), adenomyosis (AUB-A),
leiomyoma (AUB-L), and malignant/premalignant condi-
tions (AUB-M). COEIN represents the nonstructural causes
such as coagulopathy (AUB-C), ovulatory dysfunction
(AUB-O), endometrial dysfunction (AUB-E), iatrogenic
causes for example associated with progestin-only and
other hormonal treatment approaches (AUB-I) and not oth-
erwise classified (AUB-N). Endometriosis is included in the
AUB-N category as it may sometimes cause AUB. The en-
dometrial phenotype of endometriosis is an area of active
research and the subject of recent reviews (89, 146), hence
will not be discussed further.

A. Structural Causes of AUB (“PALM”) (see
FIGURE 8)

Endometrial or cervical polyps are usually benign prolif-
erations of epithelium and stroma with variable vascular,
glandular, fibromuscular, and connective tissue compo-
nents. They commonly present with irregular uterine
bleeding, but why they occur and how they cause AUB is
poorly understood. They may represent localized foci of
nonshedding endometrium that enlarge through multiple
cycles. They are amenable to surgical removal, and the
introduction of tissue retrieval devices has enabled effi-
cient hysteroscopic removal in the outpatient setting.

Adenomyosis (FIGO classification, AUB-A) (170) is defined
by the presence of ectopic endometrial glands and stroma
within the myometrium. Its prevalence ranges from 7 to
27%, with a significant variation in reporting due to the
challenges of diagnosis (150, 174). Like the eutopic endo-
metrium, the ectopic endometrial deposits undergo cyclical
bleeding in women with adenomyosis, leading to significant
pain. The effect of adenomyosis on the endometrium and
the mechanisms causing AUB are not well understood.
AUB-A is particularly challenging as it is often resistant to
medical treatment, and surgical options (ablation or hyster-
ectomy) are unacceptable to those wishing to preserve their
fertility. Delineating the endometrial mechanisms causing
AUB-A may reveal novel therapeutic strategies for these
women. There is some evidence that progesterone receptor
levels are reduced in endometrium of women with adeno-
myosis (18, 19) and could lead to decreased responsiveness
of the endometrium to progesterone. An increased expres-
sion of the ER subtype, ER-B, with reduced expression of
PR has also been identified in endometrium from women
with adenomyosis (108). Progesterone is antiproliferative
and counteracts estrogenic impact during the proliferative
phase of the menstrual cycle; therefore, these defects could
partially contribute to the HMB experienced by those with
adenomyosis.

Leiomyomas (uterine fibroids; AUB-L) are the most com-
mon benign tumors in women of reproductive age and have
a cumulative lifetime risk of up to 80% (12). They are
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symptomatic in ~50% of women (12) and may cause bleed-
ing disturbances (HMB or irregular bleeding), pressure
symptoms (on bladder and bowel), pelvic pain, and subfer-
tility. Leiomyomas form as a consequence of the prolifera-
tion of uterine smooth muscle cells and associated collagen
matrix. They are extremely heterogeneous in size and loca-
tion, and new evidence from genome-wide association stud-
ies has identified genetic subgroups leading to fibroid for-
mation (reviewed in Ref. 226). Their impact on endometrial
function has received attention due to their association with
subfertility and AUB. Submucosal fibroids are associated
with a blunted decidualization response and aberrations in
progesterone-regulated genes such as HOXA10 (69, 192).
In addition to a negative impact on implantation, defective
preconditioning in the secretory endometrium may signifi-
cantly impact on endometrial function during menstruation
and increase blood loss. Vasoconstriction may also be im-
paired at the time of menstruation in women with fibroids,
with fibroid tissue expressing altered levels of endothelin
receptors and PGF2� when compared with normal myome-
trium (164, 189). As discussed above, even a small decrease
in vasoconstriction will significantly increase menstrual
blood flow (153). Further examination of the endometrial
impact of fibroids will inform future strategies for fertility-
preserving management of AUB-L.

B. Nonstructural Causes of AUB (“COEIN”)
(see FIGURE 8)

These disorders are not readily identified by imaging of the
pelvis and require skilled history-taking and examination of
the patient to enable appropriate investigation and diagno-
sis. The classification category AUB-C includes those
women with an inherited coagulopathy and disorders of
hemostasis. Local regulation of endometrial hemostasis has
been discussed above and requires the input of a hematol-
ogist for appropriate management (100, 121, 132). Bleed-
ing due to “AUB-O” (ovulatory dysfunction) may be a con-
sequence of extremes of reproductive age or body mass
index, or due to underlying conditions such as polycystic
ovarian syndrome. As the defect is at the level of the ovary,
hormonal therapies are often effective. “AUB-E” includes
disorders of local endometrial coagulation, vascular
function, and/or inflammation and have been discussed
above (see sects. VIII and XI). A detailed understanding
of the regulatory factors involved in the pivotal repro-
ductive event of menstruation and the aberrations pres-
ent in those with AUB will facilitate specific correction
and more precise, personalized treatments. Only by under-
standing the physiology and pathology of menstruation can
medical treatment strategies for AUB become more effective

Structural Causes ‘PALM’
Polyp
Adenomyosis
Leiomyoma
Malignancy and Hyperplasia

Non-Structural Causes ‘COEIN’
Coagulopathy
Ovulatory Dysfunction
Endometrial
Iatrogenic
Not Otherwise Classified (e.g. AVM) 
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FIGURE 8. The PALM COEIN classification system for abnormal uterine bleeding (AUB). P, polyps; A, ade-
nomyosis; L, leiomyoma (fibroid); M, malignancy; C, coagulopathy; O, ovulatory dysfunction; E, endometrial;
I, iatrogenic; N, not otherwise classified. See Refs. 169 and 170.
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and acceptable, decreasing the reliance on nonspecific sur-
gical interventions that remove fertility.

XIII. TARGETING THE PR FOR THERAPY:
CLASS EFFECTS, CLINICAL
APPLICATIONS, MECHANISMS OF
ACTION OF PR LIGANDS (SPRMS)

There is currently a great deal of clinical interest in SPRMs,
a family of compounds with actions at the PR. These com-
pounds have therapeutic potential in a range of unsolved
problems of benign gynecology (245). One of the most sig-
nificant effects of SPRMs clinically is that they rapidly in-
duce amenorrhea (absence of bleeding), by mechanisms
that remain largely unknown (FIGURE 9A). The endome-
trium is a prime target tissue for SPRMs. There is a range of
potential actions, from the pure agonist effect of progester-
one and synthetic progestins to the pure antagonist effect of
synthetic pharmaceutical agents such as onapristone,
ZK137695. Several compounds including asoprisnil and
mifepristone (RU486) show a mixed partial agonist and
antagonist effect (FIGURE 9B).

The first SPRM to undergo clinical development was mife-
pristone (RU486), which in addition to its use in medical
termination of pregnancy (236) was recognized to have a
range of potential applications: in emergency contraception
(99); as a non-estrogen containing daily oral contraceptive
pill (134); in prolonged release contraceptive devices (106);
and in treatment of uterine fibroids (215), endometriosis,
and adenomyosis. Clinical development depended not only
on demonstration of efficacy, but also on the safety profile,
and there was concern about the long-term effects of mife-
pristone on endometrium, which in fact still applies to all
SPRMs at the present time.

The effects of mifepristone on endometrium are dependent
on dose and duration of administration. At doses of 10
mg/day or over, follicular development is inhibited by sup-
pressing gonadotrophins, and the ovarian secretion of es-
tradiol is minimal. At low doses (2 mg/day or less), mifepri-
stone inhibits or delays ovulation without inhibiting follic-
ular development, and circulating levels of estrogens tend to
be in the mid-follicular range (14). Endometrium is thereby
exposed to unopposed estrogen, and in early studies it was
hypothesized that this could lead to endometrial hyperpla-

Key: PR = progesterone receptor
LNG = levonorgestrel
UPA = ulipristal acetate
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FIGURE 9. Mechanisms of action of progesterone receptor ligands (selective progesterone receptor mod-
ulators; SPRMs) that impact upon endometrial bleeding. A: control of endometrial bleeding with SPRMs may
be effected by 1) an endometrial antiproliferative effect of SPRMs; 2) decrease in uterine/endometrial blood
flow; and 3) disturbance of the complex interplay between endometrial stromal cells, innate immune cells, and
endometrial spiral arterioles (250). B: spectrum of progesterone receptor modulators from agonist to
antagonist. SPRMs are a class of synthetic ligands for the progesterone receptor, with agonist, antagonist, or
mixed effects on progesterone-target tissues, for example, the endometrium.
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sia or carcinoma. Indeed, a number of reports in women
described effects consistent with endometrial hyperplasia,
with widespread cystic gland dilatation and overall thick-
ening (74, 171). At very high doses (400 mg daily for 6 mo),
massive simple hyperplasia of endometrium was reported
which reversed at cessation of treatment (177).

However, it became evident that the situation in reality was
more complex and that mifepristone and other SPRMs ex-
ert a paradoxical antiproliferative effect specifically on en-
dometrium. This was originally studied in primate experi-
ments, and the antiproliferative effect was shown to be
specific to endometrium (111, 253). Studies in women dem-
onstrated that SPRM-treated endometrium showed glandu-
lar epithelium with quiescent or inactive appearances and
reduced mitotic activity, the cystic glands more resembling
postmenopausal cystic atrophy than hyperplasia (38, 61).
The antiproliferative effect was also described in endome-
trial cell lines (172, 208).

Mitotic activity in the endometrium is driven by estrogen,
with progesterone exerting inhibitory effects, so it was
somewhat paradoxical to find that anti-progestins have an
antiproliferative effect in the endometrium. Even at high
estrogen concentrations, SPRMs are able to suppress endo-
metrial proliferation in primates (219, 253) and in women
(38). The mechanism is unknown, and postulated explana-
tions have included downregulation of ER, or inhibition of
estrogen-induced protooncogenes. Evidence from pri-
mate experiments suggests that the endometrial andro-
gen receptor (AR) may play an important role in these
effects. Endometrium responds to SPRM treatment in
primates and women by upregulation of AR, and it is
significant that in the primate, the endometrial antipro-
liferative effect can be prevented by administration of the
antiandrogen flutamide (26).

It has become clear that the endometrium responds to treat-
ment with different SPRMs in a similar way, with slight
differences between agents that are believed to depend on
the degree of agonist/antagonist effect at the PR (FIGURE
9B). Morphological changes vary with duration of treat-
ment but are remarkably similar between different agents
given for durations up to 3 mo. The principal effects on
endometrial glands are the development of cystic glandular
dilatation, associated with disordered architecture of non-
dilated glands. Glands show a nonphysiological secretory
effect, which includes the development of apocrine-type lu-
minal protrusions and abortive cytoplasmic vacuolation. It
is characteristic that glandular epithelium appears quies-
cent, with reduced nuclear stratification and few mitotic
cells, reflecting the antiproliferative effect. The endometrial
stroma is compact and shows no evidence of predecidual
change (FIGURE 10, A–C). These changes are now recognized
to be a “class effect” of SPRMs, a spectrum of morpholog-
ical changes none of which is specific, but which in combi-

nation had not previously been seen in any other situation
or with any other agent. The changes have been termed
“progesterone receptor modulator associated endometrial
changes” or PAEC (112, 173). Characteristic histological
changes have been described with mifepristone (84), aso-
prisnil (252), onapristone (37), ZK230211 (lonaprisal)
(106), telapristone acetate (173), and ulipristal acetate
(251).

The natural history of development and the consequences
of PAEC in endometrium are of considerable clinical signif-
icance, as many of the potential clinical indications ideally
require continuous long-term administration. Use of
SPRMs continuously for 6 mo or more leads to endometrial
thickening, the extent of which correlates with the degree of
cystic dilatation of endometrial glands (13, 227). Although
morphologically the glandular epithelium adopts an in-
creasingly quiescent or atrophic appearance with increasing
duration of continuous treatment, the increased endome-
trial thickness often leads to clinical concern, resulting in
invasive investigations and treatment. Consequently, cur-
rent models of SPRM treatment adopt an interrupted sched-
ule, in which the agent is administered for 12 wk and then
withdrawn, after which the endometrium is allowed to un-
dergo menstrual shedding. Evidence from clinical trials of
ulipristal acetate indicates that in the great majority of
women, the endometrium undergoes reversal to a physio-
logical pattern, even after up to eight interrupted courses
(80). Some safety concerns remain around the long-term
endometrial effects of SPRMs, but the focus of current
safety issues centers more around potential hepatotoxicity,
as several agents including most recently ulipristal acetate
have been associated with severe liver injury in a very small
proportion of women (166).

Much remains to be learned about the mechanisms of ac-
tion of SPRMs on the endometrium, in particular the mech-
anisms of the antiproliferative effect and of amenorrhea. It
is likely that altered expression of sex steroid receptors
(FIGURE 10, D–F ) and progesterone-regulated genes are im-
portant in mediating these effects. Not only is there evi-
dence for altered overall levels of expression of sex steroid
receptors in the endometrium, there are also significant al-
terations in the pattern of expression between endometrial
glands and stroma. For example, there have been shown to
be increased overall mRNA concentrations of AR, PR, PRB,
and ESRI (ER�) in ulipristal acetate-treated endometrium
compared with pretreatment secretory phase (249). In this
study, immunohistochemical localization of PR and PRB
showed intense nuclear expression in glands, with minimal
expression in stromal cells, contrasting with pretreatment
proliferative phase endometrium, which showed intense
nuclear staining in both glands and stroma. With AR, pre-
treatment secretory phase endometrium showed intense nu-
clear staining in glands but not stroma; ER� immunoex-
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FIGURE 10. Selective progesterone receptor modulators (SPRMs) induce progesterone receptor associ-
ated endometrial changes (PAEC; A–C) and modulate steroid receptor expression in human endometrium
(D–F). Proliferative phase endometrium (A and D); secretory endometrium (B and E); following treatment with
SPRM (C and F). SPRMs induce PAEC. Endometrial morphology is characterized by nonphysiological secretory
appearance or inactive stroma with dilated cysts (C). Images of progesterone receptor (PR) immunoreactivity
in human endometrium in proliferative [D; positive (brown) immunostaining in the glandular epithelium and
stromal cells] and secretory (E; positive immunostaining only in stromal cells) endometrium and after admin-
istration of a SPRM (F). Note intense positive (brown) immunostaining in the glandular epithelium and reduced
immunoreactivity in stromal cells (F).
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pression showed less dramatic alterations, although
changes in intensity were described.

Interesting observations in human endometrium exposed to
SPRM administration (asoprisnil) have provided support
for a role for the IL-15 pathway in the complex interplay
between endometrial stromal cells, innate immune cells
(uNK cells), and endometrial spiral arteries with effects on
both arteriole morphology and menstrual bleeding (250).
Whether such disturbances of normal endometrial function
as just described are evident with all SPRM class members is
yet to be determined. SPRMs do however provide an invalu-
able tool to modulate progesterone- progesterone receptor
interaction and thereby enhance our understanding of en-
dometrial physiology and in particular in the enigmatic area
of regulation of menstrual bleeding.

XIV. CONCLUDING COMMENT AND
FUTURE DIRECTIONS

The pioneering studies on endometrial physiology and its
regulation by steroids that still underpin much of our
knowledge of the menstruation process were undertaken
nearly 80 years ago. Much progress in our understanding of
endometrial pathophysiology has been made, facilitated by
modern cellular and molecular discovery tools, along with
animal models of simulated menses. However, four decades
later, this quote from 1982 (over 35 yr ago) “despite re-
newed interest over the last few years, the mechanism of
menstrual bleeding still remains something of an enigma”
(4) remains valid today. Our understanding of endometrial
biology has progressed, but many questions pertaining to
this remarkable physiological model of repeated injury and
repair so fundamental to the continuation of our species
remain.

Human menstruation persists to this day as a taboo topic,
and many questions concerning menstrual physiology are
still unanswered. Unfortunately, negative attitudes around
menstruation continue, especially where women have a
lower social status and where reproductive health educa-
tion is lacking. This, alongside the previously confusing
classification and terminology surrounding menstruation,
has hindered progress in this field. As the FIGO classifica-
tion system for AUB gains traction, inconsistencies will de-
crease and the utility of studies in this area will increase.
This will have an inevitable positive impact on women suf-
fering from this debilitating condition.

The endometrium is a physiological tissue site of repeated
episodes of “injury and repair” (menstruation) governed by
the prevailing endocrine environment and sequential ste-
roid exposure. Hence, it may also serve as a model for
injury/repair of an injured mucosal surface without scarring
that may inform biology of other tissue sites in the body
(152). Following menstruation, the “injured” endometrium

undergoes rapid repair and tissue restoration in preparation
for the next menstrual cycle. Endometrial inflammation
needs to be resolved alongside cellular proliferation and
angiogenesis to regenerate a functional endometrium ready
for implantation. Therefore, addressing the unanswered
questions in this field may not only improve the lives of
many women, but may also have considerable translational
impact in other tissue sites.

It remains of longstanding interest, and is still unexplained,
why menstruation only occurs in species whose endome-
trium spontaneously decidualizes before implantation. In
contrast, in those species where the endometrium does not
decidualize until embryo/endometrial contact is estab-
lished, the withdrawal of progesterone does not affect en-
dometrial breakdown or bleeding. The impact of endome-
trial preconditioning in the preceding cycle on menstruation
is also unknown. Do aberrations in decidualization, vascu-
lar remodeling, and/or the immune response significantly
impact bleeding during menstruation? The mechanisms of
menstrual cessation remain undefined. Are hemostatic fac-
tors or vasoconstrictive properties more influential? Or is it
the reforming of the luminal epithelium that is required for
cessation of bleeding? Does the migratory capacity of cells
in the menstrual fluid play a role in luminal re-epithelializa-
tion? What regulates these local mechanisms? Why does the
endometrium not scar under physiological conditions and
why does it scar in conditions like Asherman’s syndrome
[acquired uterine condition when scar tissue (adhesions)
form within the uterine cavity]?

In addition to the many questions surrounding endometrial
physiology, there are numerous unknowns regarding endo-
metrial pathology. We do not yet know the endometrial
impact of leiomyomas (fibroids) or adenomyosis or the
mechanisms whereby they lead to AUB. Furthermore, we
do not yet understand fully the mechanisms of action of
many of our current medical treatments, for example,
SPRMs.

Without this knowledge, we cannot deliver effective treat-
ment to the many women currently suffering from AUB.
Unraveling the physiology and pathology of endometrial
disorders will generate personalized therapeutic strategies
that preserve fertility and limit side effects, improving the
lives of millions of women worldwide.
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Menstruation: science and society

Hilary O. D. Critchley, MD; Elnur Babayev, MD; Serdar E. Bulun, MD; Sandy Clark, MPA; Iolanda Garcia-Grau, MS;
Peter K. Gregersen, MD; Aoife Kilcoyne, MBBCh, BAO; Ji-Yong Julie Kim, PhD; Missy Lavender, MBA;
Erica E. Marsh, MD, MSCI; Kristen A. Matteson, MD, MPH; Jacqueline A. Maybin, PhD; Christine N. Metz, PhD;
Inmaculada Moreno, PhD; Kami Silk, PhD; Marni Sommer, DrPH, MSN; Carlos Simon, MD, PhD;
Ridhi Tariyal, MBA, SM; Hugh S. Taylor, MD; Günter P. Wagner, PhD; Linda G. Griffith, PhD
Women’s health concerns are generally underrepresented in basic and translational research, but reproductive health in particular has been
hampered by a lack of understanding of basic uterine and menstrual physiology. Menstrual health is an integral part of overall health because
betweenmenarche andmenopause, most womenmenstruate. Yet for tens of millions of women around the world, menstruation regularly and
often catastrophically disrupts their physical, mental, and social well-being. Enhancing our understanding of the underlying phenomena
involved in menstruation, abnormal uterine bleeding, and other menstruation-related disorders will move us closer to the goal of personalized
care. Furthermore, a deeper mechanistic understanding of menstruation—a fast, scarless healing process in healthy individuals—will likely
yield insights into a myriad of other diseases involving regulation of vascular function locally and systemically. We also recognize that many
women now delay pregnancy and that there is an increasing desire for fertility and uterine preservation. In September 2018, the Gynecologic
Health and Disease Branch of the Eunice Kennedy Shriver National Institute of Child Health and Human Development convened a 2-day
meeting, “Menstruation: Science and Society” with an aim to “identify gaps and opportunities in menstruation science and to raise
awareness of the need formore research in this field.” Experts in fields ranging from the evolutionary role of menstruation to basic endometrial
biology (including omic analysis of the endometrium, stem cells and tissue engineering of the endometrium, endometrial microbiome, and
abnormal uterine bleeding and fibroids) and translational medicine (imaging and sampling modalities, patient-focused analysis of menstrual
disorders including abnormal uterine bleeding, smart technologies or applications andmobile health platforms) to societal challenges in health
literacy and dissemination frameworks across different economic and cultural landscapes shared current state-of-the-art and future vision,
incorporating the patient voice at the launch of the meeting. Here, we provide an enhanced meeting report with extensive up-to-date (as of
submission) context, capturing the spectrum from how the basic processes of menstruation commence in response to progesterone with-
drawal, through the role of tissue-resident and circulating stem and progenitor cells in monthly regeneration—and current gaps in knowledge
on how dysregulation leads to abnormal uterine bleeding and other menstruation-related disorders such as adenomyosis, endometriosis, and
fibroids—to the clinical challenges in diagnostics, treatment, and patient and societal education. We conclude with an overview of how the
global agenda concerning menstruation, and specifically menstrual health and hygiene, are gaining momentum, ranging from increasing
investment in addressing menstruation-related barriers facing girls in schools in low- to middle-income countries to the more recent
“menstrual equity” and “period poverty” movements spreading across high-income countries.

Key words: abnormal uterine bleeding, adenomyosis, endometrium, fibroids, menstrual health, microbiome, pelvic health menstrual
effluent, period poverty, stem cells, tissue engineering, uterus
Introduction
Twenty-five years have passed since the
National Institutes of Health (NIH)
mandated that women andminorities be
included in all government-funded
clinical studies unless their exclusion
could be justified. Clearly, this policy has
led to numerous women’s health
research programs. However, women
and women’s health concerns continue
to be underrepresented in research.Most
recently, the 2019e2023 Trans-NIH
Strategic Plan for Women’s Health
Research was initiated to improve the
health of women by advancing rigorous
research relevant to advancing women’s
health, including sexual and reproduc-
tive health (SRH). Despite focused
initiatives such as these, diagnostic
development for improving women’s
reproductive health has been hampered
by a lack of understanding of basic
uterine and menstrual physiology. A
PubMed search of the term “menstrua-
tion” yielded less the 1000 publications
between 1941 and 1950, followed by a
peak of more than 6000 publications
between 1971 and 1980 (note: Our
Bodies, Ourselves, a book addressing
women’s health topics, including
menstruation and birth control, was
published in 1973), and then a stable
trough with less the 4000 publications
per decade over the past 3 decades
spanning 1991 through 2019 (Figure 1,
A). By contrast, a PubMed search of the
MONTH 2020
term “menstrual blood” yielded 1 pub-
lication during 1941e1950, followed by
a steady increase over time to more than
400 publications in the last decade
(Figure 1, B). For reference, PubMed
searches of “peripheral blood” and
“semen” yielded almost 100,000 and
15,000 publications, respectively, over
the past decade.

In September 2018, the Gynecologic
Health and Disease Branch (GHDB) of
the Eunice Kennedy Shriver National
Institute of Child Health and Human
Development (NICHD) convened a 2-
day meeting to “identify gaps and op-
portunities in menstruation science and
to raise awareness of the need for more
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research in this field.” Leaders in the field
with expertise in endometrial biology,
omic analysis of the endometrium and
menstrual effluent, new imaging or
sampling modalities, smart technologies
or applications (apps) and mobile health
(mHealth) platforms, menstrual health,
and health literacy and dissemination
frameworks were invited to participate
as speakers and discussants to critique
and summarize new discoveries and av-
enues of future research surrounding
menstruation. This meeting encom-
passed normal menstrual health and
endometrial function and the potential
of diagnostics for abnormal functioning
and disease. To provide a broad
perspective on menstruation science,
this meeting included investigators and
stakeholders across multiple disciplines,
including population health and public
health sectors, and carefully considered
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the broader societal implications of
menstrual health. This manuscript
summarizes the presentations and dis-
cussions that took place at the 2018
“Menstruation: Science and Society”
meeting hosted by GHDB, NICHD.

1. Toward a Better Understanding of
Menstrual Health: Menstrual Health
Literacy and Communication
Kristen A. Matteson, MD, MPH; Missy
Lavender, MBA; Erica E. Marsh, MD,
MSCI; Kami Silk, PhD

I. Introduction
According to the World Health Organi-
zation, “health” is “a state of complete
physical, mental and social well-being and
not merely the absence of disease or
infirmity.”1 For women, menstrual health
is an integral part of overall health because,
between menarche and menopause, most
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women menstruate and menstruation can
have a significant impact on the physical,
mental, and social well-being.2 Normal
menstruation is currently defined as cyclic
bleeding that occurs from the uterine
corpus between menarche and meno-
pause. It can be described in terms of 4
simple domains: how frequently the
woman has episodes of bleeding, the reg-
ularity or predictability of these episodes,
the duration of bleeding episodes, and the
volume or heaviness of bleeding.3e5 Not
all women experience “normal”menstrual
bleeding; up to 30% of women will expe-
rience alterations in the volume or pattern
of menstrual blood flow, which is defined
as the symptom of abnormal uterine
bleeding (AUB), which in turn can be
caused by multiple etiologies and some-
times more than 1 etiology at the same
time.3,6 In addition, many women will
have other symptoms such as pain,
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FIGURE 1
PubMed publications, 1941e2018

A, Search term “Menstruation.” B, Search term “Menstrual Blood.”.
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dysmenorrhea, anxiety, depression, and
fatigue associated with their menstrual
cycle that require attention for them to
achieve early diagnosis of reproductive
health issues such as endometriosis, pre-
menstrual syndrome, and premenstrual
dysphoric disorder and attain optimal
health. In research and in clinical care, a
better understanding of what the norms
of menstrual health are and how a “lack”
of menstrual health affects women’s
quality of life is needed. Furthermore, for
positive health and well-being outcomes,
everyone—men and women, as well as
clinicians—need to understand men-
strual cycles and menstrual health, which
can be achieved through menstrual
health literacy initiatives and improved
health communication.

Menstrual health andmenstrual health
literacy are extremely broad topics with
multiple stakeholders and diverse areas of
active investigation and contributors.
Adapted from the broader health literacy
definition, menstrual health literacy re-
fers to the level of capacity a person has to
obtain, process, and understand basic
information about menstruation so they
can make appropriate health decisions.7

This section of the manuscript summa-
rizes the presentations and discussion
that took place related to menstrual
health andmenstrual health literacy at the
2018 “Menstruation: Science and Soci-
ety” meeting hosted by the GHDB of the
NICHD. We summarize only areas of
menstrual health and literacy that were
part of the presentations and active dis-
cussions at the NICHD GHDB meeting,
which were largely focused on the
bleeding aspect of menstrual health.

II. Progress in menstrual health
terminology and menstrual health
literacy and communication
Progress in menstrual health terminolo-
gy. Standard terminologies related to
menstrual bleeding, and specifically
AUB, represent real progress for clinical
care and research. Ill-defined terminol-
ogies to describe symptoms, signs, and
diagnoses associated with AUB led to
communication challenges in clinical
care, difficulty interpreting populations
included in published literature, and lost
opportunities for multisite research
collaboration for clinical research on
treatments for AUB.
In 2005, the Menstrual Disorders

Working Group of the International
Federation of Gynecology and Obstetrics
(FIGO) embarked on a worldwide
consensus-building process to generate
and disseminate a simple symptom
description system and a classification
system for the etiologies associated
with AUB.8,9 The first system, “Terminol-
ogies and Definitions,” includes standard
definitions for bleeding symptoms do-
mains,which include regularity, frequency,
duration, and volume.3 The second sys-
tem, “Classification of Causes of AUB in
the Reproductive Years,” commonly
referred to as the polyps/adenomyosis/
MONTH 2020
leiomyoma/malignancy (PALM)e
coagulopathy/ovulatory/endometrial/iat-
rogenic/not otherwise classified (COEIN)
system, includes a list of etiologies that
can be associated with AUB (polyps,
adenomyosis, leiomyoma, malignancy
and hyperplasia, coagulopathy, ovulatory,
endometrial, iatrogenic, and not other-
wise classified). Results of this work were
published in peer-reviewed publications
andwere used by the American College of
Obstetricians and Gynecologists (ACOG)
during their process standardizing ter-
minologies used across gynecologic spe-
cialties.4,5 ACOG and the members of the
Women’s Health Registry alliance
convened the revitalize Gynecology Data
Definitions initiative in December 2013
to develop standardized data elements
and definitions in gynecology.
Throughout this process, ACOG engaged
a broad range of stakeholders to identify
priority topics and definitions and then
worked with a core group of contributors
to generate a total of 119 data elements,
including 7 pain-related and 7 bleeding-
related definitions.4,5 Although there is
more work to be done in terms of eval-
uating these definitions across diverse
populations of women, these standard-
ized terminologies represent positive first
steps to facilitate research data collection,
collaboration for study participant
recruitment, and identification of study
cohorts with similar etiologies when
investigating the prevalent symptom of
AUB.
American Journal of Obstetrics & Gynecology 3
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Another area of progress has been
increased emphasis on the patient expe-
rience of bleeding, quality of life, and
related symptoms associated with the
menstrual cycle in both research and na-
tional guidelines. The National Institute
for Health and Clinical Excellence (NICE)
Clinical Guidelines on Heavy Menstrual
Bleeding (HMB) published a patient-
centric definition of the symptom of
HMB, which they define as “excessive
menstrual blood loss that interferes with a
woman’s physical, social, emotional, and/
or material quality of life.”10 Qualitative
and quantitative research with women to
learn about their experiences with and
knowledge of menstrual bleeding, fibroid-
related symptoms, pain, and other asso-
ciated symptoms has begun to inform
research priorities, educational tools, and
the need for outcome measures for AUB
and uterine fibroids.11e14 Several studies
have suggested that patient-reported
outcome measures (PROMs), which
include standardized interviews, ques-
tionnaires, charts, and surveys that assess
the patient’s own evaluation of her health
and symptoms, are the key to assessing the
impact of illness and symptomatology
among women with reproductive health
issues including AUB.2,15e19

Progress in menstrual health literacy and
communication. There has been recent
progress in the areas of menstrual health
literacy, advocacy, and communication,
in part facilitated by the rapid acceptance
of mHealth apps, the use of mobile
technologies to provide health-related
services (tracking information and
providing information or education to
support an individual’s achievement of
health objectives).20,21 At present, there
are more than 300 reproductive health
mHealth products in the IOS andGoogle
stores, with the majority of the apps
focused on women of childbearing age.
The apps vary in their depth of pelvic
health information, with the majority
including cycle and fertility trackers.
Two of the larger apps as far as global
reach, CLUE and FLO, have expanded
both their tracking (CLUE) or daily no-
tifications and information (FLO) to
include facts or daily tips, which, though
brief, may be useful to assist in
4 American Journal of Obstetrics & Gynecology M
identifying women with the symptom of
AUB. Additional data are needed to
better understand the demographics of
and reasons why women use these apps.

III. Significant conceptual, practical, or
technical challenges in the field of
menstrual health research and
menstrual health literacy
The progress in the field of menstrual
health outlined previously is remarkable
given themultiple challenges and obstacles
in the field of menstruation science.
Menstruation is a physiological process
that is experienced almost universally
across cultures from the ages of menarche
to menopause. What makes menstrual
health and menstrual health literacy chal-
lenging to study is that for many, it is a
normal process that is not associated with
any distress or disability, but for some it
can be associated with a significantly
negative impact on the quality of life.
Collecting data on a nearly universal pro-
cess will require collaboration across the
spectrum of disciplines and careful
consideration of “who” to collect data
from, “what” data elements to collect, and
“how” to best collect data. Furthermore,
the normalization of women’s pain and
stigma surrounding menstrual bleeding
and reproductive health represent signifi-
cant barriers to women’s care seeking,
diagnosis, and ability to conduct research
in this area.22 Menstrual health and men-
strual health literacy research is further
complicated by a lack of standardization of
tools and access to those tools, themultiple
different etiologies of HMB, the multidi-
mensional symptom complex surround-
ing bleeding, lack of clear diagnostic tests
for reproductive health disorders that
affectmenstrual health, suboptimal norms
for menstrual health and bleeding across
the life span, and insufficient information
related to cultural perceptions related to
menstrual bleeding and health.
Although awareness of the importance

of patient experience with menstrual
bleeding and menstrual symptoms has
increased in research and clinical care,
sustained reliance on “objective” labora-
tory measures for outcomes related to
menstrual health represents an additional
conceptual barrier to progress in this area.
To provide an AUB-specific example,
ONTH 2020
traditionally in research, bleeding was
measured by volume of menstrual blood
lost (>80 mL) as measured by the collec-
tion of used sanitary products and quan-
tified using the alkaline hematinmethod.23

However, research has highlighted that
mostwomenwho seek treatment forHMB
do not meet the objective mean blood loss
criteria for heavy bleeding and clinical care
objectively measured blood loss is not
feasible.19 As a result of these studies and
others, NICE, theNationalHealth Services
(NHS) in the United Kingdom, stated in
2018 that “From the woman’s point of
view objective reduction in mean blood
loss are poor indicators of treatment
effectiveness for heavy menstrual
bleeding.”10 This lack of consistency
between what has been prioritized as a
measurement for research and what
women prioritize in terms of desired
outcomes represents a current obstacle
for high-quality research and synergy
between research on HMB, clinical care,
and patient-centered care delivery.

IV. Critical gaps in menstrual health
literacy, advocacy, or communication
and how they can be addressed to
optimize women’s menstrual health
Conceptual, practical, and technical
challenges related to research on men-
strual health and menstrual health liter-
acy and communication have led to
several critical gaps in the evidence base
in this area. During the meeting, several
gaps in the evidence base and opportu-
nities to improve women’s health by
addressing these gaps with high-quality
research were discussed.

Data to inform “norms” that hold across
populations and span from menarche to
menopause. Generation of standard ter-
minologies related to norms for uterine
bleeding among adult women represents
significant progress in the field of men-
strual health, and there has been signif-
icant progress especially in describing
symptom expectations in the later
reproductive life stages and during the
menopausal transition.24e27 To ensure
that menstrual bleeding norms represent
bleeding patterns and other menstrual
health symptoms across a racially and
ethnically diverse and contemporary
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population (relative to comorbid con-
ditions and body mass index) of women
of all ages, further research is needed.28

Prospective longitudinal cohort data on
menstrual bleeding, menstrual symp-
toms, and reproductive health diagnoses
could fill this critical gap.

Developments inmHealth could also be
used to inform norms and measure the
personal impact menstruation and men-
strual symptoms have on women across
the life cycle. For population-based data
outside of clinical care, data collected from
mHealth and mobile device apps are
starting to enable the analyses of
population-level longitudinal menstrual
symptom and cycle data.29 In addition,
these mHealth data could facilitate inves-
tigation into cultural differences, knowl-
edge, attitudes, and behaviors. By
partnering with mHealth and app plat-
forms, researchers, clinicians, and industry
could generate data collectionmechanisms
and assist in generating research programs
and interventions that could aid women in
identifying when they are having a prob-
lem and address stigma and perceptions
related to menstrual disorders, delays in
diagnosis of reproductive health disorders,
and delays in care seeking.

Standardizing data collection in research,
clinical care, and mobile health technologies
to promote consistency and optimize
comparative effectiveness research.A shift in
research to focus on measuring patient
experiences with symptoms and chronic
health problems, including reproductive
health and menstrual health issues, rep-
resents significant progress in the arena of
women’s health. However, although there
are several validated PROMs for AUB,
there is no single high-quality PROM that
is considered “standard of care” or “stan-
dard for use across studies.”17,30,31 This
translates into hundreds of outcome
measures, of varying quality, used across
studies and an inability to combine data
across studies to summarize patient
experience. In a systematic review of
patient-reported outcomes used across
studies of AUB, authors found 80 studies
that used at least 1 PROMand 77 different
PROMs were used across studies.31 The
Society of Gynecologic Surgeons, in a
systematic review comparing treatments
for HMB, identified that 114 different
outcomes were collected and reported
across 79 distinct clinical trials.17 The end
result was that, because the method of
assessing outcomes differed from study to
study, data could not be combined or
summarized for these outcomes (such as
quality of life and bleeding-related quality
of life), which prohibited the group from
generating consensus on treatment effec-
tiveness relative to patient-reported out-
comes.17 Researchers across disciplines of
menstrual health research have expressed
challenges describing the menstrual
symptom phenotype of patients involved
in clinical research because of a lack of
standardized structured menstrual history
data elements. Finally, discussions at this
meeting also highlighted the importance
of a broader view of menstrual health that
goes beyond bleeding to include other
associated symptoms, which will need
additional research and standardized data
elements.
The research community can collabo-

rate to address this challenge and stan-
dardize outcomes and data elements for
research and quality assessments. For
example, the Core Outcomes in Women’s
and Newborn Health, an international
initiative led by journal editors and is
endorsed by more than 80 peer-reviewed
journals in women’s health, is working to
stimulate the development of outcome sets
that can be used across studies to ensure
consistent outcome reporting, thereby
improving the interpretability of study
results and the feasibility of combining
data across studies.32,33 Efforts to stan-
dardize data elements from a structured
menstrual history describing frequency,
regularity, duration, and patient-
quantified volume of bleeding along with
other associated menstrual symptoms are
needed to facilitate consistent descriptions
of populations in studies on menstrual
health, AUB, uterine fibroids, and other
reproductive health issues.34

V. Additional future directions in
menstrual health research
Transforming comparative effectiveness
research by incorporating patient-reported
outcome measures into electronic health
records. Looking to the future, stan-
dardizing and harnessing the potential of
MONTH 2020
patient-based outcomes assessment
could transform comparative effective-
ness research. Emerging technology de-
velopments may be paving the way to
have PROM collection integrated into
electronic health records, which would
promote patient-centered comparative
effectiveness research.35,36 Researchers,
policy makers, and professional societies
are currently working out best practices
for integrating PROMs and electronic
health records.35,36 This integration
could mean substantially greater capa-
bilities for patient-relevant comparative
effectiveness research and health services
research, which often relies on electronic
health record or administrative datasets
that rarely incorporated patient-
reported data elements, particularly on
reproductive health problems that affect
the quality of life.

Incorporating PROM collection into
clinical care encounters may represent
major opportunities to evaluate processes
of healthcare delivery. Future research
opportunities include assessing whether or
not incorporating PROMs into electronic
health records and clinical encounters for
menstrual health disorders can improve
physician-patient interactions and be used
to monitor patient symptoms or progress
over time. On the population level,
incorporating PROMs into clinical care
can assist with clinical care quality assess-
ment and population surveillance. For
example, in the UK NHS, PROMs are
collected before and after certain surgical
interventions to determine the quality of
care delivery and to facilitate counseling
for patients on what to anticipate in terms
of the personal impact of the surgery.37

Partnerships across diverse disciplines and
stakeholder groups. Innovative solutions
to address comprehensive menstrual
health across the life span will require
collaboration across scientific disci-
plines, social science disciplines, and
involvement of patient- and person-
facing organization to ensure the rele-
vance and success of these solutions for
addressing the needs of the population.
Menstrual health research in the future
could be enhanced by developing
collaborative interdisciplinary teams to
investigate comprehensive menstrual
American Journal of Obstetrics & Gynecology 5
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health premenarche to menopause. In
addition, including patient-facing
groups in study design and beta testing
of programs from the beginning and
partnering with patient groups and
advocacy groups to create and dissemi-
nate communication platforms and
menstrual health educational initiatives
could enhance the fields of menstrual
health, menstrual health literacy, and
menstrual health communication.

VI. Conclusion
Each year, 4.5 million women in the
United States experience at least 1 gy-
necologic health problem, and many of
these problems are related to menstrual
health.6 Although significant progress
has been made in menstrual health
research in terms of emphasizing pa-
tient experience, standardizing termi-
nologies related to menstrual bleeding,
and use of PROMs for menstrual dis-
orders, more work and research are
needed to standardize data collection,
generate longitudinal data on contem-
porary norms of menstrual bleeding
and related symptoms, and optimize
use of new technologies and educa-
tional interventions. Health commu-
nication strategies that are accessible to
groups with low literacy and address
potential stigma associated with
menstruation will help to address bar-
riers as well. Increasing the evidence
base on menstrual health and men-
strual health literacy will aid in the
evolution of contemporary clinical care
that meets the unique needs of women.
Bringing women and advocacy groups
to the table and bringing data collection
and information directly to women
through innovative technologies,
smartphone apps, and mHealth has the
potential to move the field of
menstruation science away from treat-
ing problems and toward optimizing
women’s overall health, and more spe-
cifically menstrual health. Continuing
the recent momentum on patient-
focused menstrual health research to
sustain progress in the field of men-
strual health, literacy, and communi-
cation has the potential to have a
substantial impact on the lives of
women.
6 American Journal of Obstetrics & Gynecology M
2. The Evolutionary History of
Menstruation
Günter P. Wagner, PhD
Menstruation and its associated diseases
such as HMB and AUB are a significant
burden on women of reproductive age
(see section Menstruation and abnormal
uterine bleeding below), which raises the
question of why women menstruate at
all. This question is particularly perti-
nent given the fact that menstruation is
dispensable for mammalian reproduc-
tion (see below). Answers require a re-
view of the evolutionary history of
mammalian reproduction, given that
humans and great apes, that is, species
that menstruate, evolved from ancestors
that did not menstruate. What are the
advantages menstruation affords
humans and other primates that, from a
biological point of view, could make the
origin and biological role of menstrua-
tion understandable?

I. Menstruation is rare among animals
Menstruation is defined as the shedding
of the upper (the so-called “functionalis”)
layer of the uterine lining after the luteal
phase of the ovarian cycle. Although
menstruation is a normal part of the life
of a woman during her fertile years, it is
only found in a small minority of ani-
mals. Because menstruation is a function
of the female reproductive organs, one
would expect to find menstruation in
animals with a similar mode of repro-
duction as humans, that is, the so-called
placental mammals (technically called
“eutherian mammals”). Eutherian
mammals are all the species that descen-
ded from the most recent common
ancestor of humans and elephants,
meaning all the mammals that we are
most familiar with: apes, monkeys, farm
animals, cats, dogs, seals, hedgehogs, and
others (Figure 2). All of these animals
have a placenta and a gestational period
that is longer than their ovarian cycle, so-
called trans-cyclic gestation,38 with the
exception of animals that have pseudo-
pregnancy in the absence of fertilization,
such as the dog.39

Despite the substantial similarities,
with respect to female reproductive
biology, between humans and all other
eutherian mammals (eg, compared with
ONTH 2020
reptiles and birds), menstruation only
occurs in a small minority of eutherian
species. The largest cluster of menstru-
ating species is found among our closest
relatives, the primates. In particular,
apes, old world monkeys, and most but
not all of new world monkeys have
menstruation. More basally diverging
primate lineages do not (lemurs and
tarsiers, where in the latter conflicting
evidence has been reported, summarized
in the study by Emera et al40). Outside
the primates, menstruating species are
rare. Among the rodents, only one spe-
cies has been described as menstruating:
the spiny mouse, Acomys cahirinus.41

This is surprising, given the large num-
ber of rodent species (2277 species).
Then there is a small number of bat
species belonging to 2 groups of bats, 1
molossid bats and 3 phyllostomid bats.42

Most distantly related menstruating
species to humans is the elephant shrew
(Elephantulus myurus43,44) related to el-
ephants and other afrotherian mam-
mals. These menstruating species add up
to 84 species, or about 1.6% of the 5149
recognized extant eutherian species. This
estimate could be a slight undercount
because it is not easy to diagnose
menstruation in species that have not
been kept in laboratories or zoos and
have been closely monitored.

If we put the menstruating species on
the phylogeny of mammals (Figure 2),
we see a rather dispersed distribution.
Clearly, all the primate species that
menstruate are relatively closely related,
but the spiny mouse, bats, and the
elephant shrew are not. The conclusion
that follows from these facts is that
menstruation must have evolved at least
4 times independently during the
evolutionary history of mammals. This
conclusion is also supported, for
instance, by differences in the exact
location and nature of the endometrial
changes in the elephant shrew (summa-
rized in the study by Carter45). The rarity
and repeated evolution of menstruation
raise the question about its biological
role. Menstruation is clearly not neces-
sary for a mammal because it is rare, but
it might have a specific role, rather being
there accidentally, because it originated
at least 4 times independently.
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FIGURE 2
Phylogenetic distribution of menstruating species among eutherian
mammals

Lineages in black are from menstruating species, and lineages in white from nonmenstruating

species. The lineages with red outline are the lineages where menstruation originated. Note that

there are at least 4 independent originations of menstruation.
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Before we turn our attention to the
question of why some mammals
menstruate and others do not, we should
mention that not every case of vaginal
bleeding by a healthy animal is
menstruation. The best known example
is the vaginal bleeding of the dog, which
is not a sign ofmenstruation.39 Themain
difference between what is happening in
dogs and in menstruating species is that
the vaginal bleeding in dogs happens in
proestrus, that is, in preparation for
mating, rather than after the fertile phase
is over, as it is the case in women. The
bleeding in dogs is caused by extravasa-
tion during the growth of the uterine
lining, which can break through the
epithelium leading to a vaginal efflux.

II. Why did menstruation evolve?
The fact that menstruation plays a major
role in the life of a woman and that it is
rare among animals has inspired many
scientists, anthropologists, and medical
researchers to speculate about its bio-
logical role.46e52 This is not the place to
review all the ideas that have been pro-
posed to explain the evolution of
menstruation but note that the most
honest and shortest answer to this
question is “we do not know.”53 Never-
theless, there has been some progress in
reframing the question that points to two
plausible answers.

An important breakthrough in un-
derstanding the evolution of menstrua-
tion was the realization that
menstruation itself may not be the direct
biological trait that was shaped by nat-
ural selection, but rather that menstru-
ation could be a secondary consequence
of an underlying biological trait: spon-
taneous decidualization.52

Decidualization is the process by which
the uterine lining prepares for pregnancy.
This is a complex process including pro-
liferation of the endometrial stroma, the
traffic of various kinds of white blood cells
into the endometrium, and the differen-
tiation of the endometrial fibroblasts into
so-called decidual stromal cells (DSCs).54

Decidualization in the narrow sense re-
fers to the differentiation of DSC, rather
than to the whole organ-level process. In
most animals, decidualization occurs in
the estrogen- and progesterone-primed
uterus in response to the presence of the
embryo. This is induced decidualization.
However, in humans, decidualization oc-
curs even in the absence of an embryo and
is therefore called spontaneous deciduali-
zation. It turns out that all menstruating
species undergo spontaneous decidualiza-
tion,40,41,52 suggesting that the evolved trait
is not menstruation per se, but sponta-
neous decidualization. In humans, it has
been shown that the proximate cause for
menstruation (see section on Menstrua-
tion and abnormal uterine bleeding) is the
decrease in progesterone levels owing to
the degeneration of the corpus luteum. An
experimental model of artificial decidual-
ization in a nonmenstruating species, the
mouse, Mus musculus, shows that in fact
progesterone withdrawal after deciduali-
zation is sufficient to cause menstruation-
like symptoms, that is, degeneration of
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part of the endometrium and vaginal
bleeding.55e58

There are several versions of this
experiment but the cleanest model is the
one published by Rudolph et al56 in 2012:
intact femalemice weremated with sterile,
vasectomized males, which in mice causes
pseudopregnancy, meaning that the fe-
male maintains a high level of progester-
one even though no fetus is developing in
her uterus. After copulation, the pseudo-
pregnant mice were injected with a small
droplet of oil into the lumen of the uterus.
It is known that this treatment causes the
uterine lining of the mouse to decidualize,
leading to a so-called “deciduoma,” which
is a condition that, in many respects,
mimics fetus-induced decidualization.
The key observation of this experiment
then was that as progesterone levels were
decreasing toward the end of the
American Journal of Obstetrics & Gynecology 7
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FIGURE 3
Schematic outline of the experiment by Rudolph et al56 testing the idea
that menstruation is a secondary consequence of spontaneous
decidualization
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The experiment is conducted with the laboratorymouse, which is a species that under normal conditions is

neither decidualizing nor menstruating. In this species, clitoral or vaginal stimulation during copulation

leads to themaintenance of the corpus luteum even if no pregnancy ensued, leading to pseudopregnancy,

as is the case by copulation with a vasectomized male. Furthermore, it is known that injection of a small

droplet of oil into the uterine lumen causes decidualization. The experiment starts with mating a female to

a vasectomized male to induce a pseudopregnancy. At the morning of the following day, the females are

checked for a copulatory plug to verify that copulation has taken place. Then at day 4 after copulation, a

small droplet of oil is injected into the uterus to induce decidualization. Day 4 is the normal day of im-

plantation in mice. Then the mice are monitored for their level of progesterone and signs of vaginal

bleeding. Progesterone starts to decrease after day 7, and bleeding ensues at about day 9. This

experiment shows that differentiation of the endometrium (decidualization) is sufficient to cause

menstruation-like symptoms in a species that normally does not menstruate.
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pseudopregnancy, menstruation ensued.
This result supports a model according to
which menstruation is an inevitable
consequence of spontaneous decidualiza-
tion if fertilization and pregnancy do not
occur (Figure 3).

Both, the comparative evidence,
namely, the association between
menstruation and spontaneous deciduali-
zation among mammals, and the experi-
mental evidence with artificial
decidualization lead to the conclusion that
the real question thus is not “why some
species menstruate?” but “why do some
species show spontaneous decidualization
and menstruate as a consequence?” There
are 2 plausible answers, but no definite
consensus on this issue has been reached.
8 American Journal of Obstetrics & Gynecology M
One model assumes that spontaneous
decidualization is a protective device for
the mother against an aggressive
fetus.40,47,52 This model is based on the
observation that the degree of invasiveness
of the placenta varies between species. This
is even the case among species with so-
called hemochorial placentation, that is,
where the fetus is destroying not only the
uterine luminal epithelium but also some
of the uterine blood vessels so that the
placenta is in direct contact with maternal
blood. For instance, great apes have
extravillous trophoblast cells, which
invade the maternal blood vessels (spiral
arterioles), the stroma, and even the
muscular layer of the uterus (myome-
trium).59 Clinical observations have also
ONTH 2020
revealed cases where a placenta embeds
too deeply into the uterus, a condition
called “placenta accreta” or “placenta per-
creta” depending on the depth of invasion.
These conditions can threaten the life of
the mother after birth because of massive
uterine bleeding.60 Finally, one of the roles
of the decidual cells is to both enable and
limit the invasion of the placenta and thus
regulate the depth of implantation even
though the mechanisms are still unclear.
Hence, it seems plausible that spontaneous
decidualization is ensuring that a
conceptus finds an environment that is
prepared to allow and at the same time
limit the degree of placental invasion. To
our knowledge, no formal test of this
model has been attempted. In particular,
one would need a way to measure inva-
siveness of the conceptus in various ani-
mals, many of which are not laboratory
models and thus hard to work with.
Furthermore, we have no information
whether and which close relatives of
menstruating species are also menstru-
ating to test for a correlation between
menstruation and depth of placental
invasion.

The second model to explain the
evolutionary origin of menstruation as-
sumes that spontaneous decidualization
is an adaptation to allow the female to
“test” the viability of the conceptus
before definite pregnancy ensues.61e64

This model is inspired by the observa-
tion that decidual cells have the ability to
sense the vitality of the embryo and react
with a stress reactionwhen the embryo is
of inferior quality. The idea is that this
ability of DSCs helps the mother avoid
investing resources in an ultimately un-
successful pregnancy and thus increases
the reproductive fitness of the female by
allowing her to achieve pregnancy
sooner. This idea is supported by the fact
that humans have a rate of pregnancy
loss of 10% to 25%65 (higher estimates
found in the literature seem to be
spurious) and that spontaneous
decidualization is primarily found in
animals with a small litter size, that is,
one or two neonates per pregnancy and
thus with correspondingly higher in-
vestment into each offspring. The
recently described, yet not fully evalu-
ated, spiny mouse is somewhat an
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FIGURE 4
The modern effect of menstruation

Previously, women experienced menstruation approximately 40 times in their lifetime, owing to

pregnancy and lactational amenorrhea. Women may now expect to have more than 400 episodes of

menstruation, mainly as a result of fertility management. Therefore, AUB is increasingly common.

Women may experience significant anemia resulting in a poor physical quality of life. A negative

financial effect occurs because of the cost of managing their blood loss and an inability to work

outside the home. These costs, alongside a loss of caring ability, will have a negative effect on the

wider family. The cost to society through loss of work days and healthcare costs is significant.

AUB, abnormal uterine bleeding.
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exception because its litter size is usually
2 or 3 but can be as high as 6.41 Again,
there is a dearth of comparative data to
fully test this idea, given that we do not
know the rate of pregnancy loss in most
animals, and whether it is different be-
tween closely related species that differ in
the presence or absence of spontaneous
decidualization.

III. An evolutionary argument for the
validity ofmenstruation as a diagnostic
tool
In a later section, the utility of menstrual
efflux as a diagnostic tool will be dis-
cussed in detail. Here, we review an
evolutionary argument that supports the
idea that menstruation may be predictive
of pregnancy complications in the future.

In the evolution of spontaneous
decidualization, the decidualization
process becomes independent of the
actual initiation of pregnancy.
Nevertheless, it is uncontroversial that
the process of spontaneous decidualiza-
tion is homologous to the process of
embryo-induced decidualization as the
former evolved from the latter.40 The
only difference is the mode in which the
decidualization is triggered, either by
maternal hormones as in spontaneous
decidualization (as in women) or by the
embryo as in induced decidualization (as
in the mice or rodents). This is the
reason why experimental work on mice
is a valid approach toward understand-
ing human decidualization even though
the mode of decidualization is different
between these two species.
At the end of the ovarian cycle,

menstruation is caused by the withdrawal
of the supportive function of progester-
one for the decidua. As a consequence,
menstruation has substantial mechanistic
similarities with the processes that initiate
labor.66 Birth is also associated either with
MONTH 2020
a systemic progesterone withdrawal
through the degeneration of the corpus
luteum (luteolysis) or by functional pro-
gesterone withdrawal caused by inhibi-
tion of progesterone signaling.67,68

Hence, it is likely that the mechanisms
deployed in the uterus during menstrua-
tion are homologous to those during
parturition.66 If in fact menstruation and
the uterine manifestations of parturition
are homologous, it is likely that defects
that affect the maintenance pregnancy or
the initiation of parturition could also
manifest themselves as aberrations in
menstruation. Pavlicev and Norwitz66

therefore suggest that substantial
research effort should be dedicated to-
ward testing whether biomarkers
expressed during menstruation are asso-
ciated with pregnancy complications that
could be useful as preconception diag-
nosis of likely pregnancy complications.

3. Menstruation in Humans
3A. Menstruation and abnormal
uterine bleeding
Hilary O.D. Critchley, MD; Jacqueline A.
Maybin, PhD.

I. The impact of menstrual bleeding com-
plaints. Understanding the mechanisms
underpinning the pivotal human event
of menstruation is critical to our un-
derstanding of AUB. AUB, which in-
cludes the symptom of HMB,3 is a
chronic complaint that affects the quality
of life and well-being of 1 in 4 women of
reproductive age (Figure 4).69 Previ-
ously, women experienced menstruation
approximately 40 times owing to preg-
nancy and lactation amenorrhea,
whereas in developed economies today,
women can expect up to 400 menses in
their lifetime.70 Therefore, AUB is
becoming more common and problem-
atic for women and society. In contem-
porary society, women are delaying
having children for a variety of reasons
such as personal choice, prioritization of
career, and other factors that impose a
delay in childbearing. Therefore, these
women wish to preserve their uterus
alongside their fertility. As a conse-
quence, surgical options are not always
appropriate because these end fertility
and may also involve higher risks than
American Journal of Obstetrics & Gynecology 9
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FIGURE 5
The PALM-COEIN classification for abnormal uterine bleeding in the
reproductive years illustrating the structural (PALM) and nonstructural
causes (COEIN) and as described in Munro et al3,73
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medical management alternatives. In a
recent systematic review relevant to the
United States, it was conservatively esti-
mated that annual direct and indirect
economic costs of menstrual bleeding
complaints were in the order of $1
billion and $12 billion, respectively.71

Leiomyoma (uterine fibroids) are com-
mon, present in 70% to 80% of women
by the age of 50 years,72 and associated
with AUB or HMB. Among women in
their 30s and 40s, leiomyomas are often
the underlying cause of AUB, anemia,
and iron deficiency anemia. When the
presence of uterine fibroids is considered
along with complaints of AUB, the
annual estimated direct costs of this
complaint in the United States, when
surgery, hospital attendances, outpatient
visits, and prescribed medications are
taken into account, are as high as $4.1
billion to $9.4 billion. Furthermore, lost
work hours resulted in costs ranging
from $1.55 billion to $17.2 billion.71

II. A classification system for abnormal
uterine bleeding. To provide diagnostic
precision and specific treatment of AUB,
10 American Journal of Obstetrics & Gynecology
classification of causes of uterine
bleeding is crucial. The FIGO Menstrual
Disorders Committee has led on the
classification systems for causes of
chronic AUB in the reproductive
years.3,73 As alreadymentioned, there are
2 systems: the first system focuses on
terminology with an encouragement for
the removal of ill-defined terminologies
such as “menorrhagia” and “dysfunc-
tional uterine bleeding,” and the second
system focuses on the underlying causes
of AUB, using the acronym PALM-
COEIN3,73 for structural and nonstruc-
tural causes, respectively (Figure 5). It is
hoped that these 2 FIGO systems will be
used globally to improve the manage-
ment of women with AUB.
In the absence of any other features,

for example, leiomyoma or a coagulop-
athy,3 bleeding from the endometrium
may represent a “primary endometrial
disorder” (AUB-E). In the presence of
structural features such as leiomyoma,
polyp, and adenomyosis,3 it is not
known whether the presence of myo-
metrial structural entities such as AUB-L
(leiomyoma) or AUB-A (adenomyosis)
MONTH 2020
actually result in a “secondary endome-
trial disorder” (Figure 6). There remains
a true lack of knowledge about the
phenotype of the endometrium when
adenomyosis and leiomyomas are
present.

This exciting area merits substantial
research and many questions remain.
What is the aberration in women with
AUB-E? Do leiomyomas and adeno-
myosis contribute to the genesis of AUB
or HMB? If so, is it because they directly
affect the molecular mechanisms of
endometrial hemostasis? Do leiomyo-
mas actually need to be adjacent to the
endometrium to cause AUB?74 To
answer these important questions, we
need to fully understand endometrial
physiology and pathology.

III. Methods for the study of menstru-
ation. Identification of aberrations in
endometrial function necessitates study
of human endometrial tissue. Women
must have a detailed clinical history and
examination and undergo investigation
to determine if structural disorders are
present. For research purposes, women
should have measurement of their
menstrual blood loss to enable catego-
rization as having heavy or normal
menstrual bleeding. An objective mea-
surement of blood loss may be obtained
using the alkaline hematin method and
total menstrual volume by using a
menstrual cup.23,75 Alternatively, a
pictorial menstrual blood loss assess-
ment chart has been validated to assess
menstrual blood loss volume and dura-
tion.76 In addition, tissue must be care-
fully classified to determine the correct
stage of the menstrual cycle.

Studies in women are often limited to
generation of observational data. Formore
incisive functional studies, animal models
of simulated menstruation have been
developed.55,77e79 The nonhuman pri-
mate (rhesus macaque) has been studied
extensively and provides an excellent
model of the human menstrual cycle.80,81

More recently, attention has focused on
refinement of the mouse model of simu-
lated menstruation.55,57,77,79

A detailed study of the cellular and
histologic events occurring in the mouse
endometrium during simulated
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FIGURE 6
Potential mechanisms of “primary” and “secondary” endometrial AUB
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AUB. An increase in vasoactive factors results in intense vasoconstriction of spiral arterioles to limit

blood loss; this may be decreased in primary endometrial AUB. Vasoconstriction may induce

transient tissue hypoxia and stabilization of HIF-1, the master regulator of the cellular response to

hypoxia, to coordinate endometrial repair. There is evidence that this is less intense in those with

endometrial AUB. Efficient hemostasis limits menstrual blood loss at menstruation and this is

defective in women with coagulopathy AUB. Structural and nonstructural pathologies have the

potential to disrupt endometrial physiology at menstruation, leading to abnormal uterine bleeding;

these mechanisms remain undefined.

AUB, abnormal uterine bleeding; HIF-1, hypoxia-inducible factor 1.
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menstruation has been reported to
recapitulate several of the local events
that occur in the human endometrium
at the time of menstruation, these being
apoptosis preceding cytokine and che-
mokine expression and extensive
neutrophil influx into the endome-
trium.82 There is an interesting recent
discovery of a previously unrecognized
menstruating rodent, the spiny mouse,
which may provide another tool in the
study of menstruation.41

The combination of observational
data generated from well-categorized
human endometrial tissue and mecha-
nistic studies in validated animal models
will facilitate definitive experiments to
determine menstrual physiology and
pathology.

IV. Initiation of menstruation. The hu-
man endometrium is a highly dynamic
multicellular structure. Its physiological
functions are preparation for implanta-
tion and, in the absence of pregnancy,
menstruation. The regulation of normal
menstruation is governed by sequential
exposure to circulating sex steroids, es-
trogen, and then estrogen and proges-
terone followed by corpus luteum
demise causing a fall in both circulating
estrogen and progesterone. Progesterone
withdrawal is the trigger for
menstruation.53,83
MONTH 2020 A
Menstruation involves a remarkable
sequence of endometrial cell prolifera-
tion, differentiation, shedding, and
regeneration that may occur as many as
400 times across the reproductive life
course.70 The mechanisms underpin-
ning menstruation still remain poorly
understood. There are crucial in-
teractions between the endocrine system
and the immune system.53,83 These
cellular interactions, which are depen-
dent on the menstrual cycle phase,
involve epithelial and stromal cells along
with an influx of innate immune cells
and differentiation of the endometrial
vasculature (spiral arterioles). The local
endometrial events at the time of menses
resemble those of an inflammatory
event. There is an increase in endome-
trial blood vessel permeability and
fragility, tissue breakdown, and an influx
of innate immune cells into the endo-
metrium, particularly neutrophils and
macrophages.82,84,85

V. Cessation of menstruation. The cessa-
tion of menstrual bleeding and endo-
metrial repair require 3 closely related
events: these being vasoconstriction of
the highly specialized spiral arterioles,
local endometrial hemostasis, and ree-
pithelialization of the injured endome-
trial mucosa (Figure 6). After
menstruation, the restoration of the
injured mucosal surface is a rapid event
and the role of endometrial stem cells is
addressed in the following contribution
concerning endometrial regeneration.
Endometrial repair of the denuded
epithelial surface after menstruation has
been described by Garry et al,86 using
hysteroscopy, histology, and scanning
electron microscopy. These imaging
techniques detail the temporal repair of
the epithelial surface, which occurs in a
piecemeal fashion adjacent to actively
menstruating tissue.86 The regulation of
this endometrial repair process is not
fully defined. There is a recent interesting
interpretation of the link between hu-
man menstruation and separation of the
placenta after delivery. Both are under-
pinned by progesterone withdrawal and
critically involve uterine spiral arterial
function.87
merican Journal of Obstetrics & Gynecology 11
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In women with complaints of HMB,
impaired vascular differentiation caused
by impaired spiral arteriole maturation
has been described88e90 along with
exposure to an imbalance of locally
generated vasoconstrictors and
vasodilators.91e93 An increase in blood
vessel radius will affect the resistance to
blood flow (Poiseuille’s equation).91 The
pivotal role for vasoconstriction after
progesterone withdrawal was described
nearly 80 years ago.94 The study of
autologous transplants of rhesus ma-
caque endometrium into the anterior
chamber of the eye and visualization of
the events of menstruation through a
slit-lamp ophthalmoscope revealed
transient and intense vasoconstriction 4
to 24 hours before menstruation in
response to steroid withdrawal. Authors
proposed that this vasoconstriction was
consistent with local tissue hypoxia. The
presence and role of endometrial hyp-
oxia in the process of menstruation have
been debated. There is now experimental
support for a pivotal role for transient
physiological hypoxia because it has
been reported to occur in the menstru-
ating endometrium.58 The stabilization
of hypoxia-inducible factor 1 (HIF-1; a
marker for hypoxia) results in the gen-
eration of local repair factors to “heal”
the injured mucosal surface (menstru-
ating endometrium).58

Women with HMB have decreased
endometrial HIF-1a at the time of
menstruation, and these women also
experience prolonged menstrual
bleeding episodes. These observational
data have been recapitulated in a mouse
model of simulated menstruation in
which physiological endometrial hyp-
oxia is also reported to occur at the time
of endometrial bleeding.58

Fibrinolysis is an important compo-
nent of regulation of normal endome-
trial bleeding. The human endometrium
contains tissue plasminogen activator (t-
PA) and urokinase plasminogen acti-
vator (u-PA), along with plasminogen
activator inhibitor (PAI) (inhibits fibri-
nolytic activity) and the u-PA receptor.
Women complaining of HMB have
raised levels of t-PA activity on the sec-
ond day of bleeding when compared
with those with normal menstrual blood
12 American Journal of Obstetrics & Gynecology
loss, consistent with an overactive fibri-
nolytic system.95,96 Tranexamic acid, a
popular nonhormonal treatment for
HMB in many countries, targets the
overactivation of the fibrinolytic system
with a reported 58% reduction in men-
strual blood loss.97

VI. Endometrial pathology in structural
abnormal uterine bleeding. In the pres-
ence of structural pathologies (AUB-P/
A/L), a secondary endometrial disorder
has been proposed (Figure 6). The cur-
rent literature presents lines of evidence
to support the concept that there may be
an element of resistance to normal
progesterone-regulated events.98,99 The
latter is based on descriptive data and
may certainly be implicated given the
often reported poor response to many
progestin-based therapies, for example,
the levonorgestrel-releasing intrauterine
system and oral, implant, or injectable
progestins.69

VII. Therapies targeting the progesterone
receptor. Progestins have long been used
to modulate endometrial bleeding either
through their action on ovarian function
or abolition of ovulation along with a
direct effect on the endometrium to
reduce bleeding. All progestins, when
delivered orally, systemically, or through
an intrauterine route, improve men-
strual experience in many women;
however, there remains a consistent 20%
who experience unscheduled endome-
trial bleeding and spotting. This is often
a reason for the discontinuation of use of
progestin therapies. The mechanisms
underpinning this unscheduled bleeding
still remain elusive despite studies
focusing on many candidate
pathways.100e104 To date, there has been
no reliable preventative intervention,
albeit there are strategies to stop or
reduce a heavy bleeding episode in users
of progestin-only preparations.105

Selective progesterone receptor mod-
ulators (SPRMs) reduced endometrial
bleeding in women with uterine leio-
myomas.106,107 SPRMs inhibit ovulation
in 90% of women and also affect the
endometrium and many women expe-
rience amenorrhea.108 The mechanisms
of action of SPRMs on the endometrium
MONTH 2020
in women with abnormal bleeding and
uterine leiomyoma still remain poorly
understood. SPRMs have an interesting
antiproliferative effect, and the study of
cell-to-cell interactions within the
endometrium in women exposed to this
class of drug is a current topic of inves-
tigation.109 SPRM administration is
associated with an unusual morphologic
effect on the endometrium known as
progesterone receptoreassociated
endometrial changes (PAECs). These
morphologic features are associated with
alterations in expression and localization
of sex steroid receptors.109e112 The fact
that circulating estradiol levels remain
consistently in midfollicular range has
raised concerns among clinicians about
the risks of hyperplasia and endometrial
cancer. However, no studies to date that
have explored in detail the endometrial
impact have reported increases in either
hyperplasia or endometrial cancer.113,114

Moreover, a recent systematic review
reporting the endometrial effects of
SPRM (ulipristal acetate [UPA]) use in
10 studies involving 1450 women sup-
ports the current view that PAEC is
essentially a benign endometrial
morphology that is reversible on
discontinuation of UPA use.115

VIII. Summary comment.Understanding
the pathology underlying AUB is essen-
tial to improve treatments for this com-
mon symptom that has a significant
negative impact on women and society.
Progesterone and progesterone receptor
interactions play essential roles in uter-
ine physiology and reproduction. Pro-
gesterone withdrawal remains the major
trigger for the onset of endometrial
bleeding. Menstruation itself involves
repeated episodes of physiological
“injury and repair” and a detailed
knowledge of endometrial function is
essential for understanding how distur-
bances in the endometrial function play
a role in AUB. A particular gap is the
understanding of endometrial function
in women with myometrial structural
features such as leiomyoma and adeno-
myosis and whether this represents a
“primary or secondary endometrial dis-
order.” There is without doubt utility
and validity of mouse models of
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simulated menstruation, particularly
when used alongside human studies.
Ligands for the progesterone receptor,
that is, progestins and SPRMs, may
reduce endometrial bleeding and
modulate endometrial form and func-
tion. Identification of novel targets for
the treatment of AUB is vital to address
the significant personal and societal
burden of this common disorder.

3B. Regeneration after menstruation—
the role of stem cells
Hugh S. Taylor, MD.

I. Introduction. In each monthly men-
strual cycle, the endometrium is
renewed from the basalis layer.116e118

This regenerative process recapitulates
some features of development and in-
cludes production of all components of
the endometrium, including glands,
stroma, vasculature, and an influx of
immune cells. The ability to rapidly and
repetitively regenerate this tissue is
fundamental to reproduction. There-
fore, it is not surprising that there exists a
population of cells that serve to replace
and maintain the endometrium despite
repetitive loss with menstruation.116e118

These stem cells maintain a reservoir of
regenerative cells while simultaneously
giving rise to more differentiated cells.

II. Endometrial stem cells. Early research
in stem cells centered on the hemato-
poietic system, because experimental
transplants to repopulate bone marrow
could be performed using tissue abla-
tion.119 These studies gave rise to the
concept that stem cells divide asym-
metrically, reproducing the stem cell and
giving rise to a more differentiated cell,
in contrast to the symmetrical division
observed in somatic cells.119 However,
translation of this asymmetrical division
concept to other tissues and organs has
recently become controversial because
tremendous plasticity in the fate of
epithelial cells in the intestine, liver, and
other organs is being uncovered.119

Although specific mechanisms remain
debated, stem cells throughout the body
maintain the pool of regenerative stem
cells for populating each tissue and or-
gan. Most tissues contain a collection of
stem and progenitor cells that replace
adult cells lost to age or damage. In many
organs, stem cells divide only under
unusual conditions such as in response
to injury. In other organs characterized
by rapid turnover, such as the gastroin-
testinal tract, stem cells regularly divide
to replace worn or damaged cells as part
of normal tissue homeostasis.119 In the
endometrium, the vast majority of cells
are lost every month, making the need
for frequent stem cell division more
acute and essential.
Totipotent, pluripotent, and multi-

potent stem cells give rise to many
different tissues, whereas tissue-specific
stem and progenitor cells give rise to a
limited set of differentiated cells in a
local environment. Tissue-specific stem
and progenitor cells may give rise to a
single cell type or several types of cells
that make up an individual organ. In the
endometrium, multiple lines of evidence
in mice and humans support the pres-
ence of a population of stem and pro-
genitors that give rise to stromal
fibroblasts and another population that
gives rise to epithelia. Much of the cur-
rent knowledge on endometrial stem
cells comes from the studies in mice,
where cell lineages can be traced using
molecular tags and reporters, but un-
derstanding of the human endometrium
is accelerating as more signatures of stem
and progenitor cells in other organs are
identified, investigated, and validated
in the endometrium.116e118,120,121

Although early and even more recent
studies in humans suggest that endo-
metrial stem and progenitor cells are
localized to the basalis layer,122e124 more
recent evidence of stem and progenitor
cell markers in the luminal region sug-
gests a more complex picture of wider
dispersal125 because they are in non-
menstruating species such as the
mouse.126 Moreover, recent studies us-
ing tracers in the mouse endometrium
have identified stem and progenitor cells
that give rise to both epithelial glandular
and luminal epithelial cells,126e128

whereas other tissue-resident stem and
progenitor cells give rise to stromal cells
in the mouse endometrium.128 It is
possible that there is a common stem cell
that gives rise first to stromal cells and
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can also differentiate into a distinct
bipotential epithelial progenitor cell, as
suggested by studies in mice showing
gene expression evidence of
mesenchymal-epithelial transitions
(METs)57 and morphologic evidence of
such METs in humans.129 These tissue-
resident stem and progenitor cells
regenerate the endometrium after
menstruation in each menstrual cycle.

III. Bone marrowederived stem cells. -
There also exist multipotent stem cells in
several tissues that can divide and
differentiate into multiple types of cells
and are found in many tissue types. Most
notably, bone marrow hosts both he-
matopoietic stem cells, which give rise to
circulating white blood cells, red blood
cells, and platelets, and mesenchymal
stem cells, which give rise to bone,
cartilage, and fat.130 Bone marrow he-
matopoietic andmesenchymal stem cells
are found in the circulation, where they
can be recruited to sites of injury and
contribute to tissue repair in ways that
are still incompletely understood in
humans.131e133 In human patients who
received bone marrow transplants,
allowing donor cells to be tracked
through sex chromosomes or human
leukocyte antigen type, early studies
reporting that bone marrow cells differ-
entiated into hepatocytes or other
epithelial tissue types are now mostly
attributed to cell fusion or artifactual
protocols.133 However, bone marrow
fusion to endometrial stromal cells has
been characterized in mice and is rare
compared with bone marrow cells
directly contributing to endometrial cell
fates.134 Although the ability of mesen-
chymal stem cells to transdifferentiate
broadly into cells in other tissue types
remains controversial,135 convincing
evidence from human studies using
single-cell sequencing indicates that
bone marrowederived donor cells
differentiate into mature adipocytes—a
known cell fate for mesenchymal stem
cells.136 Studies in mice and humans
support the idea that bone
marrowederived stem and progenitor
cells also contribute to the reproductive
tract, supplementing the resident stem
and progenitor cells. In both the mouse
merican Journal of Obstetrics & Gynecology 13
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model and in humans, bone
marrowederived cells are incorporated
into the endometrium where they
differentiate into endometrial stromal
cells, epithelial cells, and endothelial
cells.137,138 The vast majority of bone
marrowederived endometrial cells are
stromal cells with epithelial cells differ-
entiating slowly and in smaller numbers.
Other groups have subsequently
confirmed a bone marrow origin for
endothelial cells in the human139 and for
stromal and epithelial cells in
mouse,140,141 establishing a potential
role of bone marrow in endometrial
repair in humans and prompting human
clinical studies aimed at treating endo-
metrial disorders.118 Perhaps because of
the depletion after menstruation, exog-
enous stem cells may be even more
essential in the uterus than in other or-
gans. Furthermore, increased recruit-
ment and engraftment of these cells to
the uterus occur in response to injury
such as hypoxia or inflammation to aid
in repair and regeneration.142

IV. Consequences of stem and progenitor
cell loss. Infection and iatrogenic trauma
can lead to endometrial destruction and
loss of progenitor cells, causing failure to
regenerate lost tissue and resulting in
permanent damage. Multipotent stem
cells circulate to the endometrium and
engraft, contributing to the regeneration
of damaged endometrium and miti-
gating endometrial atrophy, thin endo-
metrium, and Asherman’s
syndrome.143,144 However, these circu-
lating bone marrowederived stem cells
are found in only very limited numbers
in the circulation. In the setting of severe
injury, the number of stem cells may
prove insufficient to repair the damage.
We have shown that augmented
numbers of bone marrow cells in the
circulation can prevent injury to
damaged tissue including the endome-
trium. Transfer of bone marrow cells to
mice after endometrial injury led to
subsequently normal fertility, whereas
those receiving placebo had severe
infertility because of Asherman’s syn-
drome. Several case reports and non-
randomized trials have explored delivery
14 American Journal of Obstetrics & Gynecology
of endometrial stem cells to womenwith
inadequate endometrial development or
Asherman’s syndrome with promising
results for this potential novel ther-
apy.145,146 Understanding normal
menstruation and endometrial repair
may provide insight into several endo-
metrial pathologies.
We also found that the chemokine

CXCL12 attracts bone
marrowederived mesenchymal stem
cells to the endometrium.147 In a
mouse model, we found that the
administration of CXCL12 to the
damaged uterus can mobilize and re-
cruit stem cells from the bone marrow
to the uterus. In a mouse model of
Asherman’s syndrome, intrauterine
administration of CXCL12 led to
restoration of normal fertility.148,149

Similarly, in a mouse model of thin
endometrium, treatment with either
bone marrow supplementation or
CXCL12 administration restores
normal endometrial architecture and
fertility.144 Future therapy for Asher-
man’s syndrome may make use of che-
mokines that mobilize and attract bone
marrow cells without the need for bone
marrow stem cell transplantation.

V. Menstruation and potential role of
endometrial stem cells in endome-
triosis. Although rapid endometrial
regeneration is essential for reproduc-
tion in menstruating species, one of the
adverse consequences of menstruation
and a rapidly regenerating endometrium
is endometriosis. Menstruation allows
for retrograde menstruation and the
possibility of ectopic implantation of
endometrial tissue. Continued men-
strual flow regularly feeds the endome-
triosis and allows for lesion expansion.
Retrograde menstruation of stem cells in
particular contributes to the lesions.150

Furthermore, bone marrow stem cells
contribute to the continued growth of
endometriosis lesions.138,151 Bone
marrowederived stem cells may be
responsible for those rare endometriosis
cases outside of the peritoneal cavity
such as endometriosis occasionally seen
in the lungs or brain. The very processes
designed to regenerate and repair the
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endometrium after menstruation can
lead to disease. Here, the circulating stem
cells can even lead to endometriosis in
areas where endometrial cells cannot
reach even through retrograde
menstruation.

Although retrograde menstruation
is a well-established cause of endome-
triosis, in reality endometrial cell traf-
ficking is common; we have previously
shown that stem cells from endome-
triosis can be found in the circulation
in a mouse endometriosis model.152

Similarly, we have shown that endo-
metrial cells can be identified in very
small numbers in multiple organs not
typically associated with endometriosis
including the brain, lung, spleen, and
liver.153 This vast cell migration may
explain many of the systemic effects of
endometriosis. Women with this dis-
ease are more likely to have depression,
anxiety, autoimmune disease, and a
lower average body mass index.154 The
regenerative ability of endometrium
and use of circulating stem cells may
allow for regeneration after menstru-
ation and enhance fertility; however, it
may predispose menstruating animals
to endometriosis and associated dis-
ease. Endometriosis can be considered
a systemic disease in which widespread
cell trafficking contributes to the
pathophysiology.154

VI. Endometrium, stem cells, and preg-
nancy. Finally, endometrium has an
essential role in the establishment of
pregnancy. Indeed, many complications
throughout pregnancy have their origin
at the time of implantation.155 It is not
surprising that stem cells are an impor-
tant part of endometrial and decidual
function in pregnancy. We recently re-
ported that there is a major flux of bone
marrowederived stem cells to the uterus
in pregnancy.156 These cells differentiate
into endothelial cells and decidual cells
that have a functional role in pregnancy.
In a mouse model of infertility based on
an endometrial receptivity defect,
administration of normal bone marrow
can restore fertility and successful preg-
nancy in otherwise infertile animals.
This leads to the fascinating conclusion
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that some instances of infertility or
pregnancy loss may be caused by inade-
quate bone marrow rather than defects
in reproductive organs or gametes.
Indeed, one can now include the bone
marrow as a key reproductive organ!

VII. Beyond the uterus: menstrual
bloodederived stem cells in the context of
regenerative medicine. The fast, scarless
regenerative power of the endometrium,
along with the relatively easy access to
endometrial stem cells from menstrual
effluent (see section 4), has spurred ef-
forts to use menstrual bloodederived
endometrial stem and progenitor cells
therapeutically for a range of regenera-
tive medicine applications beyond those
in the uterus mentioned previ-
ously.157,158 Endometrial mesenchymal
stem and progenitor cells (MSCs)120,124

share many properties with mesen-
chymal stem cells derived from the bone
marrow, adipose tissue, and other sour-
ces.159 Similar to mesenchymal stem
cells from these other sources, they can
be readily expanded in culture, show
features of differentiation into the ca-
nonical mesenchymal stem cell connec-
tive tissues (bone, cartilage, and fat), and
produce a range of immunomodulating
cytokines, chemokines, and growth fac-
tors.157,159 Reports that mesenchymal
stem cells from endometrium and other
sources can transdifferentiate into a va-
riety of nonconnective tissues, including
liver, pancreatic beta cells, and hepato-
cytes, both in vitro and in animal models
or in studies of human bone marrow
transplant patients, have been attributed
to experimental artifacts, as described
previously and in section 4.

More than 1000 clinical trials
involving human mesenchymal stem
cells or their products are currently listed
on ClinicalTrials.gov as of May, 2020,
with many in advanced phase III stages
of testing. Of these trials, about 400 are
listed as involving autologous cells and
about 300 as involving allogeneic cells
(others do not specify in a searchable
term; they may involve cell products
such as matrix or exosomes). Clinical
applications listed on ClinicalTrials.gov
may broadly be divided into direct, per-
manent regeneration of connective
tissues (bone, cartilage, fat, or related
tissues), where autologous cells are
required, and immunomodulatory ap-
plications that tilt healing toward
regeneration rather than fibrotic repair
through transient action of the thera-
peutic cells. For example, a phase III
clinical trial is underway at the Cleveland
Clinic to treat Crohn’s disease fistulas with
allogeneic bone marrowederived mesen-
chymal stem cells after a successful phase
III trial outside the United States using
adipose-derived mesenchymal stem
cells.160 Similarly, advanced clinical trials
using allogeneic or autologous bone
marrowederived mesenchymal stem cells
to modulate inflammation are underway
for aplastic anemia,161,162 liver,163

lung,164,165 and many other acute or
chronic inflammation pathologies.
Of the mesenchymal stem cell clinical

trials listed on ClinicalTrials.gov, only 2
use menstrual bloodederived cells, both
taking place at Zhejiang University in
Hangzhou, China: 1 for chronic liver
disease166 and 1 for type 1 diabetes.
However, because menstrual
bloodederived mesenchymal stem cells
are an attractive source for autologous
transplant in regeneration of connective
tissues in women,157 especially consid-
ering that connective tissue cells exhibit
strong sex-based phenotypic differences,
several regenerative applications are
advancing through large animal studies.
Particularly promising is the potential
for endometrial mesenchymal stem cells
to repair pelvic organ prolapse by seed-
ing cells onto degradable scaffolds.158

These and other connective tissue ap-
plications are moving toward human
trials. Whether the ease of collection of
human menstrual effluentederived
stem cells, or performance factors of
these cells, will overcome the established
infrastructure that relies on bone
marrow, adipose tissue, and other sour-
ces for regenerative medicine or other
purposes is difficult to predict, but they
are in the running.

VIII. Conclusion. In summary, menstru-
ation in humans requires rapid regen-
eration of endometrium that is
facilitated by stem cells. Stem and pro-
genitor cells in the basalis layer are the
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major source of new endometrium each
cycle. Bone marrow stem cells are
engaged to repair endometrium after
damage and are now known to be
functionally important for pregnancy in
mice.156 Stem cells play a crucial role in
reproduction. With this stem cells flux
comes the possibility of disease related to
aberrant endometrial growth, namely,
endometriosis. Endometriosis is a sys-
temic disease of inappropriate stem cell
differentiation. Menstruation is far more
complex than a simple loss of endome-
trium and regrowth—it requires con-
tributions from stem cells both within
the uterus and bone marrow. Menstru-
ation also predisposes to endometriosis,
which also involves far more than just
the immediate surroundings of the
uterus where most endometriosis settles.

3C. What does fibroid (leiomyoma)
research teach us about endometrial
function?
Elnur Babayev, MD; Serdar E. Bulun,
MD.

I. Pathophysiology of uterine fibroid
(leiomyoma) formation and growth.
Uterine fibroids are extremely com-
mon. More than half of women will
develop uterine fibroids by the age of 50
years.72 Patients present with AUB or
pressure symptoms such as pelvic
discomfort and pain, constipation, or
changes in urinary habits. Submucosal
fibroids are also associated with infer-
tility and early pregnancy loss.167e169

Fibroids are benign uterine tumors
characterized by disordered monoclonal
proliferation of uterine smooth muscle
cells embedded in an abundant extracel-
lular matrix. One proposed mechanism
of fibroid formation involves genetic and
epigenetic changes in multipotent stem
cells in the myometrium that lead to
abnormal proliferation and differentia-
tion. Physiological fluctuations in sex
steroid levels with subsequent growth and
involution of myometrial cells during the
menstrual cycle make these stem cells
vulnerable to mutations or epigenetic
changes and fibroid formation. The ge-
netic, epigenetic, molecular, and para-
crine mechanisms underlying fibroid
pathophysiology are highly diverse,
merican Journal of Obstetrics & Gynecology 15
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which explains the observed variations in
individual tumors’ clinical behavior
(growing, stable, or regressing) and
response to medications.167,168

Fibroid growth is hormone depen-
dent, and the sex steroids estrogen and
progesterone are important regulators of
fibroid growth. Most fibroids decrease in
size after menopause, whereas preg-
nancy can lead to an increase in the size
of fibroids. Both systemic and local es-
trogen can stimulate fibroid growth, but
local estrogen production through aro-
matase activity in fibroid tissue seems to
play an important role in fibroid
pathophysiology.170e172 Estrogen in-
duces progesterone receptor expression
and progesterone responsiveness of the
tumor. Progesterone has been shown to
be essential for fibroid growth in animal
studies.173 Progesterone may regulate
fibroid growth indirectly through its
action on differentiated smooth muscle
cells, which in turn secrete paracrine
molecules that stimulate proliferation of
multipotent stem cells.174,175

II. The role of vasoactive substances and
inflammatory molecules in the pathogen-
esis of abnormal uterine bleeding second-
ary to fibroids. Fibroids may interfere
with normal endometrial function. In
fact, heavy menstrual or irregular
bleeding is the most common clinical
presentation of fibroids and can affect
the physical, social, and emotional well-
being of women. The degree of endo-
metrial dysfunction seems to be related
to the size and location of the fibroids.
Submucosal fibroids located immedi-
ately beneath the endometrium aremore
likely to disrupt endometrial integrity
and cause AUB. Subserosal fibroids are
less likely to do so. Intramural fibroids
represent an intermediate pathology,
although large intramural fibroids that
distort the endometrial cavity will likely
lead to abnormal menstruation.168,169

Dissecting the mechanisms of interac-
tion between fibroids and endometrium
can help us understand menstrual
biology andmay lead to the development
of novel therapeutic modalities for AUB.

Fibroids are space-occupying lesions
that, depending on their size, can place
significant mechanical stress on uterine
16 American Journal of Obstetrics & Gynecology
architecture. Fibroids can increase the
amount of bleeding by simply increasing
the surface area of the endometrium. In
addition, changes in cell shape and
stretch can affect gene expression in the
myometrium and endometrium.176e178

Large intramural and submucosal fi-
broids may interfere with the myo-
metrial contractions that occur during
menstruation. These contractions help
to evacuate menstruation material from
the uterus and decrease blood loss from
endometrial vessels under physiological
conditions; thus, even a small submu-
cosal fibroid can lead to a significant
blood loss in these patients.167

Endothelin 1 (ET-1) is a vasocon-
strictor that affects spiral arterioles in the
endometrium53 and plays an important
role in myometrial contractility.179

Altered expression levels of ET-1 and
endothelin receptors (ETA-R and ETB-R)
in uterine fibroids may interfere with the
normal physiological function of the
myometrium during menstruation. Fi-
broids have higher levels of ETA-R and
lower levels of ETB-R than normal
myometrium.180,181 Thus, it may be
envisioned that altered endothelin
biology induced by a uterine fibroid may
affect the vascular function of the adja-
cent endometrium, giving rise to its
irregular development or shedding.
Menstruating endometrium is rich in

cytokines and prostaglandins. How this
inflammatory milieu affects fibroids and
vice versa is an active area of investiga-
tion. The composition of inflammatory
cells is different in areas of the endo-
metrium that overlay fibroids compared
with distant sites. Perifibroid endome-
trium has increased numbers of macro-
phages in all phases of menstrual cycle;
however, the number of uterine natural
killer (uNK) cells is decreased in the
secretory phase.182 Prostaglandin F2a
levels are increased in fibroid uteri,
which may explain the disordered
contractility and increased blood loss
observed in these patients. Moreover,
prostaglandin E2 (PGE2), which is pro-
duced in the normal menstruating
uterus, affects leiomyoma (fibroid) cells.
Normal myometrial cells do not show
any changes in gene expression in
response to PGE2, whereas leiomyoma
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(fibroid) cells demonstrate increased
expression of antiapoptotic micro-
RNAs.183 Celecoxib, a cyclooxygenase 2
inhibitor, reduces the proliferation rate
of leiomyomas (fibroids) through a nu-
clear factor kBemediated decrease in
expression of cytokines and growth fac-
tors.184 Our understanding of the role of
prostaglandins in fibroid pathogenesis
may lead to new therapeutic approaches.
Gene expression analysis of endometrial
biopsies fromwomenwithHMBhas also
indicated differential expression of an-
tigen processing pathway genes in
women with and without fibroids.185

Thus, specific molecular pathways
might be responsible for abnormal
bleeding associated with fibroids.

III. Growth factors as primary mediators
of endometrial dysfunction in fibroid ute-
ri. Fibroid uteri demonstrate rich
vascularity and increased venous
plexus.168,169 There also seems to be
defective vasoconstriction as evidenced
by dilated venous spaces and vaso-
congestion. Increased angiogenesis is
also apparent in patients with fi-
broids,181,186 with altered expression of
angiogenic growth factors and their re-
ceptors. Variations in the number and
type of inflammatory cells, which pro-
duce angiogenic factors, in the endo-
metrium of fibroid uteri may contribute
to the differences in the expression of
these factors. Moreover, angiogenic
genes are differentially expressed in fi-
broids, myometrium immediately adja-
cent to fibroids, and distant
myometrium.168 Fibroids express
increased levels of the important angio-
genic molecule basic fibroblast growth
factor (bFGF) and endometrium asso-
ciated with fibroids demonstrates
increased expression of the bFGF re-
ceptor, bFGF receptor 1 (FGFR1).186

Increased activity of bFGF through its
receptor represents a possible patho-
physiological mechanism underlying
increased angiogenesis in fibroids, which
may ultimately contribute to HMB.

A paracrine interaction between fi-
broids and the endometrium exists that
is not just localized to the endometrium
overlying the fibroid; this interaction has
global effects on endometrial
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function.187 For example, the Wnt/b-
catenin pathway plays an important role
in fibroid growth. Activation of this
pathway leads to increased expression of
transforming growth factor b3 (TGF-
b3), and fibroids demonstrate increased
expression of TGF-b3 compared with
normal myometrium. TGF-b3 stimu-
lates smooth muscle cell proliferation
and fibronectin expression.188Moreover,
TGF-b3 affects endometrial receptivity
and decidualization by altering the
expression of bone morphogenetic pro-
tein 2 receptors.189 This effect is likely
secondary to the decreased expression of
homeobox A10 (HOXA10). Removal of
intramural, but not submucosal, fibroids
seems to reverse the changes observed in
HOXA10 levels.190,191 Interestingly,
endometrium obtained from patients
with fibroids demonstrates decreased
levels of PAI-1 and thrombomodulin.
Endometrial stromal cells exposed to
TGF-b3 in vitro show decreased levels of
PAI-1, antithrombin III, and thrombo-
modulin.74 These experiments suggest
that fibroids affect menstruation by
altering homeostasis in the endome-
trium. Changes in clotting factor levels
may tip the balance toward anti-
coagulation, which may at least partially
account for the increased bleeding seen
in patients with fibroids.

Taken together, fibroids seem to cause
abnormal menstruation by interfering
with myometrial contractility, paracrine
signaling (growth factors, prostaglan-
dins, endothelin, angiogenic factors),
and hemostatic regulation (alteration in
the expression of clotting factors) in the
endometrium. Understanding the
mechanisms of AUB secondary to fi-
broids will shed light on these endome-
trial functions in normal menstruation
physiology and may lead to the devel-
opment of new therapeutics for women
with fibroids.

3D. Microbiome of the endometrium
Inmaculada Moreno, PhD; Iolanda
Garcia-Grau, MS; Carlos Simon, MD,
PhD.

I. Introduction. Humans have always
lived in a microorganism-colonized
world, in which microbes, especially
bacteria, exist in clear symbiosis with
humans. The concept of a human
microbiota refers to the sum of micro-
organisms that inhabit the human body,
and the number of commensal microbes
is estimated to be the same as the num-
ber of human cells.192 Human physi-
ology is influenced by the presence of
such microorganisms through the
expression of microbial genes (of which
there are several million in total in
contrast to only 23,000 human genes).193

Thus, the human microbiome is
considered our second genome and in-
teracts with the host genome creating
what is called a hologenome defining a
whole complex organism and contrib-
uting to genetic diversity.194 The balance
between host and bacterial cells has been
shaped through evolution, and the
microbiota in each body niche has adapted
in response to intrinsic (eg, host genetics)
and extrinsic or environmental factors (eg,
diet). This individual microbiota consti-
tutes a critical component of immunity,
and thus, colonization by different bacteria
may turn this mutualistic or commensal
interaction into a parasitic relationship,
predisposing the host to pathologic
conditions with variable severity of
symptoms.

II. Role of the microbiota in human health
and disease. The first evidence that mi-
crobes contribute to health and disease
comes from the 17th century when it was
shown that bacteria from different body
niches in the same individual are
different, and there are different bacte-
rial communities in the same body site in
healthy vs diseased subjects.195 It is now
apparent that microorganisms, specif-
ically bacteria, exert functional roles
in our body and communicate with
host cells by influencing metabolic
function, training of the host immune
system, and modulating drug in-
teractions.196 It is also known from
studies in mice and humans that the
profile of microorganisms inhabiting an
individual early in life contributes to
postnatal development and adulthood
by influencing metabolism, respiratory
function, bone growth, and
immunomodulation.197e200 Several
studies have revealed that the gut
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microbiota also affects neuro-
development, thereby affecting an in-
dividual’s behavior and cognition and
susceptibility to mental disorders
through the gut-brain axis.201,202 More
recently, the gut microbiome has been
linked to the secretion of circulating es-
trogens, leading to the estrobolome
concept (Figure 7). Because estrogens are
implicated in numerous biological pro-
cesses, disequilibrium of the microbiota
may subsequently contribute to a large
variety of estrogen-modulated condi-
tions, including metabolic disorders (eg,
metabolic syndrome, obesity), alter-
ations of female reproductive function,
and diseases in women (eg, polycystic
ovary syndrome, endometriosis, endo-
metrial hyperplasia).203

III. The existence of an endometrial
microbiota.Molecular detection of bac-
terial communities through 16S rRNA
gene sequencing has shown that the
human microbiota is related to human
health and welfare, as symbiotic micro-
organisms colonize every human organ,
including the reproductive tissues.204 In
adult women, the vaginal microbiota
contributes to 9% of the total bacterial
load and is characterized by a high sta-
bility with low richness and diversity
indexes.205,206

Highly sensitive detection techniques,
for example, the latest sequencing tech-
nology applied to microbiology, permit
the study of microbial communities at
the molecular level, providing ecological
information about the microbiota of low
biomass samples that have traditionally
been considered sterile owing to the in-
efficiency of culture-dependent methods
for isolating some types of bacteria un-
der standard laboratory conditions.207 It
must be noted that low biomass samples
are susceptible to being masked by
background bacterial DNA contained in
laboratory reagents and equipment.208

For this reason, the analysis of such
samples requires extra caution during
handling and manipulation and the
simultaneous analysis of blank controls
for monitoring potential contamina-
tion.209 The endometrial microbiota is
considered a low biomass microbiota
because the total amount of bacteria
merican Journal of Obstetrics & Gynecology 17
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FIGURE 7
The estrobolome plays a central role in health and disease through the gut microbiota-estrogen axis

Dysbiosis of gut microbiota may induce systemic inflammation and interferes with estrogen metabolism and receptor activation in estrogen-regulated

organs, influencing neurocognition, metabolism, and the onset of gynecologic diseases and infertility.

Reprinted from Baker et al.203
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colonizing the uterine cavity is 102 to 104

times lower than the total bacterial load
in the vagina.210,211

The microbiota of the upper repro-
ductive tract was identified by studies
applying molecular techniques, such as
quantitative polymerase chain reaction
or parallel sequencing, to endometrial,
fallopian, and peritoneal samples (re-
view by Koedooder et al, 2019).212
18 American Journal of Obstetrics & Gynecology
Recently, the existence of a microbiota
continuum throughout the reproductive
tract has also been described. Lactoba-
cillus spp. are the most frequently iden-
tified bacteria in the lower reproductive
tract of asymptomatic reproductive-age
women, but the abundance and struc-
ture of the microbiota change progres-
sively toward the upper tract.211 To date,
several studies have analyzed the
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composition of the endometrial micro-
biome of reproductive-age women using
culture-independent methods.
Comparative studies have reported that
the endometrial and vaginal microbiota
are similar but not identical in every
woman.210,213,214 Routes of endometrial
seeding have been proposed,212 with the
most likely route being the ascent of
bacteria from the vagina, as supported by
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the resemblance of the microbiota in
consecutive spatial niches and the iden-
tification of Gardnerella vaginalis bio-
films in the endometrial walls of women
with bacterial vaginosis (BV).215 Most
studies analyzing the endometrial
microbiota agree on reporting Lactoba-
cillus as the most common bacteria
detected in studies using culture-
independent techniques, whereas other
genera, from the Bifidobacteriaceae,
Comamonadaceae, and Streptococcaceae
families, are also commonly found in the
uterine cavity of healthy and fertile
women.211e213,216e220 However, a
recently published paper shows that
although 60% of the analyzed endome-
trial samples present a detectable micro-
biota compared with background
controls and different from that in the
vagina, rectum, and oral cavity, Lactoba-
cillus was rarely abundant in this type of
sample.221 Because each study used
different designs, types of samples, and
sequencing platforms, defining the core
endometrial microbiota is challenging;
no consensus has been reached so far
regarding the molecular signature of the
uterine cavity. In addition to the investi-
gation of the core endometrialmicrobiota
under physiological conditions, the role
of endometrial microbiota in the origin
and maintenance of several gynecologic
diseases, including pelvic inflammatory
disease, endometriosis, and cancer, is
currently under study.211,222e225

IV. The impact of the endometrial micro-
biome on reproductive health outcomes,
fertility, and pregnancy. Fertility prob-
lems can be related to microbial imbal-
ance in the reproductive tract. The
cervicovaginal microbiota of infertile
women is more diverse and has lower
levels of Lactobacilli (specifically Lacto-
bacillus iners) and higher levels of BV-
associated bacteria (Atopobium vaginae,
G vaginalis, Ureaplasma spp., Lepto-
trichia, Sneathia) than the microbiota of
fertile women.226e230 Moreover, the
abundance of Lactobacillus spp. in
vaginal and endometrial samples of
infertile patients undergoing assisted
reproductive technology (ART) is
significantly lower than that in samples
from fertile volunteers.217
Pregnancy success is affected by the
endometrial microbiota as indicated by
conventional culture techniques
showing that isolation of bacterial
pathogens from the tip of catheters used
for embryo transfers associates with
poor reproductive outcomes,231e235 but
the effect of bacteria on human repro-
duction is not restricted to the uterine
cavity. Microbial culture of ovarian and
follicular fluid showed that isolation of
dysbiotic bacteria correlates with higher
embryo discard rates and adverse ART
success after in vitro fertilization (IVF),
whereas isolation of Lactobacillus spp.
associates with better pregnancy
outcomes.236

Our research group has used 16S rRNA
sequencing to prospectively investigate
the microbiota of endometrial fluid
samples collected from patients under-
going IVF with repeated implantation
failure in relation to their clinical results
after embryo transfer.213 Lactobacilluswas
more abundant in patients with success-
ful pregnancy compared with those with
cycle failure. Interestingly, high Lactoba-
cillus abundance in endometrial samples
was a significant variable for predicting
the reproductive success of the patients.
In contrast, low abundance of Lactobacilli
together with specific pathogens was
associated with poor reproductive out-
comes resulting in implantation failure,
biochemical pregnancy, or clinical
miscarriage.213

In addition, as an incidental finding,
we were able to compare, at the tax-
onomical and functional level, the hu-
man endometrial microbiota present in
a successful fourth-week pregnancy to
that of a previous eighth-week sponta-
neous clinical miscarriage in the same
patient with euploid embryos. Bacterial
diversity was lower and Lactobacillus
abundance higher (L iners was the only
bacterium found) during the healthy
pregnancy.237 These novel observations
may profoundly affect our understand-
ing and possible clinical translation of
the microbiome in relation to healthy or
pathologic human pregnancy.

V. Reproductive tract microbiome before,
during, and after reproductive age.Un-
derstanding endometrial microbiota
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fluctuations during the life cycle and in
response to different stimuli will help to
anticipate dysbiotic shifts from the
Lactobacillus-dominated physiological
state and will allow the design of novel
interventional strategies to restore the
endometrial microbial profile. However,
because sampling the endometrium is
invasive, longitudinal studies have not
yet been published describing the sta-
bility of the endometrial microbiota in
the life cycle of healthy, diseased, and
infertile subjects. In contrast, the mi-
crobial profile of the vagina, which is
easily sampled, has been temporally
analyzed. Estrogen levels are the most
critical variable driving vaginal micro-
biota changes occurring over a life span.
Estrogen modulates the availability of
glycogen in the vaginal epithelium and
the subsequent growth of Lactobacilli
(Figure 8).238 Because Lactobacillus spp.
produce lactic acid, the dominance of the
vaginal niche by Lactobacilli entails the
acidification of the niche (where Lacto-
bacillus have a growth advantage),
creating a hostile environment that im-
pedes the growth of pathogens.

In children, the vaginal microbiota is
mainly colonized by common aerobic
bacteria (ie, Enterobacteria, Strepto-
coccus, Staphylococcus) and other gram-
positive (ie, Actinomyces, Peptos-
treptococcus) and gram-negative (ie,
Veillonella, Bacteroides) anaerobes.
Interestingly, Lactobacillus, G vaginalis,
and Prevotella bivia, some of the most
representative reproductive tract bacte-
ria in adults, are absent from the vagina
during this period.239,240 Then, coin-
ciding with the estrogen rise at the onset
of puberty, the bacterial profile is
reshaped to resemble that of adult
women, with increased abundance of
Lactobacillus detected in premenarcheal
adolescents. After menarche, the vaginal
microbiota is definitively stabilized and
obtains the reproductive-age microbiota
profile with dominance of Lactobacillus
clusters in the majority of studied sub-
jects. Interestingly, G vaginalis levels also
rise during puberty in some subjects
even before their first sexual contact.241

The vaginal microbiome of healthy
women can be classified in different
community state types (CSTs) based on
merican Journal of Obstetrics & Gynecology 19
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FIGURE 8
The vaginal microbiome during the life cycle

Bacterial populations inhabiting the vagina change in response to estrogen levels, modulating glycogen availability in the vaginal epithelium and

subsequently the growth of bacteria based on the physicochemical features of the niche at each phase of the lifecycle.

Reprinted from Muhleisen et al.254

Mod, moderate.
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the structure of bacteria identified. Four
CSTs are characterized by the dominance
of Lactobacillus spp., namely, Lactoba-
cillus crispatus (CST I), Lactobacillus
gasseri (CST II), L iners (CST III), and
Lactobacillus jensenii (CST V). These 4
clusters associate with vaginal health,
whereas a non-Lactobacilli microbiota
abundant in reproductive tract patho-
gens, such as G vaginalis, A vaginae,
Dialister, Megasphaera, Prevotella, and
Sneathia, is classified as CST IV and as-
sociates with BV.242

Colonization and maintenance of mi-
crobial populations in the vagina of
20 American Journal of Obstetrics & Gynecology
premenopausal women may be affected
by many factors (eg, age, hormonal
milieu, hygiene, menstruation, use of
contraceptives, sexual activity, ethnicity),
leading to potential CST shifts over short
periods of time or even within 1 men-
strual cycle.242e244 During pregnancy, the
richness and diversity of the vaginal
microbiota tend to decrease, accompa-
nied by increased Lactobacillus, which is
consistent with higher levels of
estrogens.245e248 However, dominance of
vaginal microbiota by G vaginalis, Ure-
aplasma, Prevotella, or other pathogenic
taxa during pregnancy associates with
MONTH 2020
complications, mainly preterm
birth.249e251 After delivery, vaginal bacte-
rial diversity increases and may generally
shift toCST IV for up to 1 year postpartum
even for women with high Lactobacillus
abundance during pregnancy.248

During menopause, estrogen levels
drop, and Lactobacillus spp. levels fall to
become 10- to 100-fold less than in
premenopausal women. This occurs
with a concomitant increase in Pre-
votella, Gardnerella, Atopobium, Ure-
aplasma, and anaerobic bacteria
belonging to CST IV. Interestingly,
postmenopausal women receiving
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hormone replacement therapy have
levels of Lactobacillus similar to those
observed before the menopause.252e254

VI. Influence of menstruation on the
reproductive tract microbiota.Hormonal
changes within the menstrual cycle are
proposed major regulators of the
reproductive tract microbiota. During
the menstrual cycle, circulating estro-
gens and progesterone positively corre-
late with community constancy, whereas
during menses, the microbiota is more
prone to bacterial changes.243 There are
different community trends during the
menstrual cycle with some communities
remaining stable across the whole cycle,
whereas others experience CST shifts in
response to menses243 and shift back
after menstruation. A stable pattern is
observed in some women colonized by L
crispatus,255 whereas the majority of
women undergo microbial population
changes with menses, entailing transi-
tions from microbiota dominated by
Lactobacillus to microbiota with L iners,
G vaginalis, gram-positive cocci, or other
dysbiotic bacteria.256,257

L iners and G vaginalis levels may rise
in the vagina during menses because of
their capacity to grow under adverse
conditions. For example, G vaginalis
cannot grow in iron-limiting conditions
but is able to secrete vaginolysin to lyse
host cells (ie, erythrocytes) to gather
iron. In addition, some Lactobacillus
strains have protective mechanisms
enabling them to grow in the presence of
iron. For example, L crispatus encodes an
iron transport system. Similarly, L iners
synthesizes a unique ironesulfur protein
cluster that confers the ability to
sequester iron from menstrual blood,
providing L iners with an advantage over
L gasseri and L jensenii, within the vaginal
niche during menses.255,258,259

At the functional level, fluctuations of
the cervicovaginal microbiota have been
associated with innate immunity, HIV
acquisition, inflammatory status, and
epithelial barrier function.260 For
example, women with G vaginalis
showed a sharper decrease of the
epithelial barrier protein repetin from
the ovulatory to the luteal phase than
women with a Lactobacillus-dominated
microbiota.260 However, no studies have
identified yet the relevance of the
microbiota for menstrual function or
ascertained if the observed changes are
driven by the cycling sex hormone levels,
the microbiota profile, other causing
agents, or a combination. To shed some
light on the role of bacterial taxa on
menstruation, a recent study has char-
acterized the endometrial and cervical
microbiota of women with AUB at
different phases of the menstrual cy-
cle.261 This study has revealed significant
differences in the endometrial micro-
biota between women presenting with
HMB and dysmenorrhea. Although the
endometrial samples of women with
dysmenorrhea presented an increased
abundance of Acinetobacter spp., facul-
tative anaerobic genera were increased in
endometrial samples of patients with
dysmenorrhea, suggesting a potential
contribution of microbial communities
to these menstrual symptoms, although
the cause-consequence analysis has yet
to be undertaken.261

VII. Mechanisms for bacterial-host inter-
action.How bacterial cells communicate
with their hosts is still under investiga-
tion, but several mechanisms have been
proposed. Bacteria can synthesize small
molecules (eg, short-chain fatty acids,
proteins, oligosaccharides, vitamins,
short noncoding RNAs, neurotransmit-
ters) that may interact with host cells in
several ways, including regulation of the
physicochemical conditions of a niche,
epigenetic regulation through proteins
interacting with the host transcriptional
machinery, or binding to host receptors
(see reviews207,262,263) (Figure 9). Of
note, amines produced by gut bacteria
can, owing to their chemical and struc-
tural similarity to human endogenous
ligands, effectively bind G
proteinecoupled receptors (GPCRs),
indicating how microbial metabolites
might regulate host functions.264 GPCRs
comprise the largest family of receptors
in humans and are responsible for a wide
variety of intracellular processes in
response to extracellular signals mainly
mediated by hormones, neurotransmit-
ters, or other stimuli. During reproduc-
tion, GPCRs are responsible for
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responding to neuropeptides and essen-
tial hormones, such as gonadotropin-
releasing hormone (GnRH), luteinizing
hormone, follicle-stimulating hormone,
prostanoids, and others, in the
hypothalamus-pituitary-gonadal axis.265

This type of host-microbial interaction is
of outstanding relevance in pathologic
processes because GPCRs are pharma-
cologic targets of 35% of approved drugs,
and the composition of the microbiota
and its derived products could interfere
with drug efficacy. Conversely, up to 25%
of nonantibiotic pharmaceutical drugs
designed to target human cells, including
antidiabetics, antidepressants, antipsy-
chotics, and some anti-inflammatory
drugs, present antimicrobial activity or
alter the composition of the indigenous
microbiota, leading to potential side effects
and increasing resistance to antibiotics.202

VIII. Conclusion. The reproductive tract
microbiome is currently considered a
pivotal player inwomen’s health. Further
investigation of the underlying mecha-
nisms of host-bacterial interactions is
needed to better understand both phys-
iological and pathologic conditions.
Translational implementation of this
knowledge might allow us to shape the
microbiome to promote global health
using alternative methods and thereby
avoid antibiotic abuse.

4. Menstruation as an Investigative
Tool and Diagnostic Resource
Christine N. Metz, PhD; Ridhi Tariyal,
MBA, SM; Ji-Yong Julie Kim, PhD;
Aoife Kilcoyne, MBBCh, BAO; Peter K.
Gregersen, MD

I. Introduction
The process of menstruation produces a
natural tissue biopsy that is arguably
underappreciated as a potential source of
rich information on the health status of
the endometrium. Growing awareness
among patient populations about men-
strual disorders and the advances in
mHealth apps, data science, and the
ever-decreasing costs of sequencing are
driving new opportunities to charac-
terize normal and pathologic menstrual
functions. Interest in the endometrium
as a model of fast, scarless healing for a
merican Journal of Obstetrics & Gynecology 21
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FIGURE 9
Potential mechanisms of interaction between endometrial cells and the uterine microbiome

Reprinted from Baker et al.207

AMP, adenosine monophosphate; ROS, reactive oxygen species; SCFA, short-chain fatty acid; TLR, toll-like receptor.
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variety of regenerative medicine appli-
cations further motivates the study of
both normal and pathologic menstrual
shedding and regeneration, using both
analysis of shed menses and tissue engi-
neering approaches to capture complex
interactions among epithelia, stromal,
immune, and other cell types present in
the uterus. Complementing these ap-
proaches, insight into the behaviors of
the endometrium in the context of the
uterus in health and disease is achieved
with recent advances in imaging
technologies.
22 American Journal of Obstetrics & Gynecology
II. Using menstrual effluent to aid
diagnosis of menstruation-associated
conditions
Menstrual discharge contains shed
endometrium, comprising endometrial
epithelial cells, stromal cells, endothelial
cells, and other nonimmune and im-
mune cells together with microbial spe-
cies present in the uterus (see section 3D
on the microbiome) and vaginal tract
along with a vast array of proteins, RNA,
DNA, and metabolites. It is distinctly
different from peripheral blood, and its
composition aligns closely with that of
the endometrium.266 Because it is
MONTH 2020
considered a waste product discharged
from the body, the term “menstrual
effluent” has been used by some in-
vestigators (in 41 papers on PubMed as
of January 2020), whereas others refer to
the discharge as menses or menstrual
blood.

Menstrual effluent offers many ad-
vantages for investigating uterine health
compared with endometrial or uterine
tissues collected through surgical bi-
opsies, including noninvasive collection
methods, relatively large sample vol-
umes, and opportunities for repeat col-
lections (within and across cycles).
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Although these advantages have been
recognized since menstrual cups first
became clinically available in the
1950s,267,268 menstrual effluent remains
surprisingly understudied, and until
recently, only a few sporadic attempts in
small-scale studies have been made to
relate properties of the menstrual
effluent to disease states or to use it for
disease diagnostics.269e280 Biochemi-
cally, in healthy women, menstrual
blood has been shown to have compa-
rable concentrations of steroid hor-
mones but higher prolactin levels when
compared with peripheral blood,269 and
proteomics analysis has revealed more
than 300 different proteins in menstrual
blood compared with peripheral
blood,275 including scores of proteins
and molecules involved in wound heal-
ing and regeneration.277 Small-scale in-
vestigations of platelets and coagulation
proteins in menstrual blood compared
with peripheral or uterine vein blood
have thus far given little insight into
potential causes of HMB but revealed
that menstrual blood platelets were
largely degranulated.270,271 At the
cellular level, in healthy women, small
studies showed that the NK cell reper-
toire in menstrual blood is stable over
many menstrual cycles and different
from peripheral blood,276 and menstrual
blood has relatively fewer CD16þ

monocytes and more NKT cells
compared with peripheral blood.266,279

Extending the immune cell analysis to
disease states, a small (38 patients) study
reported alterations in immune cell
populations in the menstrual blood of
women with fertility disorders.280 Viable
shed endometrial tissue collected from
menstrual cups has also been studied to
investigate the role of matrix metal-
loproteinases in endometriosis, although
again the studies were pilot in
nature.272e274

Several current forces support using
menstrual effluent for diagnostics.
Women are more comfortable with
various forms of hygiene products,
including menstrual cups, which are
becoming more mainstream for man-
aging menstruation, potentially allowing
for more reproducible collections. At the
same time, women are gravitating
toward consumer health and digital
recruitment platforms, creating new
opportunities for research and diag-
nostic development.281,282 Greater
awareness of menstrual disorders and
gynecologic diseases is promoted by
widespread reporting of personal
suffering by celebrities, along with an
explosion of social media platforms
engaging patients, thus priming women
and adolescents to seek answers for
debilitating gynecology problems.
Finally, the growing awareness of the
shortcomings of blood-based bio-
markers in the diagnosis of complex,
chronic diseases is driving increased in-
terest in proximal tissueebased
approaches.283

Endometriosis affects 6% to 10% of
reproductive-age women and is esti-
mated to cost more than $20 billion per
year in the United States.284e287 Endo-
metriosis offers a particularly compel-
ling case for development of minimally
invasive menstrual effluentebased di-
agnostics. Endometriosis is character-
ized by lesions of endometrial-like
glands and stromal cells growing
outside of the uterus, which are often
associated with debilitating pain and
infertility.284,285,288 Although several
theories for its etiology involve devel-
opmental origins,289,290 Sampson’s
theory of reflux menstruation into the
peritoneal cavity remains a plausible
explanation in light of the clinical pre-
sentation observed in most cases of
endometriosis.
Numerous factors likely contribute to

a diagnostic delay for endometriosis of
up to 7 to 10 years.291e293 Some women
and adolescents experience vague
symptoms that overlap with other
conditions, whereas other women and
adolescents have few or no symptoms
and are not diagnosed until they present
with infertility. In addition, women
often experience minimization or
dismissal of pain symptoms, more
frequent misdiagnoses related to pain,
and gender-related disparities in the
treatment of pain when compared with
men.294,295 Although standard mag-
netic resonance imaging (MRI) or ul-
trasound imaging can suggest the
presence of endometriomas and a
MONTH 2020 A
limited number of lesions in other lo-
cations, most patients display no
detectable lesions on imaging, thus
motivating more invasive investigation
of symptoms The definitive diagnosis of
endometriosis requires invasive surgery,
a procedure many women and adoles-
cents delay, avoid, or cannot afford.
None of the peripheral blood bio-
markers proposed for diagnosing
endometriosis exhibit the accuracy
required for clinical use.296

Menstrual effluent also offers a
particularly attractive noninvasive diag-
nostic for endometriosis because
numerous differences between the
eutopic endometrium in women with
endometriosis compared with unaf-
fected women have already been cata-
loged at the cellular and molecular level
based on analysis of biopsies.297e299

These characteristics prompted the
launch of a large-scale study to use cells
in menstrual effluent as a minimally
invasive diagnostic for endometriosis. To
date, more than 500 women, with and
without endometriosis, have been
recruited and enrolled through Research
OutSmarts Endometriosis (ROSE;
https://feinstein.northwell.edu/institutes-
researchers/institute-molecular-medicine/
robert-s-boas-center-for-genomics-and-
human-genetics/rose-research-outsmarts-
endometriosis) and the Genotype and
Phenotype Registry,300 respectively.
Women consented to provide samples of
menstrual effluent and access to their
medical records (including the pathol-
ogy reports documenting their diag-
nosis) and completed health or lifestyle
questionnaires. In early studies, women
provided menstrual effluent samples
using a reusable menstrual cup (pro-
vided by Diva International). Once
menstrual effluent collections and pro-
cessing methods were standardized, the
cellular composition of menstrual effluent
cells was profiled and the menstrual
effluentederived stromal fibroblast cells
were characterized to develop a noninva-
sive diagnostic for endometriosis.301

As found in previous studies, the
menstrual effluent in the ROSE study
was observed to be a complex, hetero-
geneous mixture of numerous cell pop-
ulations, with a predominance of
merican Journal of Obstetrics & Gynecology 23
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hematopoietic and immune
cells.266,279,301 Although the sample size
in the initial published study is relatively
small (n¼14 controls and 6e8 endo-
metriosis subjects), menstrual effluent
samples from endometriosis subjects
were characterized by lower numbers of
uNK cells when compared with healthy
control subjects.301 Within the men-
strual effluent, stromal cells (comprising
<1% of cells) show numerous pheno-
typic and functional differences between
controls and patients with endometri-
osis,301 similar to those previously
described for stromal cells isolated from
endometrial biopsies.297,302e304 Addi-
tional results from examining the genetic
and functional characteristics of men-
strual bloodederived stromal cells sup-
port a dysregulated retinoic acid pathway
associated with endometriosis vs
controls.301

One of the major barriers of this study
was the inability to reliably collect
menstrual effluent from women with
pelvic pain using the menstrual cup. In
response to this challenge, a novel diag-
nostic menstrual collection sponge is
being developed for external use.
Although this external collection sponge
is still in development to maximize cell
yield and collection of noncellular con-
tent, the early experience has consider-
ably simplified menstrual effluent
collections from all populations,
including adolescents. Ongoing studies
are focusing on (1) refining assay
methods to quickly and noninvasively
diagnose endometriosis with reasonable
sensitivity and specificity, (2) imple-
menting a prospective study of women
who provide menstrual effluent samples
before diagnostic surgery and then sub-
sequently undergo laparoscopic surgery
to definitively diagnose endometriosis as
validation of the predictive power of this
diagnostic test, and (3) enrolling ado-
lescents (>9 years old) with symptoms
of endometriosis because this patient
group may greatly benefit from an early
diagnostic. If large enough samples sizes
are evaluated, results may identify diag-
nostic phenotypes or stratify endome-
triosis subtypes for treatment. Repeated
sampling of menstrual effluent may
allow treatment responses to be assessed,
24 American Journal of Obstetrics & Gynecology
if correlates with treatment response can
be identified.
Collection and analysis of live cells in

menstrual effluent offer potential for
discrimination of patient subgroups
based on the analysis of cell identities
and phenotype responses to various
stimulations ex vivo that promote
decidualization, proliferation, or pro-
gesterone responsiveness that can
potentially provide insight into patient
responses to therapies. However, cell
isolation, characterization, and culture
are a resource-intensive approach,
similar to that employed for amniocen-
tesis or chronic villus sampling. This
method is feasible for research studies
but may be challenging to translate into
routine clinical practice. By contrast,
stabilization of the molecular constitu-
ents in menstrual effluent to allow
sample storage and batch processing
offers the possibility of lower-cost, high-
information content data regarding cell
types present through highly standard-
ized sequencing approaches. Genomic
sequencing data on well-controlled pa-
tient populations are rapidly becoming
available not only for the microbiome
(see section 3D) but also at single-cell
resolution of the endometrium charac-
terization for better disease
genotyping.305,306

To both take advantage of and
contribute to the increasing availability
of genomics data focus on the endome-
trial microenvironment, the company
NextGen Jane developed a Smart
Tampon system to provide facile access
to menstrual effluent for diagnostic
assessment of women’s reproductive
health using granular genomic analysis
and bioinformatic deconvolution. The
Smart Tampon may also be used on
nonbleeding days for sampling the
vaginal tract, allowing for a natural
enrichment of the various cell types
found in the reproductive tract,
depending on day of cycle (ovarian and
fallopian tube cells, cervical or endo-
metrial cells, and vaginal microbiome).
NextGen Jane studies found that

transcriptional analysis of menstrual
fluid has specific genomic characteristics
that are unique from cervicovaginal and
venous blood samples. Analysis of
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menstrual fluid has shown that the
genomic profile of menstrual blood
varies greatly by day of cycle, with nearly
800 genes that are differentially
expressed in menstrual blood on heavy
flow day (day 2) compared with venous
blood. Day 1 of the menstrual cycle
shows little variability to venous blood,
compared with day 2 where the greatest
differential expression may be observed.
In the future, it is hoped that the optimal
Smart Tampon will allow analysis of the
genetics, epigenetics, microbiome, and
transcriptome at scale. Methylation
sequencing, transcriptomics, small RNA
sequencing, microbiome analysis, and
exome sequencing can produce up to 35
gigabytes of data. This platform has the
potential to help fulfill the promise of
machine learning and precision medi-
cine for malignant and nonmalignant
conditions in women’s health.

Finally, analysis of menstrual effluent
at either cell or genomic levels offers
potential to improve clinical therapies by
pointing to new mechanisms that might
stratify patients into subgroups for
different therapies. In many cancers,
patients are stratified according to mo-
lecular markers that are related to the
disease mechanism, prognosis, and
response to therapy. For diseases as
common as endometriosis, adeno-
myosis, and others, it is likely that there
are subtypes of patients with different
molecular features that might respond to
different therapies.307,308 Compared
with cancer, where somatic mutations
guide targeted therapies, the molecular
features in endometriosis and adeno-
myosis are harder to identify because the
presence of somatic mutations is still not
well established.309 Menstrual effluent
provides both molecular and cellular
materials and, hence, may improve
diagnosis and patient stratification to-
ward a particular therapy.

III. Tissue engineering and
microfluidic approaches to study
menstruation phenomena
Paradoxically, one of the most well-
studied potential applications of men-
strual effluent over the past 30 years is as
a source of MSCs for various nonre-
productive tract tissue engineering
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applications. Although early reports that
endometrial MSCs could trans-
differentiate into insulin-producing is-
lets,310 cardiac tissue,311 and other
differentiated tissue have not borne out,
applications in reconstructing connec-
tive tissues in the reproductive tract still
hold promise.312,313 Tissue engineering
of the endometrium as a target of
learning about menstruation—defined
as growing three-dimensional (3D)
models with at least stromal and
epithelial cells present—has percolated
at a low level for decades, hindered in
part by the incredible difficulty in
expanding and cryopreserving human
primary endometrial epithelial cells
compared with the relative ease of
growing human primary endometrial
stromal cells (even from menstrual
effluent). The landscape changed
dramatically in 2017 with publication of
2 papers reporting robust expansion of
human primary endometrial epithelial
cells as organoids in basement mem-
brane Matrigel,314,315 using modifica-
tions of protocols established by the
Clevers group for expansion of human
intestinal epithelial cells.316 Recently,
scaffold-free endometrial organoids
comprising both epithelial and stromal
cells from endometrial tissue were
established, providing yet another 3D
model of the endometrium to study
important paracrine actions between 2
important cell types in response to
menstrual cycle hormones.317,318 These
protocols enable creation of tissue banks
comprising all the major endometrial
cell types and lay the foundation for an
explosion of activity in building models
of the menstrual cycle.

Efforts to grow the endometrium and
cells from the endometrium as a means
to investigate its pathophysiology date
back almost 100 years, with the earliest
efforts targeted at trying to understand
whether Sampson’s hypothesis for
retrograde menstruation as a cause for
endometriosis could be substantiated.319

The difficulty of growing epithelial
cells—they reportedly grew poorly un-
less stroma was abundant, and epithelial
cells grew as a sheet to cover the
explant—was noted in these early
explant cultures.319 The first 3D
coculture of primary human endome-
trial epithelial and stromal cells,
comprising stroma embedded in a
collagen gel, overcoated with basement
membrane Matrigel seeded with
epithelia, resulted in awell-differentiated
confluent epithelial monolayer with a
basement membrane with ciliated
(luminal) and secretory epithelia and
was tailored to study blastocyst implan-
tation.320 This model, which re-
capitulates hormone receptor expression
and morphology, also revealed the
changes in uterine receptivity that
occurred with mifepristone compared
with levonorgestrel.321 An alternate
model employing decellularized human
endometrium reseeded with stromal
cells and epithelial glands showed hor-
mone responsiveness over a 28-day cycle
by secreting prolactin and IGFBP1, but it
was unclear whether a monolayer with
endometrial epithelial morphology was
achieved.322 The creation of multicel-
lular endometrial organoids with polar-
ized epithelial cells surrounding stromal
cells provided amodel to study paracrine
interactions between 2 important cell
types of the endometrium in response to
hormones.317,318 Although several im-
plantation and cell cross talk models
have been developed with endometrial
cell lines,323e327 the profound differ-
ences in production of cytokines and
growth factors by cell lines and primary
cells call into question the utility of such
models.328 However, a cell lineebased
model comprised of stromal cells
embedded in hormone cues: degrada-
tion and breakdown of tissue were
observed in response to the withdrawal
of decidual levels of progesterone.329 The
intricate cross talk between endometrial
stromal and epithelial cells in driving
hormone responses during menstrua-
tion has prompted efforts to create syn-
thetic extracellular matrices for the
coculture of endometrial stromal and
epithelial cells in 3D. These matrices
allow gentle dissolution of the extracel-
lular matrix to release local cytokines
and growth factors into the local peri-
cellular environment and formation of
confluent, stable epithelial monolayer in
coculture with an underlying
stroma.326,328 Although these
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approaches have not yet directly been
applied to menstrual tissues, they are
poised for this application.

A crucial missing element in 3D cul-
ture models of the endometrium needed
for menstruation is microvasculature,
which provides initial signals for
decidualization330 and regulates
oxygenation cues important for tissue
breakdown and repair.58 Such models
are on the horizon, as several micro-
fluidic culture models of microvascular
networks have been developed for
studies of immune cell-microvascular
interactions, tumor cell extravasation
and growth, and blood-brain
barrier.331e335 Recently, approaches to
using these models as foundations for
mucosal barriers have been described.
Apart from the intrinsic interest in
menstruation, the interest in endome-
trium as a model of fast scarless healing
and tissue repair277 has created mo-
mentum for applying these types of
models to menstruation, in hopes of
gaining broader insights into regenera-
tive processes.

Finally, microfluidic approaches allow
the integration of multiple so-called
“microphysiological systems” (MPSs)
or 3D models representing part of a tis-
sue or organ on a microscale. Integrated
systems allow the investigation of sys-
temic effects, including hormonal and
other factors that might influence
menstruation. An enabling technology
for such integration is a now-
commercialized onboard microfluidic
pump, first used to drive long-term
culture of 3D liver tissue336,337 and
adapted to study gut-liver in-
teractions338,339 and ultimately an inte-
grated platform supporting 10 different
interconnected MPSs communicating in
a common culture medium for a
month,340 including a 3D endome-
trium.328 This platform pumping tech-
nology was also adapted to build a model
of interconnected 3D units of ovarian,
fallopian, uterine, cervical, and liver tis-
sues integrated into a single communi-
cating fluidic system,341 allowing the
assessment of up to 5 different types of
tissues at a time over a menstrual cycle
mimic. These cultured MPSs are
responsive to ovarian hormones, and
merican Journal of Obstetrics & Gynecology 25
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when combined with other tissues,
hormones responses were amplified.341

As observed in other interacting-MPS
studies, paracrine actions between tis-
sues allowed the use of 1 universal me-
dium without compromising the
viability of the tissues during this study.
Microfluidic technologies are evolving
quickly as the need for user-friendly and
affordable systems becomes evident for
the research community. Microfluidics
will change the way in vitro studies are
conducted and will allow for new dis-
coveries that will deepen our under-
standing of uterine biology and
menstruation in a systematic way.

IV. Next-generation uterine imaging
Uterine imaging has been employed to
allow for noninvasive methods for
diagnosing women’s health symptoms.
Imaging may be used to noninvasively
assess conditions of pregnancy and as-
pects of uterine health and pelvic health,
including endometriosis.342e344

The indication for pelvic imaging
varies by patient age and clinical pre-
sentation. Common indications in pre-
menopausal patients include evaluation
for focal endometrial or myometrial le-
sions (eg, uterine leiomyoma [fibroids])
in patients with symptoms of AUB and
pelvic pain. In postmenopausal patients,
endometrial imaging is often performed
to evaluate the endometrium in patients
with postmenopausal bleeding.

Currently, diagnosis relies primarily
on anatomic imaging using both ultra-
sound and MRI that allows for direct
visualization of the endometrium, which
is complementary to the previously
described techniques, similarly nonin-
vasive, but allowing for direct visualiza-
tion of the endometrium in situ, rather
than sloughed endometrial tissue. Ul-
trasound and MRI may evaluate for the
presence of endometrial thickening and
the presence of focal endometrial lesions
or polyps. In the evaluation of suspected
endometriosis, transvaginal ultrasound
may be used to assess for deeply infil-
trating endometrial implants.345 MRI is
useful to map endometrial implants
throughout the pelvis, including extra-
uterine locations, and confers advan-
tages in terms of the larger field of view,
26 American Journal of Obstetrics & Gynecology
multiplanar capabilities, and excellent
contrast resolution.346,347 A systematic
review and meta-analysis (based on the
results of 6 studies) compared the accu-
racy of transvaginal ultrasound with
MRI for diagnosing deep infiltrating
endometriosis.343 The detection of deep
infiltrating endometriosis by both MRI
and transvaginal ultrasound methods
indicated similar sensitivitiesebetween
0.59 and 0.85 depending on the site,
with greater sensitivity for detection in
the rectosigmoid segment over rec-
tovaginal, uterosacral, and rectovaginal
septum locations.343 The specificities of
MRI and transvaginal ultrasound were
similar and, similar to sensitivities,
showed a wide range depending on the
location.343 It is expected that imaging
methods will continue to improve and
are likely to be used in the diagnostic
workup for women experiencing symp-
toms of endometriosis.
Other potential future clinical appli-

cations of uterine imaging techniques
include early endometrial cancer detec-
tion, distinguishing between leiomyoma
and leiomyosarcoma, and assessing can-
cer response to treatment. Uterine and
pelvic imagingmay be combinedwith the
cellular and molecular assessment of
menstrual effluent to help aid in the
diagnosis of uterine pathology and for
improving the diagnosis of endometriosis
through noninvasive methods.
MRI and ultrasound are modalities

currently used for monitoring and pre-
dicting response to therapies offered to
reduce menstrual bleeding or achieve
amenorrhea before surgical interventions
for themanagement ofAUB. For example,
GnRH analogs are used to reduce leio-
myoma volume and perfusion. Contrast-
enhanced MRI is used clinically to assess
suitability of patients with uterine leio-
myoma for uterine artery embolization
and to indicate reductions in perfusion
after treatment.348 Applications of T2-
weighted MRI for estimation of uterine
and fibroid volume may be augmented
with dynamic contrast-enhanced (DCE)
MRI for the assessment of tissue perfusion
and permeability, and magnetization
transfer (MT) MRI to assess changes in
fibrosis and macromolecular content.
Such approaches have been explored
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extensively in other organs.349,350 There
has been limited application of DCE-MRI
andMT-MRI in the assessment of uterine
leiomyomas.DCE-MRI has been reported
to be sensitive to vascular changes
considered to accompany successful
GnRH analog treatment of leiomyo-
mas.351 Future development of MRI ca-
pabilities may offer complementary
noninvasive modes to assess treatment
responses for menstrual complaints.
Furthermore, evolving MRI techniques
during pregnancy that can track fetal
motion and evaluate glucose and oxygen
transport across the placenta may provide
anatomic and functional information
regarding placental health and fetal well-
being.352,353

V. Conclusion
The analysis of menstrual effluent in
combination with other new modalities
for the understanding of uterine biology
is in the very early stages of development.
It is highly likely that the application of
new technologies of genomic and
cellular analysis of menstrual effluent
and uterine tissues, including single-cell
approaches, will yield a deeper under-
standing of uterine pathophysiology and
new and less invasive methods of diag-
nosis, including developments for body
imaging. These new technologies may be
applied to a variety of uterine health and
female reproductive disorders, including
endometriosis, uterine leiomyoma, ade-
nomyosis, and uterine-factor infertility
and will thereby aid management stra-
tegies for the symptom of AUB.We hope
that these exciting scientific opportu-
nities will catalyze a new era of collabo-
rative investigation that will correct the
past deficit of attention to female
reproductive health and biology.

5. Addressing Menstruation Globally:
Progress and Gaps
Marni Sommer, DrPH, MSN; Sandy
Clark, MPA

I. Introduction
The global agenda to address menstrua-
tion, and specifically menstrual health
and hygiene, has gained significant mo-
mentum in recent years, ranging from
increasing investment in addressing the
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menstruation-related barriers girls in
schools in low- and middle-income
countries are facing to the more recent
“menstrual equity” and “period poverty”
movements spreading across high-
income countries. Although there is
growing recognition of menstruation as a
relevant issue within public health glob-
ally,354 there still exist many gaps in the
evidence for informing program and
policy. Reviewing how the menstruation
agenda has shifted in the last 15 years
provides useful insights into how efforts
have evolved and what remains to be
done.

II. Shift in menstrual agenda over the
last 15 years
In reviewing how the global menstrua-
tion agenda has evolved, we explore
shifts in the population of interest, the
research and programs underway, the
variation in activities by country income
status, and the milestones achieved.
There emerge from the analysis 5 periods
of time during which distinct efforts
were underway.

Earlier than 2004-2005
Before 2005, multiple efforts were un-
derway exploring or addressing
menstruation within global health. The
population of interest included adult
women of reproductive age, and in high-
income countries, an interest in the
declining age of menarche among girls.
Interventions addressing adult women’s
menstruation-related needs were pri-
marily within the clinical realm, such as a
focus on reproductive health and disor-
ders355,356 and the promotion of family
planning.357 Although the latter did not
address menstruation as a life course
issue, there was attention to the chal-
lenges of unscheduled, breakthrough
bleeding among other contributors to
contraceptive discontinuation.358. There
also existed a rich literature on
menstruation within the social sciences,
primarily derived from anthropologists
documenting menstrual traditions and
rituals, and its relationship to girls’ and
women’s roles within society. In the
1980s and 1990s, in high-income coun-
tries in particular, researchers explored
girls’ maturation experiences,359e361
examining the psychological effects of
menarche, and the associations of early
menarche with girls’ engagement in
risky behaviors, such as increased
vulnerability to early sexual initia-
tion,362,363 depression,364,365 and sub-
stance use.366 Overall, the focus in high-
income countries remained on the in-
dividual and the clinical aspects of
menstruation.
In contrast, in low- and middle-

income countries, there began to
emerge a public health lens on menstru-
ation. Alongside the family planning
agenda, there were burgeoning efforts
within the water, sanitation, and hygiene
(WASH) field to address menstruation as
a challenge faced by girls in school.354

United Nations Children’s Fund (UNI-
CEF) hosted a roundtable event in Ox-
ford aimed at bringing attention to
“menstrual hygiene management”
(MHM), a newly coined concept focused
on addressing menstrual management
within WASH,367 and the Rockefeller
Foundation supported a series of case
studies on sexual maturation in schools in
Africa.368 In humanitarian contexts,
United Nations High Commissioner for
Refugees recognized the provision of san-
itary pads to refugees as part of one of its
core mandates,369,370 providing important
recognition of menstruation as a key
response aspect.

2005e2011. This window of time
brought an increased focus on girls as a
population of interest, with a growing
public health approach to menstruation
in low- and middle-income countries.
More specifically, important formative
research was conducted with girls in and
out of school, exploring their first men-
strual experiences, their levels and sour-
ces of knowledge about menstruation,
and how the onset of menstruation and
puberty might be influencing girls’
education.371e373 The studies, conducted
primarily in Africa and Asia, suggested
that many girls were experiencing their
first menstrual period with no previous
information or support, thus feeling
confusion, shame, and embarrassment
and, for some, a significant fear that they
were ill or dying.374,375 Multiple studies
highlighted ongoing taboos, restrictions,
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and stigma around menstruation and
how menstrual onset and its manage-
ment negatively affected girls’ abilities to
engage and participate in school.374,376,377

Social and physical barriers included, for
example, inadequate toilets, water and
disposal within school grounds, insuffi-
cient guidance and support around
managing their menstrual periods, and,
for some, a lack of effective menstrual
products and underwear.378,379 In
response, a number of interventions
emerged, such as the WASH in Schools
(WinS) agenda that focused on address-
ing MHM in schools,380 puberty books
developed for girls in low-income coun-
tries that included content on MHM,381

new social entrepreneurs developing
improved locally produced menstrual
products for girls,382,383 and public-
private partnerships by global sanitary
pad companies focused on improving ac-
cess to products.384

2012e2015.Over the next few years,
menstruation gained traction as a public
health issue for girls in particular.
Although in high-income countries it
remained within the clinical realm for
girls and women, in low- and middle-
income countries, research documenta-
tion of the MHM barriers faced by girls
continued, and pilot trials began to be
funded, primarily by the UK Govern-
ment Medical Research Council,
exploring MHM interventions for
adolescent girls in school.385,386 A pilot
trial in Kenya included, for example, the
provision of sanitary pads, menstrual
cups, and reproductive health informa-
tion, examining the impact on the rates
of sexually transmitted infections and on
reproductive tract infections (BV), un-
intended pregnancy, and school atten-
dance and performance.385 A case-
control study in India examined
women’s vulnerability to reproductive
tract infections in relation to the men-
strual cloths or products they used, with
the sample drawn from hospitals.387

Systematic reviews analyzed, for
example, the psychosocial and educa-
tional effects of addressing menstrua-
tion,388 and a small number of studies
explored the impact of early menarche
on rates of infection with herpes simplex
merican Journal of Obstetrics & Gynecology 27
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BOX
Definition of MHM (JMP, 2012)

Women and adolescent girls are using a clean menstrual management material to absorb or collect menstrual blood, that can be changed in privacy
as often as necessary for the duration of a menstrual period, using soap and water for washing the body as required, and have access to facilities to
dispose of used menstrual management materials. They understand the basic facts linked to the menstrual cycle and how to manage it with dignity
and without discomfort or fear.

Critchley. Menstruation: science and society. Am J Obstet Gynecol 2020.
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virus and HIV and AIDS.389,390 These
growing efforts, particularly those
emerging from the water and sanitation
arena, contributed to a decision to
include MHM in the lobbying related to
the new sustainable development goals
(SDGs), with the aim of having targets
and indicators addressing MHM
included in the SDGs. This led to the
development of a formal definition for
MHM (Box).367

During this period, additional donors
began to support projects related to
MHM. The Canadian Government pro-
vided funding to UNICEF and the UN
Girls Education Initiative to partner with
Emory University on a 14-country WinS
for Girls project, which focused on con-
ducting formative MHM research and
developing intervention packages
addressing MHM in schools.380 The UK
government supported research on
MHM in emergencies, providing funds to
the International Federation of the Red
Cross to assess beneficiary preferences
around the types of menstrual products
(disposable vs reusable) in differing
emergency contexts.391 A new platform
arose for sharing learning with the
launching of an annual virtual conference
co-organized by the UNICEF and
Columbia University showcasing
research, practice, and policy onMHM in
schools.392 Funding from the Canadian
government also enabled the creation of
the “MHM in Ten” agenda led by the
UNICEFandColumbiaUniversity, which
brought togetherWASH, education, SRH,
gender, and adolescent health experts to
develop a 10-year agenda (2014e2024)
aimed at transforming schools for
menstruating girls.393 Additional social
entrepreneurs focused on developing
affordable menstrual products, and
advocacy campaigns grew around
“breaking the silence” on menstruation,
28 American Journal of Obstetrics & Gynecology
including support forWASHUnited from
the Bill & Melinda Gates Foundation and
other donors to launch an annual global
Menstrual Hygiene Day on May 28.394

In addition, new publications began
to call attention to the overdue need to
explore additional ways in which
menstruation affects girls’ lives, such as
the need for data on the average age of
menarche in countries,395 the potential
for menarche to be a window of oppor-
tunity for engaging girls, their parents or
caregivers, and teachers on health as a
step toward subsequent conversations
on SRH, including family planning,396

and for women, their MHM experi-
ences in the workplace.397 A study con-
ducted in India explored associations
between the use and management of
menstrual cloths and disposal pads and
reproductive tract infections.387,398 The
first resource guidance on MHM, Men-
strual Hygiene Matters, was published
with support from the UK government
(DFID), recommending approaches for
addressing MHM in development and
emergency contexts,399 and UNESCO,
with support from Procter & Gamble,
published a puberty policy document
including attention to menstruation and
MHM as a key component of puberty
and comprehensive sexuality educa-
tion.400 There also emerged a stronger
articulation of menstruation as an issue
of health and human rights.401

2016e2018.During these years, there
has been an exponential growth in
attention to the menstruation agenda in
global health. This included increasing
resources and attention focused on
research and interventions in low- and
middle-income countries, along with a
growing awareness that high-income
countries were overdue to address the
menstruation-related needs of girls in
MONTH 2020
particular. The population of interest
expanded around the world, with an
ongoing focus on girls in and out of
school (ages 10e19 years) but growing
recognition that menstruation presents
challenges for women and all individuals
who menstruate, such as those with
differing gendered identities. The Bill &
Melinda Gates Foundation funded FSG
to conduct a global landscape in 2016,
An Opportunity to Address Menstrual
Health and Gender Equity, which exam-
ined the existing research links between
MH and broader health outcomes, social
norms, and education.402 The UK gov-
ernment (Enhanced Learning and
Research for Humanitarian Assistance
funding/DFID and Wellcome Trust)
supported the International Rescue
Committee and Columbia University to
build the evidence on MHM in hu-
manitarian contexts403 and develop the
MHM in Emergencies Toolkit; the latter
was launched in 2017, with 27 copub-
lishing humanitarian response organi-
zations. In 2018, United States Agency
for International Development
(USAID)/Office of Foreign Disaster
Assistance provided additional funding
to the joint team to focus on the men-
strual product disposal, waste manage-
ment, and laundering needs of displaced
populations with the aim of developing
additional evidence and a compendium
of practice. There also emerged a
growing social and mainstream media
attention. Newsweek and other major
outlets published significant stories on
menstruation, and the Period Poverty
and Menstrual Equity campaigns
emerged, focusing on removing taxes on
sanitary products.404 This growing
global movement also introduced new
conceptualizations and terminology in
relation to menstruation, which sought
to broaden the issue beyond that of the
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focus on water and sanitation, such as
menstrual health, menstrual health and
hygiene, and others. Medical Research
Council, DFID, and Wellcome Trust
Joint Global Health Trials have also
supported both feasibility pilot and full-
scale trial evaluating potential effect of
menstrual support on schoolgirls’ SRH
and schooling outcomes.385,386

Research, programming, and policy all
expanded during this period. A small
numberofpilot and full-scale quantitative
studies continued or were initiated in
Africa evaluating MHM interventions in
schools,375,385,405 with findings generated
on new measures for addressing
menstruation. Menstrual health policies
were drafted inmultiple countries, such as
India, Zambia, and Kenya,385,386,405,406

and in high-income countries, new
legislation began to emerge, such as the
Dignity Acts in the United States, which
improve access to menstrual products for
incarcerated individuals, and policies
focused on improving access to products
in homeless shelters and public
schools.407e409 Despite these important
legislative efforts, limited evidence exists
from the United States and other high-
income countries on the actual experi-
ences, including barriers faced, of man-
aging menstruation among girls and the
incarcerated and homeless individuals.
However, a small body of evidence is
emerging, particularly around the men-
strual management needs of low-income
populations in the United States.410 In
addition, this window of time brought an
explosion of attention to the provision of
menstrual products, with Grand Chal-
lenges Canada, the Case for Her, and
other donors supporting the scaling of
social entrepreneurial efforts in this arena
such asAfriPads, BeGirl, andothers411,412;
the launching of new global advocacy and
networking organizations, such as the
Menstrual Health Hub, the Menstrual
Health Alliance, and the UNFPA-
supported African Coalition on Men-
strual Health Management; and new
regional research capacity building initia-
tives, such as the UK Government Global
Challenges Research Fund supporting an
East African research group.385,386

Two challenges that remained
included the lack of support from sectors
beyond WASH, including limited atten-
tion to menstruation and its relevancy
within SRH, education, gender, and
other key sectors, and the limited fund-
ing available for furthering the mea-
surement aspects of the menstruation-
related agenda that would enable
demonstration of the range of effects of
addressing menstruation.

2019 onward. Already in 2019, the evi-
dence base and action are growing, with
new publications examining what is
known about MHM among populations
with disabilities,413 proposed revisions
to the MHM definition to broaden the
concept and its measurement beyond the
original WASH origins,414 additional
systematic reviews,415,416 and ongoing
menstrual equity campaigns, global
advocacy, and intervention trials. In an
effort to move forward the existing
menstruation measurementerelated
challenges, including the lack of uptake
among other key sectors, a “Monitoring
Menstruation” meeting was hosted by
the Columbia University in March 2019
with support from the Water Supply and
Sanitation Collaborative Council that
brought together key global monitoring
and measurement experts from WASH,
gender, education, and health (sexual
and reproductive, psychosocial) to re-
view and find areas of alignment be-
tween the priority outcome and impact
measures of these sectoral areas with the
progress being made on menstrua-
tion.414 Importantly, USAID provided
new funding to explore and pilot in-
terventions addressing menstruation
and women’s economic empower-
ment.417 However, overall, resources still
remain limited globally to support sys-
tematic coverage of all menstruation
components, including access to infor-
mation, water and sanitation infra-
structure, supplies, and related clinical
aspects, such as engagement with
healthcare workers well trained on reg-
ular and irregular bleeding.

III. Evidence on menstruation globally
As described previously, the early years
of the menstruation agenda included the
use of primarily qualitative research
methods, given the need for formative
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research on a sensitive topic about which
there was little documentation from a
public health perspective. In recent
years, there has been a shift toward
intervention trials, which have brought a
rigorous quantitative approach to
examining the impact of select
menstruation-related interventions for
girls in school in development contexts.
Research in emergency contexts has
primarily also been qualitative in nature,
including feasibility pilots of guidance
and programmatic response approaches.
Funding has remained limited for larger-
scale intervention trials that include
attention to water and sanitation in
schools, to longitudinal associations be-
tween inadequate and adequate atten-
tion to menstruation and SRH and
education outcomes, and to the rela-
tionship between menstruation and
women’s economic productivity and
empowerment in the workplace. In
addition, there has been a growth in
national-level data, such as the
PMA2020 national surveys incorpo-
rating questions around menstrual
management,418e420 and the inclusion
of questions on MHM within UNICEF’s
Multiple Indicator Cluster Surveys in
select countries.421 Finally, there exists
limited evidence on the menstruation-
related needs and experiences of girls
growing up today in high-income con-
texts and the MHM challenges faced by
low-income and other vulnerable pop-
ulations in such contexts.

IV. Status of menstruation-related
programming and policy
There exists a broad range of
menstruation-related programming
around the world. This includes, for
example, nongovernmental organiza-
tions providing sanitary products,
reproductive health or MHM informa-
tion, and improvement of water and
sanitation facilities in schools, both in
development and emergency contexts.
Many national governments, such as
South Africa, India, and Kenya, have also
begun subsidizing the provision of san-
itary pads (reusable and disposable) to
girls in school. In addition, new in-
novations are emerging in humanitarian
contexts, such as effort by Medicins Sans
merican Journal of Obstetrics & Gynecology 29
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16S rRNA gene: Encodes a component of the 30S small subunit of a prokaryotic ribosome. 16S rRNA gene sequencing is used for
phylogenetic studies because its presence is highly conserved among bacteria, but its sequence is species-specific.
Aromatase: An enzyme that transforms androgens into estrogens.
AUB: Abnormal uterine bleeding.
Biomass: Amount of living biological organisms in a given niche or ecosystem at a given time. The upper genital tract has a significantly lower
amount of bacterial DNA than other human microbiomes and is therefore considered a low biomass microbiota.
BMP-2: Bone morphogenetic protein 2.
COEIN: Coagulopathy, Ovulatory, Endometrial, Iatrogenic, Not otherwise classified.
Community state types (CST): Profile that defines the total bacterial community of a given body site based on the relative abundances of each
bacterium. The human vaginal microbial communities were classified into 5 groups. Specifically, CSTs I, II, III, and V are dominated by
L. crispatus, L. gasseri, L. iners, and L. jensenii, respectively, whereas CST IV has higher proportions of strictly anaerobic organisms.
DCE-MRI: Dynamic contrast enhanced-MRI.
Diversity (Beta diversity): Refers to the change in the number of taxa detected in 2 or more ecosystems. It is usually expressed as the total
number of species that are unique to each of the ecosystems being compared.
Dysbiosis: Shift in the physiologic microbiota resulting in an imbalance between commensal and pathogenic bacteria. Changes in microbial
composition owing to the gain or loss of the community members or changes in the relative abundance of microbes may contribute to the
initiation and/or persistence of many diseases.
Epigenetics: Heritable phenotype changes without changes in genotype (DNA).
Estrobolome: Represents the aggregate of enteric bacterial genes whose products are capable of metabolizing estrogens. Microbes in the
estrobolome produce beta-glucuronidase, an enzyme that deconjugates estrogens into their active forms, which are capable of binding to
estrogen receptors and influencing estrogen-dependent physiological processes.
FIGO: International Federation of Gynecology and Obstetrics.
GaP: Genotype and Phenotype Registry (registry of normal/control research subjects).
GnRH: Gonadotrophin releasing hormone.
Growth factor: A substance capable of stimulating cell growth, proliferation, and differentiation.
Gut-brain axis: Consists of bidirectional neural processing of information between the central nervous system and digestive system. Recent
research indicates that gut microbiota is a crucial part of the gut-brain network and communicates with the brain through the microbiota-gut-
brain axis.
HIF: Hypoxia inducible factor.
HMB: Heavy menstrual bleeding.
Hologenome: Theory that maintains that the physiology of any macroscopic organism derives from the integrated activities of the individual
genomes contributing to the organism (holobiont).
LNG-IUS: Levonorgestrel-releasing intrauterine system
ME: Menstrual effluent.
ME-SFCs: Menstrual effluent derived stromal fibroblast cells.
mHealth: Mobile health.
Microbiota and Microbiome: The human microbiota encompasses the group of microorganisms that live in association with the human body.
Conversely, the microbiome refers to the genes and genomes of this microbiota as well as their products within the host environment.
micro-RNA: Small noncoding RNA molecule regulating posttranscriptional gene expression.
MRI: Magnetic resonance imaging.
MSCs: Mesenchymal stem cells.
MT-MRI: Magnetization transfer-MRI.
Multipotent stem cell: A cell that can self-renew by division and can develop into multiple differentiated cell types.
Natural killer (NK) cell: A type of lymphocyte that can bind to certain tumor cells and virus-infected cells without the stimulation of antigens
and can kill them by the insertion of granules containing perforin.
PA: Plasminogen activator.
PAEC: Progesterone receptor-modulator-associated endometrial changes.
PAI: Plasminogen activator inhibitor.
PALM: Polyps, Adenomyosis, Leiomyoma, Malignancy.
Paracrine signaling: Signaling involving hormone that has an effect only in the vicinity of the cell secreting it.
PCOS: Polycystic ovary syndrome.
Richness (Alpha diversity): Refers to the diversity within a particular area or ecosystem. It is usually expressed by the number of species
(species richness) in a unique niche.
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ROSE: Research OutSmarts Endometriosis (research program dedicated to studying endometriosis).
SPRM: Selective progesterone receptor modulator.
TGF-b3: Transforming growth factor-beta 3.
T2W: T-2 weighted.
t-PA: Tissue plasminogen activator.
uNK cells: Uterine natural killer cells.
u-PA: Urokinase plasminogen activator.
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Frontieres to build female-friendly
washrooms with disposal mechanisms
in the health clinics they run in the
refugee camps in Bangladesh hosting
Rohingya populations.422 Social entre-
preneurs, such as Days for Girls, Sus-
tainable Health Enterprises, BeGirl, and
AfriPads, continue to develop and eval-
uate the production and distribution of
menstrual products, ranging from reus-
able pads made by local populations to
period underwear.

As mentioned previously, there has
been a growth in menstrual policies
around the world. The Uganda National
Bureau of Standards passed one of the
first national standards for reusable
sanitary pads in Africa.423 A recent
analysis of the existing higher-level ed-
ucation policies in low-income countries
indicated that education sector plans and
policies still lack inclusion of attention to
menstruation and its proxies (such as the
provision of gender-segregated toilets),
which has implications for the inclusion
of budget line items to address the issue
in schools424; WASH in
Schoolsefocused menstrual policies
provide important guidance on what
interventions are needed but lack secto-
ral buy-in and financial support. The
Philippines provides an important
example with recent policy being incor-
porated into the country’s Education
Monitoring Information System,
providing local-level incentive to
include, for example, improved toilets in
schools and the provision of supplies of
sanitary pads for emergencies.425 How-
ever, as the “Monitoring Menstruation”
meeting held in Geneva in March 2019
indicated, menstruation has yet to be
taken up by other key sectoral pro-
gramming and policy, such as within
SRH, which could improve attention to
anemia in adolescent girls, or the po-
tential for the onset of menstruation to
trigger child marriage.

V. Current and future pathways
Moving forward, there is much left to be
done, including addressing the
menstruation-related issues faced by all
those who menstruate, such as trans-
masculine and other populations; men-
strual barriers faced in workplace
contexts; recognition that more evidence
is needed on vaginal bleeding across the
life course, including the implications
for the provision of water, sanitation,
supplies, and access to healthcare and
information; improved engagement of
healthcare workers on the issue of
menstruation in low- and middle-
income countries in particular; the
important intersection of menstruation
and family planning; and improved
measures for monitoring and assessing
the impact of menstruation-focused in-
terventions along with cost-effectiveness
studies. Funding support has thus far
been limited for addressing this broad
spectrum of issues and for essential
intervention and measures-related work
that are needed to demonstrate critical
associations between menstruation and
population healthmore broadly. There is
an urgent need for a strong funding
stream to assure this impactful work can
be done. -
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