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Abstract 
Understanding the physiology of pregnancy enables effective management of 

pregnancy complications that could otherwise be life threatening for both mother and 

fetus. A functional uterus (a) retains the fetus in utero during pregnancy without 

initiating stretch-induced contractions and (b) is able to dilate the cervix and contract 

the myometrium at term to deliver the fetus. The onset of labour is associated with 

successful cervical remodelling and contraction of myometrium, arising from 

concomitant activation of uterine immune and endocrine systems. A large body of 

evidence suggest that the action of local sex hormones may drive changes occurring 

in the uterine microenvironment at term. Although there have been a number of 

studies considering the potential role(s) played by progesterone and estrogens at the 

time of parturition, the role of androgens has received less scrutiny.  

 
The overarching aim of this thesis was to investigate the potential roles of androgens 

in myometrial biology at the time of pregnancy. We examined both the gene-

transcription dependent (genomic) and independent (non-genomic) action of 

androgens on the uterine smooth muscle, employing in vitro, ex vivo, and in vivo 

approaches.  

 

We found that the androgen receptor (AR) mRNA was significantly increased in the 

myometrium during labour when compared to the term non-labouring myometrium. 

Our gene expression studies revealed that ligand-dependent AR signalling in the 

myometrium might play a role in regulation of uterine smooth muscle cell 

contractility. We explored the effect of androgens on contraction of uterine smooth 

muscle strips obtained from both human myometrial biopsies collected at term and 

murine uterine horns. We found that testosterone (T) and dihydrotestosterone (DHT) 

in a range of 10-100 µM concentrations rapidly relaxed spontaneous and oxytocin-

initiated contractions. The relaxant effect was not mediated by the classical 

intracellular AR nor was cell-surface initiated as shown by experiments employing a 

specific AR antagonist (flutamide) and a cell-surface impermeable androgen (TBSA). 

We investigated whether the relaxant effect was specific to androgens or a generic 

effect of sex hormones. We demonstrated that both estradiol (E2) and progesterone 

(P4) were also capable of relaxing the human and murine myometrium at the same 
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dose range. In addition, a sex hormone “cocktail” (all four sex hormones combined at 

10 µM dose each) mimicked the relaxant effect that each individual sex hormone 

elicited at a 40 µM dose, implying that the effect was possibly attributable to the 

steroid structure of the sex hormones.  

 
To study the underlying molecular events that mediate the relaxant effect of sex 

hormones observed ex vivo, we employed two human myometrial cell lines namely 

PHM1-41s and UtSMCs. We demonstrated that the androgen-induced relaxation in 

vitro was not induced by cell death but was mediated by a physiological mechanism 

whereby incubation with the androgen impaired the stimulated-Ca2+ entry into the 

uterine myocytes, which in turn resulted in poor phosphorylation of myosin light 

chain protein.  

 

Finally, we conducted a pilot study to explore the hypothesis that administration of 

androgen could relax the uterine muscle in vivo. We utilised a mouse model of 

infection-induced preterm labour, where infection was induced by intrauterine 

administration of liposaccharide (LPS) on day 17 of murine pregnancy. Our 

preliminary data showed that intrauterine administration of DHT on day 17 did not 

significantly reduce the rate of LPS-induced preterm birth in the doses tested in this 

study.  

 

In conclusion, the androgen-induced in vitro tocolysis appears to be sex hormone-

specific rather than androgen-specific. Therefore, sex hormones might have the 

potential to be used for effective in vivo tocolysis to inhibit premature-initiated 

contractions. Our investigation of the androgen-dependent signalling in the 

myometrium contributed to the development of novel hypotheses regarding the role of 

androgens in the regulation of the phenotypic transition of MSMCs during pregnancy. 

These hypotheses remain to be confirmed in future studies.  
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Chapter 1: Literature review 

1.1 Uterus  

The human uterus is a hollow organ surrounded by a thick uterine wall. It is 

composed of three layers; the endometrium (or decidua during pregnancy), which is 

the glandular inner lining of the uterus, the muscular layer consisting predominantly 

of smooth muscle cells (SMCs) known as the myometrium, and the outer epithelial 

layer that covers the uterus called perimetrium (Figure 1.1).  

 

 
Figure 1.1: The anatomy of the human uterus.  
Image adapted from http://www.alaskadock.com/female-uterus-anatomy-diagram/. 
 

During pregnancy the uterus undergoes dramatic changes that are required for 

successful pregnancy and labour. The endometrium adapts to accommodate the 

needs of the developing fetus and forms part of the placenta. The myometrial smooth 

muscle cells (MSMCs) undergo hypertrophy and hyperplasia to thicken and 

strengthen the uterine muscle in readiness for labour. During labour the myometrium 

develops powerful contractions to help expel both the fetus and the placenta (Young 

and Hession, 1999). These preparatory changes result in significant enlargement of 

the uterus, which at term will weigh approximately 20 times its non-pregnant weight 
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(Gray’s Anatomy, 1995). Following delivery, the uterine layers undergo rapid 

remodelling via phagocytosis and autolysis to help return the uterus to its pre-

pregnant size (Matsuzaki et al., 1971). 

1.2 Parturition 

Parturition is the process whereby the fetus and the placenta, including the fetal 

membranes, are expelled from the genital tract.  

1.2.1 Term parturition 
Normal parturition occurs at ‘term’, which is anytime between 37-42 weeks of 

gestation, and is considered to be spontaneous in onset and low-risk for both mother 

and fetus. Although the process is continuous, it is divided into three stages. The first 

stage of parturition is subdivided into the latent and the active phase. During the 

latent phase, the cervix shortens and dilates to 3-4 cm reaching its full dilation at the 

end of the active phase of the first stage of labour due to the initiation of regular 

uterine contractions (Byrne and Edmonds, 1990). The second stage of parturition is 

subdivided into the passive and the expulsive phase. The passive phase commences 

at the time of full dilatation of the cervix and ends when the head of the fetus 

descends from the maternal pelvis. The expulsive stage involves active maternal 

pushing until delivery of the fetus. The second stage of parturition is considered to 

normally last no more than three hours; if prolonged, it may result in fetal distress 

and maternal urinary tract damage (Kopas, 2014). The process is concluded at the 

third stage with the delivery of the placenta. 

1.2.2 Mediators of parturition 
Although the subject of decades of research, the exact mechanism(s) that trigger the 

onset of labour are still not known. However, we do know that labour is a 

multifactorial process where inflammatory and endocrine pathways orchestrate the 

transition of the uterus from a quiescent to an active stage. These pathways favour 

the transition to an active uterus by promoting the expression of a cassette of 

contraction-associated proteins (CAPs) and the concomitant activation of contraction 

cascades in the term myometrium (Smith et al., 2012).  
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1.2.2.1 Endocrine mediators  

There is robust evidence to suggest that labour is driven by activation of fetal 

hypothalamic-pituitary-adrenal axis (fHPA), whereby an increase in fetal cortisol 

increases the placental availability of specific enzymes that favour the conversion of 

C21 steroids (i.e. progesterone) to C18 steroids (estrogens) (Smith et al., 2002). 

Hence, we would expect that an increase in cortisol at term would result in a 

decrease in progesterone (P4) and an increase in estrogens in the maternal 

circulation. Conversely, in women, concentrations of both sex hormones increase in 

circulation throughout gestation with no notable change occurring at onset of labour 

(Tulchinsky D, 1980). This is in contrast to the significant drop in circulating P4 

concentration, the so-called P4 withdrawal, observed shortly before the onset of 

labour in rodents and many other animals [see (Mesiano and Welsh, 2007) for 

review]. Although human labour is not preceded by a fall in P4, it is hypothesised 

that a ‘functional P4 withdrawal’ at this time enables a decrease of P4 activity and 

promotes initiation of labour (Mesiano et al., 2002). It has been proposed that a 

decrease in P4 activity may be achieved through a range of mechanisms, including 

antagonism of progesterone receptor (PR) from other molecules, expression of 

different isoforms of PR in gestational tissues depending on the gestational time, 

altered PR cofactor expression and local metabolism of P4 to estrogens (Condon et 

al., 2003; Mesiano et al., 2002). The importance of P4 signalling in parturition has 

been highlighted in reports where administration of the PR antagonist RU486 

induced softening of the cervix and increased the sensitivity of uterus to uterotonic 

agents (Hapangama and Neilson, 2009). Other studies have revealed that the two 

isoforms of the PR, the PR-A and PR-B, are differentially expressed in various 

gestational tissues (Pieber et al., 2001a; Pieber et al., 2001b). In particular, there is 

evidence that the binding of P4 to the myometrial PR-B promotes uterine quiescence 

whereas an epigenetically-regulated switch in predominance of PR-A at term is 

thought to trigger the expression of CAPs and activate pathways that lead to 

contraction (Chai et al., 2012; Conneely et al., 2001; Mesiano, 2004; Mesiano et al., 

2002). Therefore, a high PR-A/PR-B ratio in the myometrium is associated with the 

onset of labour. Studies in the placenta and fetal membranes have also demonstrated 
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an increase in PR-A/PR-B ratio with the onset of labour (Merlino et al., 2009; 

Merlino et al., 2007; Ziyan et al., 2010).  

In contrast to P4, which favours uterine quiescence via PR-B-dependent signalling, 

estrogens are thought to promote uterine activation by binding to estrogen receptor 

alpha (ERα) (Mesiano et al., 2002). As mentioned above, the concentration of 

estrogen in maternal circulation does not change with the onset of labour. However, 

an increase in ERα expression, detected in the human myometrium at term, is 

hypothesised to result in ‘functional estrogen activation’. Numerous studies, which 

investigated the role of estrogens in the myometrium at term, have shown that 

estrogen-dependent signalling drives the expression of CAPs, including oxytocin 

receptor (OXTR) and connexin 43 (con-43) and, therefore, plays a crucial role in the 

mechanism of labour onset [see (Welsh et al., 2012) for review]. 

Recent studies looking at the expression profile of micro RNAs (miRNAs) in the 

mouse myometrium have identified a family of miRNAs that are induced at term 

(Renthal et al., 2010). The miR-200 family of miRNAs repress the expression of 

Zinc finger E-box binding homeobox 1 and 2 (ZEB1 and ZEB2) transcription 

factors, which are thought to promote myometrial quiescence through inhibition of 

OXTR and con-43 expression (Williams et al., 2012a). The levels of ZEB1 and 

ZEB2 drop with the onset of both normal and preterm labour and this may ‘fine-

tune’ the actions of both P4 and estrogens (Renthal et al., 2010; Williams et al., 

2012a). 

In addition to the sex hormones, oxytocin (OXT) and prostaglandins are thought to 

play key roles in the regulation of parturition. OXT is a neurohypophysial hormone 

secreted by the posterior pituitary gland and is believed to be necessary for 

stimulation and maintenance of myometrial contractions. The binding of OXT to the 

OXTR, has an excitatory effect on myometrial smooth muscle (Arrowsmith and 

Wray, 2014). In human myometrium, the concentration of OXTR is low during most 

of the pregnancy but increases 12-fold at term (Fuchs et al., 1984). This increase is 

thought to enhance the sensitivity of myometrium to OXT (Soloff et al., 1979). 

Similar to P4 and estrogen, circulating OXT concentration does not change with 

labour onset (Thornton et al., 1992). However, a reported local (uterine) OXT surge 
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at term is thought to regulate myometrial function (Blanks et al., 2003; Mitchell et 

al., 1998). Contradictory to the studies suggesting that the OXT-dependent signalling 

is essential for the onset of labour, OXTR knock out (KO) studies in mice 

demonstrated that null mice undergo normal labour at term (Nishimori et al., 1996; 

Young et al., 1996). In line with that study, pregnant women who lack OXT due to 

pituitary gland dysfunction deliver normally (Phelan et al., 1978). It is however 

plausible that the loss of OXT is compensated by other mechanisms, so that labour is 

initiated and progresses normally.  

Prostaglandins (PGs) are hormone-like lipid compounds derived from arachidonic 

acid and are well characterised for their roles as central mediators in regulation of 

myometrial smooth muscle excitation (Arulkumaran et al., 2012; Pawelec et al., 

2013). Following synthesis in gestational tissues, including the fetal membranes and 

decidua, PGs travel to target tissues where they are metabolised to various end 

products depending on the availability of relevant enzymes (Gaffney et al., 1990; 

Romero et al., 1996). PGs bind to a number of PG receptor subtypes (EP1-4 and FP), 

which reportedly increase in the fetal membranes and placenta with labour 

(Unlugedik et al., 2010). Studies have demonstrated that the primary prostaglandin 2 

(PGE2) is significantly increased in amniotic fluid at term and further increased with 

labour (Dray and Frydman, 1976; Olson et al., 1985). PGE2 is synthesised in the 

fetal membranes from where it diffuses to the decidua, and reaches the myometrium 

to stimulates local myometrial PGs production, which act in an autocrine manner to 

stimulate myometrial contraction (Kandola et al., 2014; Slater et al., 1999; Smith, 

2007). Another PG, Prostaglandin F2α (PGF2α) has been reported to favour the 

expression of PR-A in myometrium, consistent with the role of PR-A in induction of 

labour (Madsen et al., 2004).  

1.2.2.2 Inflammatory mediators 

In addition to the endocrine mediators, a growing body of literature suggests that 

inflammation is a key feature of human parturition (Challis et al., 2009; Norman et 

al., 2007). A number of studies have observed an influx of inflammatory cells into 

the myometrium, cervix and fetal membranes at the onset of labour (Bollapragada et 

al., 2009; Osman et al., 2003; Thomson et al., 1999). The invading leucocytes have 
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been shown to increase the production of pro-inflammatory cytokines, such as 

Interleukin 6/8 and 1β (IL-6; IL-8; IL-1β) in both cervix and myometrium (Elliott et 

al., 2000; Osman et al., 2003; Young et al., 2002).  Notably, IL-1β has been shown to 

induce calcium transients and, hence, promote excitation of MSMCs (Tribe et al., 

2003). In addition to its direct effect on calcium entry, IL-1β has been reported to 

promote arachidonic acid and cyclo-oxygenase-2 (COX-2) production in the 

myometrium, resulting in an increase in PGs synthesis and concomitant 

augmentation of myometrial contraction (Belt et al., 1999; Molnar et al., 1993). 

Similar effects have been reported for tumour necrosis factor alpha (TNF-α) 

(Fitzgibbon et al., 2009; Molnar et al., 1993). Besides the roles of pro-inflammatory 

cytokines in regulation of myometrial contraction, these cytokines have roles in 

cervical remodelling via stimulation of cervical ripening (Roh et al., 2000; 

Sennstrom et al., 2000). The NF-kB (nuclear factor kappa-light-chain-enhancer of 

activated B cells) protein complex has also been shown to play an important role in 

the labour cascade (Cookson and Chapman, 2010). There is evidence that the activity 

of NF-kB in myometrium and fetal membranes increases at term and regulates labour 

via numerous mechanism, including induction of IL-8, upregulation of CAPs, 

upregulation of a cassette of genes involved in immunity and inflammation and 

antagonism of the relaxant effect of P4 on the myometrium (Allport et al., 2001; 

Allport et al., 2000; Chapman et al., 2004; Khanjani et al., 2011; Khanjani et al., 

2012; Lim et al., 2012). The pro-inflammatory role of NF-kB in the myometrium 

suggests that MSMCs are not only contractile but also immune cells, supporting the 

notion that the activation of myometrial contractile apparatus is an inflammation-

associated response.  

Although numerous studies have suggested ways in which endocrine and 

inflammatory mediators may drive labour, the exact sequence of these events 

remains poorly understood. A model of ‘modular accumulation’ has been suggested 

to explain parturition, whereby a number of interlinking processes occur in parallel 

until a critical threshold is achieved, which leads to labour (Mitchell and Taggart, 

2009). The disruption of one or more of these processes may be associated with 

impaired parturition, which encompasses spontaneous PTB.  
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1.2.3 Preterm parturition 
Preterm labour (PTL), defined as anomalous parturition occurring spontaneously 

before 37 weeks of gestation, is a common pregnancy complication accounting for 

approximately 11% of recorded births worldwide (Blencowe et al., 2012). Preterm 

birth (PTB) is a growing clinical challenge and the major cause of neonatal morbidity 

and mortality in the developed countries (Norman, 2007). The aetiology of PTB is 

complex with possible contributions from the environment and both maternal and 

fetal genetics (York et al., 2009). With respect to genetics, various studies to date 

have investigated and compared the genomes of mothers and infants between 

preterm and term birth. These studies have analysed a multitude of cascades that are 

believed to trigger labour and identified polymorphisms in numerous candidate genes 

that are likely to be associated with the incidence of PTB. Some of these genes 

include inflammatory mediators such as TNF-α and its receptors TNFR1/TNFR2, IL-

4, IL-6 and its receptor IL6R, IL-10 and IL-1 receptor (IL1R) (Menon et al., 2006a; 

Menon et al., 2006b; Plunkett and Muglia, 2008). In addition, polymorphisms 

associated with PTL have been detected in genes critical for the excitation of the 

myometrium, for example the β2-adrenergic receptor (ADRB2) (Landau et al., 2002). 

In contrast, no differences were observed in genes encoding the dopamine receptor 

D2 (DRD2), prostaglandin E receptor 2 (PTGER2), prostaglandin E synthase 

(PTGES) and prostaglandin F receptor (PTGFR) (Hao et al., 2004). Although these 

reports contribute to a better understanding of genetic predisposition to PTB, a 

concrete link between polymorphisms and the incidence of PTB has not been 

established, as the results from these studies either did not provide compelling 

evidence or failed to be replicated.  

The majority of preterm births have been attributed to intrauterine infections 

ascending into the tract via various routes; the mechanisms of infection-induced PTB 

has been extensively studied (Pawelec et al., 2013). A number of infectious 

microorganisms arrive into the uterine cavity and are recognised by Toll-Like 

Receptors (TLRs), which activate inflammatory pathways that then lead to increased 

production of cytokines and NF-kB and, thus, labour onset (Abrahams et al., 2013; 

Ganu et al., 2013). Intrauterine infection in cases of PTL has been confirmed by the 

presence of inflammation in the decidua, the amniotic fluid, the fetal membranes or 
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the fetus itself (Goldenberg et al., 2008). Clinical studies and animal models have 

demonstrated the detrimental effect of intrauterine infection on the fetus (Burdet et 

al., 2014). The presence of inflammation in the uterine cavity during the initiation of 

PTL complicates the management of PTB, as any possible treatment to retain the 

fetus in utero until term would not be necessarily beneficial. Although our 

understanding of the underlying mechanisms surrounding the onset of PTB is still 

inadequate, studies employing various animal models, both to elucidate these 

mechanisms and to test interventions to stop PTL, have provided significant insight 

into the regulation of term and preterm parturition [see (Ratajczak et al., 2010) for 

review].  

1.2.4 Animal models of preterm parturition 
It is generally accepted that the relevance of animal models of PTB to the clinical 

scenario of women giving birth preterm is limited. However, given the practical and 

ethical concerns surrounding a) the research that uses human biological material 

obtained during pregnancy, and b) the testing of potential treatments for PTL on 

pregnant women, these animal models have been widely used.  

The longest established animal model for studying timing to birth and the effect of an 

intrauterine infection on the fetus is the sheep (Grigsby et al., 2003; Liggins, 1968; 

Schlafer et al., 1994). Sheep and human pregnancy share a number of similarities, 

including gestational length, number of offspring and the fact that the placenta is the 

main source of P4, in contrast to the predominantly ovarian source of P4 during 

rodent pregnancy. In addition, the size of both mother and fetus in sheep is closer to 

that of humans than that of mouse or rat, making experimental manipulation easy. On 

the other hand, sheep labour is characterised by overt P4 withdrawal in contrast to 

the functional P4 withdrawal occurring at human parturition. Studies on sheep from 

the 1960s were the first to show that the onset of labour depends on fetal regulation 

through the fHPA axis (Liggins, 1968). In these studies, infusion of either 

adrenocorticotropic hormone (ACTH) or cortisol during pregnancy induced PTB 

(Liggins, 1968). In contrast, glucocorticoids do not seem to play a trigger role in 

human labour, limiting the usefulness of sheep for modelling human preterm 

parturition (Elovitz and Mrinalini, 2004; Mitchell and Taggart, 2009; Ratajczak et 

al., 2010).  
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Perhaps the most appropriate animal model for the study of human parturition is the 

non-human primate. In contrast to the Old and New World monkeys, the rhesus 

macaques do not undergo systemic P4 withdrawal at labour, which makes them a 

physiologically representative model to study human labour. The hypothesis that 

inflammation is key to initiation of human labour was confirmed in studies where 

intra-amniotic administration of bacteria, such as Lipopolysaccharides (LPS) or pro-

inflammatory cytokines (IL-1β and TNF-α), induced PTL in pregnant rhesus 

macaques (Gravett et al., 1994; Sadowsky et al., 2006). These infection-induced PTB 

models were utilised in studies testing possible therapeutic agents to stop premature 

labour. In these studies, few agents effectively inhibited inflammation-stimulated 

premature myometrial contractions, including TLR-4 inhibitors, which antagonised 

the action of LPS, the anti-inflammatory dexamethasone and IL-10, and OXTR 

antagonists (Adams Waldorf et al., 2008; Reinheimer, 2007; Sadowsky et al., 2003).  

Since the use of sheep and non-human primates is often less practical due to high 

maintenance costs and long gestational periods, the use of rodent models has been 

popular. The most commonly used animal model to study term and preterm birth is 

the mouse. The mouse genome can be easily manipulated to produce animals with 

specific gene deletions critical for the timing of birth (Hirsch and Wang, 2005). 

Studies of transgenic mice have highlighted a critical role of some genes and a less 

important role of other genes in the process of parturition. For example, mice lacking 

genes that encode enzymes necessary for PGs synthesis, such as cytoplasmic 

phospholipase A2 (cPLA2) and Cyclo-oxygenase-1 (COX-1), or proteins critical for 

initiation of myometrial contraction, such as con-43, have delayed parturition 

(Bonventre et al., 1997; Doring et al., 2006; Langenbach et al., 1995). On the other 

hand, mice with no OXT or OXTR undergo normal labour at term (Nishimori et al., 

1996; Takayanagi et al., 2005; Young et al., 1996). In addition, mice null for IL-10 

give birth preterm, in contrast to IL-1R and IL-1β ΚΟ animals, which have normal 

labour at term (Hirsch et al., 2002; Reznikov et al., 1999). Inflammatory agents like 

LPS, TNF-α and IL-1β evidently induce premature labour when given to pregnant 

mice via various routes, making the infection-induced PTB mouse model a cost 

effective tool to test possible treatments for PTL (Elovitz and Mrinalini, 2004; 

Sadowsky et al., 2006; Silver et al., 1994). A number of studies employing the above 
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models have documented that administration of agents like TLR-4 antagonist, anti-

TNF-α antibody, IL-1R antagonist (IL-1Rα), NF-kB inhibitors, IL-10, 

medroxyprogesterone acetate (MPA) and prostaglandin 15d-PGJ2 could all prevent 

inflammation-induced PTL (Chang et al., 2011; Elovitz and Wang, 2004; Li et al., 

2010; Nath et al., 2010). Studies utilising the inflammation-induced PTB model on 

transgenic mice have identified genes involved in inflammation-induced PTL. For 

example, TLR-4 KO mice do not deliver preterm when administered intrauterine 

bacteria, suggesting that TLR-4 is a crucial mediator of the inflammatory cascades in 

utero (Wang and Hirsch, 2003). Furthermore, IL-1Ra overexpression in mice failed 

to prevent the expected IL-1β-induced PTB (Yoshimura and Hirsch, 2005). When 

combined with previous studies on IL-1 and IL-1R, the latter study suggests that IL-1 

might be an important but not an essential mediator for initiation of inflammatory 

cascades in inflammation-induced PTB. Although a useful animal model to study the 

mechanisms that lead to term and preterm parturition, the relevance of mouse labour 

to human is limited, firstly, because the major source of P4 in mouse pregnancy is 

the ovary as opposed to placenta and, secondly, because mice undergo systemic P4 

withdrawal just before the onset of labour (Mitchell and Taggart, 2009).  

Finally, although not as commonly used as mice, the guinea pig is a promising model 

in parturition research. The pregnancy of guinea pig is very similar to human because 

the placenta is the major source of P4 after 4 weeks of gestation and because P4 

withdrawal is not required for initiation of labour (Nnamani et al., 2013). 

Furthermore, compared to mice, guinea pig has a longer gestational period and its 

fetuses are developmentally similar to human fetuses when born at term (Owen et al., 

2005). The only disadvantage in using the guinea pig in parturition research is the 

fact that their genome is not fully sequenced and, therefore, the experimental 

reagents available for this species are limited. 

Although the currently available animal models to study term and preterm parturition 

have their benefits, the inter-species variations should be taken into consideration 

when the findings from these studies are translated for the purposes of drug 

development for the management and prevention of human PTB.  
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1.3 Current treatments for preterm birth 

Despite the considerable advances in parturition research, concrete causal links 

between the activation of specific molecular pathways and preterm onset of labour 

have not been established. The biggest challenge for management of PTB has been to 

develop a treatment that will effectively prolong pregnancy and improve neonatal 

outcome at the same time. In addition, it is important to ensure that the drugs aiming 

to improve pregnancy duration have a beneficial effect on neonatal morbidity and 

mortality and are not associated with long-term impairment of the offspring. 

Currently, there is no single treatment shown to effectively improve pregnancy 

duration and long-term outcome in women presenting PTL. Instead, the available 

treatments for PTL are largely focused on stopping preterm uterine contractions with 

tocolytic agents (Haas et al., 2012). Tocolysis with calcium channel blockers, beta 

mimetics, OXTR antagonist, non-steroidal anti-inflammatory drugs (NSAIDS) and 

nitric oxide donors have each been shown to successfully delay PTB by up to 7 days 

(Duckitt et al., 2014; Flenady et al., 2014; Haas et al., 2014; King et al., 2003; 

Neilson et al., 2014; Sykes et al., 2014; van Vliet et al., 2014). However, there is 

insufficient information to confirm a definite beneficial effect on the fetus (Jorgensen 

et al., 2014). Of note, these agents target the end-point in the onset of the labour 

cascade, when the mechanism is already activated and hard to reverse. Hence, drugs 

that target the underlying trigger for labour are required. In this context, a few drugs 

have been proposed as potential therapeutic agents for management of PTB, 

including antibiotics, aimed to treat intrauterine infection, and P4, aimed to maintain 

uterine quiescence (Brocklehurst et al., 2013; Dodd et al., 2013; Kenyon et al., 2010; 

Manuck et al., 2014; Seelbach-Goebel, 2013). Data from clinical trials using these 

agents have been highly informative. Erythromycin administration to women with 

PPROM (Preterm Premature Rupture of Membranes) in ORACLE I trial prolonged 

pregnancy and reduced neonatal morbidity (Kenyon et al., 2001a). However, the 

same antibiotic had no such effect when administered to women experiencing 

spontaneous PTB in the absence of PPROM and infection in ORACLE II trial 

(Kenyon et al., 2001b). What is more, follow-up studies revealed an association of 

the antibiotic treatment with the incidence of cerebral palsy in the offspring in 

ORACLE II, implying that exposure to antibiotics may be detrimental during the 
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neurological development of the fetus (Kenyon et al., 2010; Kenyon et al., 2008; 

Marlow et al., 2012). In light of the evidence that PR antagonists, such as 

mifepristone and RU486, can induce cervical ripening and initiate labour in humans 

and animals, P4 therapy for prevention of PTL is believed to have enormous 

potential for the management of PTB (Clark et al., 2006; Hapangama and Neilson, 

2009; Yellon et al., 2013). Consequently, several clinical trials were initiated to 

explore whether different P4 derivatives, which were delivered in different dosages 

and via different routes, would reduce the incidence of PTB. To date, P4 derivatives 

have been shown to be effective in prolonging pregnancy only in women with 

previous PTB, short cervix or ART (assisted reproductive technology) pregnancy 

(Aflatoonian et al., 2013; Choudhary et al., 2014; Conde-Agudelo et al., 2013; 

DeFranco et al., 2007; Dodd et al., 2008; Mackenzie et al., 2006; McKay et al., 2014; 

Schmouder et al., 2013). Conversely, P4 derivative administration does not prolong 

pregnancy in women with arrested PTL, multiple pregnancies or women with 

PPROM (Briery et al., 2014; Briery et al., 2011; Combs et al., 2010; Norman et al., 

2009; O'Brien et al., 2007a; O'Brien et al., 2009; Senat et al., 2013; Wood et al., 

2012). In view of the lack of evidence on the long-term effects of P4 administration, 

an on-going study, which will follow the offspring until the age of 2 years 

(OPPTIMUM) is underway in order to shed some light on the effects of P4 exposure 

on offspring outcome (Norman et al., 2012).  

Overall, these studies highlight that the current management with tocolytics, 

antibiotics and P4 has been proven ineffective in most cases of PTL and there is little 

evidence of long-term beneficial effects of these agents for the baby (Hosli et al., 

2014). It is therefore important to continue developing novel therapeutic approaches 

that target molecular pathways involved in the initiation of PTL. To achieve this goal 

we need to broaden our understanding of the physiology of labour and identify novel 

pathways involved in the regulation of parturition. The discussed roles of P4 and 

estrogens in the regulation of term labour and the use of P4 derivatives as 

preventative therapy in some cases of PTL inspired the studies described in this 

thesis, which aimed to explore the understudied roles of androgens in the biology of 

parturition. In addition to P4 and estrogens, androgens also increase with normal 

pregnancy. Their role in female physiology has been an active area of investigation 
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for several decades. Although their impact on women’s health has been investigated 

particularly in the context of polycystic ovarian disease, the role they play during 

pregnancy remains less well described. Evidence for the importance of androgens in 

the biology of pregnancy and, particularly, parturition are discussed.  

1.4 Androgens in the physiology of pregnancy and parturition 

To date only a few studies have explored androgenic actions in systems critical for 

pregnancy reaching term, such as myometrial contractility and cervical remodelling. 

Further understanding of the roles of androgens in pregnancy and parturition will 

facilitate management of potentially life-threatening complications for both the 

mother and the fetus. The following sections focus on reviewing what is currently 

known about a) the biosynthesis, clearance and availability of androgens during 

pregnancy, b) the correlation of androgens with adverse pregnancy outcomes, c) the 

role of androgens in physiology of cervical remodelling and d) the roles of androgens 

in the physiology of the myometrial function.  

1.4.1 Androgen biology in female physiology 
Androgens are critical for development of the fetal male reproductive tract and 

maintenance of male secondary sexual characteristics in adulthood (Macleod et al., 

2010; Scott et al., 2007; Welsh et al., 2008). In addition, they can act as pro-

hormones for biosynthesis of estrogens in both males and females (Purohit and 

Foster, 2012; Rivas et al., 2002; Traish et al., 2011). In women, androgens are 

synthesised by cells within the ovaries, the adrenal glands and also in fat, where they 

act in an endocrine, paracrine or intracrine manner. The major androgens synthesised 

in women are dehydroepiandrosterone (DHEA), dehydroepiandrosterone sulphate 

(DHEAS), androstenedione (A4), testosterone (T) and dihydrotestosterone (DHT) 

(Burger, 2002; Labrie et al., 2011; Rothman et al., 2011). Besides having key roles in 

the regulation of reproductive tissues such as the ovary and endometrium, androgens 

have functional impact on the liver, kidney, bone and muscle (Brenner et al., 2003; 

Sen and Hammes, 2010; Walters et al., 2008). In women, excess production of 

androgens, for example in association with conditions such as polycystic ovarian 

syndrome (PCOS), can result in acne, hirsutism and infertility as well as increase the 

risk of other complications, such as high blood pressure, cardiovascular disease and 
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type 2 diabetes mellitus (Dewailly, 2010; Escobar-Morreale et al., 2012; Rosmond, 

2006). Since the 1960s, it has been generally hypothesised that, during pregnancy, 

androgens act as a substrate for estrogen formation in the placenta (Edman et al., 

1981; Pion et al., 1965; Siiteri and MacDonald, 1966; Smith, 2007). According to 

this hypothesis, DHEAS, produced by fetal adrenals, and to a smaller extent from the 

maternal adrenals, enters the placenta, where it is metabolised to A4 and T, which is 

then converted into E1 (estrone) (Strauss et al., 1996). E1 is in turn converted into E2 

(estradiol), which enters the fetal circulation where is taken up by the liver and 

converted into E3 (estriol) (Hirano, 1961; Schwarzel et al., 1973). E3 can then pass 

to the maternal circulation and be cleared in maternal urine (Willows, 1966). 

The importance of the androgen receptor (AR) in mediating the effects of androgens 

is well documented. For example, mutations or deletions in the AR gene located on 

the X-chromosome are associated, in both human and mouse, with failure to 

masculinize. This results in ‘testicular feminisation’, a condition where a male with 

46XY karyotype is phenotypically female (Charest et al., 1991; Hughes et al., 2012; 

Lubahn et al., 1988). The AR is a member of a superfamily of ligand-activated 

transcription factors; out of all androgens, only T and DHT bind to the AR with high 

specificity and affinity (Pereira de Jesus-Tran et al., 2006). Two isoforms of the AR 

(A and B) have been identified (Figure 1.2). Ligand binding to the receptor within 

the cytoplasm, where the AR resides in its unbound state, results in a conformational 

change in the receptor protein, dimerization, nuclear translocation, association with 

co-factors and ultimately interaction with specific regions of the genome known as 

androgen response elements (AREs) (Denayer et al., 2010). The net result of these 

changes is an upregulation or downregulation in gene expression. Such a response is 

termed “genomic” as it involves gene transcription. In addition to their genomic 

effects, androgens are also able to exert their effects in a “non-genomic” manner, 

independent of DNA binding or specific induction of protein synthesis (Lang et al., 

2013). Non-genomic effects of androgens may involve interaction with the cell 

membrane via a number of signalling molecules, including membrane receptors, ion 

channels or enzyme-linked receptors and cytoplasmic regulatory proteins (Foradori 

et al., 2008). These non-genomic effects are rapid and can be observed within 
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seconds, in contrast to genomic effects, which may take hours or even days to 

manifest. 

 

 
Figure 1.2: The two isoforms of the AR. Figure shows the structure of the human AR-A and AR-B. 
The numbers above the bars represent the amino acid residues that separate the domains of the AR, 
starting from the N-terminus (left) to C-terminus (right). NTD = N-terminal domain; DBD = DNA 
binding domain; LBD = ligand binding domain; AF = activation function. Image adapted from 
http://en.wikipedia.org/wiki/Androgen_receptor.  
 

1.4.2 Androgen biosynthesis during pregnancy 
The biosynthetic conversion of cholesterol to androgens involves several steps and 

enzymes. A fundamental step of this process is the synthesis of pregnenolone. Only 

certain cells types in the human are capable of pregnenolone biosynthesis and these 

include testicular Leydig cells, ovarian theca and corpus luteum cells, placental 

trophoblast cells, adrenal cortex cells and some specific cells in the brain [reviewed 

in (Ghayee and Auchus, 2007)]. Pregnenolone is metabolised to DHEA, which is 

further metabolised to A4, the precursor of T. T can be reduced to a number of 

androgens, such as DHT (5α-DHT), 5β-DHT, 5β-androstandiol, 3α-Adiol, 3β-Adiol 

or further metabolised to estrogens. The reduction of T to DHT and the conversion of 

T to estrogens is catalysed by the metabolising enzymes 5α-reductase (SRD5A) and 

aromatase (CYP19) respectively (Figure 1.3). Androgen biosynthesis has been 

recently extensively reviewed by Penning and colleagues who have identified a 

number of potential pathways (Penning, 2010). 
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In the non-pregnant premenopausal woman, approximately 50% of all DHEA is 

secreted by the adrenal glands, 20% from the ovaries and 30% from the peripheral 

tissues (Abraham, 1974). In contrast, the adrenals and ovaries produce equal amounts 

of A4 (Longcope, 1986). Approximately 50% of T is equally synthesised in the 

ovaries and adrenals and the other half is reported to be produced from A4 in the 

peripheral tissues (Piltonen et al., 2002). Finally, DHT is not secreted by the 

endocrine glands but this potent androgen is synthesised from T in the peripheral 

androgen-target tissues (Ito and Horton, 1971; Marchetti and Barth, 2013). During 

pregnancy additional sources of androgens include the fetus and the placenta. In 

particular, the developing fetus is the source of placental 16α-hydroxy-DHEA, a 

product of 16α-hydroxylation of DHEAS in the fetal liver (Cantineau et al., 1985). In 

a similar way to its non-16α-hydroxylated form, 16α-hydroxy-DHEA can be 

metabolised to 16α-hydroxy-A4. The latter is the predominant source of E3 

(Milewich et al., 1986). See Figure 1.3 for summary of these pathways.  

 

 
Figure 1.3: Testosterone metabolism during pregnancy. DHEA = dehydroepiandrosterone; DHEAS = 
dehydroepiandrosterone sulphate; A4 = androstenedione; T = testosterone; E1 = estrone; E2 = 
estradiol; E3 = estriol; 3α-HSD = 3-α-hydroxysteroid dehydrogenase/Δ-5-4 isomerase; 3β-HSD = 3-β-
hydroxysteroid dehydrogenase/Δ-5-4 isomerase; 17β-HSD = 17β-hydroxysteroid dehydrogenase; 3α-
Adiol = 5α-androstane-3α, 17β-diol; 3β-Adiol = 5α-androstane-3β, 17β-diol; DHT = 
dihydrotestosterone, STS = sulfatase, ST = sulfotransferase; 16α-OH = 16α-hydroxy. Image adapted 
from (Makieva et al., 2014). 
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Once synthesised, androgens enter the maternal circulation, where they can be 

measured. Usually the circulating concentration of T is reported as either total (tT) or 

‘free’ (fT) with an important distinction between them - the latter is unbound to 

plasma proteins, such as sex hormone binding globulin (SHBG), and therefore able 

to pass freely across the plasma membrane to interact with the AR, whereas bound T 

is unable to penetrate the cell membrane (Mendel, 1989). The percentage binding to 

SHBG is greater for DHT (59%) than for T (44%) and E2 (20%) and is very low for 

A4, DHEA, E1 and E3 (Avvakumov et al., 2010). The affinity of each androgen for 

SHBG is dependent on their structural characteristics. For example, a 17β-OH group 

and a 5α-hydrogen atom increase the affinity for SHBG binding whereas androgens 

with either a double bond in ring A or an aromatic ring A are less SHBG-potent 

(Siiteri and Simberg, 1986). Therefore, DHT, which has both the 17β-OH group and 

a 5α-hydrogen atom, has two-fold greater affinity for SHBG than T, which has a 

double bond in ring A (Siiteri and Simberg, 1986).  

1.4.2.1 Concentration of androgens during pregnancy  

A number of studies have reported elevated concentration of some, but not all, 

circulating androgens during normal pregnancy (Bammann et al., 1980; Buster et al., 

1979; Dawood and Saxena, 1977; Mizuno et al., 1968; Rivarola et al., 1968; Saez et 

al., 1972). A notable increase in tT is observed during the first trimester of pregnancy 

and further elevations are reported towards term (Bammann et al., 1980; Berger et 

al., 1984; Saez et al., 1972). However, circulating fT only increases significantly at 

the third trimester of pregnancy (Dawood and Saxena, 1977). In addition, serum 

concentration of A4 is significantly elevated between 37-42 weeks of pregnancy 

compared to its non-pregnant concentration, although the relative increase of T 

during pregnancy is greater than the increase in A4 (Mizuno et al., 1968). In contrast, 

maternal circulating concentration of DHEAS falls across gestation to approximately 

50% of its non-pregnant concentration (Milewich et al., 1978). Finally, circulating 

SHBG increases during the first trimester of pregnancy and continues to increase 

dramatically throughout mid and late gestation (Wilke and Utley, 1987). Table 1.1 

summarises the maternal serum concentration of different androgens during 

pregnancy and Figure 1.4 is a graphical representation of this information.  
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Table 1.1: Concentration of androgens in maternal serum. Table shows the concentration of each 
androgen as given in the references quoted. tT = total testosterone; fT = free testosterone; SHBG = sex 
hormone binding globulin; DHEA = dehydroepiandrosterone; DHEAS = dehydroepiandrosterone 
sulphate; A4 = androstenedione; DHT = dihydrotestosterone. 

Androgen Non-
pregnant 

1st 
Trimester 

2nd 
Trimester 

3rd 
Trimester 

Reference 

fT 
(pmol/L) 

6.2 11.1 7.5 13.3 (Wilke and 
Utley, 1987) 

tT 
(mmol/L) 

0.21 - 2.98 0.90 - 7.32 1.20 - 8.40 2.20 - 
10.70 

(O'Leary et al., 
1991) 

A4  
(ng/mL) 

1.0 - 2.0 2.5 - 3.5 0.6 - 7.8 1.6 - 14.0 (Carlsen et al., 
2006; 

Castracane et 
al., 1998) 

DHT 
(ng/mL) 

0.022 - 0.107 0.113 0.18 0.1 - 0.3 (Buster et al., 
1979; Dawood 

and Saxena, 
1977) 

SHBG 
(nmol/L) 

42.2 68.1 279.3 246.1 (Wilke and 
Utley, 1987) 

DHEA 
(nmol/L) 

1.0 - 40.0 10.0 - 60.0 5.0 - 50.0 5.0 - 50.1 (Tagawa et al., 
2004) 

DHEAS 
(nmol/L) 

2000-4000 2000-4000 500-2000 500-200 (Tagawa et al., 
2004) 

 

 
Figure 1.4: Graphical presentation of the highest (A) and lowest (B) androgens in maternal serum 
throughout gestation. tT = total testosterone; fT = free testosterone; SHBG = sex hormone binding 
globulin; DHEA = dehydroepiandrosterone; DHEAS = dehydroepiandrosterone sulphate; A4 = 
androstenedione; DHT = dihydrotestosterone. Adapted from (Makieva et al., 2014). 
 

In the fetus, circulating concentrations of some androgens are dependent on the fetal 

sex and gestation. In fetal blood, T concentration is higher in males than females 
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(Rodeck et al., 1985). This contrasts with DHT concentration, which is similar in 

both sexes (Diez d'Aux and Pearson Murphy, 1974; Rodeck et al., 1985). In male 

fetuses, serum concentration of T increases until the end of first trimester, reaching a 

peak of 150 ng/dL at the end of week 12 of gestation, after which it declines by 70% 

to a nadir at 23 weeks (Rodeck et al., 1985). In female fetuses, T remains generally 

low throughout first and second trimester (50 ng/dL) and declines rapidly at term 

(Diez d'Aux and Pearson Murphy, 1974). In addition to T, DHEA concentration is 

higher in the cord blood of male fetuses compared to females whereas A4 is similar 

(Keelan et al., 2012). Labour is associated with increased cord blood A4, DHEA and 

SHGB and decreased tT and fT (Keelan et al., 2012). In the amniotic fluid, T and A4 

are higher in male-bearing pregnancies (Carson et al., 1982). On the other hand, there 

is no notable difference between the concentration of DHEA in the amniotic fluid in 

male and female fetuses (Robinson et al., 1977). Although T is higher in the fetal 

compartment of male fetuses, there is no correlation between fetal sex and maternal 

serum concentrations of any androgen (Rivarola et al., 1968). The correlation 

between fetal sex and androgen concentration (T or A4) in the fetal compartment, 

including serum and amniotic fluid, is consistent with androgen biosynthesis within 

Leydig cells of the fetal testis (Scott et al., 2009). Therefore, increased T and A4 in 

the amniotic fluid of male fetuses may reflect androgens excreted in fetal urine 

(Mitchell and Shackleton, 1969). Notably, the studies measuring androgen 

concentrations during pregnancy in maternal and gestational tissues were performed 

a few decades ago and, thus, employed traditional radioimmunoassays (RIAs). 

Nowadays, there are numerous novel methods for measuring the concentration of 

steroids in serum or homogenised tissue, such as mass spectrometry, which could be 

utilised to update the current knowledge.  

The tissue origin and cause of the increase in androgens in maternal circulation 

during pregnancy remains uncertain but is likely to involve production from ovary or 

placenta as discussed below.  

1.4.2.2 Tissue origin of androgen synthesis during pregnancy 

Within the ovary, androgens are synthesised in small luteal cells (SLC) of the corpus 

luteum (former theca cells of ovarian follicle) (Sanders et al., 1996). Once pregnancy 
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occurs, it is plausible that stimulation of SLC by human chorionic gonadotropin 

(hCG), which is elevated in first trimester, results in the reported increase in 

circulating concentration of T at this time (Braunstein et al., 1976; Liu and Hsueh, 

1986). However, hCG concentration reaches a peak at the end of first trimester and 

then declines, in contrast to T, which increases steadily, suggesting either an 

alternative regulation of androgen production by the corpus luteum or an alternative 

source of androgens at the end of the first trimester (Braunstein et al., 1976). Studies 

on women with premature ovarian failure (POF), who became pregnant following in-

vitro fertilisation (IVF) with donor egg transfer, indicate that the ovary is the major 

contributor to the circulating concentrations of T and A4 during pregnancy 

(Castracane and Asch, 1995). The authors of that study reported that those patients 

had significantly lower circulating T and A4 when compared to pregnant women 

without POF. Perhaps not surprisingly, this study is yet to be replicated by other 

research groups.  

In addition to the maternal ovary, the maternal adrenal is an important source of 

androgens throughout pregnancy. Indeed, maternal and fetal virilisation due to 

androgen excess have been reported in cases of adrenal adenomas (Fuller et al., 

1983). Studies in baboons showed that E2 suppressed the maternal adrenal 

production of DHEA and DHEAS during pregnancy, which is in line with the 

reported decrease in DHEAS concentration in the maternal circulation throughout 

pregnancy (Albrecht and Pepe, 1995; Tagawa et al., 2004; Umezaki et al., 2001). 

These studies demonstrated that removal of the fetus but not the placenta (fetectomy) 

induced a decline in E2 and an increase in DHEA and DHEAS concentrations in the 

maternal circulation (Albrecht et al., 1980; Albrecht and Pepe, 1995). The decrease 

in E2 was probably attributed to withdrawal of fetal precursors of E2 biosynthesis. 

Interestingly, the authors showed that exogenous E2 could inhibit the fetectomy-

induced increase in DHEA and DHEAS. The observation that the metabolic 

clearance rates of DHEA and DHEAS remained unchanged before and after E2 

administration, led the authors to conclude that the estrogen-induced decline in 

maternal DHEA and DHEAS reflected a decrease in maternal adrenal production of 

these androgens.  
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Despite the prevailing belief formulated in the studies from the 1960s that the 

placenta does not have the metabolic capacity to synthesise androgens de novo (Pion 

et al., 1965; Siiteri and MacDonald, 1966) and, thus, relies solely on fetal androgens, 

a recent study has demonstrated that placental syncytiotrophoblasts (but not 

cytotrophoblast) can synthesise androgens (Escobar et al., 2011). Specifically, the 

syncytiotrophoblast expresses both the mRNA and the protein encoded by the CYP17 

gene, the enzyme that converts C21 steroids (such as P4) to C19 steroids (such as T). 

The syncytiotrophoblasts were also shown to have CYP17 activity in vitro (Escobar 

et al., 2011).  

The non-pregnant human myometrium evidently possess the metabolic capacity to 

convert A4 to T and DHT in vitro –but whether this occurs in situ during pregnancy 

is unknown (Jasonni et al., 1982). Consistent with this study, a more recent study has 

reported that the myometrium, derived from non-pregnant and early pregnant pig 

uteri, can synthesise A4 and T in vitro (Franczak, 2008). Whether the pregnant 

cervix has the metabolic capacity to synthesise androgens is currently unknown. 

Figure 1.5 summarises the possible sites for androgen production in the materno-

placental unit. 
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Figure 1.5: Maternal sites of androgen biosynthesis. The maternal adrenal secretes DHEA, DHEAS, 
A4 and T into the maternal circulation, from which androgens get distributed to peripheral tissues. 
The placenta is an additional site for de novo biosynthesis of A4 and T. Ovaries can also produce and 
secrete T, A4 and DHEA into the maternal circulation and the myometrium can synthesise A4, T and 
DHT. Finally DHEA and T can be generated from precursors by androgen metabolising enzymes. 
DHEA = dehydroepiandrosterone; T = testosterone; DHT = dihydrotestosterone; 
DHEAS = dehydroepiandrosterone sulphate; A4 = androstenedione. Adapted from (Makieva et al., 
2014). 

 

1.4.2.3 Clearance 

The concentration of androgens measurable in blood (Pc) are also influenced by their 

metabolic clearance rate (MCR) – the volume of blood cleared of a steroid per unit 

time (Baird et al., 1969). The blood production rate of an androgen (Pb) is the 

amount of androgen entering the circulation from all possible sources (endocrine 

glands and periphery). The blood production rate can be calculated according to the 

formula Pb = MCR x Pc and it represents an approximation of the daily production 

rate of the steroid (Gurpide, 1990). The MCR of androgens, which represents the 

summation of the individual organ clearance rates, is significantly influenced by the 

amount of circulating SHBG, which reduces peripheral breakdown of androgens 

(Vermeulen and Ando, 1979).  
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In women, soon after implantation, the production of maternal P4, E2 and androgens 

by the corpus luteum increases significantly (Brannian and Stouffer, 1991; Elbaum 

and Keyes, 1976; Fisch et al., 1989; Laherty et al., 1985; Richardson and Masson, 

1981; Stocco et al., 2007; Stouffer et al., 1977; Webley and Hearn, 1987). Corpus 

luteum-derived E2 in turn stimulates liver SHBG synthesis leading to an increase in 

circulating concentration of SHBG (Joseph, 1994; Wilke and Utley, 1987). The 

increase in SHBG should decrease the bioavailability of fT and therefore lower the 

clearance of T and DHT. Indeed, it has been reported that the MCR of T and DHT 

during pregnancy is lower during the first trimester compared to the non-pregnant 

state; however, the blood production rates of DHT and T are unchanged (Saez et al., 

1972). These finding are in agreement with a study in guinea pigs, where pregnancy 

induced a two-fold decrease in the MCR of T (Despres et al., 1982). 

In contrast to the MCR of T and DHT, the MCR of DHEA and DHEAS increases 

two- and five-fold respectively in pregnancy, starting at mid-pregnancy (Belisle et 

al., 1977; Belisle et al., 1980b; Gant et al., 1971). This phenomenon may reflect the 

metabolism of these steroids in the feto-placental unit, as both steroids are important 

as estrogen precursors (Goodyer and Branchaud, 1981; Longcope, 1996). In addition 

to the increase in the MCR of DHEAS, its production rate by the maternal adrenals 

increases in pregnancy (Milewich et al., 1978). The net result is lower DHEAS 

concentration in the maternal serum at the end of first trimester in comparison to 

non-pregnant state (Tagawa et al., 2004). For A4, although pregnancy does not 

induce changes in the MCR, the blood production rate is increased two-fold, 

explaining the observed increase in the circulating concentration of A4 (Belisle et al., 

1980a; Castracane et al., 1998).  

In conclusion, changes in the production rate of androgens (produced predominantly 

in the ovary and to a lesser extent in the adrenals and periphery) and their MCRs 

occurring during pregnancy may all impact the detected concentration of androgen in 

the circulation. Of note, changes in the total concentration of circulating androgens 

may not reflect the bioavailability of these steroids in target tissues such as the 

myometrium and the cervix. The functional role of the increase in androgen 

concentration during pregnancy has been understudied, although a number of adverse 
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pregnancy outcomes have been correlated with impaired maternal androgen levels. 

These studies are discussed below. 

1.4.3 Androgens and adverse pregnancy outcomes 
Considering the adverse effects of high circulating androgens in non-pregnant 

women, such as in PCOS cases, one would assume that the physiological pregnancy-

induced increase in androgen concentrations could potentially have similar 

detrimental effects. However, it is generally accepted that pregnancy-specific 

mechanisms are activated to protect both mother and fetus from the pregnancy-

induced androgen excess (Hensleigh et al., 1975). In the absence of these 

“protective” mechanisms, exposure to androgens can cause hirsutism and/or 

virilisation of both mother and any female fetus. The maternal “protective” 

mechanisms include a) a physiological increase in maternal circulating SHBG, which 

binds and inactivates androgens (Hammond, 2011) b) a pregnancy-induced rapid 

elevation of P4, which can compete for binding to the AR (Birrell et al., 2007; 

Slayden et al., 2001) and c) the affinity of P4 for 5α-reductase resulting in inhibition 

of conversion of T to the more potent AR ligand DHT (Cabeza et al., 1999; Hodgins, 

1982). Due to these mechanisms, pregnancy itself may reduce clinical manifestation 

of pre-existing or pathological pregnancy-induced hyperandrogenic conditions 

(Crisosto et al., 2012; Phelan and Conway, 2011). The commonest hyperandrogenic 

conditions are known as “non-tumour ovarian hyperandrogenism” and include 

PCOS, hyperreactio luteinalis (HL) and pregnancy luteoma (Kanova and Bicikova, 

2011). Cases of HL, occurring predominantly during the second or third trimester 

and caused by high β-human chorionic gonadotropin (β-hCG) levels, have been 

reported (Amoah et al., 2011; Haimov-Kochman et al., 2004; Van Holsbeke et al., 

2009). Such studies revealed that, in spite of the proposed protective mechanisms, a 

small fraction of women with HL exhibited virilisation and/or hirsutism but, 

fortunately, their female fetuses were hardly ever virilised (Abe et al., 2011; Amoah 

et al., 2011; Angioni et al., 2007; Annamalai et al., 2011; Foulk et al., 1997; 

Hensleigh et al., 1975; Holt et al., 2005; Van Holsbeke et al., 2009; Veleminsky, 

2010). Although most maternal hyperandrogenic symptoms of HL resolve 

postpartum, HL is strongly associated with adverse pregnancy outcomes such as 

preeclampsia (PE) and PTB (Atis et al., 2010; Gatongi et al., 2006; Grgic et al., 
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2008; Haq, 2010; Lynn et al., 2013; Masuyama et al., 2009; Simsek et al., 2012). 

Other hyperandrogenic disorders, which are generally very rare, include fetal-

induced hyperandrogenism, which is caused by fetal aromatase deficiency (FAD), 

iatrogenic hyperandrogenism, caused by exogenous androgen administration, and 

adrenal tumour hyperandrogenism (Dahl et al., 2008).  

The fetal “protective” mechanism includes the metabolism of androgens in the 

placenta (Siiteri and MacDonald, 1966; Simpson et al., 1994). Specifically, the 

aromatase complex within the placenta plays critical role in protecting the fetus from 

the mother's androgens as this enzyme rapidly converts T or A4 to E1 and E2 

respectively (see Figure 1.3) (Bardin et al., 1983; Edman et al., 1981; Hall et al., 

1987; Pasanen and Pelkonen, 1994; Simpson et al., 1994). The efficacy of this 

placental barrier to androgens is evidenced by studies showing that women with 

hyperandrogenic disorders during pregnancy, such as PCOS, do not necessarily 

deliver virilised female fetuses (Escobar-Morreale, 2010; Sir-Petermann et al., 2002). 

On the other hand, the few women identified with placental aromatase deficiency can 

deliver virilised fetuses, again demonstrating the importance of placental aromatase 

(Ludwig et al., 1998; Shozu et al., 1991). Taken together these studies show that 

pregnancy is associated with the development of protective mechanisms, which 

ameliorate both maternal and fetal effects of the increase in androgens that is 

associated with normal physiology of pregnancy.  

Numerous studies have also explored the association between an abnormal androgen 

increase during pregnancy with factors such as maternal age, the sex of the baby and 

pregnancy outcome. Women with PCOS, who have higher concentration of 

androgens compared to healthy pregnant women, have reportedly an approximately 

6% higher risk of delivering preterm compared to women without PCOS (Sir-

Petermann et al., 2005; Yamamoto et al., 2012). However, androgen excess might 

not be the only reason for early birth in these women, as PCOS is also associated 

with an increase in many inflammatory mediators, which may contribute to PTL 

(Diamanti-Kandarakis et al., 2006).  A study investigating the association of birth 

size of the offspring with the concentration of maternal androgens has indicated that 

elevated T is positively associated with in utero growth restriction (Carlsen et al., 
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2006). In addition, women pregnant with male fetuses are in greater risk of 

delivering preterm, a phenomenon sometimes attributed to the fact that pregnancies 

with male fetuses have higher concentration of androgens in the fetal compartment 

compared to female fetuses (McGregor et al., 1992; Zeitlin et al., 2002). However, 

there is no direct evidence that the relationship between higher androgen 

concentration in the fetal compartment and PTB is causal. In contrast to the positive 

association between androgen concentration (at least in the fetal compartment) and 

the presence of a male fetus and PTB, the increasing maternal age (which is 

negatively associated with [maternal] androgen concentration in pregnancy) is also 

known to be a risk factor for preterm deliveries (Astolfi and Zonta, 1999; Carlsen et 

al., 2003). Recently, a report identified changes in the fetal AR gene to be associated 

with a predisposition to PTB (Karjalainen et al., 2012). In their linkage analysis 

study they reported that a repeat sequence in exon-1 of AR in the offspring, who were 

born preterm, was longer in cases of PTB than controls and implicated the AR as a 

fetal susceptibility gene for PTB (Karjalainen et al., 2012). Abnormal increases in 

androgens during pregnancy have also been correlated with the development of 

gestational diabetes, which is also associated with PTB (Abbott et al., 2010; 

Ackerman et al., 2013; Espinos et al., 1992; Morisset et al., 2013; Vejrazkova et al., 

2014). The latter is probably due to the impact of androgens on modulation of insulin 

secretion from the pancreas and inhibition of glucose uptake in fat and muscle cells 

(Corbould, 2008; Rao et al., 2013). The mechanism linking the two hormonal axes is 

poorly understood and, interestingly, this has not been considered or explored during 

pregnancy. Increased T in the maternal circulation during the third trimester have 

been positively associated with the incidence of PE, suggesting T as a predictive 

marker of PE (Ghorashi and Sheikhvatan, 2008; Lorzadeh and Kazemirad, 2012; 

Sharifzadeh et al., 2012; Simsek et al., 2012). In this context, placentae from 

preeclamptic pregnancies have higher expression of AR in both male and female 

fetuses (Sathishkumar et al., 2012). Therefore, it is possible that the AR-dependent 

signalling in the placenta contributes to the pathology of PE; a notion that deserves 

further investigation.  

A correlation between androgen concentration and preterm delivery has been studied 

in few primate studies. For example, continuous administration of A4 to pregnant 
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rhesus monkeys either from early gestation or for a period of 48 hours during third 

trimester resulted in preterm initiation of myometrial contractions and cervical 

dilatation that lead to preterm delivery (Figueroa et al., 1989; Mecenas et al., 1996). 

In these studies, preterm delivery was associated with an increase in E2 in maternal 

circulation, suggesting conversion of A4 to E2 in the placenta. Nathanielsz et al later 

supported this idea by showing that the preterm delivery could be prevented by direct 

administration of an aromatase inhibitor (Nathanielsz et al., 1998). However, in other 

studies, direct administration of E2 or E1 to pregnant primates failed to induce 

preterm delivery (Albrecht et al., 1989; Novy and Walsh, 1983). Therefore, it is 

possible that the normal physiological increase in androgens in the maternal 

circulation that occurs from the start to the end of pregnancy may hold the key to 

maintenance of pregnancy. In support of this notion, abnormal changes in androgen 

concentrations at the start of pregnancy have been associated with spontaneous 

abortions or recurrent miscarriages. For example, spontaneous abortion occurred in 

women whose circulating androgens failed to increase at the beginning of pregnancy 

(Bammann et al., 1980). On the other hand, women with recurrent miscarriages had 

significantly higher circulating T, A4 and higher T/SHBG ratio compared to women 

without recurrent miscarriages (Okon et al., 1998).  

Although these studies suggest that the normal increase in androgen concentrations 

might be pivotal for maintenance of pregnancy and development of the fetus, they 

fail to show a consistent relationship between either androgen excess or androgen 

deficiency and pregnancy problems. What is more, the mechanism by which 

androgens may impact pregnancy outcomes has not been fully understood.  Below 

we discuss the functions of androgens in tissues, such as the cervix and the 

myometrium, focusing on their effects on cervical remodelling and myometrial 

contractility, both key processes in determining the timing of delivery.  

1.4.4 The role of androgens in the cervix 

1.4.4.1 Structure of cervix 

The cervical stroma is composed of fibroblasts, SMCs, epithelial cells and immune 

cells (Leppert, 1995). These cells secrete an extracellular matrix (ECM), which 

consists primarily of collagen, glycosaminoglycans, and proteoglycans. Hormones 
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including progestogens and E2, relaxin and prostaglandins can alter the composition 

of ECM and affect the mechanical strength of the cervix (Ekman-Ordeberg et al., 

2003; Ghule et al., 2012; Ji et al., 2011; Simon and Einspanier, 2009). The 

consequence of this process is remodelling of the cervix, which can be divided into 

four stages: softening (first stage), ripening (second stage), dilatation (third stage) 

and reconstitution of the non-pregnant cervix postpartum (Read et al., 2007). Each 

stage is characterised by a distinct composition of collagens and proteoglycans as the 

tissue re-organises and prepares for the next steps in the parturition process (Word et 

al., 2007). Cervical ripening is characterised by a 60% decrease in collagen and 

proteoglycan concentration that occurs in parallel with an increase in collagenase 

activity, which itself is involved in collagen catabolism and disturbance of collagen 

bundles (Ekman et al., 1986; Norman et al., 1993). However, collagen synthesis 

increases in the cervix at term, due to collagen turnover being balanced between 

production and degradation (Ekman et al., 1986). Structural abnormalities of the 

cervix have been associated with an increased risk of PTB, thus a better 

understanding of the physiology of cervical remodelling is crucial [reviewed by 

(Norman, 2007)]. 

1.4.4.2 The role of androgen signalling in cervical remodelling  

Numerous human and animal studies have explored the role of androgens in the 

cervix, particularly during pregnancy (El Maradny et al., 1996; Ji et al., 2008; 

Kanayama et al., 1998; Maradny et al., 1996; Mochizuki et al., 1978a; Mochizuki et 

al., 1978b; Mochizuki and Maruo, 1985; Sakyo et al., 1986, 1987; Sasaki et al., 

1982; Takahashi et al., 1984; Yamashita et al., 1991). These studies suggest that 

androgens regulate cervical remodelling, particularly cervical ripening at term. Table 

1.2 summarises the key findings from these studies. Collectively these reports 

provide compelling evidence that the fetal androgen DHEAS promotes cervical 

ripening by enhancing collagenase activity and, thus, decreasing fibril collagen 

organisation. However, it is noteworthy that the majority of these reports are of a few 

decades of age and, particularly, the in vivo studies are characterised by a small 

number of patients employed for those studies.  
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Table 1.2: Studies on androgen administration in the cervix. HCF = human cervical fibroblast, CCs = 
cervical cells. 

Androgen 
 

Dose Species/tissue Key findings Reference 

DHEAS 0.01 mg/ml 
0.1 mg/ml 

Human 
In vitro: HCF 

derived from term 
pregnancy 

↑ IL-8 in conditioned 
medium 

 
↑ IL receptor in HCF 

(Kanayama et 
al., 1998) 

DHEAS 200 mg Human 
In vivo: Term 

pregnant women 
(>38 weeks) 

↑ Bishop score 
 

↑ Collagenase activity 

(Mochizuki et 
al., 1978b) 

DHEAS 200 mg Human 
In vivo: Term 

pregnant women 
(38-42 weeks) 

↑ Bishop score 
 

↑ Collagenase activity 
 

↑ E2 in maternal serum 
 

(Mochizuki and 
Maruo, 1985) 

DHEAS 50-100 mg Human 
In vivo: Term 

pregnant women 
(38-42 weeks) 

↑ Bishop score 
 

↓ Time to delivery 
 

No side effects 

(Mochizuki et 
al., 1978a) 

DHEAS 100 mg Human 
In vivo: Term 

pregnant 
multiparous and 

nulliparous 
women 

(>38 weeks) 
 

↑ Bishop score 
 

↓ Duration of labour in 
nulliparous women 

 
↓ Time to delivery in 

nulliparous 
 

No side effects 

(Sasaki et al., 
1982) 

DHEAS 50-200 mg Human 
In vivo: Term 

pregnant singleton 
and twin 

pregnancies (>39 
weeks) 

 

↑ Bishop score 
(Higher correlation of 
Bishop score with twin 

pregnancies) 
 

↑ E2 levels in maternal 
serum 

(Higher correlation of E2 
levels with twin 

pregnancies) 
 

No change in E1, E3 levels 
in maternal serum. 

(Takahashi et 
al., 1984) 

DHEAS 1 µM Rabbit 
In vitro: CCs 

derived from term 
pregnancy 

↑ Collagenase levels 
 

No Effect of E2 or DHEA 
treatment 

(Sakyo et al., 
1986) 

DHEAS 1 µM Rabbit 
In vitro: CCs 

derived from term 
pregnancy 

↑ Collagenase levels 
 

No effect on collagen 
levels 

(Sakyo et al., 
1987) 

DHEAS 10 mg Rabbit 
In vivo: term 
pregnancy 

↑ Collagenase activity 
 

↓ Collagen content 

(Maradny et al., 
1996) 
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Combined DHEAS + IL-8 
(100 ng) treatment induced 

neutrophil infiltration 
 

Combined treatment 
produced maximal 

decrease in collagen 
content 

 
DHEAS 100 mg Rat 

In vivo: term 
pregnancy 
(day 16) 

↓ Collagen content 
 

↑ Collagenase activity 

(Yamashita et 
al., 1991) 

DHEA 0.01 mg /ml 
0.1 mg/ml 

Human 
In vitro: HCF 

derived from term 
pregnancy 

Slight + IL-8 in 
conditioned medium 

 
Slight + IL receptor in 

HCF 

(Kanayama et 
al., 1998) 

DHT 2 mg Rat 
In vivo: term 
pregnancy 
(day 15) 

↓ Cervical resistance 
 

↓ Proteoglycan 
mRNA 

 
Flutamide treatment 

(10 mg) 
↑ Cervical resistance 
↑ Proteoglycan mRNA 

 
 

(Ji et al., 2008) 

 

The mechanisms by which androgens promote cervical ripening are not fully 

understood. In support of a physiological effect of DHEAS on cervical ripening, one 

study has reported that the DHEAS concentration in serum is significantly correlated 

with favourable Bishop outcome; i.e. higher DHEAS in women with a successful 

(spontaneous) cervical ripening compared to women in need of induction of labour 

(Koyuncu et al., 1995). DHEAS administration has also been positively correlated 

with an increase in E2 levels in the maternal serum (Takahashi et al., 1984). 

Therefore, it has been argued that DHEAS may be metabolised to estrogens within 

the term cervix and it is the estrogens that initiate the cervical ripening. However, 

other studies have reported that administration of estrogens alone fails to ripen the 

cervix (Dasgupta and Singh, 2012; Larmon et al., 2002; Thiery et al., 1979). Notably 

DHT, which cannot be metabolised to estrogens, also promotes ripening of the cervix 

in rats, implying an androgen-specific effect (Ji et al., 2008). Interestingly, mice with 

ablation of the gene that encodes 5α-reductase type 1 develop an abnormal cervix 
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that fails to ripen at labour (Mahendroo et al., 1999). The 5α-reductase type 1 

enzyme converts T to DHT and is the predominant enzyme expressed in cervix at 

term (Mahendroo and Russell, 1999). Administration of a 5α-reduced androgen, a 

metabolite of DHT- namely 5alpha-androstane-3alpha, 17β-diol  (Adiol) rescues the 

impaired phenotype of 5α-reductase type 1 KO animals, allowing normal cervical 

ripening (Mahendroo et al., 1996). Although the latter finding suggests the local 

conversion of androgens to other (more potent) androgen metabolites to be the 

underlying mechanism for the androgen-induced cervical ripening, it is important to 

note that Adiol can also bind estrogen receptor beta (ERβ) (Saijo et al., 2011).  

Although poorly explored, there is some evidence that the mechanism of the 

observed DHEAS-induced collagenase increase is indirect and involves DHEAS-

stimulated neutrophil secretion of proteolytic enzymes (El Maradny et al., 1996; 

Maymon et al., 2000). Notably, the action of DHEAS on cervical ripening has been 

correlated with increased concentration of IL-8, a cytokine involved in chemotaxis of 

neutrophils that are reportedly recruited to the cervix towards term (Kanayama et al., 

1998; Maymon et al., 2000). 

The involvement of the AR in mediation of cervical ripening by androgens has been 

recently examined in pregnant rats (Ji et al., 2008). In that study, the antagonism of 

AR by flutamide inhibited events associated with ripening of the cervix, such as a 

decrease in collagen fibril organisation, a decrease in cervical resistance and a 

decrease in proteoglycan synthesis. On the other hand, these events were promoted 

by intravaginal administration of DHT on day 16 of rat pregnancy (Ji et al., 2008). 

Although that study did not examine the expression of AR in the cervix, other 

immunohistochemical studies have reported cervical localisation of AR in pregnant 

and non-pregnant human (Ji et al., 2008; Vermeirsch et al., 2002; Vladic-Stjernholm 

et al., 2009; Wilson and McPhaul, 1996). In addition, it has been reported that 

androgens upregulate AR expression in the human cervix (van der Kwast et al., 

1994).  

In summary, the reports discussed above suggest that DHEA and DHT might 

promote cervical ripening via a pathway that alters collagenase synthesis and 

activity. Although the precise mechanism is not well established, there is some 
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evidence that it may be mediated via metabolism of androgens to reduced androgens 

and/or genomic AR-dependent signalling. However, this notion needs more 

investigation.  

1.4.5 The role of androgens in the myometrium 

1.4.5.1 The MSMCs 

The MSMCs are specialised contractile cells that, in contrast to skeletal and other 

smooth muscle cells, exhibit cellular plasticity, which enables reversible 

differentiation into different phenotypes (Gabbiani et al., 1981; Tomiyasu et al., 

1988). Studies in the rat myometrium during pregnancy have demonstrated that the 

MSMCs undergo five phenotypic changes throughout gestation (Shynlova et al., 

2009b). Briefly, these are: a proliferative stage, a synthetic stage, a contractile stage, 

a labour stage and a postpartum involution phase.  Early in pregnancy, following 

implantation of the conceptus, the MSMCs proliferate rapidly and become 

hyperplastic. Hormones and growth factors, including IGF-1 (insulin-like growth 

factor 1) and EGF (epidermal growth factor) are key regulators of the proliferative 

phase [reviewed in (Shynlova et al., 2007)]. Following proliferation, the MSMCs 

undergo an intermediate synthetic phase that starts on day 14 of rat pregnancy (Lye 

et al., 2001). The synthetic phenotype is characterised by MSMCs hypertrophy and 

increased synthesis and deposition of ECM (Shynlova et al., 2009b). On day 21 of rat 

gestation, the myocytes switch to a contractile phenotype (Fata et al., 2000; 

Nishinaka and Fukuda, 1991; Shynlova et al., 2004). The switch to the contractile 

phenotype is predominantly triggered by mechanical pathways that get activated in 

response to uterine stretch (Loudon et al., 2004; Manabe et al., 1981; Sooranna et al., 

2004; Terzidou et al., 2005). At the end of pregnancy, the MSMCs adopt a labour 

phenotype (Shynlova et al., 2009b). At this point the myometrium develops 

synchronous contractions and expresses a number of CAPs, such as con-43, OXTR 

and PGF receptor (Erkinheimo et al., 2000; Fuchs et al., 1984; Rehman et al., 2003; 

Slater et al., 1999; Sparey et al., 1999). The return of the MSMCs to a non-pregnant 

state involves rapid apoptosis, which is characteristic of the postpartum involution 

(O'Brien et al., 2007b; Roh et al., 2000; Shynlova et al., 2009b). Each stage of 
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MSMCs differentiation is characterised by a distinct gene and protein expression 

profile, which is outlined in Figure 1.6.  

 

 
Figure 1.6: The MSMCs undergo phenotypic changes during pregnancy. The IGF family members 
have a distinct gene expression profile depending on the phase of myometrial differentiation. IGF1, 
IGFBP1 and IGFBP3 genes are all upregulated during the proliferative phase of MSMCs. IGFBP6 is 
elevated during the synthetic phase. IGFBP2 is increased during the contractile phase, and IGF1 and 
IGFBP5 induced during postpartum involution. The proliferating cell nuclear antigen (PCNA) gene, 
which is essential for DNA replication, is upregulated during the proliferative phase and the 
PI3K/Akt/mTOR pathway is induced. Genes involved in focal adhesion (FA) remodelling are induced 
during the synthetic phase. The contractile phase is characterised by increased expression of CAPs, 
upregulation of the gene encoding the activator protein 1 (AP-1) transcription factor and 
phosphorylation of ERK. The labouring phenotype is characterised by upregulation of CCL2 gene, 
which encodes the chemokine CCL-2. B-cell lymphoma 2 gene (BCL2) is increased during the 
proliferative and postpartum phase, where it has anti-apoptotic and pro-apoptotic roles respectively. 
Image modified from (Shynlova et al., 2009b). 
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1.4.5.2 The role of androgen signalling in MSMCs 

A recent study, conducted in rats, reported that the AR protein is most abundant in 

the myometrium during the proliferative stage and progressively declines towards the 

end of pregnancy, suggesting a role (at least in this species) in establishment of 

myometrial growth at the early stages of pregnancy (Liu et al., 2013). Liu et al 

additionally showed that ablation of the AR gene from MSMCs in vitro reduced the 

stability of IGF-1 receptor (IGF-1R), which in turn downregulated the proliferative 

cascades downstream of IGF-1, including P13K/Act (Liu et al., 2013). Besides rats, a 

significant decrease in the expression of the AR protein reportedly occurs in the 

porcine myometrium three weeks prior to labour (Slomczynska et al., 2008). A 

human microarray study reported that the AR mRNA concentration was 

downregulated in the myometrium during preterm (0.4-fold) and term labour (0.3-

fold) compared to non-labouring term myometrium; protein expression was not 

determined (Bethin et al., 2003). Based on these studies, it would appear that the AR-

dependent signalling is likely to be regulating MSMCs proliferation, which is pivotal 

for the establishment of a functional myometrium that will be able to contract and 

expel the fetus at term. Besides its genomic actions, the non-genomic actions of 

androgens in the myometrium have been explored. Robson was the first to suggest 

that androgens could relax myometrial contraction in a rapid non-genomic 

(transcription-independent) manner (Robson, 1937). Robson administered 12 mg of 

testosterone propionate (a small fast acting ester of testosterone) for 4-days to 

ovariectomised (OVX) non-pregnant rabbits and examined the uterine contractile 

response to 1 unit of injected OXT both in vivo and ex vivo. He observed that T 

reduced the OXT-stimulated response but hardly affected the spontaneously-initiated 

uterine contractions (Robson, 1937). Later studies demonstrated similar ‘relaxing’ 

effects of various androgens including T, DHT, A4 and DHEAS, which were tested 

on myometrium from non-pregnant rats and non-pregnant and pregnant women 

(Kubli-Garfias et al., 1980; Perusquia et al., 1991a; Perusquia et al., 1991b; 

Perusquia et al., 2005). The findings from these studies are summarised in Table 1.3. 

Interestingly, these studies are the outcome of the work of a single research group 

over few decades and, further studies are required to replicate their findings. Notably, 
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the relaxant effect of androgens occurs only when used in pharmacological 

concentrations (micromolar range) (Anderson et al., 2009; Perusquia et al., 1990; 

Tica et al., 2011). A logical assumption would be that the observed effect does not 

occur physiologically as the physiological concentrations of androgens are in a 

nanomolar range. However, understanding the non-genomic pathways employed by 

androgens to relax the uterine muscle could help develop new tocolytic agents to 

manage preterm initiated myometrial contractions.  
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Table 1.3: Studies on the effect of androgens on myometrial contractions. DHEA = 
dehydroepiandrosterone; T = testosterone; DHT = dihydrotestosterone; DHEAS = 
dehydroepiandrosterone sulphate; A4 = androstenedione. 

Androgen Dose Species/Tissue Key Findings Reference 

T, DHEA, 
Androstanediol, 
Androsterone, A4, 
5α-DHT, 5β-DHT 

10-100 µM Rat  
(non-pregnant) 
ex vivo: 
Myometrial strips  

Spontaneous contractions 
inhibited rapidly (<30 min) 
by all androgens 
 
Potency: 
Androstanediol, 
Androsterone > 
5β-DHT > 
T=A4=DHEA=5α-DHT  

(Kubli-Garfias 
et al., 1980) 

T, DHEA, 
Androstanediol, 
Androsterone, 5β-
DHT 

3-100 µM Rat  
(non-pregnant) 
ex vivo: 
Myometrial strips 

Tonic contractions (KCl-
induced) inhibited rapidly 
(<30 min) by all androgens 
 
Potency: 
Androsterone= 
Androstanediol >  
5β DHT > Τ 

(Perusquia et 
al., 1990) 

Androstanediol, 
Androsterone, 5α-
DHT,  
5β-DHT 

3-100 µM Rat 
(non-pregnant) 
ex vivo: 
Myometrial strips 

Serotonin-induced 
contractions inhibited 
rapidly (<30 min) by all 
androgens 
 

(Perusquia et 
al., 1991a) 

Androstanediol, 
Androsterone, 5α-
DHT,  
5β-DHT 

3-100 µM Rat  
(non-pregnant) 
ex vivo: 
Myometrial strips 

Acetylcholine-induced 
contractions inhibited 
rapidly (<30 min) by all 
androgens 

(Perusquia et 
al., 1991b) 

Androstanediol, 
Androsterone, 5α-
DHT,  
5β-DHT  
 
 

3-100 µM Rat  
(non-pregnant) 
ex vivo: 
Myometrial strips 

Oxytocin-induced 
contractions inhibited 
rapidly (<30 min) by all 
androgens 

(Perusquia, 
1991) 

T, DHEA, DHT, 
5α-DHT,  
5β-DHT, 
Androstanediol, 
Androsterone 

3-100 µM Human  
(term pregnant, 
non-pregnant) 
ex vivo: 
Myometrial strips 

Spontaneous contractions 
and tonic contractions (KCl-
induced) inhibited rapidly 
(<30 min) by all androgens 
 
Potency: 
5β-DHT >  
Androsterone=DHEA=Τ> 
5α-DHT=Androstanediol 

(Perusquia et 
al., 2005) 

 

1.5 Uterine smooth muscle contraction 

The MSMCs are myogenic, which means that they can contract spontaneously 

(Tomiyasu et al., 1988). The membrane potential in MSMCs is not stable. 
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Spontaneous depolarisation of membrane potential, fired by alterations in membrane 

currents and ion channels, occurs during pregnancy. A decrease in membrane 

potential triggers myocyte contractile activity and leads to spontaneous contractions - 

conversely amplification of membrane potential to a resting -50 mV maintains the 

uterus in a quiescent state (Nakajima, 1971; Pressman et al., 1988). The upstroke of 

MSMCs membrane action potential (i.e. the initial decrease in membrane potential) 

predominantly occurs due to calcium (Ca2+) entry, whereas repolarisation occurs as a 

result of blockade of Ca2+ channels (Nakajima, 1971). The key biochemical event in 

spontaneous contraction of MSMCs is an increase in the concentration of 

intracellular Ca2+ ([Ca2+]) from   10-7M to 10-6M (Horowitz et al., 1996). This 

increase is the result of Ca2+ influx from the extracellular space and/or release of 

Ca2+ from the sarcoplasmic reticulum (SR). Extracellular Ca2+ enters the cell via a 

variety of Ca2+ channels, classified into voltage-operated Ca2+ channels (VOCCs) 

and voltage-independent Ca2+ channels [including receptor-operated Ca2+ channels 

(ROCCs), store-operated channels (SOCs) and stretch-activated channels (SACs)] 

(Floyd and Wray, 2007; Noble et al., 2009; Wray et al., 2005; Wray et al., 2003). 

ROCCs are regulated by agonist-receptor interactions (Guibert et al., 2008). 

Receptors that interact with ROCCs upon ligand binding are G protein-coupled 

receptors (GPCRs), for example the OXTR. GPCRs can activate the inositol 

triphosphate (IP3) pathway that leads to release of Ca2+ from the SR via activation of 

phosphoinositide phospholipase C (PLC) and hydrolysis of PIP2 

(phosphatidylinositol 4,5-bisphosphate) (Meldrum et al., 1991). The resulting 

increase in [Ca2+] leads to formation of a complex between calmodulin and myosin 

light chain kinase (MLCK), which then phosphorylates light chains on myosin 

(MLC) (Ito and Hartshorne, 1990). The latter allows binding of actin to myosin 

leading to cross-bridge cycling, which results in contraction (Dillon et al., 1981). 

Myosin light chain phosphatase (MLCP) counters MLCK and inhibits contraction by 

dephosphorylating light chains on MLC. The increase in MLCK/MLCP ratio leads to 

increased MLC phosphorylation and force of contraction for a given [Ca2+] 

concentration, a phenomenon known as calcium-sensitisation (CS) (Arthur et al., 

2007). It is now known that the RhoA/ROK pathway promotes CS. Activation of 

GPCRs can activate small monomeric G proteins, such as RhoA, which in turn 
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activate Rho-associated kinase (ROK). ROK is involved in inhibition of MLCP and, 

therefore, helps sustain the phosphorylation of MLC promoting the contractile 

phenotype (Arthur et al., 2007). Extrusion of Ca2+ from MSMCs can occur by a 

reverse process mediated by two major transporters; the Ca2+ ATPase (PMCA) and 

the Na+/Ca2+ exchange pump (NCX) (Shmigol et al., 1998). Studies examining the 

mechanisms by which Ca2+ ions are removed from the cytoplasm in isolated rat 

MSMCs showed that PMCA accounted for 85% of the Ca2+ efflux (Shmigol et al., 

1998). The mechanism of MSMCs contraction is illustrated at Figure 1.7.  

 

 
Figure 1.7: The mechanism of MSMCs contraction. Ca2+ enters the cell from the extracellular space 
through VOCCs, ROCCS, SOCs and SACs or is released from the SR. One of the mechanisms to 
induce the release of Ca2+ from the SR is activation of specific GPCRs coupled to specific G-proteins. 
When activated, the GPCR activates the PLC pathway. The PLC generates IP3, which enters the SR 
and promotes the release of Ca2+. The [Ca2+] molecules form a complex with calmodulin, which 
activates MLCK. The active MLCK phosphorylates myosin (MLC), allowing myosin interaction with 
actin and generation of contraction. Dephosphorylation of MLC by MLCP results in relaxation. The 
activity of MLCP is regulated by the RhoA/ROK pathway, which is involved in CS but is independent 
of Ca2+ influx/efflux. GPCRs, coupled to alternative G-proteins, activate RhoA, which in turn 
activates ROK and inhibits MLCP. VOCCs = voltage operated Ca2+ channels; ROCCs = receptor 
operated Ca2+ channels, SOCs = store-operated channels; SACs = stretch-activated channels; 
SR = sarcoplasmic reticulum; GPCR = G protein coupled receptors; IP3 = inositol triphosphate; 
PLC = phosphoinositide phospholipase C; MLCK = myosin light chain kinase; MLC = myosin; 
MLCP = myosin light chain phosphatase; RhoA = Ras homolog gene family, member A; 
ROK = RhoA kinase. 
 

1.5.1 Voltage-operated Ca2+ channels  
Two types of VOCCs have been identified in the non-pregnant and pregnant human 

myometrium; the L-type and the T-type VOCCs (Wray et al., 2003). Studies using 

selective blockers for L-type (Nifedipine) and T-type VOCCs have demonstrated that 

it is the L-type channels, and not the T-type channels, that primarily mediate the 

excitation-contraction process in uterine myocytes (Wray et al., 2001). Although not 
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playing a major role, T-type channels are thought to be important for the initiation of 

action potential in MSMCs and are involved in the generation of the frequency of 

Ca2+ transients (Lee et al., 2009; Young and Zhang, 2005). The latter was confirmed 

in studies where a specific T-type blocker (Nickel) reduced the frequency of 

spontaneous human myometrial contractions (Blanks et al., 2007). The L-type Ca2+ 

channel exists in three states; resting or closed, activated or open and inactivated. 

The transition from a closed to an open state is regulated by membrane 

depolarisation and the opening of the channel lasts for approximately 0.67 ms before 

returning to a closed state (Kreuzberg et al., 2000). The gating kinetics and the time 

in open/closed states are highly influenced by phosphorylation of the channel 

subunits by numerous regulatory enzymes. In addition, hormones have been shown 

to modulate the myometrial L-type channel function during guinea pig and rat 

pregnancy (Collins et al., 2000; Mershon et al., 1994; Tezuka et al., 1995). P4 

treatment in physiological concentration downregulated the expression of L-type 

channel subunits in the rat myometrium and similar effects has been documented in 

human immortalised myometrial cells (Soloff et al., 2011; Tezuka et al., 1995). It has 

been suggested that the P4/estrogen ratio is an important regulator of the expression 

of different L-type channel subunits (Helguera et al., 2002). Both hormones given at 

high pharmacological concentrations have shown to decrease spontaneous 

myometrial contractility in different species (Anderson et al., 2009; Perusquia, 

2001). Albeit the reports on the relaxant effects of androgens on myometrial 

contractions, their effects on VOCCs have been unexplored. However, Perusquia’s 

studies showed that the androgen-induced relaxation of the myometrium is likely to 

be mediated via blockade of L-type VOCCs (Perusquia et al., 2005). High K+ in the 

extracellular space can induce cell membrane depolarisation, which in turn results in 

opening of VOCCs and an increase in [Ca2+]. Persuquia and colleagues reported that, 

in addition to the relaxant effect of androgens on spontaneous myometrial 

contraction, 5β-DHT rapidly relaxed tonic myometrial contraction (induced by high 

K+ in the extracellular space) and decreased the concentration of [Ca2+] in MSMCs; 

removal of the androgen reversed the effect (Perusquia et al., 2005). Based on those 

findings, the authors suggested that the androgen inhibited L-type VOCCs on the 
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membrane of MSMCs. However, it is not clear whether the effect of androgen 

involves physical interaction with VOCCs or is indirect.  

1.5.2 Potassium (K+) channels 
A mentioned above, action potentials in MSMCs result from activation of VOCCs 

and the presence of high K+ in the extracellular space. Inactivation of VOCCs and 

concurrent activation of outward K+ currents can reverse membrane depolarisation 

and decrease the concentration of [Ca2+]. There are several types of K+ channels in 

the myometrium; K+ channels sensitive to voltage (Kv), calcium (KCa), ATP (KATP) 

and the inwardly-rectifying channels (KIR) (Brainard et al., 2007). The KCa channels 

can be further divided into large conductance KCa (BKCa), intermediate conductance 

KCa (IKCa) and small conductance KCa (SKCa) (Brainard et al., 2007). The channel 

that is predominantly expressed in the non-pregnant and pregnant human 

myometrium is the BKCa, which is also a voltage sensitive K+ channel (Chanrachakul 

et al., 2003; Gao et al., 2009; Moczydlowski, 2006; Tritthart et al., 1991). The 

expression of BKCa is decreased by 50% with the onset of labour and studies of BKCa 

in the myometrium demonstrated that it plays an important role in modulation of 

uterine quiescence by regulation of membrane potential and the availability of [Ca2+] 

(Chanrachakul, 2006; Matharoo-Ball et al., 2003; Xu et al., 2011). In support of this 

idea, a few reports have reported that blockade of BKCa channels with selective 

blockers can augment myometrial contractions in humans (Anwer et al., 1993; Khan 

et al., 1997). In contrast, activation of BKCa channels can lead to relaxation of the 

human myometrium (Doheny et al., 2003; Doheny et al., 2007). The bioavailability 

of BKCa in the myometrium is modulated by a number of factors, including 

posttranslational modifications, alternative splicing and hormonal sensitivity. 

Hormones, including estrogens and relaxin, evidently alter the activity of the channel 

and induce loss of Ca2+ sensitivity of BKCa (Benkusky et al., 2002; Meera et al., 

1995). Other factors, such as adenylyl cyclase and nitric oxide have similar effects 

upon BKCa (Okawa et al., 2000; Okawa et al., 1999; Shimano et al., 2000). Taken 

together, these studies suggest that the BKCa channels remain open for the duration of 

gestation to promote myometrial quiescence but the decrease in their expression at 

term contributes to the increase in the concentration of [Ca2+], which then leads to 

contraction.  
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The role of the other K+ channels is less clear. SKCa channels have been investigated 

predominantly in mice because BKCa channels do not seem to an important regulator 

of uterine contraction as they are in humans (Aaronson et al., 2006). Mice genetically 

modified to overexpress subunits of SKCa demonstrated uterine dysfunction and 

delayed parturition, suggesting that this channel is needed for generation of uterine 

contractions (Pierce et al., 2008). A later study showed than inhibition of SKCa 

channels using selective blockers significantly decreased the outward current, caused 

depolarisation of the membrane in previously quiescent cells and augmented the 

amplitude of myometrial contractions (Noble et al., 2010). That study suggested that, 

at least in mice, the functional effect of SKCa inhibition is larger than that of BKCa. 

There is one study to suggest that IKCa channels do not have a major role in 

regulation of rat myometrial contractility (Pistilli et al., 2012). Interestingly there are 

no other studies on the IKCa channels in the myometrium, although their important 

roles in the placenta have been recently highlighted (Diaz et al., 2014). In addition, 

there is not sufficient evidence of the importance of Kv channel in modulation of 

myometrial contractility. One study of the KV in the mouse myometrium during 

pregnancy indicated that changes in the expression and function of the channel 

influenced uterine contractility (Smith et al., 2007). In addition, there is currently not 

enough convincing evidence to support the existence of KATP channels in the 

myometrium, although some studies have reported that sulphonylureas can blunt the 

relaxant action of K+ channel-openers, implying a potential role for KATP channel in 

the myometrial contraction (Khan et al., 1998; Morrison et al., 1993).  

1.5.3 Propagation of contraction  
During most of pregnancy the contraction of the MSMCs is local and not 

synchronous, contributing to maintenance of quiescence. At term, the force and 

frequency of single cell contraction increases and a mechanism whereby adjacent 

MSMCs interact to achieve synchronous contractile activity is induced (Garfield and 

Hayashi, 1981). This mechanism involves gap junction proteins, which are 

transmembrane channels that link the cytoplasmic compartments of neighbouring 

cells (Boittin et al., 2013). Gap junctions allow propagation of action potentials 

between adjacent MSMCs and facilitate the transfer of ions and small molecules 

from one cell to another in order to create an electrical syncytium (Brading and 
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Brain, 2011). A gap junction is composed of two hemichannels or connexons, each 

of which consists of six connexin proteins (Roomans et al., 1993). In the human 

myometrium, four connexins (con-) have been detected; con-26, con-40, con-43 and 

con-45, which have distinct expression patterns throughout gestation (Brading and 

Brain, 2011). For example, con-26 is highly expressed at term but significantly 

decreases prior to the onset of labour (Orsino et al., 1996). Con-45 is expressed in the 

non-pregnant myometrium but its expression declines following implantation 

(Albrecht et al., 1996). Con-40 is expressed in the pregnant uterus; however, there is 

not sufficient evidence to support its importance in pregnancy (Kilarski et al., 1998). 

Finally, con-43 is induced at term pregnancy with a significant increase just before 

the onset of labour, making con-43 the most relevant to parturition research and 

perhaps the most investigated connexin in the myometrium (Chow and Lye, 1994; 

Ou et al., 1997). It has been well documented that electrical and metabolic coupling 

is greatly influenced by the expression of gap junctions and myometrial contractility 

(Garfield et al., 1978; Miller et al., 1989; Sims et al., 1982). For example, during 

labour, the increase in the amount of con-43 enhances intracellular gap junction 

communication (IGJC), which in turn promotes increased propagation of the action 

potential in the myometrium (Miyoshi et al., 1996; Sakai et al., 1992). Con-43 

expression is believed to be regulated by mechanical stretch and hormones. P4 and 

estrogens have been reported to have opposing effects, with the latter enhancing and 

the former inhibiting con-43 expression, consistent with the accepted roles of these 

hormones in regulation of uterine quiescence (Lye et al., 1993; MacKenzie and 

Garfield, 1985). The importance of con-43 in the biology of parturition has been 

demonstrated in mice using a MSMCs-specific KO of con-43 (Doring et al., 2006). 

Mice null for myometrial con-43 exhibited delayed parturition and intrauterine fetal 

death. Consistent with these findings, another study, which utilised a mouse with a 

mutation in con-43 gene (gja1), showed reduced intracellular coupling and delayed 

onset of labour in the mutants (Tong et al., 2009). Interestingly, the same study 

showed that uterine strips obtained from these mice developed significantly weaker 

contractions compared to wild type animals.  
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1.6 Summary 

Premature birth, the outcome of premature labour, is a major cause of maternal and 

perinatal morbidity and mortality occurring in approximately 11% of recorded live 

births worldwide ranging from 5% in developed to 18% in undeveloped countries 

(Blencowe et al., 2012). The exact cause of PTL is unknown although concomitant 

activation of endocrine and immune pathways is believed to drive events that result 

in spontaneous initiation of uterine contractions and cervical ripening (Norman et al., 

2007; Romero et al., 2007; Smith et al., 2012). There is no fully effective agent for 

prevention of PTL. P4, used to maintain uterine quiescence, and cervical cerclage, 

used to prevent premature cervical ripening have some efficacy in terms of reducing 

PTB, but there is little evidence of long-term beneficial effects for the baby 

(Alfirevic et al., 2012; Likis et al., 2012). Short- but not long-term outcomes were 

also demonstrated in a recent network analysis of tocolytics (Haas et al., 2012). Thus, 

new strategies are needed.  

This chapter discussed the evidence that androgens, which increase throughout 

gestation in maternal circulation, might play functional roles in the physiology of 

pregnancy in parallel with the well-established roles of progestins and estrogens. In 

vivo and in vitro studies have demonstrated that androgens play roles in two critical 

systems in the biology of pregnancy and parturition - cervical remodelling and 

myometrial function. In particular, androgens seem to promote cervical ripening and, 

thus, assist initiation of labour. On the other hand, androgens appear to be effective 

in ex vivo tocolysis of myometrial contractions. In addition, there is evidence that the 

AR-dependent signalling regulates MSMCs proliferation, which is critical for 

establishment of a functional myometrium that will effectively contract and expel the 

fetus at term. Further investigations are required to fully understand the molecular 

events regulated by androgens in the cervix and myometrium and their interplay with 

other signalling pathways. These investigations could utilise animal models of 

adverse pregnancy outcomes, where the outcome of a targeted administration of 

androgens to either cervix or myometrium could be studied.  
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In conclusion, research into the roles of androgens in cervical and myometrial 

function during pregnancy and parturition has the potential to inform new therapeutic 

strategies for management of pregnancy complications, including PTB.  

1.7 Hypothesis and aims 

The overarching hypothesis of this thesis was that androgens play diverse roles in 

myometrial biology, which could potentially influence the timing of birth. To address 

this hypothesis we aimed to  

• Explore the role of AR signalling in myometrium during pregnancy 

• Examine the effect of androgens on myometrial contractility 

• Gain insights into the mechanism by which androgens regulate myometrial 

contractions 

• Investigate the potential of androgen administration to delay PTL in a mouse 

model of  inflammation-induced PTB. 
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2 Chapter 2: Materials and methods 

The aim of this chapter is to describe the materials and methods that were used for 

the experiments presented in this thesis. A detailed version of the experimental 

design will be given in the materials and methods section of the relevant result 

chapters. The source or supplier of a reagent or chemical used in the experiments 

described is enclosed in parentheses or detailed in tables within this chapter. The 

suppliers of the chemicals that are not included in this chapter are listed in Table 9.1 

(Appendix 1).  

2.1 Tissue 

Human myometrium and murine uterine horns were used for functional assays both 

to assess the contractile activity of the uterine muscle and in gene/protein expression 

studies to examine the physiology of the myometrium. 

2.1.1 Human myometrium 

A biopsy of myometrium was obtained from the upper margin of the lower segment 

of myometrium of women undergoing elective or emergency caesarean section at the 

Simpson’s Centre for Reproductive Health at the Royal Infirmary of Edinburgh, 

following informed written consent. All biopsies were removed after delivery of the 

fetus and before syntocinon administration. The ethical approval for recruitment of 

all pregnant women was granted by the West of Scotland Research Ethics Committee 

to the Edinburgh Reproductive Tissue BioBank (ERTBB), which is partly funded by 

the Tommy’s Baby Charity. All biopsies were collected from lean women 

(19 < BMI < 25) delivering at term (>37 weeks of gestation) either during labour 

(term labouring; TL) or prior to the initiation of labour (term non-labouring; TNL). 

The indication for elective caesarean section in TNL women was breech presentation 

or previous caesarean section. In TL deliveries, emergency caesarean sections were 

performed due to fetal distress and failure to progress.  

We operated the following exclusion criteria: 
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• Gestational diabetes 

• Steroid medication 

• Twin pregnancy 

• Pregnancy complications (i.e. preeclampsia, hypertension, intrauterine 

growth restriction) 

• History of cancer or other disease (i.e. HIV, hepatitis) 

• Smoking 

The recovered biopsies were rinsed in ice-cold Rosewell Park Memorial Institute 

1640 medium (RPMI-1640; Cat. No 11879 020, Gibco) and transported to the 

laboratory where they were kept under refrigeration (4°C) and used either fresh for 

contractile activity bioassays or placed in RNAlater (Cat. No R0901, Sigma) for 

RNA extraction. Other biopsies were either snap-frozen for protein extraction or 

placed in 10% neutral-buffered formalin (NBF; Cat. No HT501128, Sigma) for 

immunohistochemical examination. 

2.1.2 Murine uterine horns 

Experimental procedures were licensed (PPL 60/4241; PIL 60/13875) under the UK 

Home office Animals (Scientific Procedures) Act (1986). Uterine horns were 

obtained from 8-week old non-pregnant C57BL/6 mice supplied by Charles River 

(Kent, London, UK) for contractile activity bioassays. All animals were sacrificed by 

lethal exposure to CO2.  Uterine horns were harvested and kept under refrigeration 

(4°C) in ice-cold RPMI medium prior to the initiation of the experiment.  

2.2 Contractile activity bioassay 

Following collection, TNL myometrial biopsies were stored overnight in RPMI 

(4°C) and used for the assay the following morning. Previous studies have reported 

that the storage of myometrial biopsies for up to 18 hours post collection in 

physiological saline does not affect the contractile behaviour or the response of tissue 

following exposure to various agents, when compared to fresh myometrium (Hillock 

and Crankshaw, 1999; Popat and Crankshaw, 2001; Senchyna and Crankshaw, 
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1999). The biopsies were rinsed in Dulbecco's Phosphate-Buffered Saline (PBS; Cat. 

No 21300-058, Gibco) and dissected in small strips (2 x 8 mm) parallel to the muscle 

fibber bundles. Murine horns were harvested and transported to the laboratory were 

they where immediately processed for contraction studies. Each murine uterine horn 

was approximately 2 cm-long and was prepared into two strips (1 cm-long each). 

Thus, a maximum of 4 uterine strips was obtained from each mouse. To measure the 

contractile activity of these strips, an organ bath system (Panlab ADInstruments, UK) 

was utilised and the effect of different compounds on the contraction was analysed 

with LabChart7 software (ADInstruments, UK).  

2.2.1 Organ bath  

Myometrial or uterine strips were attached by silk suture (Mersilk 3-0, Cat. No 

W329, Ethicon Inc) to a force transducer (ML0186/10 Panlab ADInstruments, UK) 

and stretched under passive resting tension of 20 mN in 10 ml Krebs Buffer 

(115 mM NaCl, 5.9 mM KCl, 1.2 mM MgCl2, 1.2 mM NaH2PO4, 1.2 mM Na2SO4, 

2.5 mM CaCl2, 25 mM NaHCO3, 10 mM Glucose, pH 7.4) equilibrated with 95% 

O2, 5% CO2 at 37°C. The suture attaching the strip to the transducer was placed in 

line with the transducer avoiding the bath walls. Strips were allowed to develop 

spontaneous rhythmic contractile activity for a maximum of 2 hours before applying 

any treatment. Following this equilibration period, we determined the effect of 

various experimental compounds on spontaneous contraction. Cumulative or non-

cumulative treatments were applied on each strip in a range of concentrations for a 

fixed period of time depending on the experimental design. At the end of each 

experiment, the strips were either treated with a stimulatory dose of KCl (55 mM; 

prepared in Krebs buffer) to verify tissue viability or Krebs buffer was removed and 

replaced with treatment-free fresh Krebs buffer in order to examine tissue recovery.  

2.2.2 Data acquisition 

The force generated by the myometrial or uterine strip was converted into an 

electrical signal by an isometric force transducer and detected using the LabChart7 

data acquisition software. The complete set up of the organ bath system is illustrated 
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in Figure 2.1. Isometric measurements were measured as mN. A weight of 1 g was 

suspended onto the force transducer to calibrate it and convert the force measured by 

the recording signal to mN. This was achieved by using the equation: N=Kg.m-2, 

where 1 Kg=9.8 N. Importantly, prior to the recording of each experiment, a number 

of parameters were set through the software. In order to make a good quality 

recording, the parameters were optimised for the size of the force signal being 

recorded. The sampling rate was set to 1 k/s and the output range of the transducer 

was optimised to avoid cropping the maximum response. In addition, motion 

artefacts (background noise) were dampened by the application of an analogue filter, 

which removed unwanted frequencies. The filter used for all recordings in this study 

was a “Mains Filter”, which is an adaptive filter that tracks and removes noise from 

the mains (electrical equipment or power supply).  
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Figure 2.1: The organ bath system was used to record uterine contractions. One end of the tissue was 
tied to a support rod and the other was attached to the force transducer. The force transducer was 
connected to a power source and an amplifier, which was linked to a computer based data acquisition 
system. Image adapted from (Krajniak, 2001). 
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2.2.3 Contractile parameters  

In order to determine the effect of each treatment on spontaneous contraction, we 

examined three contractile parameters (Figure 2.2): frequency, amplitude and 

integral or area under the curve (A.U.C). Compounds were added to the organ bath 

following a period of contraction stabilisation, whereby the frequency and amplitude 

of consecutive contractions were stable over a period of 30 minutes (for human 

tissue) or 10 minutes (for murine tissue). Labchart 7 software was used to generate 

the frequency, amplitude and A.U.C values. Contractile parameter values were 

generated before and after the addition of each compound and compared. The 

frequency (Hz) was calculated as a number of peaks occurring per second over a set 

period of time; 30 minutes or 10 minutes for human or murine tissue respectively. 

The amplitude (mN) of each contraction was calculated as the magnitude of the 

difference between the contraction wave’s baseline (set to 0 mN) and the peak. The 

mean amplitude of consecutive contractions occurring over a set period of time was 

used for the analysis. The A.U.C (mN s) of each contraction was calculated as the 

integral of the selected area. The mean A.U.C value of consecutive contractions 

occurring over a set period of time was used for the analysis.  

 

 
Figure 2.2: Contractile parameters measured. The figure shows a representative 30 min readout 
obtained from contraction of a human myometrial strip. 
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2.2.4 Contractile parameters analysis 

The LabChart7 data acquisition software enables the user to perform a number of 

calculations on each recording channel. These calculations allow display of 

calculated values from the raw signal in each channel. For the analysis of 

spontaneous contraction recordings, we used the output of “Cyclic Measurements”, 

which can be used to analyse periodic waveforms. “Cyclic Measurements” pre-

processed the signal, detected cycles in the waveform and used the detected cycles to 

perform various calculations, such as frequency and amplitude. The A.U.C was 

calculated using the Peak Analysis module of the software. Data sets from each 

channel were transferred from the LabChart7 DataPad into Excel sheets. The effect 

of each experimental compound on each contractile parameter was expressed as the 

percentage of the original value obtained prior to the addition of the compound. For 

statistical analysis, percentage data was transformed to proportions, which were 

further arcsin-transformed and analysed using one/two-way ANOVA with Tukey’s 

post hoc test in GraphPad v6.0 software.  

2.3 Cell and tissue culture 

Two human myometrial cell lines, the UtSMCs and the PHM1-41s were used for a) 

collagen contractility assays, b) in-cell Westerns, c) calcium assays and d) gene 

expression analysis. In addition, human myometrial explants were cultured in 

conditions explained later in this chapter and a PCR array profiling the gene 

expression of “Human Androgen Receptor Signalling Targets” (Cat. No 

PAHS 142ZA, Qiagen) was performed.  

2.3.1 Myometrial cell lines 

UtSMCs (Uterine Smooth Muscle Cells) are a commercially available primary cell 

line derived from a single non-pregnant donor (Cat. No CC-2562, Lonza 

Walkersville Inc, USA). PHM1-41s (Pregnant Human Myometrium) are a 

myometrial immortalized cell line obtained from a single late-term pregnant donor, 

which was generously provided by Dr. Barbara Sanborn (Colorado State University, 

Fort Collins, CO). PHM1-41s are infected with a replication-defective adenovirus 
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and are selected through resistance to Geneticin as detailed in Monga’s study 

(Monga et al., 1996).  

2.3.2 Maintaining and passaging cells 

2.3.2.1 UtSMCs 

The UtSMCs were cultured in phenol red-free high glucose (4.5 g/ L) Dulbecco's 

Modified Eagle Medium (DMEM; Cat. No 21063-029, Gibco), supplemented with 

10% (v/v) Fetal Bovine Serum (FBS; Cat. No 10500, Gibco) and 1% penicillin-

streptomycin/L-Glutamine (500 IU/ ml penicillin and 500 µg/ ml streptomycin; PAA 

laboratories, Pasching, Austria). Cells required medium to be changed every 3 days 

and were passaged approximately every 10 days, once 80-90% confluence was 

reached. To passage, the cells were rinsed with pre-warmed PBS prior to incubation 

with 0.05% trypsin-EDTA (Cat. No BE17-161E, Lonza) for 5 minutes in 37oC 

(2 ml/ T75 or 4 ml/ T162 flask). Following detachment, cells were resuspended in 

fresh pre-warmed medium to neutralise trypsin-EDTA action and counted using a 

haemocytometer. Briefly, 20 µl of resuspended cells were mixed with 20 µl of 0.4% 

Trypan Blue Solution (Cat. No 15250-061, Gibco) and 20 µl of the 40 µl mixture 

was placed onto the haemocytometer to assess both cell concentration and viability. 

Cells were then centrifuged at 300 g for 5 minutes in an Eppendorf centrifuge 

(5840R, Eppendorf AG, Hamburg, Germany), resuspended in fresh pre-warmed 

medium and seeded in new flasks at a density of 3 x 106 cells/T75 flask (Cat. No 

430641, Corning) or at a density of 4 x 106 cells/T162 flask (Cat. No EK-680031, 

Corning) and maintained at 37°C (5% CO2) in an incubator. The UtSMCs were used 

up to passage 13 for all the experiments described in this thesis.  

2.3.2.2 PHM1-41s 

The PHM1-41s were cultured in phenol red free high glucose (4.5 g/ L) DMEM 

supplemented with 10% (v/v) FBS, 1% penicillin-streptomycin/L-Glutamine, 

0.1 mg/ml G418 sulfate (Cat. No 345812, Life Technologies) and 100 µg/ ml 

Normocin (Cat. No ant-nr-1, InvivoGen). Normocin is a broad-spectrum antibiotic 

against mycoplasma and Gram-positive and Gram-negative bacteria. The cells were 

seeded at a density of 1-3 x 106 cells/ T75 flask or at a density of 2-4 x 106 
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cells/ T162 flask and maintained at 37°C (5% CO2) in an incubator. The cells 

required medium to be changed every other day and were passaged every 4 days, 

when they reached 60-80% confluence. During passaging, the medium was removed 

and cells were rinsed with pre-warmed PBS. To dislodge cells from the bottom of the 

flask, cells were incubated with trypsin-EDTA for 3-5 minutes at 37°C (5% CO2). 

Fresh pre-warmed DMEM was added to inactivate trypsin and the cells were 

counted. The viability was assessed with Trypan Blue Solution as described above. 

The cells were then centrifuged at 300 g for 5 minutes, resuspended in fresh pre-

warmed DMEM and seeded in new flasks. The PHM1-41s were used up to passage 

20 for all the experiments described in this thesis.  

As a general rule, G418 sulfate and Normocin were omitted from the DMEM 

medium one passage prior to the cells being seeded for an experiment, and the 

percentage of FBS was adjusted depending on the requirements of each experiment.  

2.3.3 Myometrial explant culture  

Myometrial biopsies from TNL women where collected in RPMI medium during 

caesarean section as described above. Following transport to the laboratory, the 

biopsies were washed in PBS and dissected into small pieces (1 x 1 mm). Four pieces 

were placed into each well of a 24-well plate (Cat. No 3524, Corning) in 2 ml phenol 

red-free and FBS-free RMPI medium (Cat. No 11835063, Gibco) supplemented with 

1% penicillin-streptomycin/L-Glutamine. The tissue was left overnight to rest at 

37oC. The following morning, the medium was removed from the wells and the 

tissue was rinsed with pre-warmed PBS. 1 ml of fresh RPMI was added to each well 

and the explants were immediately exposed to various treatments including a) nil 

(control), b) vehicle (ethanol) and c) dihydrotestosterone (DHT) for 6, 24 and 

48 hours. Following each time point, the medium was removed and the tissue pieces 

were rinsed in PBS and transferred into sterile 2 ml Eppendorf tubes on dry ice. The 

samples were stored at -80oC. 
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2.4 RNA extraction  
2.4.1 RNA extraction from myometrial cell lines 

RNA was extracted from myometrial cell lines using the RNeasy®Mini Kit (Cat. No 

74106, Qiagen) according to supplier’s protocol. Briefly, UtSMCs and PHM1-41s, 

which had been seeded into 6-well plates, were washed twice in PBS and lysed in 

300 µl RTL buffer prepared with β-mercaptoethanol (10 µl β-ME per 1 ml of RTL 

buffer). The lysates were passed through a 20 g needle (0.9 mm; Cat. No 304827, BD 

Microlance) attached to a 1 ml syringe (Cat. No 309659, BD Plastipak), transferred 

to 1.5 ml Eppendorf tubes and stored at -80oC. At the day of extraction, the samples 

were thawed on ice and one volume of 70% ethanol was added to each sample. The 

samples were then transferred to the RNeasy spin columns provided with the kit and 

centrifuged at 10000 rpm for 30 seconds (Eppendorf centrifuge 5415R). The RNA 

was purified by the addition of ethanol-based buffers. Initially, 350 µl of RW1 

buffer, which removed carbohydrates and proteins, was added into each column and 

samples were centrifuged at 10000 rpm for 30 seconds. On-column DNase I 

digestion was performed for 15 minutes at room temperature by addition of a mixture 

of 10 µl DNase I and 70 µl of RDD buffer (Cat. No 79254, Qiagen) to each sample. 

Columns were then washed with 350 µl RW1 and then with 500 µl RPE, which is a 

buffer that removed salt residues from the samples, and centrifuged at 10000 rpm for 

30 seconds. Another centrifugation in 500 µl RPE at 10000 rpm for 2 minutes was 

performed to dry the columns. A final centrifugation, without addition of any buffer, 

was performed for 1 minute at maximum speed to remove excess buffer. The RNA 

was eluted by direct addition of 30 µl of RNase free water to the column matrix and 

centrifugation at 10000 rpm for 30 seconds. The samples were collected into sterile 

1.5 Eppendorf tubes and stored at -80oC.  

2.4.2 RNA extractions from human myometrial samples  

In order to extract RNA from human myometrial biopsies, the samples were thawed 

on ice and homogenised in 2 ml Eppendorf tubes containing a single sterile 5 mm 

ball bearing and 1 ml TRI reagent (Cat. No T9424, Sigma) using a Retsch 

TissueLyser (Qiagen) at 25 Hz for 3 x 4 minutes. Following tissue homogenisation, 
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the samples were allowed to incubate for 15 minutes at room temperature and were 

centrifuged at 14000 rpm for 10 minutes at 4oC (Eppendorf centrifuge 5415R). The 

supernatants were placed into Phase Lock Gel heavy tubes (PLG; Cat. No 2302830, 

5Prime), and 200 µl of 1-bromo-3-chloropropane (BCP; Cat. No B9673, Sigma) was 

added to each tube to eliminate protein contamination. PLG tubes were vigorously 

agitated by shaking for 15 minutes and left to incubate on the bench for 10 minutes. 

Following incubation, the PLG tubes were centrifuged at 14000 rpm for 10 minutes 

at 4oC. The organic phase and the interphase materials were effectively trapped 

below the barrier of the gel. The aqueous phase, containing the RNA, was collected 

into pre-chilled 1.5 ml Eppendorf tubes. Following addition of one volume of 70% 

ethanol, the samples were transferred onto RNeasy Mini Spin Columns (Qiagen) and 

RNA was extracted using RNeasy®Mini Kit, with on-column DNase I digestion as 

described in section 2.4.1. The RNA samples were stored at -80oC.  

2.4.3 Determination of RNA quantity and quality 

The concentration and quality of the extracted RNA was determined with a 

Nanodrop 1000 spectrophotometer (ThermoScientific, DE, USA). The Agilent 2100 

BioAnalyzer (Agilent Technologies, CA, USA) was additionally used to assess the 

purity of RNA extracted from human myometrial explants.  

2.4.4 Nanodrop  

All RNA extracts were initially assessed using a Nanodrop spectrophotometer. 

Briefly, the system was calibrated using RNase free water and 2 µl of each sample 

was loaded onto the apparatus. The absorbency peaks were measured at 260 nm and 

280 nm and the concentrations were given at ng/ µl.  The purity was determined by 

260:280 and 260:230 ratios, which ideally had values between 1.7 and 2.1. Ratios 

outside this range indicated sample contamination with phenol or protein and those 

samples were considered not suitable for subsequent evaluation.  

2.4.5 BioAnalyzer  

The Agilent RNA 6000 Nano Kit (Cat. No 5067-1511, Agilent Technologies) was 
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used to assess the purity of RNA extracts obtained from myometrial explants, which 

were used to conduct a PCR Array (see section 2.6.4). The samples and a “reference” 

ladder were loaded onto a 12-well chip according to the company’s protocol. Briefly, 

a gel-dye mix was prepared in 0.5 ml RNase free tube by mixing 65 µl of sterile 

filtered RNA 6000 Nano gel matrix with 1 µl of RNA 6000 Nano dye concentrate. 

The solution was vortexed and centrifuged at 13000 g for 10 minutes at room 

temperature and 9 µl of the solution was pipetted in the wells marked as G on the 

chip. To each well, 5 µl of RNA 6000 Nano marker and 1 µl of each sample (or 1 µl 

of ladder) were added. The chip was vortexed on the IKA vortexer (Agilent) for 

1 minute at 2400 rpm and then placed on the BioAnalyser for analysis. The purity of 

the sample was determined on the basis of the sample RIN score (ratio of integrity), 

which represents the ratio of 28S rRNA to 18s rRNA. RNA was deemed of high 

quality when the RIN was greater than 7. Only such samples were used for the PCR 

array described in section 2.6.4.  

2.5 Complementary DNA (cDNA) synthesis 
2.5.1 CDNA synthesis from cell/tissue RNA extracts 

The cDNA was synthesised using the High Capacity cDNA Synthesis Kit (Cat. No 

4368813-Applied Biosystems, US). RNA extracted from UtSMCs and PHM1-41s 

was diluted in RNase free water to a concentration of 200 ng/ 10 µl and 20 µl of the 

sample was added to a 20 µl of mastermix to make up a final reaction volume of 

40 µl. The RNA extracted from TNL and TL myometrial biopsies was diluted in 

RNase free water to a concentration of 600 ng/ 10 µl and 20 µl of the sample was 

added to 20 µl of mastermix. A Reverse Transcriptase (RT) Enzyme Mix-free (-RT) 

reaction was included in order to assess any residual genomic DNA contamination. 

The details for mastermix preparation are detailed in Table 2.1. Reactions were 

incubated in a PTC-100 Thermal Cycler (GRI G-Storm, UK) as detailed in Table 2.2 

and stored at -20oC. The cDNA samples from cells and explants were preceded for 

the RT-PCR protocol described in section 2.6.2 and 2.6.3 respectively. 
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Table 2.1: Reagents for cDNA synthesis mixture per reaction 
Reagent +RT x 1 (µl) -RT x 1 (µl) 

10 x RT Buffer 4 4 
25 x DNTPs 1.6 1.6 
10 x Random Primers 4 4 
Reverse Transcriptase (RT) 2 - 
RNase Inhibitors (1U/ µl) 2 2 
RNase free dH2O 6.4 8.4 
Sample  20 20 
Total reaction volume 40 40 

 
Table 2.2: Thermal cycler programme settings 

Temperature (oC) Time (min) 
25 10 
37 120 
85 5 
4 Hold 

  

2.5.2 CDNA synthesis from RNA extracted from explant cultures 

The RT2 First Strand Kit (Cat. No 330401, Qiagen) was used to prepare cDNA from 

RNA extracts from cultured myometrial explants using the manufacturer’s 

instructions. Briefly, each RNA sample was prepared in dH2O to a concentration of 

400 ng/ 8 µl, and 8 µl of this sample was then mixed with 2 µl of Buffer GE, 

provided with the kit, to make up a final volume of 10 µl of genomic DNA 

elimination mix. This mix was incubated at 42oC for 5 minutes and the plate was 

immediately placed on ice for 1 minute. The reverse-transcription mastermix for 

each reaction was prepared as shown in Table 2.3.  

Table 2.3: Reverse-transcription mastermix per reaction for cDNA synthesis 
Component Volume (µl) x 1  

5 x Buffer BC3 4 
Control P2 1 
RE Reverse Transcriptase Mix 2 
dH2O 3 
Total  10 

 

To each 10 µl of genomic DNA elimination mix, 10 µl of mastermix was added to 

make up a reaction of 20 µl, and the reactions were incubated at 42oC for 15 minutes 

and then at 95oC for 5 minutes. To each reaction, 91 µl of dH2O was added and the 

samples were preceded for the RT-PCR protocol described in section 2.6.4.  
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2.6 Quantitative real-time polymerase chain reaction (qRT-
PCR) 
2.6.1 Methology  

Taqman qRT-PCR was performed to determine the concentrations of mRNAs 

endoced by genes of interest in cultured UtSMCs, PHM1-41s and myometrial 

biopsies collected from TNL and TL pregnancies. Two different methods were 

employed depending on the experimental design. The ΔΔCt method was used to 

assess gene expression in UtSMCs and PHM1-41s. The standard curve method was 

used to examine the expression of genes in TNL and TL myometrial samples. All 

primer/probe pre-validated assays used in this thesis had FAM-labelled (fluorophore) 

probes and were purchased from Applied Biosystems (listed in Table 2.4).  

Table 2.4: Taqman primer/probe assays supplied by Applied Biosystems 
Full gene name Gene  Assay ID 

B-cell lymphoma 2 BCL2 Hs00608023_m1 
Insulin-like growth factor 1 IGF1 Hs01547656_m1 
Insulin-like growth factor binding protein 1 IGFBP1 Hs00236877_m1 
Insulin-like growth factor binding protein 3 IGFBP3 Hs00365742_g1 
Mammalian target of rapamycin MTOR Hs00234508_m1 
Insulin-like growth factor binding protein 6 IGFBP6 Hs00181853_m1 
Elastin ELN Hs00355783_m1 
Fibronectin 1  FN1 Hs00365052_m1 
Oxytocin receptor OXTR Hs00168573_m1 
Insulin-like growth factor binding protein 2 IGFBP2 Hs01040719_m1 
Chemokine (C-C motif) ligand 2 CCL2 Hs00234140_m1 
Insulin-like growth factor binding protein 5 IGFBP5 Hs00181213_m1 
Prostaglandin-endoperoxide synthase 2 PTGS2 Hs00153133_m1 
Matrix metalloproteinase-2 MMP2 Hs01548727_m1 
Matrix metalloproteinase-9 MMP9 Hs00234579_m1 
Zinc finger E-box-binding homeobox 1 ZEB1 Hs03680602_m1 
Interleukin 6 IL6 Hs02621719_u1 
Interleukin 8 IL8 Hs01553824_g1 
Androgen receptor AR Hs04260217_m1 

 

2.6.2 ΔΔCt method  

To examine the expression of a gene of interest (GOI) in each sample, a singleplex 

Taqman qRT-PCR was performed using the Taqman Mastermix (Cat. No H4440040, 

Applied Biosystems). A mastermix containing either the primer/probe mix for the 

GOI or the primer/probe for the VIC-labelled 18S housekeeping gene (Cat. No 

4308329, Applied Biosystems) was prepared. The 18S primer/probe was prepared 
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according to the kit instructions and used in 1:2 working dilution. 14 µl of each 

mastermix was prepared as shown in Table 2.5 and added to each well of a 384-

microwell plate (Cat. No 4309849, Applied Biosystems). 1 µl of cDNA was added to 

each well and the plate was sealed using an adhesive film (Cat. No 4311971, Applied 

Biosystems) and centrifuged at 1000 rpm for 1 minute. All qRT-PCR reactions were 

performed in technical duplicate and three control samples were included on each 

plate (-RT, -RT dH2O and H2O).  

Table 2.5: Reagents for Taqman qRT-PCR per well 
Reagent Volume (µl) x 1 

Taqman Mastermix 7 
Primer/probe assay 0.7 
RNase free dH2O 6.3 
Total reaction volume 14 

 

The reaction was carried out using the 7900HT Fast Real-Time PCR System with 

SDS v2.4 software (Applied Biosystems) set on the following setting: 50oC for 

2 minutes, 95oC for 10 minutes, repeats of 95oC for 15 seconds and 60oC for 

1 minute for 40 cycles. Data was analysed using the ΔΔCt method. Initially, the 

thresholds for the GOI and 18S were set in the linear phase of the exponential region 

of the amplification curves. The cycle number at which the PCR signal crossed a set 

threshold was used to determine relative gene expression. These comparative cycle 

threshold (Ct) values were extracted to Excel sheets and the average Ct value for the 

GOI and 18S was calculated initially from the technical replicates and then 

experimental replicates. The average 18S Ct value was subtracted from the GOI to 

calculate ΔCt and the number was normalized to the control tissue sample (ΔΔCt). 

The fold change was calculated using the formula 2^(-ΔΔCt). ΔΔCt values were used 

for statistical analysis and data was plotted as fold change (2^(-ΔΔCt)) compared to 

the relevant control sample.  

2.6.3 Standard curve method 

A standard curve qRT-PCR method was conducted to quantify transcript levels of 

genes of interest in the experimental samples (TNL and TL myometrium). An equal 

amount of each experimental sample’s cDNA was pooled to make a “reference” 

sample. Several dilutions of the “reference” sample (1:4, 1:8, 1:16, 1:32, 1:64, 1:128, 
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1:256, 1:512) were prepared and used to obtain a standard curve for each GOI. Each 

experimental sample and -RTs controls (-RT sample and -RT dH2O) were diluted 

1:20 in dH2O. 2 µl of each of the “reference” standards or the experimental samples 

was dispensed into each well of a 384-microwell plate. An 8 µl reaction mixture 

containing the primer/probe assay for the GOI was prepared and added to each well 

to make up a final reaction volume of 10 µl as detailed in Table 2.6.  

Table 2.6: Reagents for standard curve qRT-PCR per well 
Reagent Volume (µl) x 1 

Taqman Mastermix 5 
Primer/probe assay 0.5 
RNase free dH2O 2.5 
Sample (1:20) 2 
Total reaction volume 10 

 

RT-PCR was performed on both the experimental samples and “reference” standards. 

Relative value for the abundance of GOI in each experimental sample was 

extrapolated from the standard curve generated from the “reference” standard. All 

RT-PCR reactions were performed in triplicate (standards) or duplicates (samples). 

Standard curve RT-PCR was carried out for the housekeeping gene 18S under the 

same conditions to enable comparison between samples. The reaction was carried out 

using the 7900HT Fast Real-Time PCR System with SDS v2.4 software set on the 

following setting: 50oC for 2 minutes, 95oC for 10 minutes, repeats of 95oC for 

15 seconds and 60oC for 1 minute for 40 cycles. The expression levels were 

calculated from a linear regression of the standard curve as GOI expression 

compared to 18S expression using arbitrary units. Acceptable standard curves had a 

slope between -3.3 and -3.7 (R2 > 0.99).  

2.6.4 PCR array 

A RT2 Profiler PCR Array, which was designed with probes directed against genes 

known to be regulated by AR-dependent signalling, was used to examine the effect 

of activation of AR on gene expression in the human myometrial explants. The array 

was supplied in 384-well [4 x 96] format (Cat. No 330231 PAHS-142ZA, Qiagen). 

Following preparation of cDNA as described in section 2.5.2, a PCR mastermix was 

prepared as shown in Table 2.7 using components provided by the company. The 
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384EZLoad Cover plates provided with the kit were used to assist loading of the 

384-well plate and 10 µl of PCR mastermix were added into each well. The plates 

were then sealed and centrifuged at 1000 g for 1 minute prior to being run on the 

7900HT Fast Real-Time PCR System with SDS v2.4 software set on the following 

setting: 95oC for 10 minute, repeats of 95oC for 15 seconds and 60oC for 1 minute for 

40 cycles. The Ct values were calculated according to the supplier’s instructions and 

exported to an Excel sheet for use with the SABiosciences PCR Array Web Data 

Analysis Software. The software automatically performed quantification using the 

ΔΔCt method and results were presented in tables detailing fold changes and p values 

for each gene.  

Table 2.7: PCR Array mastermix components 
Component Volume (µl) x 1 

2 x RT2 SYBR Green Mastermix 650 

cDNA  102 

dH2O 548 
Total reaction volume 1300 

 

2.7 Protein extraction from human myometrium 

Snap frozen TNL and TL myometrial biopsies were thawed on ice and homogenised 

in 600 µl of Radioimmunoprecipitation assay (RIPA) lysing buffer (Cat. No R0278, 

Sigma) containing protease inhibitor cocktail tablet (1 tablet/ 10 ml RIPA buffer; 

Cat. No 11697498001, Roche) using a TissueLyser at 25 Hz for 3 x 4 minutes. 

Following tissue homogenisation, the lysates were allowed to incubate for 

15 minutes on ice and were then centrifuged at 14000 rpm for 10 minutes to pellet 

cell debris. Supernatants were collected and aliquots of 100 µl were stored at -80oC. 

Protein concentration was determined with the DC Protein Assay Kit (Cat. No 500-

0120, Bio-Rad) as described below.  

2.7.1 Determination of protein concentration (BCA assay) 

Following protein extraction the amount of protein in each sample was quantified 

using the DC Protein Assay Kit (Cat. No 500-0116, Biorad), which is a colorimetric 

assay for protein quantification similar to the Lowry protein assay. A standard curve 
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of bovine serum albumin (BSA 1.37 mg/ ml; Cat. No 500-0112, Biorad) was created 

in RIPA buffer and 5 µl of each standard was added into a nunc 96-well 

immunoplate (Cat. No 439454, Thermo Scientific) in triplicate. The protein samples 

were diluted 1 in 10 and 5 µl of each sample was added into the plate in triplicate. 

The reagent A’ buffer was prepared as per supplier’s instructions; reagent A’ 

buffer = 20 µl reagent S buffer + 1 ml reagent A buffer. A volume of 25 µl of reagent 

A’ buffer was then added to each well. A multichannel pippete was used to dispense 

200 µl of reagent B buffer to each well and the plate was left to incubate for 

15 minutes at room temperature in order to develop a characteristic blue colour. The 

colour was a result of the reaction of protein with an alkaline copper tartrate solution 

and Folin reagent. In particular, the reaction between protein and cooper in an 

alkaline solution induced reduction of Folin reagent, which resulted in production of 

reduced species with a blue colour and maximum absorbance at 750 nm. The 

absorbance was measured using a spectrophotometer and the protein concentration of 

each sample was extrapolated from the standard curve. 

2.8 Western analysis 

2.8.1 Western gel analysis 
Western immunoblotting was used to quantify and compare the concentration of total 

AR protein between TNL and TL myometrial samples. Briefly, samples were 

prepared as described in Table 2.8 and heated to 70oC for 10 minutes to make 20 µl 

of sample, which contained 20 µg of reduced protein extract. Reduced samples were 

loaded into individual wells on 10% Bis-Tris (1.0 mm x 15 well) precast NuPAGE 

gels (Cat. No NP0303BOX, Invitrogen) and subjected to electrophoresis at 180 V for 

1 hour on ice in MOPS running buffer (Cat. No NP0001, Invitrogen) with 500 µl 

NuPAGE antioxidant (Cat. No NP0005, Invitrogen) in the upper chamber of the 

XCell SureLock™ Mini-Cell Electrophoresis System (Invitrogen). Following 

separation, the proteins were transferred onto an Immobilon-FL PVDF membrane 

(Cat. No P/N IPFL00010, Millipore), which was pre-activated by a 30 seconds 

incubation in 10% methanol, using a Mini-PROTEAN II electrophoresis cell system 

(Biorad) equilibrated in 1 x transfer buffer (3 gr Tris, 14.4 gr Glycine, 810 ml dH2O, 

100 ml methanol; pH 8.3) at 100 V for 90 minutes. The membrane was blocked for 



   Chapter 2 

  63 

1 hour at room temperature in Odyssey Blocking Buffer (OBB; Cat. No 92740000, 

LI-COR Biosciences). Following blocking, the membrane was incubated overnight at 

4oC with primary antibodies diluted in OBB (detailed in Table 2.9) to detect the AR 

and alpha-smooth muscle actin (α-SMA) protein. The membrane was initially 

washed for 5 minutes in Tris Buffered Saline (TBS) supplemented with 0.05% (v/v) 

Tween 20 (TBST; pH 7.4) and then 3 x 5 minutes in TBS (Cat. No T6664, Sigma). 

Thereafter the membrane was incubated with secondary antibodies (detailed in Table 

2.9) diluted in OBB for 1 hour at room temperature in the dark. Following 

incubation, the membrane was washed once for 5 minutes in TBST and 

3 x 5 minutes in TBS and scanned using the LI-COR Odyssey Infrared Imaging 

System (LI-COR Biosciences) using the following parameters: Resolution; 84 µm, 

Quality; high, Focus offset; 3.0 mm, Intensity; 700 – 7.0 and 800 - 7.0. The bands 

were quantified using Odyssey analysis software (LI-COR Image Studio v2.1) and 

the raw values were exported to Excel sheets.  

Table 2.8: Reagents per reduced sample 
Reagent 1 x 

4 x LDS Sample Buffer 7.5 µl 
10 x Reducing agent 3 µl 

Protein (20 µg) 9.5 µl 
Total 20 µl 

 
Table 2.9: Antibodies used for Western gel analysis 

Antibody Dilution Supplier 

Primary 1: Monoclonal rabbit anti-AR  1:200 Spring Bioscience 
(SP107) 

Primary 2: Monoclonal mouse anti-α-SMA  1:10000 Sigma (A2547) 

Secondary 1: Polyclonal donkey anti-rabbit  (IgG H+L) 
800CW 1: 10000 LI-COR Biosciences 

(926-32213) 

Secondary 2: Polyclonal donkey anti-mouse (IgG H+L) 
680CW 1:10000 LI-COR Biosciences 

(926-68072) 

 

2.8.2 In-cell Western  
An in-cell Western for quantification of phosphorylated myosin light chain (PMLC) 

protein in PHM1-41s and UtSMCs was performed according to previously published 
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protocol (Aguilar et al., 2010; Hutchinson et al., 2014). Figure 2.3 shows a 

schematic representation of the protocol detailed below.  

Cells were collected and centrifuged as described in section 2.3.2 and cell pellets 

were resuspended in charcoal stripped 5% (v/v) FBS DMEM to a concentration of 

17600 cells/ 200 µl. Black optically clear bottom tissue culture treated 96-well plates 

(Cat. No 6005182, PerkinElmer) were used for this assay and 200 µl of the cell 

suspension was added to each well (550 cells/ mm2). Plates were left at room 

temperature for 1 hour to prevent cell clump formation and placed in the incubator 

(37oC) for an overnight incubation. Following incubation the medium was removed 

from the plates by inversion onto a paper towel and fresh pre-warmed 100 µl 

charcoal stripped 5% (v/v) FBS DMEM was added into each well. The desired 

treatments were prepared in pre-warmed FBS-free DMEM and added to triplicate 

wells using a multichannel pipette. The details of the treatments are discussed in the 

methods section of Chapter 5. Following incubation, the cells were fixed by addition 

of 10 µl of 37% (v/v) formaldehyde (Cat. No F1635, Sigma) for 30 minutes at room 

temperature. The fixative was removed from the plate by inversion onto a paper 

towel and cells were washed with 1% (v/v) Triton X-100 (Cat. No T8532, Sigma) in 

PBS (3 x 5 minutes). Cells were blocked for 1 hour in OBB at room temperature. 

Primary antibodies to detect the PMLC and the loading control α-Tubulin were 

diluted in OBB, the blocking buffer was removed and 50 µl of antibody was added 

into each well for an overnight incubation at 4oC. The following day, plates were 

washed in PBS (3 x 5 minutes) and incubated for 1 hour with secondary antibodies 

(50 µl) diluted in OBB at room temperature protected from light. The details of 

primary and secondary antibodies used in this protocol are detailed in Table 2.10. 

The plate was rinsed with PBS (3 x 5 minutes) and scanned using the LI-COR 

Odyssey Infrared Imaging System (LI-COR Biosciences). The LI-COR Odyssey 

Infrared Imaging System was set at the following parameters: Resolution; 84 µm, 

Quality; high, Focus offset; 3.0 mm, Intensity; 700 – 7.0; 800 - 7.0. The intensity of 

fluorescence was analysed using the LI-COR Image Studio software and the 

fluorescence intensity measurement for PMLC and α-Tubulin in each well were used 
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as readout. The raw measurements were exported into Excel sheets where PMLC 

was calculated relative to α-Tubulin and compared between treatments.  

 

 
Figure 2.3: Schematic representation of the ICW protocol. The PHM1-41s and UtSMCs were seeded 
into 96-well plates, incubated with different experimental compounds and fixed in the wells. The 
fixed cells were permeabilised and incubated with primary antibodies against PMLC and α-Tubulin 
protein and secondary LICOR antibodies (800 CW and 680 RD). The plates were scanned using LI-
COR Odyssey Infrared Imaging System and the fluorescence intensity in each channel was quantified. 
Images modified from LI-COR BIOSCIENCES. 

 

 

Table 2.10: Details of antibodies used for in-cell Western assay 
Antibody Dilution Supplier 

Primary 1: Polyclonal rabbit anti-PMLC 2 (Ser19) 1:50 Cell-Signalling (3671) 

Primary 2: Monoclonal mouse anti-α-Tubulin 1:1000 Sigma (T9026) 

Secondary 1: Polyclonal donkey anti-rabbit  (IgG H+L) 
800CW 1: 10000 LI-COR Biosciences 

(926-32213) 
Secondary 2: Polyclonal donkey anti-mouse (IgG H+L) 

680RD 1:10000 LI-COR Biosciences 
(926-68072) 

  

800 CW 680 RD 
            Primary      Secondary 

            5. Antibody staining 

            6. Image and quantify  
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2.9 Collagen contractility assay 

The UtSMCs and PHM1-41s were embedded in collagen gels to determine the effect 

of various experimental compounds on myometrial smooth muscle tone as described 

in Hutchinson et al methods (Hutchinson et al., 2014).  

2.9.1 Preparation of collagen  
Collagen I was prepared from adult rat tails provided by Dr Alex Henke (University 

of Edinburgh MRC Centre for Reproductive Health, UK) according to methods 

detailed in Bell et al (Bell et al., 1979). In order to obtain the collagen, the tails, 

which were frozen immediately after collection, were thawed for 20 minutes in 70% 

ethanol and the tendons were removed, minced and incubated for 48 hour in dilute 

acetic acid (250 ml/ tail), under refrigeration with constant agitation. The mixture 

was centrifuged at 14000 g for 1 hour and the supernatant, which was a crude 

collagen extract, was stored at 4oC; the solution was incubated with 0.1 M of sodium 

hydroxide (6:1 ratio) to neutralise the acetic acid and precipitate the collagen. 

Collagen was recovered by centrifugation at 300 g for 5 minutes, the supernatant was 

discarded and the pellet was resolubilised in an equal volume of acetic acid. The final 

collagen mixture was stored at 4oC and used for the contraction assays described 

below. 

2.9.2 Gel casting and contraction assay 

PHM1-41s and UtSMCs were collected from confluent flasks as described in section 

2.3.2. Following the centrifugation step, cell pellets were resuspended at 

1 x 106 cells/ ml and 2.4 ml of this suspension was transferred to a 50 ml falcon tube 

on ice with addition of 5.6 ml medium, to make a total 8 ml of cell suspension. The 

medium used was phenol red free high glucose (4.5 g/ L) DMEM supplemented with 

10 (v/v) FBS and 1% penicillin-streptomycin/L-Glutamine. The following steps were 

conducted as rapidly as possible and on ice. A further 1.2 ml of 0.1 M NaOH, which 

was prepared in sterile filtered dH2O, was added to the cell suspension and the final 

volume was divided into two 50 ml falcon tubes on ice (2 x 4.6 ml). The collagen 

(2 ml) was added initially to one of the two tubes and resuspended by gentle 
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pipetting. A 500 µl volume of the collagen/cell suspension was added into each well 

of a 24-well plate (Cat. No 3738, Corning). Once half of the plate was filled, 2 ml of 

collagen was added to the other tube of cells and the procedure was repeated to fill 

the entire 24-well plate. The collagen/cell suspension was allowed to polymerase 

overnight (~18 hours) at 37oC. The gels were serum-starved for 2 hours at 37oC by 

addition of 500 µl of FBS-free high glucose (4.5 g/ L) DMEM supplemented with 

1% penicillin-streptomycin/L-Glutamine. Thereafter the medium was carefully 

removed from each well and replaced with 500 µl DMEM supplemented with 5% 

(v/v) charcoal stripped FBS. The same medium was used to prepare all treatments, 

which were applied in quadruplicate or greater. Treatment details are discussed in the 

methods section of Chapter 5. To perform the assay, the gels were detached using a 

pipette tip around the gel edge and the plates were placed into the incubator. 

Untreated gels developed a basal contraction, which was manifested as a decrease in 

gel area.  

2.9.3 Gel analysis  

Gels were measured at three time points: 0, 24 and 48 h. A Leica MZ6 light 

microscope/ camera (Mayfair, UK) using Leica Firecam software on the ICD 2 x 2 

colour binning setting was used to photograph the gels and the images were analysed 

using Adobe Photoshop CS6 (Mountain View, CA, USA). To analyse the gel area, 

images were loaded in extended view and the gel area was selected by the Quick 

Selection tool. The pixel number of each gel area was used as readout. The readout 

from each gel at 24 and 48 hours was expressed as percentage of the readout of the 

same gel at the 0-hour time point.  

2.9.4 Cell viability at the end of contraction assay 

The viability of cells embedded in gels was assessed using the CellTitre 96 

AQueousOne Solution Cell Proliferation Assay kit (Cat. No G3580, Promega). This 

assay works by measuring the amount of formazan in each well, which is the product 

of reagent MTS tetrazolium reduction. Living cells are able to metabolise the reagent 

into coloured formazan and, thus, the quantity of colour is proportional to the number 
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of viable cells. Briefly, the gels were transferred to a new 24-well plate and 1 ml of 

fresh FBS free DMEM supplemented with 1% penicillin-streptomycin/L-Glutamine 

was added to each well. The same medium was used to prepare the AqueousOne 

reagent at a concentration of 20% (v/v) and the gels were incubated with 500 µl of 

the reagent for 2 hours at 37oC. Following incubation, total 100 µl of reagent/well in 

triplicate was transferred to a 96-well plate. The Thermomax Microplate Reader 

(Molecular Devices, UK) was used to read the optical density at 490 nm. The 

average measurement was calculated for each treatment and compared between 

treatments to assess cell viability.  

2.10 Immunohistochemistry 

Immunolocalisation of the AR in human and mouse myometrium was investigated 

using either 3,3-diaminobenzidine tetrahydrochloride (DAB) staining or 

immunofluorescence (IFL) depending on the experimental design. 

2.10.1 Tissue fixation, embedding and sectioning 

Tissues were fixed in 10% NBF for 24 hours and transfer to 70% ethanol. The tissues 

were processed and embedded in paraffin according to standard protocols. Serial 

sections of 5 µm thicknesses were cut on a microtome (RM2235, Leica), mounted on 

electrostatically charged glass slides (Leica) and dried overnight in a 50oC incubator. 

Prior to the immunohistochemical analysis, gross morphology was assessed by 

haematoxylin and eosin (H&E) staining using standard protocols. 

2.10.2 DAB staining for AR 

Slides were dewaxed in xylene (2 x 5 minutes), rehydrated in graded alcohol (100%, 

90%, 70% for 20 seconds each), washed in dH2O and underwent heat induced 

antigen retrieval in a decloaking chamber (Biocare Medical, CA, USA) with 0.01 M 

citrate buffer (citrate acid 1.92 g, 1 ml dH2O, pH 6.0). After washing in dH2O (3 x 5 

minutes) slides were incubated in 3% (v/v) H2O2 (Cat. No H1009, Sigma) in 

methanol for 30 minutes to inhibit endogenous peroxidase activity. Slides were 

further washed in dH2O (3 x 5 minutes) and transferred into TBS (50 mM Tris, 
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0.85% NaCl, pH 7.4) for 2 x 5 minutes. Sections were blocked for 30 minutes with 

normal goat serum (NGS) prepared 4:1 TBS to NGS with 5% (w/v) BSA (Cat. No 

A3294, Sigma). Endogenous biotin was blocked using the streptavidin (0.01 M for 

15 minutes)/ biotin (0.01 M for 15 minutes) blocking kit (Cat. No SP2001, Vector). 

The primary antibody was diluted in NGS and applied for overnight incubation at 

4oC. The slides were washed twice in TBS for 5 minutes each and then incubated 

with the secondary antibody diluted in NGS for 30 minutes in room temperature. The 

slides were washed twice in TBS for 5 minutes each and a last incubation with 

Horseradish Peroxidase Streptavidin (HRP) diluted in TBS was performed for 

30 minutes in room temperature. Details of all antibodies and dilutions used in the 

present protocol are shown in Table 2.11. DAB (Cat. No SK-4105, Dako) was used 

for colorimetric detection, and samples were counterstained with haematoxylin 

followed by dehydration and mounting. The experiment included a negative control 

(primary antibody absent) and images were acquired on Provis BX2 microscope 

(Olympus America Inc. Center Valley, PA, USA) using a Canon DS126131 camera 

and EOS image capture software (Canon, Woodhatch, Surrey, UK). Scale bars were 

inserted using AxioVision software v4.8.0.0 (Carl Zeiss Imaging Solutions, 

Germany). 

Table 2.11: Antibodies used for DAB staining 
Antibody Dilution Supplier 

Primary: Monoclonal rabbit anti-AR 1:400 Spring Bioscience (SP107) 

Secondary: Goat anti-rabbit biotinylated 1:500 Vector (BA 1000) 

HRP 1:500 Vector (SA 5004) 

 

2.10.3 Immunofluorescence  

For co-localisation studies, the expression of the AR and α-SMA protein was 

examined by dual immunofluorescence. Slides were dewaxed, rehydrated, antigen 

retrieved and incubated in 3% (v/v) H2O2 in methanol as described in section 2.10.2. 

Following two TBS washes for 5 minutes each, slides were blocked with normal 

swine serum (NSS; Cat. No B0625, Biosera), prepared 4:1 TBS to NSS with 5% 
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(w/v) BSA, for 30 minutes. Slides were then washed in TBS for 5 minutes and 

incubated with the first primary rabbit anti-AR antibody overnight at 4oC. Following 

one wash with TBST for 5 minutes and 2 x 5 minutes TBS washes, the slides were 

incubated with the secondary anti-rabbit antibody diluted in NSS for 1 hour at room 

temperature. Slides were washed once with TBST for 5 minutes and then 

2 x 5 minutes with TBS, and incubated for 10 minutes with Red Tyramide (Cy3; 

Tyramide Signal Amplification kit TSA- Perkin Elmer) diluted 1:50 in its own 

substrate. Two washes with TBS were performed and the slides were initially 

microwaved in 0.01 M citrate buffer (pH 6.0) for 4 minutes in full power until the 

buffer boiled and then for additional 2.5 minutes. Slides were left for 30 minunes to 

cool down, washed in tap water for 5 minutes and TBS for 5 minutes, and blocked 

with normal rabbit serum (NRS; Cat. No GO-605/500, Biosera), prepared 4:1 TBS to 

NRS with 5% (w/v) BSA, for 30 minutes at room temperature. Following a 

5 minutes wash with TBS, sections were incubated overnight at 4oC with mouse anti-

α-SMA prepared in NRS. The slides were washed with TBST for 5 minutes and TBS 

twice for 5 minutes and incubated with rabbit anti-mouse Peroxidase IgG2a for 

1 hour on the bench. Additional wash steps with TBST and TBS were performed and 

sections were incubated for 10 minutes with Green Tyramide (Fluorescein, TSA kit, 

Perkin Elmer) prepared 1:50 in its own substrate. Slides were washed 3 x 5 minutes 

in PBS and counterstained with Dapi (Cat. No D9542, Sigma). A final wash step 

with PBS 3 x 5 minutes was performed and slides were mounted with Permafluor 

(Cat. No TA-030-FM, Thermo Scientific). Details of the primary and secondary 

antibodies used in this protocol can be found in Table 2.12. Slides were visualised 

on a Zeiss LSM 710 confocal microscope (Carl Zeiss, UK) and the images were 

obtained using the ZEN2009 software (Carl Zeiss MicroImaging GmbH, UK).  

Table 2.12: Antibodies used for the double immunofluorescence protocol 
Antibody Dilution Supplier 

Primary: Monoclonal rabbit anti-AR (N-20) 1:1000 Santa Cruz (Sc 816) 

Primary: Monoclonal mouse anti-AMSA  1:10000 Sigma (A2547) 

Swine anti-rabbit peroxidase  1:500 DAKO (P0399) 

Rabbit anti-mouse peroxide  1:200 Zymed/ Cambridge 
Bioscience (61-0220) 
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2.11 Calcium (Ca2+) assay  

The BDTM Calcium Assay Kit (Cat. No 640176, BD Biosciences) was employed to 

evaluate changes in the concentration of intracellular Ca2+ induced by the action of 

experimental compounds in PHM1-41s and UtSMCs. This high-throughput assay 

involves loading of cells with a non-fluorescent acetoxymethyl ester (Fluo-4 AM), 

which is cleaved inside the living cell to give the free Ca2+-sensitive Fluo-4. The 

principle of this assay is illustrated in Figure 2.4.  

 

 
Figure 2.4: The principle of the Fluo-4 calcium assay. The cell membrane-permeable acetoxymethyl 
ester (Fluo-4 AM) enters the cell. Once inside the cell, Fluo-4 AM is cleaved into Fluo-4, which is 
then capable of binding intracellular Ca2+. The concentration of intracellular Ca2+ is elevated either by 
entry of Ca2+ from the extracellular space via the membrane Ca2+ channels or by release of Ca2+ from 
the sarcoplasmic reticulum (SR). The binding of Fluo-4 to intracellular Ca2+ results in fluorescence, 
which can be detected at 525 nm. 
 

  

2.11.1 Cell preparation 

The calcium assay was performed as per Li et al methods (Li et al., 2008). The 

PHM1-41s and UtSMCs were seeded on white 96-well plates with a clear bottom 

(Cat. No 6005181, Perkin Elmer). The cells were seeded in 100 µl/well charcoal 

stripped 5% (v/v) FBS phenol red-free DMEM and at a density of 3 x 104 cells/well 
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to form a confluent monolayer. The plates were left 1 hour in room temperature to 

prevent formation of cell clumps in the middle of the wells. The plates were then 

placed in the incubator (37oC) for an overnight incubation to allow cells to attach to 

the bottom of the wells.  

 

2.11.2 Dye-loading  

The dye-loading solution (DLS) was prepared according to the supplier’s 

instructions. Briefly, the loading solution was prepared by mixing 1 ml of 

10 x Signal Enhancer with 9 ml 1 x Calcium Assay Buffer. The calcium indicator 

(Fluo-4 AM) was reconstituted in 100% Dimethyl sulfoxide (DMSO; 100 µl 

DMSO/ vial) and 10 µl of the dye was added to 10 ml of loading solution to make 

the DLS. Unused dye was stored in 10 µl aliquots at -20oC protected from light. 

Following an overnight incubation, the plates were removed from the incubator and 

100 µl of DLS was added into each well. The plates were placed back to the 

incubator for 1 hour to allow ‘loading’ of the dye. The cells were then incubated with 

different experimental compounds in quadruplicate for various time points. The 

details of these treatments and time points are given in the materials and methods 

section of Chapter 5.  

2.11.3 Calcium flux assay and analysis 

Following exposure to various treatments, the plates were placed on the NOVOstar 

plate reader (BMG Labtech, Germany). The NOVOstar reader has built-in injectors, 

which can be loaded with various compounds that can be injected directly into the 

wells. In this study, OXT (100 nM, Alliance Pharmaceuticals, UK) was used as a 

positive control to promote Ca2+ flux, as previous studies reported that PHM1-41s 

respond to OXT by increasing the concentration of intracellular Ca2+ (Monga et al., 

1996). The effect of each treatment on the OXT-stimulated increase in intracellular 

Ca2+ was assessed. Each well’s fluorescence was monitored and recorded for 

20 seconds prior to and 40 seconds post injection of OXT. The highest fluorescence 

measurement recorded (peak) following injection of OXT was used as readout and 

the average of the highest value was calculated and compared between treatments. 
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All raw data was recorded using MARS Data Analysis Software (BMG Labtech, 

Germany) and exported to Excel datasheets.    

2.12 Mouse model of PTL  

The experiments described in this method were approved by the UK Home Office 

license number 60/4241 (PPL) hold by Professor Jane Norman. Pregnant time-mated 

CD57BL/6 mice were purchased from Charles River (Kent, London, UK) on day 10 

(D10) of gestation (plug day was considered as D1 of gestation) and were allowed to 

acclimatise for a week prior to the start of the experiment.  

2.12.1 Induction of PTL  

The surgery was performed on D17 of pregnancy as previously described in 

Rinaldi’s et al study (Rinaldi et al., 2014). Briefly, mice were anaesthetised with 5% 

Isoflurane-Vet (Merial Animal Health Ltd, UK) in oxygen and 2.5% Isoflurane was 

used for maintenance of anaesthesia during a lower abdomen mini-laparotomy. Both 

uterine horns were exposed through the incision and the number of viable fetuses in 

each horn was recorded. The mice received an intrauterine injection of either 20 µg 

LPS (E.Coli 0111:B4; Sigma, UK) or sterile filtered PBS in a 25 µl volume using a 

33-g Hamilton syringe (Sigma, UK). The treatment was infused into the uterine 

lumen of the horn that had the most fetuses between the first and second anterior 

fetuses and care was taken not to inject the amniotic cavity (Figure 2.5). The time of 

injection was recorded. Sterile filtered PBS was applied on the horns to help return 

them to the abdomen. The incision was then closed with a continuous stitch using 5/0 

sutures (Cat. No W580, MidMeds Ltd) and the skin was closed with interrupted 

stitches using 4/0 sutures (Cat. No W9443, MidMeds Ltd). The average time of 

procedure/animal was 30 minutes. Following surgery, the mice were subcutaneously 

injected with 60 µl of 0.03 mg/ ml Vetergesic (Alstoe Ltd) analgesia and allowed to 

recover on heated pads (30oC) prior to being transferred to individual cages for 

monitoring. 
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Figure 2.5: The site of intrauterine injection. Treatments were injected into the uterine lumen 
of the horn with the most fetuses between the first and second anterior fetuses. Image 
adapted from (Elovitz et al., 2003).  
 

 
2.12.2 Time to delivery  

A mini colour camera (SKC160IR, Sunkwang Electronics Co. Ltd, UK) connected to 

a digital recording software (AverMedia Technologies Inc, UK) was attached to each 

cage to monitor the mice and to record the time of delivery. The time to delivery was 

calculated as the hours from the time of intrauterine injection to the delivery of first 

pup. A normal C57BL/6 mouse pregnancy is normally completed between D19 and 

D21 of gestation. For our studies, preterm delivery was defined as delivery before 

36 hours post injection and the rate of preterm delivery was calculated and compared 

between treatment groups by dividing the mice that delivered preterm by the total 

number of mice in each treatment group. Following completion of labour (delivery of 

all pups), the number of live pups in the cage of each mouse was recorded. The 

proportion of live pups per dam was calculated within 24 hours of delivery and 

compared between treatment groups by dividing the number of live pups recorded in 

the cage by the number of viable fetuses recorded at the time of injection. Mice and 

pups were culled by cervical dislocation at the end of each experiment. Mice were 

dissected to confirm delivery of all pups and any live pups found in the uterine horns 

were not considered as live born pups.  
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2.12.3 The use of model in this study 

The mouse model of PTL was used to explore the hypothesis that administration of 

DHT on D17 of mouse pregnancy could prevent PTL. The experimental design of 

this work is thoroughly detailed in Chapter 6.  

2.13 Experimental compounds 

The suppliers of the experimental compounds used in this thesis are listed in Table 

2.13. 
Table 2.13: Details of experimental compounds 

Compound Supplier 
DHT A8380 (Sigma) 
T T1500 (Sigma) 
E2 E8875 (Sigma) 
P4 P0130 (Sigma) 
Flutamide F9397 (Sigma) 
TBSA T3392 (Sigma) 
OXT Syntocinon 10 IU/ml capsules ALLIANCE pharmaceuticals)  
Nifedipine N7634 (Sigma) 
LPS L4391-1MG (Sigma) 

 

2.14 Statistical analysis 

All analysis was conducted using the GraphPad Prism v6.0 (La Jolla, USA). An 

initial analysis to assess whether the data were of a Gaussian distribution was 

performed using the either D’Agostino-Pearson (n<5) or Kolmogorov–Smirnov 

(n≥5) normality test. N denotes the experimental unit. Specifically, in human or 

mouse studies, n represents the number of individual patients or mice utilised for the 

study. In the in vitro studies, the n number denotes the number of times the 

experiment was replicated rather than the amount of experimental replicates in each 

experiment. The amount of experimental replicates in each experiment for the in 

vivo, ex vivo and in vitro studies detailed in this thesis are clarified appropriately in 

the methods section of each experimental chapter or the figure legends. Normally 

distributed data were analysed with t-test or analysis of variance (ANOVA) with 

post-hoc tests depending on the comparisons. Not normally distributed data were 
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analysed with the non-parametric Kruskal-Wallis test with Dunn’s post hoc test. For 

statistical analysis, all percentage-presented data were initially changed to 

proportions and arcsine-transformed. The arcsine-transformed data were then 

analysed as described above. Unless otherwise stated, experiments were conducted a 

minimum of three times and were represented as the mean and standard error of the 

mean (SEM) with significance considered to be p<0.05 or greater.
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3 Chapter 3: Investigating AR expression and AR-dependent 
signalling in the human myometrium  

3.1 Introduction 

Premature initiation of myometrial contractions results in PTL and early delivery of 

the baby, which may cause neonatal neurodevelopmental and respiratory 

complications (Blencowe et al., 2012). Over the last decades, experts in the field of 

parturition research have been trying to deduce which molecular events within the 

myometrium lead to the preterm initiation of contractions with the aim of identifying 

new targets for development of effective tocolytic agents to prevent preterm 

contractions and, consequently PTL. It is now established that two separate but 

integrated pathways regulate the timing of contraction initiation; endocrine cascades, 

involving the fHPA axis and the placenta, and mechanical signals arising from 

uterine stretch in response to the growing fetus (Shynlova et al., 2009b; Smith et al., 

2012). Both pathways regulate the expression of numerous contractile mediators 

within the myometrium, including CAPs (Aguilar and Mitchell, 2010). Once the 

contractile apparatus is activated and labour has been initiated, an effective tocolysis 

can be challenging. To overcome this challenge, it is important to understand the 

events that occur in the MSMCs before they commit to a contractile phenotype. 

Studies in rats have revealed that the MSMCs undergo phenotypic transitions during 

pregnancy, whereby they progress through five distinct phenotypic stages (Shynlova 

et al., 2009b). At the start of rat pregnancy, which lasts 21 days, the MSMCs 

proliferate and become hyperplastic to accommodate the growing fetus (Shynlova et 

al., 2006). Characteristic of the proliferative phase is the upregulation of genes that 

encode for proteins associated with cell growth such as PCNA and the anti-apoptotic 

factor Bcl-2 (Lye et al., 2001). Interestingly, these genes are upregulated in both 

gravid and non-gravid horns, suggesting endocrine rather than mechanical control. 

Consistent with this hypothesis, estrogen-regulated growth factors including IGF-1, 

EGF and the IGF binding proteins IGFBP1/3 are highly expressed in the proliferative 

MSMCs (Shynlova et al., 2007). Notably, IGF-1 is activator of the PI3K-Akt-mTOR 

pathway, which contributes to muscle growth (Glass, 2010). The expression of 

mTOR mRNA is induced in the proliferative MSMCs, where it has been shown to 
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mediate estrogen-induced hyperplasia; inhibition of mTOR at the proliferative stage 

inhibited proliferation (Jaffer et al., 2009). At day 14 of rat pregnancy, the MSMCs 

switch from a hyperplastic to a hypertrophic phenotype (Shynlova et al., 2009b). 

During the phase of the hypertrophic phenotype, the expression of anti-apoptotic and 

proliferative markers declines and genes associated with ECM synthesis and cellular 

hypertrophy are upregulated (Shynlova et al., 2006). These include collagenases, 

elastin (ELN), fibronectin (FN1) and IGFBP6 (Shynlova et al., 2004; Shynlova et al., 

2007). In contrast to the proliferative phase, the synthetic phase is regulated by both 

endocrine and mechanical signals. No hypertrophy was observed in non-gravid horns 

of pregnant rats (Lye et al., 2001) and exogenous administration of P4 promoted 

matrix synthesis, inhibited CAPs and upregulated IGFBP6 (Shynlova et al., 2009b). 

On the other hand, P4 antagonism downregulated IGFBP6 and blocked hypertrophy 

in gravid rat horns (Shynlova et al., 2004). On day 21 of pregnancy, the MSMCs 

enter a contractile phenotype in preparation for labour (Shynlova et al., 2009b). 

Expression of laminin β2, collagen IV and numerous other matrix proteins is induced 

and there is evidence that the fall in plasma P4 drives these events in rats (Shynlova 

et al., 2009a). A P4-independent 99-fold increase in IGFBP2 is observed at this stage 

(Shynlova et al., 2007). A final phenotypic switch occurs at the time of labour when 

MSMCs become fully contractile. Characteristic of the “labour” phase is the 

induction of CAPs, including OXTR and con-43 (Ou et al., 1998). During this stage, 

the contribution of MSMCs in generation and control of uterine inflammation is 

critical: they actively synthesise pro-inflammatory cytokines IL-6 and IL-8 and 

chemokines, including CCL-2 (Esplin et al., 2005; Tattersall et al., 2008). P4 is 

thought to negatively regulate CCL-2 in the rat myometrium during pregnancy 

(Shynlova et al., 2008). P4 has also reported to upregulate the expression of ZEB-1, 

which has been recently identified as a CAPs suppressor in MSMCs (Renthal et al., 

2013; Williams et al., 2012a). Studies in mice and humans showed that ZEB-1 was 

dramatically decreased during term and preterm labour, highlighting the potential 

importance of this factor in molecular events associated with initiation of labour 

(Renthal et al., 2010). At the end of labour, the MSMCs undergo apoptosis to return 

to the non-pregnant state (Shynlova et al., 2006). A number of metalloproteinases 

(MMPs) are induced in the postpartum rat myometrium, which is associated with 
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ECM degradation (Shynlova et al., 2009b). Notably, the expression of IGFBP5, 

which is a key player in apoptotic pathways of different cell types (Allan et al., 2004; 

Firth and Baxter, 2002; Ning et al., 2007), is also increased in the rat MSMCs that 

undergo postpartum involution (Shynlova et al., 2007). 

Although the roles of estrogen and P4 signalling in the regulation of myometrial 

progression during pregnancy have been the subject of studies in several species, 

including humans, the role of androgen signalling is poorly explored. The AR has 

been detected in the human non-pregnant myometrium (Mertens et al., 2001). 

Immunohistochemical studies of the porcine uterus have showed that the AR staining 

was strong in the myometrium throughout most of the pregnancy but its expression 

was limited to the nuclei of few cells at the last day of pregnancy (Slomczynska et 

al., 2008). Recently, a study in rat myometrium during pregnancy has reported that 

the AR protein is highly expressed in the beginning of pregnancy where it is 

reportedly regulating proliferation of MSMCs but gradually declines thereafter (Liu 

et al., 2013). The authors of that study additionally showed that the AR-dependent 

signalling interacted with IGF-1 and EGF pathways and regulated proliferation-

specific gene transcription. This is in line with studies in skeletal muscle where IGF-

1 activation resulted in PI3K/Akt-mediated AR phosphorylation, which enhanced the 

AR activity (Kim and Lee, 2009a, b; Lee, 2009). Surprisingly, to our knowledge, 

there are no other studies that examine the expression of AR in the human 

myometrium during pregnancy and more evidence is required to elucidate the role of 

AR signalling in the progression of MSMCs through different phenotypes.  
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3.1.1 Specific aims 
In this chapter, studies were designed to: 

• Examine the expression of the human AR in the myometrium during term 

pregnancy 

• Deduce whether AR expression is regulated by sex hormones, including E2, 

P4, DHT and T 

• Explore the role of AR signalling in changes in MSMCs phenotype during 

pregnancy 

• Investigate the effect of DHT treatment on the expression of AR-responsive 

genes in the human myometrium. 
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3.2 Materials and Methods 

3.2.1 Cell lines  
For the purposes of the experiments described in this chapter we used two 

myometrial cell lines; PHM1-41s derived from a single pregnant donor and UtSMCs 

derived from the myometrium of a single non-pregnant donor. Details about these 

cell lines can be found in Chapter 2 section 2.3.1. Cells were cultured as described in 

section 2.3.2. For the experiments of this chapter, PHM1-41s were used in passages 

(p) 15-20 and UtSMCs were used in p 5-10. 

3.2.2 Cell culture 
PHM1-41s (2x105 cells/well) and UtSMCs (3x105 cells/well) were seeded in 6-well 

plates in a volume of 2 ml of phenol-free DMEM (4.5 g/ L glucose) supplemented 

with 1% penicillin-streptomycin/L-Glutamine and 10% (v/v) FBS. The cells were 

left overnight at 37oC in order to attach to the bottom of the well.  The cells were 

then serum-starved for 24 hours in phenol-free DMEM (4.5 g/ L glucose) 

supplemented with 1% penicillin-streptomycin/L-Glutamine and 5% (v/v) charcoal 

stripped FBS.  

E2, P4, DHT and T were purchased from Sigma, reconstituted in absolute ethanol 

(etOH) as per supplier’s instructions and stock dilutions were stored in -20oC in the 

dark. Details about these drugs can be found in Table 2.13. Working dilutions were 

prepared in phenol-free DMEM (4.5 g/ L glucose) supplemented with 1% penicillin-

streptomycin/L-Glutamine and 5% (v/v) charcoal stripped FBS.  

Following starvation, the medium was replaced with fresh 5% (v/v) charcoal stripped 

FBS DMEM. Treatments were applied in triplicate in 2 ml final volume/well for 8, 

24 or 48 hours depending on the experimental design.  

PHM1-41s (n=6) were incubated with E2, P4, DHT, T (10-8M and 10-10M) or E2+P4 

for 24 and 48 hours. The vehicle used for each time point was etOH. 

In another experiment, PHM1-41s (n=6) and UtSMCs (n=6) were incubated with 

DHT (10-8M and 10-10M) for 8 or 24 hours. The vehicle used for each time point was 

etOH. 
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3.2.3 Human tissue 
Myometrial biopsies from TNL and TL women where obtained from the upper 

margin of the lower segment at the time of caesarean section as described in section 

2.1.1. The biopsies were collected either in ice-cold RPMI medium for the purposes 

of tissue culture or in 10% NFB for histology processing. For RNA and protein 

extraction, the biopsies were snap-frozen immediately after collection.  

3.2.4 Tissue culture 
TNL biopsies (n=6) were washed in PBS and dissected into small explants. The 

explants were placed into 24-well plates in phenol red- and FBS-free RMPI medium 

supplemented with 1% penicillin-streptomycin/L-Glutamine and were left overnight 

to rest at 37oC as described in section 2.3.3. The medium was removed and the 

explants were washed with PBS prior to be exposed to the treatments. 

All treatments were prepared in phenol red- and FBS-free RPMI medium 

supplemented with 1% penicillin-streptomycin/L-Glutamine. DHT (10-8M) was 

applied in triplicate in a volume of 1 ml/ well for 6 or 24 hours. An untreated control 

and a vehicle (etOH) were included.  

Following each time point, the medium was removed and the explants were rinsed in 

PBS and immediately transferred to 2 ml Eppendorf tubes on dry ice. The samples 

were stored at -80oC. 

3.2.5 RNA extraction and cDNA synthesis  
RNA was extracted from  

• Cultured UtSMCs and PHM1-41s  

• Frozen biopsies collected from TNL and TL myometrium 

• Myometrial explants  

Cultured PHM1-41s and UtSMCs  

Following incubation, the medium was removed and the cells were rinsed with PBS 

and RNA was extracted using the RNeasy®Mini Kit as described in section 2.4.1. 

The concentration and purity of extracted RNA, was assessed with Nanodrop 1000 

spectrophotometer as described in section 2.4.4.  
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The cDNA was synthesised (10 ng RNA/µl) using the High Capacity cDNA 

Synthesis Kit as described in section 2.5.1.  

Frozen biopsies collected from TNL and TL myometrium 

The samples were thawed on ice, homogenised in TRI reagent using a Retsch 

TissueLyser and processed in PLG tubes as described in section 2.4.2. Briefly, the 

aqueous phase in PLG tubes, which contained the RNA, was collected in pre-chilled 

1.5 ml Eppendorf tubes. The samples were then transferred onto RNeasy Mini Spin 

Columns and the RNA was extracted using the RNeasy®Mini Kit. The concentration 

and purity of RNA was determined with Nanodrop 1000 spectrophotometer as 

described in section 2.4.4. The cDNA was synthesised (30 ng RNA/µl) using the 

High Capacity cDNA Synthesis Kit as described in section 2.5.1.  

Myometrial explants  

The samples were thawed on ice, homogenised in TRI reagent using a Retsch 

TissueLyser and processed in PLG tubes as described in section 2.4.2. The aqueous 

phase in the PLG tubes, which contained the RNA, was collected in pre-chilled 

1.5 ml Eppendorf tubes. The samples where then transferred onto RNeasy Mini Spin 

Columns and the RNA was extracted using the RNeasy®Mini Kit. The concentration 

and purity of RNA was determined with Nanodrop 1000 spectrophotometer as 

described in section 2.4.4 and the integrity of RNA was assessed with Agilent 2100 

BioAnalyzer as described in section 2.4.5.  

The RNA was used for cDNA synthesis, which was used for either a PCR array or a 

qRT-PCR for the validation of the array.  

The RT2 First Strand Kit was used to prepare the cDNA for the PCR array as 

described in section 2.5.2.  

The High Capacity cDNA Synthesis Kit was used to prepare the cDNA (30 ng 

RNA/µl) for the array validation as described in section 2.5.1. 
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3.2.6 QRT-PCR  
QRT-PCR was performed to quantify transcript levels of genes of interest in 

• Cultured UtSMCs and PHM1-41s  

• Frozen biopsies collected from TNL and TL myometrium 

• Myometrial explants (validation of the array) 

Cultured UtSMCs and PHM1-41s 

Taqman singleplex qRT-PCR was performed as described in detail in section 2.6.2. 

Briefly, a mastermix containing either the primer/probe mix for the gene of interest 

(GOI) or the primer/probe for the housekeeping gene 18S was prepared and 1 µl of 

cDNA was added to each reaction. All reactions were performed in technical 

duplicate and the reaction was carried using the 7900HT Fast Real-Time PCR 

System. Data was analysed using the ΔΔCt method: the thresholds for GOI and 18S 

were set in the linear phase of the exponential region of the amplification curves. The 

cycle number at which the PCR signal crossed a set threshold was used to determine 

relative gene expression. These comparative Ct values were extracted to Excel sheets 

and the average Ct for GOI and 18S was calculated initially from the technical 

replicates and then experimental replicates. The average 18S Ct value was subtracted 

from the GOI to calculate ΔCt and the number was normalised to the control tissue 

sample (ΔΔCt). The fold change was calculated using the formula 2^(-ΔΔCt). ΔΔCt 

values were used for statistical analysis and data was plotted as fold change (2^(-

ΔΔCt)) compared to the relevant control sample. Pre-validated primer/probe assays 

were purchased from Applied Biosystems and are listed in Table 3.1.  
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Table 3.1: Taqman primer/probe assay list 
Gene Assay ID 

PCNA Hs00427214_g1 
BCL2 Hs00608023_m1 
IGF1 Hs01547656_m1 
IGFBP1 Hs00236877_m1 
IGFBP3 Hs00365742_g1 
MTOR Hs00234508_m1 
IGFBP6 Hs00181853_m1 
ELN Hs00355783_m1 
CON43 Hs00748445_s1 
FN1 Hs00365052_m1 
OXTR Hs00168573_m1 
IGFBP2 Hs01040719_m1 
CCL2 Hs00234140_m1 
IGFBP5 Hs00181213_m1 
MMP2 Hs01548727_m1 
MMP9 Hs00234579_m1 
ZEB1 Hs03680602_m1 
IL6 Hs02621719_u1 
IL8 Hs01553824_g1 
AR Hs04260217_m1 

 

Frozen biopsies collected from TNL and TL myometrium 

A standard curve qRT-PCR method was conducted to quantify transcript levels of 

genes of interest in TNL and TL myometrium as described in detail in section 2.6.3. 

Briefly, a ‘reference’ cDNA sample (cDNA pool), consisting of equal volumes of all 

the experimental samples, was created and a standard curve for each GOI was 

obtained using several dilutions of the pooled cDNA (1:4, 1:8, 1:16, 1:32, 1:64, 

1:128, 1:256, 1:512). The cDNA of each experimental sample was diluted 1:20 in 

dH2O; 2 µl of the pooled cDNA or the experimental sample cDNA was added to the 

qRT-PCR reaction mixture, which contained the primer/probe assay for the GOI. 

RT-PCR was performed on both the experimental samples and “reference” standards. 

The aim was to have the diluted samples in the linear part of the standard curve in 

order to achieve accurate comparison of relative values. All qRT-PCR reactions were 

performed in triplicate (standard curves) or duplicates (samples). Standard curve 

qRT-PCR was carried out for the housekeeping gene 18S under the same conditions 

to enable comparison between samples. The reaction was carried out using the 

7900HT Fast Real-Time PCR System. The expression levels were calculated from a 

linear regression of the standard curve as GOI expression compared to 18S 

expression. Acceptable standard curves had a slope between -3.3 and -3.7 
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(R2 > 0.99). Primer/probe assays were purchased from Applied Biosystems and are 

listed in Table 3.2.  

Table 3.2: Taqman primer/probe assay list 
Gene Assay ID 

PTGS2 Hs00153133_m1 
AR Hs04260217_m1 

 

Myometrial explants  

Taqman singleplex qRT-PCR using the ΔΔCt method was used to validate the 

changes observed with the PCR array. The method was similar to the method 

described above for the qRT-PCR for cultured cells. All experimental replicates were 

included in the validation (n=6). Primer probes were purchased from Applied 

Biosystems and are listed in Table 3.3. 

 
Table 3.3: Taqman primer/probe assay list 

Gene Assay ID 
VAPA Hs00427749_m1 
AR Hs04260217_m1 
PAK1IP1 Hs00215515_m1 

 

3.2.7 PCR array  
The RT2 Profiler PCR Array [384-Well (4 x 96) Format] for Human Androgen 

Receptor Signalling Targets was used to examine the effect of DHT treatment (10-

8M) on the expression of androgen-responsive genes in the human myometrium at 

term. The array was performed on 4 experimental replicates (n=4). The vehicle but 

not the untreated control was included. The method is described in detail in section 

2.6.4. Briefly, cDNA and PCR mastermix were prepared according to the company’s 

instructions and a mixture of cDNA/mastermix was added into each well. The 

reactions were run on the 7900HT Fast Real-Time PCR System with SDS. Ct values 

were calculated and exported to an Excel sheet for use with the SABiosciences PCR 

Array Web Data Analysis Software. The software automatically performed 

quantification using the ΔΔCt method and compared the treatments to the vehicle. 

The results were presented in tables indicating fold regulation and p values for each 

gene.  
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3.2.8 Double immunofluorescence  
The immunolocalisation of AR in the TNL and TL myometrial biopsies was 

investigated using a double immunofluorescence protocol for AR and the smooth 

muscle cytoplasmic marker α-SMA. The TNL and TL biopsies were fixed and 

processed for histology as described in section 2.10.1. Double immunofluorescent 

staining was performed as described in detail in section 2.10.3. Briefly, the slides 

were dewaxed, rehydrated, antigen retrieved and incubated in 3% (v/v) H2O2 in 

methanol as described in section 2.10.2. The slides were then blocked with NSS and 

incubated with the first primary rabbit anti-AR antibody overnight at 4oC. Following 

washes with TBST (1 x 5 minutes) and TBS (2 x 5 minutes), the slides were 

incubated with the secondary anti-rabbit antibody for 1 hour at room temperature. 

Following washes with TBST and TBS, the slides were incubated for 10 minutes 

with Red Tyramide (Cy3) and microwaved in 0.01 M citrate buffer (pH 6.0) for 

4 minutes in full power until the buffer boiled and then for additional 2.5 minutes. 

The slides were then blocked with NRS for 30 minutes at room temperature and 

incubated overnight at 4oC with mouse anti-α-SMA antibody. The slides were 

washed and incubated with rabbit anti-mouse Peroxidase IgG2a antibody for 1 hour 

in room temperature prior to be incubated for 10 minutes with Green Tyramide. 

Finally the slides were counterstained with Dapi, washed and mounted with 

Permafluor. Table 3.4 shows the details of the primary and secondary antibodies 

used in this protocol. The slides were visualised on a Zeiss LSM 710 confocal 

microscope and images were obtained using the ZEN2009 software.  

Table 3.4: Antibodies used for the double immunofluorescence protocol 
Antibody Dilution Supplier 

Primary 1: Monoclonal rabbit anti-AR (N-20) 1:1000 Santa Cruz (Sc 816) 

Primary 2: Monoclonal mouse anti-α-SMA  1:10000 Sigma (A2547) 

Swine anti-rabbit peroxidase  1:500 DAKO (P0399) 

Rabbit anti-mouse peroxide  1:200 Zymed/ Cambridge 
Bioscience (61-0220) 
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3.2.9 Western Immunoblotting 
Protein was extracted from frozen TNL and TL biopsies as described in detail in 

section 2.7. Briefly, the tissue was homogenised in RIPA buffer using a TissueLyser. 

The lysates were then centrifuged to pellet the cell debris and the supernatants, which 

contained the protein, were collected and stored at -80oC. Protein concentration was 

determined with the DC Protein Assay Kit as described in section 2.7.1.  

Western gel analysis was used to quantify and compare the expression of total AR 

protein between TNL and TL myometrial samples as described in detail in section 

2.8.1. Briefly, 20 µg of protein per sample was resolved on 10% Bis-Tris precast 

NuPAGE gel (180 V for 1 hour) on ice in MOPS running buffer. The protein was 

transferred using a wet-transfer system (100 V for 90 minutes) to an Immobilon-FL 

PVDF membrane. The membrane was blocked with OBB and incubated overnight at 

4oC with primary antibodies (Table 3.5) diluted in OBB. Following washes with 

TBST (1 x 5 minutes) and TBS (3 x 5 minutes) the membrane was incubated with 

secondary LICOR antibodies (Table 3.5) diluted in OBB for 1 hour at room 

temperature in darkness. The membrane was washed in TBS and TBST and scanned 

using the LI-COR Odyssey Infrared Imaging System. The bands were quantified 

using the Odyssey analysis software and the raw values were exported to Excel 

sheets where the AR values were calculated relative to the loading control α-SMA 

values.  

Table 3.5: Antibodies used for Western immunoblotting  
Antibody Dilution Supplier 

Primary 1: Monoclonal rabbit anti-AR 1:200 Spring Bioscience (SP107) 

Primary 2: Monoclonal mouse anti-α-SMA  1:10000 Sigma (A2547) 

Secondary 1: Polyclonal donkey anti-rabbit 
800CW 1: 10000 LI-COR Biosciences (926-32213) 

Secondary 2: Polyclonal donkey anti-mouse 
680RD 1:10000 LI-COR Biosciences (926-68072) 
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3.2.10 Statistical analysis 
The qRT-PCR and relative protein quantification data were tested for normality 

using the Kolmogorov–Smirnov test. Normally distributed data were analysed using 

two-tailed unpaired t-test. Not normally distributed data were analysed with Kruskal-

Wallis with Dunn’s post-hoc test. Unless otherwise stated all data is represented as 

the mean and standard error of the mean (SEM) with significance considered to be 

p<0.05. 
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3.3 Results 

3.3.1 The expression of the human AR in the myometrium at term 
pregnancy 

The total concentration of AR mRNA was investigated in the human TNL and TL 

myometrium with qRT-PCR standard curve method (Figure 3.1). The AR mRNA 

was significantly decreased with labour (p=0.006; Figure 3.1 A). PTGS2 was used 

as a positive control; the concentration of PTGS2 mRNA was significantly increased 

with labour (p=0.024; Figure 3.1 B).  

 

 
Figure 3.1: The expression of AR and PTGS2 mRNAs in the TL (n=7) and TNL (n=7) human 
myometrium. (A) AR mRNA was significantly downregulated in TL myometrium **p=0.006. (B) 
PTGS2 mRNA was significantly upregulated in TL samples *p=0.024. Data were analysed using a 
two-tailed unpaired t-test. 

 

The localisation of AR was explored in the TNL and TL myometrium with double 

immunofluorescent staining; the slides were double-stained for AR and α-SMA 

(cytoplasmic SMC marker). The AR protein was clearly localised to the nuclei of 

multiple MSMCs in fixed tissue sections of both TNL (Figure 3.2, Figure 3.3) and 

TL (Figure 3.4, Figure 3.5) myometrium.  
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Figure 3.2: The localisation of AR in the human TNL myometrium. Immunofluorescent double 
staining for AR and α-SMA in one representative (n=5) TNL myometrial sample. White arrows 
indicate AR/α-SMA double positive staining in MSMCs. The AR was localised to the nuclei of 
MSMCs. AR=red, α-SMA=green, counterstain (Dapi)=blue. Scale bar=100 µm. 

Dapi AR α-SMA 
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Figure 3.3: The localisation of AR in the human TNL myometrium. Immunofluorescent double 
staining for AR and α-SMA in a second representative (n=5) TNL myometrial sample. White arrows 
indicate AR/α-SMA double positive staining in MSMCs. The AR was localised to the nuclei of 
MSMCs. AR=red, α-SMA=green, counterstain (Dapi)=blue. Scale bar=100 µm. 

Dapi AR α-SMA 
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Figure 3.4: The localisation of AR in the human TL myometrium. Immunofluorescent double 
staining for AR and α-SMA in one representative (n=5) TL myometrial sample. White arrows indicate 
AR/α-SMA double positive staining in MSMCs. The AR was localised to the nuclei of MSMCs. 
AR=red, α-SMA=green, counterstain=blue. Scale bar=100 µm. 

Dapi AR α-SMA 
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Figure 3.5a: The localisation of AR in the human TL myometrium. Immunofluorescent double 
staining for AR and α-SMA in a second representative (n=5) TL myometrial sample. White arrows 
indicate AR/α-SMA double positive staining in MSMCs. The AR was localised to the nuclei of 
MSMCs. AR=red, α-SMA=green, counterstain (Dapi)=blue. Scale bar=100 µm. 

Dapi AR α-SMA 
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Figure 3.5b: The specificity of AR antibody. (A) Positive AR staining is localised to the nuclei of α-
SMA positive cells in the TL human myometrium (B) Negative control shows the absence of AR 
positive staining in α-SMA positive cells. White arrow in A points a positive MSMC for AR cell and 
white arrow in B points the same nuclei in the negative control to indicate AR antibody specificity. 
AR=red, α-SMA=green, counterstain (Dapi)=blue. Scale bar=100 µm. 

Dapi AR α-SMA 

A B
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The total tissue content of AR protein was quantified in the TNL and TL 

myometrium using Western immunoblotting. In contrast to the mRNA results, no 

significant difference in AR protein concentration was observed between the two 

groups, although there was a trend towards decrease in the TL group (Figure 3.6). 

  

 
Figure 3.6: The expression of AR protein in the TNL and TL human myometrium. Western 
immunoblotting using a monoclonal anti-AR antibody showed that there was no significant difference 
in the content of AR protein between the two groups (TNL: n=7, TL: n=7). Data were analysed using 
a two-tailed unpaired t-test.  
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3.3.2 The regulation of AR mRNA expression by sex hormones in 
human myometrium at term pregnancy 

To explore the hypothesis that the expression of AR mRNA is regulated by sex 

hormones in the human MSMCs, we incubated PHM1-41s with a low (10-10M) and a 

high (10-8M) dose of E2, P4, DHT, T and E2+P4 together (at 10-8M each) for 24 and 

48 hours. We found that AR was 2.3 fold (p=0.024) upregulated in PHM1-41s 

following 24-hour incubation with the high dose of DHT (Figure 3.7 A). After 

48 hours, the combined E2+P4 treatment induced a 2.5 fold (p=0.009) and a 1.8 fold 

(p=0.045) increase in AR mRNA at the highest and lowest dose respectively (Figure 

3.7 B) 

 
Figure 3.7: Sex steroid regulation of AR mRNA expression in PHM1-41s. PHM1-41s were incubated 
for 24 (A) or 48 (B) hrs with vehicle, E2, P4, DHT, T or E2+P4 (10-8M or 10-10M) and the expression 
of AR mRNA was quantified with qRT-PCR. All treatments were applied in triplicate. (A) AR 
expression was significantly upregulated in PHM1-41s following 24 hr incubation with DHT (10-8M) 
when compared to the vehicle (*p=0.024, n=6). (B) The expression of AR in PHM1-41s was 
significantly upregulated following 48-hr incubation with E2+P4 treatment compared to the vehicle 
(*p=0.045, **p=0.009, n=6). Data were analysed using Kruskal–Wallis with Dunn’s post-hoc test.   
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3.3.3 The role of AR signalling on the myometrial phenotypic 
transition during pregnancy 

We explored the hypothesis that AR-dependent signalling is involved in the 

regulation of the expression of genes associated with different myometrial 

phenotypes during pregnancy. PHM1-41s and UtSMCs were incubated with DHT 

(10-8M or 10-10M) for 8 or 24 hours. All treatments were applied in triplicate. The 

expression of genes that have key roles in the regulation of the proliferative, 

synthetic, contractile/labour and postpartum phenotype of MSMCs during pregnancy 

were quantified with qRT-PCR.  

Proliferative phenotype (Figures 3.8-3.11) 

Following 8-hour incubation with DHT, the expression of the genes PCNA, BCL2, 

IGFBP1, IGF1, IGFBP3 and mTOR did not change in PHM1-41s (Figure 3.8) and 

UtSMCs (Figure 3.9). Similar responses occurred at the 24-hour time point in 

PHM1-41s (Figure 3.10) and UtSMCs (Figure 3.11).  
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Figure 3.8: The effect of 8 hr DHT treatment on the expression of genes associated with the 
proliferative phenotype of MSMCs in PHM1-41s. PHM1-41s were incubated with DHT (10-8M, 10-

10M) for 8 hrs and the mRNA of PCNA (A), BCL2 (B), mTOR (C), IGFBP1 (D), IGF1 (E) and 
IGFBP3 (F) was quantified with qRT-PCR. No significant changes were observed for any of the 
genes when compared to vehicle. Data were analysed using Kruskal–Wallis with Dunn’s post-hoc 
test, n=6. 
 

 
Figure 3.9: The effect of 8 hr DHT treatment on the expression of genes associated with the 
proliferative phenotype of MSMCs in UtSMCs. UtSMCs were incubated with DHT (10-8M, 10-10M) 
for 8 hrs and the mRNA of PCNA (A), BCL2 (B), mTOR (C), IGFBP1 (D), IGF1 (E) and IGFBP3 (F) 
was quantified with qRT-PCR. No significant changes were observed for any of the genes when 
compared to vehicle. Data were analysed using Kruskal–Wallis with Dunn’s post-hoc test, n=6. 
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Figure 3.10: The effect of 24 hr DHT treatment on the expression of genes associated with the 
proliferative phenotype of MSMCs in PHM1-41s. PHM1-41s were incubated with DHT (10-8M, 10-

10M) for 24 hrs and the mRNA of PCNA (A), BCL2 (B), mTOR (C), IGFBP1 (D), IGF1 (E) and 
IGFBP3 (F) was quantified with qRT-PCR. No significant changes were observed for any of the 
genes when compared to vehicle. Data were analysed using Kruskal–Wallis with Dunn’s post-hoc 
test, n=6. 
  

 
Figure 3.11: The effect of 24 hr DHT treatment on the expression of genes associated with the 
proliferative phenotype of MSMCs in UtSMCs. UtSMCs were incubated with DHT (10-8M, 10-10M) 
for 24 hrs and the mRNA of PCNA (A), BCL2 (B), mTOR (C), IGFBP1 (D), IGF1 (E) and IGFBP3 
(F) was quantified with qRT-PCR. No significant changes were observed for any of the genes when 
compared to vehicle. Data were analysed using Kruskal–Wallis with Dunn’s post-hoc test, n=6. 
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Synthetic phenotype (Figures 3.12-3.15) 

The expression of the genes IGFBP6, FN1 and ELN did not change following 8-hour 

incubation of PHM1-41s (Figure 3.12) and UtSMCs (Figure 3.13) with DHT (10-8M 

or 10-10M). Similar responses were observed at the 24-hour time point in PHM1-41s 

(Figure 3.14) and UtSMCs (Figure 3.15).  

 

 
Figure 3.12: The effect of 8 hr DHT treatment on the expression of genes associated with the 
synthetic phenotype of MSMCs in PHM1-41s. PHM1-41s were incubated with DHT (10-8M, 10-10M) 
for 8 hrs and the mRNA of IGFBP6 (A), FN1 (B) and ELN (C) was quantified with qRT-PCR. No 
significant changes were observed for any of the genes when compared to vehicle. Data were analysed 
using Kruskal–Wallis with Dunn’s post-hoc test, n=6. 
 

 
Figure 3.13: The effect of 8 hr DHT treatment on the expression of genes associated with the 
synthetic phenotype of MSMCs in UtSMCs. UtSMCs were incubated with DHT (10-8M, 10-10M) for 
8 hrs and the mRNA of IGFBP6 (A), FN1 (B) and ELN (C) was quantified with qRT-PCR. No 
significant changes were observed for any of the genes when compared to vehicle. Data were analysed 
using Kruskal–Wallis with Dunn’s post-hoc test, n=6. 
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Figure 3.14: The effect of 24 hr DHT treatment on the expression of genes associated with the 
synthetic phenotype of MSMCs in PHM1-41s. PHM1-41s were incubated with DHT (10-8M, 10-10M) 
for 24 hrs and the mRNA of IGFBP6 (A), FN1 (B) and ELN (C) was quantified with qRT-PCR. No 
significant changes were observed for any of the genes when compared to vehicle. Data were analysed 
using Kruskal–Wallis with Dunn’s post-hoc test, n=6. 
 

 
Figure 3.15: The effect of 24 hr DHT treatment on the expression of genes associated with the 
synthetic phenotype of MSMCs in UtSMCs. UtSMCs were incubated with DHT (10-8M, 10-10M) for 
24 hrs and the mRNA of IGFBP6 (A), FN1 (B) and ELN (C) was quantified with qRT-PCR. No 
significant changes were observed for any of the genes when compared to vehicle. Data were analysed 
using Kruskal–Wallis with Dunn’s post-hoc test, n=6. 

 

A B C 
IGFBP6 24hr

Contro
l

Veh
icl

e

DHT 10
-8 M

DHT 10
-10

M
0.0

0.5

1.0

1.5

R
.Q

ELN 24hr

Contro
l

Veh
icl

e

DHT 10
-8 M

DHT 10
-10

M
0.0

0.5

1.0

1.5

R
.Q

FN1 24hr

Contro
l

Veh
icl

e

DHT 10
-8 M

DHT 10
-10

M
0.0

0.5

1.0

1.5

R
.Q

A B C 
IGFBP6 24hr

Contro
l

Veh
icl

e

DHT 10
-8 M

DHT 10
-10

M
0.0

0.5

1.0

1.5

R
.Q

ELN 24hr

Contro
l

Veh
icl

e

DHT 10
-8 M

DHT 10
-10

M
0.0

0.5

1.0

1.5

R
.Q

FN1 24hr

Contro
l

Veh
icl

e

DHT 10
-8 M

DHT 10
-10

M
0.0

0.5

1.0

1.5

R
.Q



   Chapter 3 

  103 

Contractile/labour phenotype (Figures 3.16-3.19) 

Following 8-hour incubation with DHT (10-8M or 10-10M), the expression of the genes 

IGFBP2, IL6, IL8, CCL2, ZEB1 and OXTR did not change in PHM1-41s (Figure 3.16) and 

UtSMCs (Figure 3.17). In addition, no changes were observed in the expression of 

these genes at the 24-hour time point in PHM1-41s (Figure 3.18) and UtSMCs 

(Figure 3.19).  
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Figure 3.16: The effect of 8 hr DHT treatment on the expression of genes associated with the 
contractile/labour phenotype of MSMCs in PHM1-41s. PHM1-41s were incubated with DHT (10-8M, 
10-10M) for 8 hrs and the mRNA of IGFBP2 (A), IL6 (B), IL8 (C), CCL2 (D), ZEB1 (E) and OXTR 
(F) was quantified with qRT-PCR. No significant changes were observed for any of the genes when 
compared to vehicle. Data were analysed using Kruskal–Wallis with Dunn’s post-hoc test, n=6. 
  

 
Figure 3.17: The effect of 8 hr DHT treatment on the expression of genes associated with the 
contractile/labour phenotype of MSMCs in UtSMCs. UtSMCs were incubated with DHT (10-8M, 10-

10M) for 8 hrs and the mRNA of IGFBP2 (A), IL6 (B), IL8 (C), CCL2 (D), ZEB1 (E) and OXTR (F) 
was quantified with qRT-PCR. No significant changes were observed for any of the genes when 
compared to vehicle. Data were analysed using Kruskal–Wallis with Dunn’s post-hoc test, n=6. 
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Figure 3.18: The effect of 24 hr DHT treatment on the expression of genes associated with the 
contractile/labour phenotype of MSMCs in PHM1-41s. PHM1-41s were incubated with DHT (10-8M, 
10-10M) for 24 hrs and the mRNA of IGFBP2 (A), IL6 (B), IL8 (C), CCL2 (D), ZEB1 (E) and OXTR 
(F) was quantified with qRT-PCR. No significant changes were observed for any of the genes when 
compared to vehicle. Data were analysed using Kruskal–Wallis with Dunn’s post-hoc test, n=6. 
 

 
Figure 3.19: The effect of 24 hr DHT treatment on the expression of genes associated with the 
contractile/labour phenotype of MSMCs in UtSMCs. UtSMCs were incubated with DHT (10-8M, 10-

10M) for 24 hrs and the mRNA of IGFBP2 (A), IL6 (B), IL8 (C), CCL2 (D), ZEB1 (E) and OXTR (F) 
was quantified with qRT-PCR. No significant changes were observed for any of the genes when 
compared to vehicle. Data were analysed using Kruskal–Wallis with Dunn’s post-hoc test, n=6. 
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Postpartum phenotype (Figures 3.20-3.23) 

The expression of the genes IGFBP5, MMP2 and MMP9 did not change following 8-

hour incubation of PHM1-41s (Figure 3.20) and UtSMCs (Figure 3.21) with DHT 

(10-8M or 10-10M). Similar responses were observed at the 24-hour time point in 

PHM1-41s (Figure 3.22) and UtSMCs (Figure 3.23). 

 

 
Figure 3.20: The effect of 8 hr DHT treatment on the expression of genes associated with the 
postpartum phenotype of MSMCs in PHM1-41s. PHM1-41s were incubated with DHT (10-8M, 10-

10M) for 8 hrs and the mRNA of IGFBP5 (A), MMP2 (B) and MMP9 was quantified with qRT-PCR. 
No significant changes were observed for any of the genes when compared to vehicle. Data were 
analysed using Kruskal–Wallis with Dunn’s post-hoc test, n=6. 

 

 
Figure 3.21: The effect of 8 hr DHT treatment on the expression of genes associated with the 
postpartum phenotype of MSMCs in UtSMCs. UtSMCs were incubated with DHT (10-8M, 10-10M) 
for 8 hrs and the mRNA of IGFBP5 (A), MMP2 (B) and MMP9 was quantified with qRT-PCR. No 
significant changes were observed for any of the genes when compared to vehicle. Data were analysed 
using Kruskal–Wallis with Dunn’s post-hoc test, n=6. 
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Figure 3.22: The effect of 24 hr DHT treatment on the expression of genes associated with the 
postpartum phenotype of MSMCs in PHM1-41s. PHM1-41s were incubated with DHT (10-8M, 10-

10M) for 24 hrs and the mRNA of IGFBP5 (A), MMP2 (B) and MMP9 was quantified with qRT-PCR. 
No significant changes were observed for any of the genes when compared to vehicle. Data were 
analysed using Kruskal–Wallis with Dunn’s post-hoc test, n=6. 
 

 
Figure 3.23: The effect of 24 hr DHT treatment on the expression of genes associated with the 
postpartum phenotype of MSMCs in UtSMCs. UtSMCs were incubated with DHT (10-8M, 10-10M) 
for 24 hrs and the mRNA of I IGFBP5 (A), MMP2 (B) and MMP9 was quantified with qRT-PCR. No 
significant changes were observed for any of the genes when compared to vehicle. Data were analysed 
using Kruskal–Wallis with Dunn’s post-hoc test, n=6. 
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Positive control (Figure 3.24) 

Following the observation that none of the genes examined changed in response to 

the DHT treatment, we thought to examine the expression of AR mRNA in PHM1-

41s and UtSMCs to verify the uptake of DHT by the cells. Following 24-hour 

treatment with DHT (10-8M) the AR mRNA was significantly increased in PHM1-

41s (2.3 fold, p=0.031; Figure 3.24 A) and UtSMCs (2.6 fold, p=0.025; Figure 3.24 

B) when compared to the vehicle treatment. 

 
 
Figure 3.24: The expression of AR mRNA in PHM1-41s (A) and UtSMCs (B) following incubation 
with DHT (10-8M or 10-10M) for 24 hours. AR mRNA was significantly increased in PHM1-41s 
(*p=0.031; A) and UtSMCs (*p=0.025) B) following DHT treatment (10-8M) when compared to 
vehicle. Data were analysed using Kruskal–Wallis with Dunn’s post-hoc test, n=6. 
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3.3.4 The role of AR signalling on the expression of AR-
dependent genes in the human myometrium at term 
pregnancy  

We explored the effect of DHT treatment on the expression of androgen-responsive 

genes in human TNL myometrium using a human AR signalling-targets PCR array. 

Myometrial explants (n=4) were treated with DHT (10-8M) for 6 or 24 hours in 

triplicate and the expression of 84 genes (see Table 9.2 in Appendix 2) was 

assessed.  

Following 6-hour incubation with DHT, 12 genes were apparently upregulated and 

16 genes were downregulated (Table 3.6). Out of these genes, only the change in 

PAK1IP1 mRNA reached significance (Table 3.6).  

Following 24-hour incubation with DHT, 28 genes were upregulated and 4 genes 

were downregulated (Table 3.7). Out of these genes, only the changes in AR and 

VAPA mRNAs reached statistical significance (Table 3.7).   

Array validation 

To validate the results of the array, the concentration of PAK1IP1 mRNA was 

quantified in human TNL myometrium (n=6) following 6-hour incubation with DHT 

(10-8M) in triplicate. The DHT treatment induced a significant 1.9 fold increase 

(p=0.009) in the expression of PAK1IP1 mRNA compared to the vehicle treatment.  

The expression of AR and VAPA mRNAs was also quantified in human TNL 

myometrium (n=6) following 24-hour incubation with DHT (10-8M). The DHT 

treatment induced a 3.6 fold significant increase (p=0.021) in the expression of AR 

mRNA compared to the vehicle treatment. In addition, the DHT treatment induced a 

4.3 fold increase (p=0.036) in the expression of VAPA mRNA compared to the 

vehicle treatment.  
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Table 3.6: Gene regulation at 6 hrs. Table shows the AR-responsive genes that were upregulated and 
downregulated in human term non-labouring myometrium in response to 6-hr DHT (10-8M) treatment 
(n=4 patient samples, n=3 experimental replicates). 

 

 

6 hr Gene Fold regulation p value 
Upregulation AR 3.654 >0.05 
  FAM105A 3.0426 >0.05 
  GUCY1A3 2.3617 >0.05 
  IGFBP5 2.1106 >0.05 
  MT2A 2.4425 >0.05 
  NFKB2 2.172 >0.05 
  PAK1IP1 3.4481 0.0461 
  PIAS1 3.7925 >0.05 
  SMS 2.6976 >0.05 
  STK39 8.5991 >0.05 
  TSC22D1 4.6063 >0.05 
  VAPA 6.2227 >0.05 
Downregulation ERRFI1 3.4461 >0.05 
  FKBP5 6.8716 >0.05 
  IGF1R 2.1994 >0.05 
  JUN 4.2902 >0.05 
  LRIG1 3.1191 >0.05 
  MAF 5.7271 >0.05 
  NFKB1 2.5549 >0.05 
  PMEPA1 4.5522 >0.05 
  PPAP2A 2.8441 >0.05 
  RAB4A 3.2773 >0.05 
  SEC22C 2.5798 >0.05 
  SLC26A2 2.484 >0.05 
  SNAI2 2.4004 >0.05 
  SORD 6.4291 >0.05 
  SP1 2.9268 >0.05 
  SRF 2.4962 >0.05 
  TIPARP 2.5708 >0.05 
  WIPI1 2.1316 >0.05 
  ZBTB16 2.6329 >0.05 
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Table 3.7: Gene regulation at 24 hrs. Table shows the AR-responsive genes that were upregulated and 
downregulated in human term non-labouring myometrium in response to 24-hr DHT (10-8M) 
treatment (n=4 patient samples, n=3 experimental replicates). 

24 hr Gene Fold regulation p value 

Upregulation AR 6.779 0.0123 
  ELK1 2.149 >0.05 
  ELL2 2.3999 >0.05 
  ERRFI1 2.1017 >0.05 
  FAM105A 7.264 >0.05 
  FOS 3.1016 >0.05 
  GUCY1A3 4.2423 >0.05 
  HERC3 3.1913 >0.05 
  IRS2 8.8554 >0.05 
  JUN 2.7275 >0.05 
  KRT8 3.2475 >0.05 
  LIFR 3.7436 >0.05 
  LRRFIP2 5.8115 >0.05 
  MAP7D1 3.6697 >0.05 
  MME 2.415 >0.05 
  MYC 4.2811 >0.05 
  NFKB2 2.5846 >0.05 
  PAK1IP1 3.2597 >0.05 
  REL 5.2505 >0.05 
  RHOU 4.6365 >0.05 
  SRF 2.7492 >0.05 
  VAPA 8.6761 0.02554 
  ZBTB10 4.062 >0.05 
  ZNF189 5.3365 >0.05 
  FKBP5 2.3801 >0.05 
  LRIG1 2.4067 >0.05 
  MAF 2.6049 >0.05 
  NKX3-1 2.7157 >0.05 

Downregulation RELA 3.5261 >0.05 
  SLC26A2 5.1733 >0.05 
  TSC22D3 8.7675 >0.05 
  HPRT1 3.0783 >0.05 
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Figure 3.25: Validation of the PCR array. Following 6-hr treatment the expression of the gene 
PAK1IP1 (A) was significantly upregulated in human TNL myometrium treated with DHT (10-8M) 
when compared to vehicle treatment (**p=0.009). Following 24-hr treatment the expression of the 
genes AR (B; *p=0.021) and VAPA (C; *p=0.036) was significantly upregulated in the DHT-treated 
group when compared to the expression in the vehicle group. Data were analysed using Kruskal–
Wallis with Dunn’s post-hoc test, n=6 patient samples, n=3 experimental replicates. 
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3.4 Discussion 

In contrast to the well-established roles of the PR and ER signalling, the potential 

that the AR signalling in the myometrium may play a role during pregnancy has been 

poorly investigated. The AR protein is reportedly expressed in porcine and rat 

myocytes throughout gestation (Liu et al., 2013; Slomczynska et al., 2008) and in 

human non-pregnant myometrium (Mertens et al., 2001). Surprisingly, the 

expression of the AR in the human myometrium during pregnancy has not been 

explored. We report for the first time that the AR is expressed and localised to the 

nuclei of MSMCs prior to- and during human labour. We did not quantify the 

immunofluorescence data in order to assess the ratio of AR positive to AR negative 

cells. However, porcine studies have demonstrated reduced number of AR positive 

MSMCs in the labouring myometrium compared to mid-pregnant myometrium 

(Slomczynska et al., 2008). In line with these findings, the expression of AR in the 

rat myometrium was strong at early and mid-gestation but weakened with labour 

(Liu et al., 2013). What is more, Western blotting analysis of the total AR protein in 

the myometrium of rats during pregnancy revealed gradual loss of expression as 

pregnancy progressed (Liu et al., 2013).  

We found a significant decline of the total concentration of AR mRNA in the TL 

myometrium compared with the TNL, which did not coincide with a parallel 

decrease in AR protein. However, there are many processes between transcription 

and translation that can influence the availability and stability of the AR protein. For 

example, the AR is subject to posttranscriptional modifications (PTM) including 

acetylation, SUMOylation, ubiquititination and phosphorylation all of which 

influence its activity and stability (Gioeli and Paschal, 2012). It is plausible that the 

translated product of AR mRNA in the non-labouring myometrium was modified in 

a way that reduced its turnover at the time of labour, despite the fact that the AR gene 

was already downregulated. PTMs that regulate AR protein turnover include 

ubiquititination of lysine residues on the C-terminus of the AR, phosphorylation of 

serine 515 and lysine 534 and SUMOylation of lysine 386 and 520 (Coffey et al., 

2013; Gioeli and Paschal, 2012; Lin et al., 2002). A close investigation of the 

expression and activity of hydrolases (SENP1, Usp10, Usp26) and/or transferases 
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(Ubc9, MAPK, Src) that mediate these PTMs would help examine the above 

hypothesis. Of note, the rate of mRNA transcription is considerably lower compared 

to the rate of protein translation (2 mRNAs/hr versus dozens of proteins/mRNA), 

which could also explain the observed disparity between mRNA and protein data 

(Vogel and Marcotte, 2012).  

Liu et al studies have shown that the gradual decrease in total uterine AR protein 

throughout rat pregnancy occurred only in the gravid horns or horns stretched by 

laminaria cylinders but not in the non-gravid horns or horns where non-expandable 

plastic cylinder was inserted, suggesting that the expression of AR was stretch-

regulated (Liu et al., 2013). In addition, they explored the effect of E2 and E2+P4 

administration on the expression of AR protein in the uterus of OVX rats. Their 

Western blotting studies showed that the AR was decreased in the E2-treated uterus 

but the decrease was not significant compared to vehicle-treated uterus. However, the 

combined E2 and P4 treatment significantly increased AR protein compared to the 

E2 treatment alone, suggesting that a decrease in P4:E2 attenuated the expression of 

AR in the myometrium (Liu et al., 2013). Similar responses were observed in the 

uterus of rhesus monkeys where a combined E2 and P4 but not E2 alone treatment 

increased AR mRNA expression in the myometrium of OVX animals (Adesanya-

Famuyiwa et al., 1999). Upregulation of the AR mRNA and protein by a combined 

E2 and P4 treatment has been additionally reported in airway smooth muscle cells 

isolated from OVX female rats (Zarazua, 2011). We also found that the AR mRNA 

was upregulated in PHM1-41s following a 2 day-incubation with E2+P4 but not E2, 

P4, DHT or T alone. In addition, DHT but not T treatment augmented the expression 

of AR mRNA after 24 hours. This is in line with findings from studies in the human 

cervix, where the AR protein is evidently increased in stromal cells of the endocervix 

and ectocervix in response to DHT treatment (van der Kwast et al., 1994). The 

regulation of AR expression by androgens is cell type and tissue dependent. For 

example, DHT treatment increased AR expression in some but not all prostate cancer 

cell lines (Cai et al., 2011). Furthermore, a DHT-induced upregulation of AR 

expression has been previously reported in human skeletal and rat smooth muscle 

cells (Lin et al., 1993; Sinha-Hikim et al., 2004). Interestingly, studies in porcine 

myometrium showed that a 4-day course administration of E2 and E2+P4, but not 
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P4, DHT or T, positively regulated the transcription of AR mRNA (Cardenas and 

Pope, 2003). Taken together these findings suggest that the fine-tuning of AR 

expression in the myometrium is likely to be modulated by the local availability of 

sex hormones and the stretch of the uterus. It is plausible that the functional P4 

withdrawal, which triggers the onset of human labour, is contributing to the observed 

AR mRNA downregulation. Although the concentrations of P4, E2 and DHT are 

increasing in the maternal circulation throughout gestation, future studies examining 

the concentrations of these sex hormones in the myometrium before and during 

labour would help explore possible correlations with receptor levels.  

The biological significance of the gradual loss of the AR in the myometrium 

throughout gestation is not understood. However, the role of the ligand-activated AR 

in stimulation of prostate cancer cell proliferation is well described (Berry et al., 

2008) and the anabolic effects of androgens on skeletal muscle well established 

(Dubois et al., 2012; O'Connell and Wu, 2014). We explored the role of AR-

activation by DHT on the expression of a panel of proliferative markers in cells 

derived from pregnant (PHM1-41s) or non-pregnant (UtSMCs) myometrium. The 

proliferative phenotype of MSMCs is associated with induction of genes that encode 

IGF-1 and its binding proteins IGFBP1/3 as well as PCNA, Bcl-2 and mTOR. Our 

findings suggest that the DHT-induced AR activation did not promote the expression 

of these genes at the time points investigated. However, previous in vitro studies 

have demonstrated that ligand-activated AR induced an increase in IGF-1 expression 

in prostate cancer cells (Culig et al., 1994). It is plausible that the AR signalling 

regulates proliferation of MSMCs in a ligand independent manner. In support of this 

hypothesis, Liu and colleagues have showed that the AR-independent signalling 

favours MSMCs hyperplasia through stabilisation of IGF-1 receptor (IGF-R1), 

highlighting the critical role of the AR in the normal progression of pregnancy (Liu 

et al., 2013). Their in vitro studies demonstrated that the knockdown of AR in 

MSMCs significantly reduced proliferation but the incubation of AR-expressing 

MSMCs with DHT did not promote proliferation, suggesting that the AR regulated 

MSMCs proliferation in a ligand independent manner (Liu et al., 2013). Although the 

knockdown of AR decreased proliferation of MSMCs, it did not affect the expression 

of IGF-1 protein. On the contrary, it significantly reduced IGF-1R protein content 
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and inhibited the IGF-1R downstream signalling events, such as phosphorylation of 

JNK kinase (Liu et al., 2013). Ligand-independent effect of AR activation on cell 

proliferation has been previously described in in vitro studies of skeletal muscle. In 

these studies, the activation of IGF1-R resulted in MAPK- and PI3K/Akt - mediated 

phosphorylation of the AR (Kim et al., 2009; Kim and Lee, 2009a, b). Overall, these 

studies highlight that AR activation can promote cell proliferation in a ligand 

independent manner.  

We also examined the effect of DHT-induced AR activation on the expression of 

genes associated with the other phenotypes that the MSMCs adopt during pregnancy. 

Rat studies have shown that IGFBP6, FN1 and ELN genes are highly expressed 

during the synthetic phenotype (Shynlova et al., 2009b). Although previous studies 

have shown that IGFBP6, FN1 and ELN are androgen-responsive (DePrimo et al., 

2002; Nelson et al., 2002; Rooman et al., 2005; Wolinsky, 1972), we did not find an 

effect of DHT treatment on the expression of these genes in the human cell lines we 

used. In addition, the effect of DHT treatment on the expression of genes associated 

with the labouring phenotype of MSMCs was examined. Genes that encode the pro-

inflammatory markers IL-6 and IL-8, the chemokine CCL-2 and the OXTR are all 

upregulated with labour (Osman et al., 2003; Shynlova et al., 2008; Shynlova et al., 

2009b). The transcription factor ZEB-1 has been recently shown to be decreased in 

term and preterm labouring myometrium where its expression is P4 and E2 regulated 

(Renthal et al., 2013; Williams et al., 2012b). The regulation of ZEB-1 expression by 

androgens in the myometrium has not been explored, but AREs have been identified 

on the promoter of ZEB1, suggesting that its transcription might be androgen-

regulated (Anose and Sanders, 2011; Mooney et al., 2014). We did not find an effect 

of DHT treatment on the expression of any of the above genes. Finally, we examined 

the hypothesis that the apoptosis of MSMCs during postpartum involution is 

androgen-regulated. Genes that encode the IGFBP-5 and the metalloproteinases 

MMP2 and MMP9 are upregulated in the apoptotic MSMCs at the end of pregnancy 

(Shynlova et al., 2009b). Previous studies have confirmed the presence of AREs on 

the promoter of genes encoding metalloproteinases (Li et al., 2007) and the 

regulation of IGFBP-5 expression by androgens has been demonstrated in the male 

reproductive tract (Ha et al., 2013; Xu et al., 2007) and fibroblasts (Yoshizawa and 
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Ogikubo, 2006). The studies described in this chapter failed to detect any androgen-

dependent changes in the concentration of mRNAs encoding these genes in the 

human myometrium.  

Collectively, despite the fact that the AR mRNA was upregulated by the DHT 

treatment, we did not find a direct effect of DHT on the expression of genes 

associated with the proliferative, synthetic, contractile/labour or apoptotic phenotype 

of MSMCs. Albeit the upregulation of the AR mRNA in PHM1-41s following the 

DHT treatment, it is possible that the AR protein remained unchanged. Given that the 

knockdown of AR and, thus, reduction in AR protein, reduced cell proliferation of 

MSMCs in previous studies (Liu et al., 2013), it is plausible that the DHT treatment 

did not exert an effect on AR protein and thus did not upregulate the expression of 

proliferative markers. Examination of the AR protein following DHT treatment in 

future studies would help verify this notion.  

In order to identify additional genes that might be altered by AR signalling in the 

human myometrium at term, we conducted a PCR array exploring the effect of DHT 

treatment on the expression of 84 previously validated AR-responsive genes. 

Although a number of genes were upregulated or downregulated, only changes in 

VAPA, PAK1IP1 and AR encoded mRNAs were statistically significant. The small 

sample size (n=4) and the variation between the human tissues might have 

contributed to this result. The VAPA gene encodes the VAPA membrane protein 

(vesicle-associated membrane protein-associated protein A). VAPAs reside on the 

plasma membrane and on intracellular vesicles where they are involved in protein 

trafficking, protein complex assembly, cell motility, stress-signalling system, 

cytoskeletal organisation and protein fusion. The VAPA proteins are predominantly 

researched in the context of neuroscience where they are involved in the 

pathophysiology of mental disease (Fatemi et al., 2009; Lohoff et al., 2008). 

However, VAPAs are also involved in membrane trafficking in cardiac and skeletal 

muscle (Schwenk et al., 2010; Takahashi et al., 2013). In particular, VAPA proteins 

are required for insulin-dependent glucose transporter 4 (GLUT4) both in muscle and 

fat (Foster and Klip, 2000; Foster et al., 2000; Kioumourtzoglou et al., 2014). There 

is evidence that during rat skeletal muscle contraction, VAPA co-localises with 
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GLUT4 on the cell surface, suggesting that VAPAs translocate to the cell membrane 

in response to skeletal muscle contraction to assist GLUT4 uptake (Rose et al., 

2009). It is possible that VAPAs facilitate protein trafficking during myometrial 

contraction and androgen-dependent signalling mediates these events. However, our 

findings are preliminary and there is not yet enough evidence to show that VAPAs 

have major roles in myometrial contraction.  

The PAK1IP1 (p21-activated protein kinase-interacting protein 1) is an enzyme that 

is known to interact with the serine/threonine-protein kinase PAK1. The p21-

activated kinase (PAK) family is implicated in cytoskeletal reorganisation, cell 

motility, gene transcription and apoptosis (Kumar et al., 2006). The roles of PAK1 in 

development and progression of prostate cancer are well established and PAKs are 

known to favour proliferation of AR-responsive prostate cancer cells (Goc et al., 

2013). Studies in colon cancer cells reported that PAK1 phosphorylation, important 

for cytoskeleton reorganisation, is downstream AR signalling (Gu et al., 2013). In 

vasculature, PAK1 is driving smooth muscle cell migration, proliferation and 

remodelling (Hinoki et al., 2010; Weber et al., 2004; Woolfolk et al., 2005). 

Interestingly, PAKs may affect SMC contraction through phosphorylation of key 

proteins in the contraction cascade, such as MLCK, MLCP and caldesmon, which is 

a calmodulin binding protein. For example, phosphorylation of MLCK by PAK1 

inhibits MLCK activity and, consequently, contraction of skinned smooth muscle 

(Wirth et al., 2003). Attenuation of contraction by PAKs has also been demonstrated 

in the human myometrium (Moore et al., 2000). In that study, PAK1 protein, which 

was expressed in the pregnant but not non-pregnant myometrium, inhibited MLCK 

activity, suggesting a role for PAK1 in maintenance of uterine quiescence (Moore et 

al., 2000). It is tempting to hypothesise that androgen-dependent signalling might 

play a role in inhibition of contraction by affecting PAKs. In order to further 

investigate these events we would need to examine the effect of androgen-induced 

AR activation on proteins involved in the activation of the contractile apparatus.  

In conclusion, we demonstrated for the first time that the AR is expressed in the term 

human myometrium where its mRNA is downregulated with onset of labour. Our 

PCR data suggest that the ligand activated AR is unlikely to be involved in MSMCs 
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proliferation or apoptosis but might have a role in inhibition of contraction 

throughout pregnancy. More appropriate PCR arrays on DHT-treated myometrium, 

examining the gene expression profile of the molecules involved in cell-to-cell and 

cell-to-matrix interactions (ECM) or genes involved in the contraction of MSMCs 

would help further explore the above hypotheses.   
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4 Chapter 4: The effect of androgens on myometrial 
contraction 

4.1 Introduction 

The maintenance of uterine quiescence is critical for pregnancy reaching term and 

the initiation of myometrial contractions at term is pivotal for successful expulsion of 

the fetus. The concentration of sex hormones, such as P4 and estrogens, rise in 

maternal circulation as pregnancy progresses and this event is thought to modulate 

the transition of the myometrium from a quiescent to a contractile state in a gene 

transcription-dependent way (Buster et al., 1979; Mesiano et al., 2002; Smith et al., 

2002). According to this genomic theory, P4 is thought to bind to the myometrial PR 

and promote quiescence and, estrogens via the ER are believed to favour myometrial 

activation (Mesiano, 2004; Mesiano and Welsh, 2007; Winkler et al., 2002). Besides 

their genomic mechanism of action, rapid non-genomic relaxant effects of P4 and 

estrogens on the myometrial contraction have been described in studies employing 

various pharmacological screening tools to access concentration-response 

(Perusquia, 2001). These studies have demonstrated the ability of P4 to relax 

spontaneous contractions of rat, pig, horse and human myometrium when 

administered in non-genomic (at the micromolar range) concentrations ex vivo 

(Anderson et al., 2009; Chanrachakul et al., 2005; Kurowicka et al., 2005; Ousey et 

al., 2000; Perusquia et al., 1990; Perusquia and Jasso-Kamel, 2001; Perusquia and 

Kubli-Garfias, 1994; Ruddock et al., 2008; Sanchez Aparicio et al., 1992). In 

addition to its effect on spontaneous stretch-induced contractions, P4 has been shown 

to relax OXT-initiated contractions (Kurowicka et al., 2005; Ousey et al., 2000). 

Myometrial relaxant effect has been observed for many P4 metabolites, such as 5-α 

and 5-β reduced progestins (Perusquia et al., 1991b; Perusquia and Jasso-Kamel, 

2001) and studies showed that the P4 derivative 17-hydroxyprogesterone (17OHP) 

either stimulates (Ruddock et al., 2008) myometrial contractions or has no effect 

(Anderson et al., 2009; Sexton et al., 2004). The roles of estrogens on myometrial 

contractions have been explored using similar methodology. For example, non-

genomic doses of E2 have been shown to relax myometrial contractions stimulated 

by stretch or other stimulants like OXT or KCl in rats and humans ex vivo 
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(Fernandez et al., 1993; Fu et al., 1996; Gutierrez et al., 1998; Ma et al., 2013; 

Perusquia and Navarrete, 2005; Tsai et al., 2003; Vedernikov et al., 2003; Yin et al., 

2012). This is in contrast with the genomic action of estrogens to promote uterine 

activation (Welsh et al., 2012). The genomic and non-genomic action of the sex 

steroids is believed to be mediated via separate pathways; in contrast to the genomic 

pathway, the outcome of which is evident after hours or days, the non-genomic 

pathways are gene transcription-independent and, therefore, rapid in onset. The 

mechanism of the non-genomic action of P4 and estrogens is not fully understood, 

but is thought to involve blockade of Ca2+ flux into the cell, which is a key event to 

initiation of muscle contraction. Few studies have explored how estrogens and P4 

might block Ca2+ entry into the cell (Perusquia, 2001). It is now thought that the 

relaxant effect of estrogens and P4 may be mediated via binding to a myometrial 

membrane steroid receptor or direct binding to Ca2+ channels on the cell surface 

(Duval et al., 1983; Perusquia, 2001; Perusquia et al., 1990; Tica et al., 2011). In 

addition, micromolar concentrations of estrogens have shown to impair uterine 

smooth muscle IGJC and reduce the density of myometrial caveolae, which are lipid 

raft invaginations of the cell membrane that can regulate the function of Ca2+ 

channels and, thus, Ca2+ signalling (Tsai et al., 1998; Turi et al., 2001). Finally, 

studies that tested the involvement of PR and ER in the mediation of myometrial 

relaxation have demonstrated that antagonism of these receptors with RU486 and 

tamoxifen respectively failed to inhibit the actions of P4 or E2 (Perusquia and Kubli-

Garfias, 1994; Perusquia and Navarrete, 2005).  

In contrast to the well-studied non-genomic action of P4 and estrogens in the 

myometrium, the effects of androgens have received less scrutiny. Perusquia and 

colleagues explored the non-genomic action of various androgens on rat and human 

myometrium and demonstrated that, similarly to P4 and estrogens, androgens inhibit 

stretched-induced contractions with DHT having a more potent relaxant effect than 

other androgen metabolites (Perusquia et al., 1990; Perusquia et al., 2005). To 

explore the underlying mechanism of androgenic action, their studies also examined 

the involvement of the classical AR in mediating myometrial relaxation. They 

reported that AR antagonism with flutamide did not prevent the androgen-induced 

relaxation. These studies concluded that androgens relax the uterine muscle in an 
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AR-independent manner (Perusquia et al., 2005). Based on their additional 

observation that androgens relax KCl-stimulated tonic contraction, they hypothesised 

that the relaxant effect was mediated via blockade of L-typed Ca2+ channels 

(VOCCs) (Perusquia et al., 2005). Notably, other possible mechanisms that facilitate 

the myometrial effects of androgens have not been investigated and more studies are 

necessary to understand the underlying events of their relaxant action. 

Based on this work, we sought to further explore the role of androgens on 

myometrial contractility using human myometrial and mouse uterine tissue in order 

to elucidate the mechanism of the relaxant effect and, importantly, deduce whether 

the effect is specific or generic to all sex hormones.  

4.1.1 Specific aims 

In this chapter we specifically aimed to: 

• Investigate the effect of the androgens DHT and T on contractions of both 

human and mouse myometrium 

• Examine whether any effects are mediated via the AR or a cell-surface 

receptor for AR 

• Examine whether any effects of DHT and T are specific or whether they 

reflect a generic (steroid) effect. 



   Chapter 4 

  123 

4.2 Materials and Methods 

4.2.1 Human and mouse tissue 
Human myometrial biopsies were collected from women (n=26 patients; 150 strips) 

during elective caesarean section before the initiation of labour as described in 

Chapter 2 section 2.1.1 and stored overnight at 4oC in RPMI medium. Murine uterine 

horns were obtained from non-pregnant 8-week old C57BL/6 mice (n=10 mice; 40 

strips) as described in section 2.1.2 and used directly for the organ bath studies.  

4.2.2 Organ bath  
The human myometrial biopsies and the murine uterine horns were cut into strips as 

described in section 2.2 and placed under tension in Krebs buffer in an organ bath 

system as described in section 2.2.1. Strips were left to develop rhythmic 

spontaneous contractions before application of any treatment.  

For human tissue, rhythmic stable spontaneous activity was defined as approximately 

3-4 consecutive contractions occurring within a period of 30 minutes with 

approximately similar frequency and amplitude. The average time required for a 

human myometrial strip to start contracting in a rhythmic manner was 2 hours.  

For mouse tissue, rhythmic stable spontaneous activity was defined as approximately 

5-12 consecutive contractions occurring within a period of 10 minutes with 

approximately similar frequency and amplitude. The average time required for a 

mouse uterine strip to start contracting in a rhythmic manner was approximately 

1 hour. 

4.2.2.1 Treatments of human myometrial and murine uterine strips 

Treatments of stretched-initiated contractions 

Initially, human myometrial strips were treated with DHT and/or T in a non-

cumulative manner, so that each strip was exposed to one concentration of each 

androgen. The concentrations applied were 10 pM, 1 nM, 1 µΜ and 100 µΜ. 

Following the observation that DHT and T relaxed myometrial contractions only at 

the high dose of 100 µM, we determined a dose response from 10 µΜ to 100 µΜ 

whereby treatments were applied in a cumulative manner on human and murine 
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strips. In a similar manner, the effects of P4 and E2 on human myometrial and mouse 

uterine contraction were also examined. All steroids were purchased from Sigma and 

reconstituted according to the supplier’s instructions in absolute ethanol (etOH); the 

stocks were kept in sterile glass vials at -20oC in the darkness and working 

concentrations were prepared in Krebs buffer at the time of the experiment.  

The vehicle was etOH diluted in equivalent doses to the dose of experimental 

compounds.  

Testosterone 3-(O-carboxymethyl)oxime:BSA (TBSA), which is a T conjugate to 

BSA and, thus, a cell-membrane impermeable molecule, was reconstituted in PBS at 

2 mg/ml at the day of the experiment. The conjugation ratio was 30 molecules T: 1 

molecule BSA. The molecular weight of TBSA was 77274.4 Daltons and the 

molecular weight of T [Testosterone 3-(O-carboxymethyl)oxime] was 361 Daltons. 

Hence reconstitution of TBSA at 2 mg/ml gave a stock of 25.8 µM of TBSA in 

which T was in a concentration of 5.5 mM. Myometrial strips were treated with 

TBSA in a 0.5 µΜ concentration (100 µM dose of T). The vehicle control in this 

experiment was PBS. 

Flutamide was reconstituted at the time of the experiment in etOH; working dilutions 

were prepared in Krebs, and flutamide was used at a final concentration of 100 µM. 

The vehicle control was etOH.  

The steroid cocktail was prepared as shown below and added to the organ bath on 

stretched-induced contractions.  

40 µΜ Cocktail = 10 µΜ DHT + 10 µΜ T + 10 µΜ E2 + 10 µΜ P4 

 

Human myometrial strips and murine uterine strips were exposed to each treatment 

for 30 minutes and 10 minutes respectively. 

 

Treatments of OXT-initiated contractions 

OXT was prepared in distilled water (dH2O) and used at a 10 µΜ concentration to 

stimulate myometrial contraction. Each one of the sex hormones (DHT, T, E2 and 

P4) was applied 10 minutes following stimulation with OXT. When applied on OXT-
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stimulated contractions, the sex hormones were in a concentration of 50 µΜ. This 

concentration was selected based on the IC50 values generated from the effects of 

the individual sex hormones on stretched-induced contractions. As the IC50 values 

were slightly different for each sex hormone, the individual IC50 values were 

averaged to give the same concentration for all sex hormones to be used with OXT. 

The vehicle control in these experiments was dH2O. 

 

Tissue recovery and viability 

At the end of each experiment, the strips were flushed with fresh pre-warmed Krebs 

and stimulated with 40 mM of KCl to induce a tonic contraction and, thus, confirm 

tissue viability. Data from strips that did not respond to KCl treatment were not 

included as that suggested that the experimental compound induced a terminal effect 

and the tissue was no longer viable (Figure 4.1b). 

Details of all the experimental compounds used in this chapter are shown in Table 

4.1. 
Table 4.1: Details of experimental compounds 

Compound Supplier 
DHT A8380 (Sigma) 
T T1500 (Sigma) 
E2 E8875 (Sigma) 
P4 P0130 (Sigma) 
Flutamide F9397 (Sigma) 
TBSA T3392 (Sigma) 
OXT Syntocinon 10 IU/ml capsules  

(ALLIANCE pharmaceuticals)  
KCl  P9541 (Sigma) 

 

4.2.3 Data acquisition and statistical analysis 
The organ bath data was acquired with LabChart7 data acquisition software as 

described in section 2.2.2 and the contraction frequency, amplitude and A.U.C were 

all calculated by the same software as described in sections 2.2.3 and 2.2.4. The 

effect of each experimental compound on each contractile parameter was expressed 

as the percentage of the original value obtained prior to the addition of the 

compound. Percentage data were transformed to proportions, which were arcsine-

transformed to perform statistical analysis. Data were tested for normality using the 

Kolmogorov–Smirnov test and analysed using one-way ANOVA with Tukey’s post 
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hoc test in GraphPad v6.0 software. Individual response curves were analysed using 

nonlinear regression (Graphpad Prism) and the inhibitory concentration that 

produced half of the minimum contraction was presented as an IC50 value. Unless 

otherwise stated, error bars denote ±SEM. 
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4.3 Results 

4.3.1 Human myometrial and mouse uterine spontaneous 
contractions ex vivo 

Human myometrial strips and murine uterine strips were prepared and placed under 

tension in order to develop stable spontaneous contractions. The required time to 

develop rhythmic activity was approximately 1 hour for mouse tissue (Figure 4.1a 

B) and 2 hours for human tissue (Figure 4.1a E). Following the equilibration period, 

the human myometrial strips contracted in a stable manner with frequency of 

7.6 ± 0.05 contraction/ hour and of amplitude 45 ± 1.77 mN (Figure 4.1a F). Murine 

uterine strips contracted with frequency of 45.9 ± 6.1 contraction/ hour and of 

amplitude 23.67 ± 0.96 mN (Figure 4.1a C). 

 

 
Figure 4.1a: Representative contractility traces of murine (A-B) uterine strips and human (D-E) 
myometrial strips. Murine uterine strips and human myometrial strips were placed under tension and 
allowed to equilibrate for a period of 1 hr (A) and 2 hrs (D) respectively to develop stable spontaneous 
contractions. After 1 hr equilibration for mouse tissue (B) and 2 hrs for human tissue (E), the strips 
contracted in a rhythmic manner. The average frequency and amplitude of the stable spontaneous 
contractions following the equilibration time was calculated for mouse (C; n=6 mice/ 24 strips) and 
human (F; n=14 patients/ 70 strips) tissue. 
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Figure 4.1b: Tissue viability and recovery following an organ bath experiment. At the end of each 
experiment, the strips were flushed with fresh pre-warmed Krebs buffer (B) to test tissue recovery and 
then stimulated with 40 mM KCl (A) to induce tonic contraction to confirm tissue viability.  
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4.3.2 DHT and T relaxed spontaneous human myometrial 
contractions  

DHT administration in non-cumulative doses of 10 pM, 1 nM and 1 µΜ did not 

change the frequency, amplitude or A.U.C of spontaneous human myometrial 

contractions (Figure 4.2 A). However, when a dose of 100 µΜ was applied, the 

frequency decreased to 3.5% ± 1.8, the amplitude to 2.5% ± 1.5 and the A.U.C to 

1.5% ± 0.7 of the original value (Figure 4.2 B). These effects were significant when 

compared to the effect of vehicle (p < 0.0001). Similarly, T administration in non-

cumulative doses of 10 pM, 1 nM and 1 µΜ had no effect on the frequency, 

amplitude or A.U.C of contraction (Figure 4.3 A). The higher dose of 100 µM, 

however, decreased the frequency to 4% ± 2.1, the amplitude to 3.1% ± 1.9 and the 

A.U.C to 3% ± 1.1 of the original value (p < 0.0001 compared to vehicle) (Figure 

4.3 B). 
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Figure 4.2: The effect of non-cumulative doses of DHT on spontaneous human myometrial 
contractions. (A) Representative recordings of myometrial contractions following application of DHT 
in 10 pM, 1 nM, 1 µΜ and 100 µΜ. (B) At 100 µΜ, DHT significantly reduced the frequency, 
amplitude and the A.U.C of contraction. ****p<0.0001 compared to vehicle, n=6 patients/1 strip per 
treatment. Data were analysed using one-way ANOVA with Tukey’s post-hoc test. 
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Figure 4.3: The effect of non-cumulative doses of T on spontaneous human myometrial contractions. 
(A) Representative recordings of myometrial contractions following application of T in 10 pM, 1 nM, 
1 µΜ and 100 µΜ. (B) At 100 µΜ, T significantly reduced the frequency, the amplitude and the 
A.U.C of contraction. ****p<0.0001, n=6 patients, 1 strip per treatment. Data were analysing using 
one-way ANOVA with Tukey’s post-hoc test. 
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Following the observation that DHT and T relaxed spontaneous human myometrial 

contractions only at a high dose (100 µM), the effect of doses ranging from 10 µΜ to 

100 µM was explored. Doses of 10 µΜ, 20 µΜ, 40 µΜ, 60 µΜ, 80 µΜ and 100 µΜ 

of DHT or T were added in a cumulative manner to each myometrial strip for 

30 minutes each (Figure 4.4 A). Equivalent doses of vehicle (etOH) were applied in 

the same range; the minimum concentration of etOH was 0.03% (at 10 µΜ) and the 

maximum was 0.3% (at 100 µΜ) (Figure 4.4 A). The effect of DHT and T was then 

compared to the effect of vehicle at the relevant doses.  

The DHT inhibited the amplitude and the A.U.C of contraction in a dose-dependent 

manner (Figure 4.4 B). DHT did not change the frequency of contraction in a dose 

range from 10 µM to 80 µM, but significantly decreased the frequency to 

43.9% ± 14.3 of the original value at the 100 µM dose (p<0.0001 compared to 

vehicle). The minimum significant inhibition of amplitude and A.U.C of contraction 

was observed at the 20 µM dose; the amplitude was reduced to 78.9% ± 3.3 and the 

A.U.C to 74.1% ± 3.1 of the original value (Figure 4.4 C). The maximum inhibition 

was observed at the 100 µM dose; the amplitude was reduced to 2% ± 2 and the 

A.U.C was reduced to 4.5% ± 2 of the original value (Figure 4.4 C). The IC50 of 

DHT for amplitude of contraction was 39 µΜ [32 µΜ to 47 µΜ 95% confidence 

interval (C.I)] and the IC50 of DHT for A.U.C was 43 µM (35 µM to 54 µM 95% 

C.I) (Figure 4.4 C). 

In a similar manner to DHT, T inhibited the amplitude and the A.U.C of contraction 

in a dose-dependent manner (Figure 4.4 B). T did not change the frequency of 

contraction at any dose tested from 10 µM to 80 µM, but significantly decreased the 

frequency to 27.8% ±14.1 of the original value at the 100 µM dose (p<0.0001 

compared to vehicle) (Figure 4.4 B). The minimum significant inhibition of the 

amplitude and A.U.C was observed at the 20 µM dose; the amplitude was reduced to 

72.6% ± 3.3 and the A.U.C to 73.7% ± 3.6 of the original values (Figure 4.4 C). The 

maximum inhibition was observed at the 100 µM dose; the amplitude was reduced to 

3.3% ± 1.3 and the A.U.C was reduced to 15.8% ± 3.8 (Figure 4.4 C). The IC50 of 

T for amplitude of contraction was 34 µΜ (28 µΜ to 40 µΜ 95% C.I) and the IC50 

of T for A.U.C was 45 µM (39 µM to 53 µM 95% C.I) (Figure 4.4 C). There were 
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no significant changes between the effects of DHT and T on the inhibition of human 

myometrial contractions. 
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Figure 4.4: The effect of DHT and T on human spontaneous myometrial contractions. (A) 
Representative recordings following addition of cumulative doses of DHT and T. (B) Concentration 
response curves showing the effect of DHT, T and vehicle on frequency, amplitude and A.U.C of 
contraction. The frequency of contraction significantly decreased with 100 µM DHT and T (p<0.0001 
compared to vehicle). The amplitude and A.U.C decreased in a dose-dependent manner. (C) Tables 
show the percentage (%) of the original value to which the amplitude and A.U.C decreased following 
treatment with DHT and T in each concentration (p values and ns=non-significant are compared to 
vehicle). The last column of the table shows the IC50 values of DHT and T; the range in brackets is 
expressed as 95% confidence interval (C.I). Data were analysed using one-way ANOVA with Tukey’s 
post-hoc test (n=9 patients, 1 strip per treatment). 
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4.3.3 DHT and T relaxed murine spontaneous uterine contractions 
The effect of DHT and T on spontaneous contractions was additionally examined 

using uterine horns obtained from non-pregnant mice. The uterine horns were 

prepared into strips and each strip was incubated with cumulative doses of 10 µΜ, 

20 µΜ, 40 µΜ, 60 µΜ, 80 µΜ and 100 µΜ of DHT or T each for 10 minutes (Figure 

4.5 A). Equivalent doses of etOH (vehicle) were applied in the same range 

(minimum 0.03% etOH and maximum 0.3% etOH) (Figure 4.5 A). The effect of 

DHT and T was then compared to the effect of vehicle at the relevant doses. 

The DHT inhibited the amplitude and the A.U.C of murine uterine contraction in a 

dose-dependent manner (Figure 4.5 B). DHT did not change the frequency of 

contraction at any dose from 10 µM to 80 µM, but significantly decreased the 

frequency to 39.2% ± 24 of the original value at the 100 µM dose (p<0.001 

compared to vehicle). The minimum significant inhibition of amplitude and A.U.C of 

contraction was observed at the 20 µM dose; the amplitude was reduced to 71% ± 4.4 

and the A.U.C to 71.9% ± 2.1 (Figure 4.5 C). The maximum inhibition was 

observed at the 100 µM dose; the amplitude was reduced to 4.8% ± 3 and the A.U.C 

was reduced to 10.4% ± 5 (Figure 4.5 C). The IC50 of DHT for amplitude of 

contraction was 30.5 µΜ (24 µΜ to 37 µΜ 95% C.I) and the IC50 of DHT for A.U.C 

was 40 µM (32 µM to 51 µM 95% C.I) (Figure 4.5 C).  

In a similar manner to DHT, T inhibited the amplitude and the A.U.C of uterine 

contraction in a dose-dependent manner (Figure 4.5 B). T did not change the 

frequency of contraction at any dose from 10 µM to 60 µM, but significantly 

decreased the frequency to 55.9 ± 14.3 of the original value (p<0.001 compared to 

vehicle) at the 80 µM dose and 14.1 ± 13.2 (p<0.0001) at the 100 µM dose (Figure 

4.5 B). The minimum significant inhibition of amplitude and A.U.C of contraction 

was observed at the 20 µM dose; the amplitude was reduced to 78.8% ± 4.3 and the 

A.U.C to 72% ± 2.3 (Figure 4.5 C). The maximum inhibition was observed at the 

100 µM dose; the amplitude was reduced to 4.9% ± 3 and the A.U.C was reduced to 

4.8% ± 2.9 (Figure 4.5 C). The IC50 of T for amplitude of contraction was 40 µM 

(32 µM to 51 µM 95% C.I.) and the IC50 of T for A.U.C was and 30 µM (28 µM to 

38 µM 95% C.I.) (Figure 4.5 C).  
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There were no significant differences between the effects of DHT and T on the 

inhibition of murine uterine contractions. 
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Figure 4.5: The effect of DHT and T on spontaneous contractions of mouse uterine strips. (A) 
Representative recordings following cumulative administration of DHT and T. (B) Concentration 
response curves showing the effect of DHT, T and vehicle on frequency, amplitude and A.U.C of 
contraction. 100 µΜ of DHT significantly decreased the frequency of contraction (p<0.001 compared 
to vehicle). For T, the frequency was significantly reduced at both 80 µΜ (p<0.001 compared to 
vehicle) and 100 µΜ (p<0.0001 compared to vehicle) doses. (C) Tables show the percentage (%) of 
the original value to which the amplitude and A.U.C decreased following treatment with DHT and T 
in each concentration (p values and ns=non-significant are compared to vehicle). The last column of 
the table shows the IC50 values of DHT and T; the range is indicated in brackets as 95% C.I. Data 
were analysed using one-way ANOVA with Tukey’s post-hoc test (n=5 mice, 1 strip per treatment). 
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Compound       Concentration     IC50 
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4.3.4 DHT and T relaxed OXT-induced human myometrial 
contractions  

In addition to the effect of DHT and T on stretch-induced myometrial contractions, 

their effects on OXT-stimulated contractions were explored. OXT administration 

(10 nM) induced a 41.8 % ± 3 increase in the frequency of contraction (Figure 4.6 

B) and a 13.17% ± 0.56 increase in the amplitude of contraction (Figure 4.6 C). The 

OXT-stimulated increase in amplitude was significantly reduced to 4.9% ± 0.8 and 

6.1% ± 0.6 of the increased value following treatment with DHT (50 µM) or T 

(50 µM) respectively (Figure 4.6 C). The OXT-induced increase in frequency was 

not affected by treatment with either DHT or T (Figure 4.6 B).  
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Figure 4.6: The relaxant effect of DHT and T on OXT-stimulated human myometrial contractions. 
(A) Representative recordings of human myometrial contractions following administration of OXT 
(10 nM) alone or in combination with DHT (50 µΜ) or T (50 µΜ) applied 10 min after OXT. (B) 
OXT treatment induced a significant increase in the frequency of contraction when compared to the 
effect of vehicle control (dH2O) (****p<0.0001). Treatments with DHT and T did not decrease the 
OXT-induced increase in frequency (ns=non-significant). (C) OXT treatment induced a significant 
increase in the amplitude of contraction when compared to control (****p<0.0001). The OXT-
stimulated increase in amplitude was significantly reduced following treatment with DHT and T 
(####p<0.0001). Data were analysed using one-way ANOVA with Tukey’s post-hoc test (n=6 
patients, 1 strip per treatment). 
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4.3.5 Androgen receptors are unlikely to mediate the relaxant 
effect of androgens  

In order to elucidate whether the observed relaxant effect of androgens on 

myometrium is mediated via the classical cytoplasmic AR or a membrane AR 

(mAR), two different approaches were employed. To test the involvement of a mAR 

in the relaxant effect, human myometrial strips were treated with TBSA, an agent 

that is unable to penetrate through the cell membrane. TBSA (0.5 µM) did not have a 

significant effect, suggesting that penetration of T into the cell membrane is a 

necessary event in mediation of myometrial relaxation by T (Figure 4.7 A). To 

examine whether the AR, which typically resides in the cell cytoplasm, is utilised to 

mediate the relaxant effect of DHT on the myometrium, a potent AR antagonist 

namely flutamide (100 µM) was used to block the AR prior to treatment with DHT 

(100 µM) (Figure 4.7 B). However, flutamide pre-treatment did not inhibit the 

5.2 ± 3.2% decrease in A.U.C induced by the DHT (100 µM) treatment (Figure 4.7 

B). Taken together these data suggest that the relaxant effect of DHT possibly 

requires the agent to penetrate through the cell membrane but it does not require 

binding to the classical AR. 
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Figure 4.7: The effect of TBSA on human spontaneous myometrial contractions and the effect of 
flutamide pre-treatment on DHT-induced effect. (A) TBSA (0.5 µM) treatment did not induce a 
significant effect on the A.U.C of contraction when compared to the effect of vehicle control (PBS). 
(B) Flutamide (100 µM) pre-treatment did not inhibit the decrease in A.U.C induced by the DHT 
(100 µM) treatment [****p<0.0001, compared to vehicle control (etOH)]. ns=non-significant. Data 
were analysed with one-way ANOVA with Tukey’s post-hoc test (n=5 patients, 1 strip per treatment).

Human Myo DHT and E2 July 2013.adicht — Zoom View

Printed on Monday, 4 August 2014 11:31:46 British Summer Time for Sofia Makieva Page 1 of 1
8:00:00 9:00:00 10:00:00

Fl
ut

am
id

e 
10

0 
μM

64

10
0 
μM

 D
H

T 

65

20

40

60

80

100

120

140

C
ha

nn
el

 8
 (m

N
)

Human Myo DHT and E2 July 2013.adicht — Zoom View

Printed on Tuesday, 29 July 2014 17:29:46 British Summer Time for Sofia Makieva Page 1 of 1

4:00:00 4:05:00 4:10:00 4:15:00 4:20:00 4:25:00 4:30:00 4:35:00 4:40:00 4:45:00 4:50:00 4:55:00

0.
5 
μM

 T
BS

A

640

20

40

60

80

100

Ch
an

ne
l 2

 (m
N)

TBSA 

Flutamide 100 µM DHT 

30#min#

B 

A 

Contro
l

TBSA (0
.5 

µΜ
)

0

50

100

A
.U

.C
 (%

)

ns

Contro
l

Flutam
ide (

10
0 µ
Μ)

DHT (1
00

 µΜ
)

DHT(10
0 µ
Μ)+F

lutam
ide(1

00
 µΜ

)
0

50

100

A
.U

.C
 (%

)

********

ns



   Chapter 4 

  142 

4.3.6 E2 and P4 relaxed human spontaneous myometrial 
contractions 

Following the observation that androgens relax spontaneous human myometrial 

contractions, the effect of E2 and P4 in micromolar doses ranging from 10 µΜ to 

100 µM was explored. Cumulative doses of 10 µΜ, 20 µΜ, 40 µΜ, 60 µΜ, 80 µΜ 

and 100 µΜ of E2 or P4 were applied on each myometrial strip for 30 minutes 

(Figure 4.8 A). Equivalent doses of vehicle (etOH) were applied in the same range 

(Figure 4.8 A). The effect of E2 and P4 was then compared to the effect of vehicle at 

the relevant doses.  

For E2, the frequency of contraction was significantly decreased to 62.3% ± 12 of 

the original value (p<0.0001 compared to vehicle) at the 80 µM dose and to 2.3% ± 2 

of the original value (p<0.0001 compared to vehicle) at the 100 µM dose. E2 and P4 

both inhibited the amplitude and the A.U.C of myometrial contraction in a dose-

dependent manner (Figure 4.8 B). The minimum significant inhibition of amplitude 

and A.U.C of contraction was observed at the 20 µM dose; the amplitude was 

reduced to 73.7% ± 4.2 and the A.U.C to 70.5% ± 3.3 of the original values (Figure 

4.8 C). The maximum inhibition was observed at the 100 µM dose; the amplitude 

was reduced to 1.3% ± 1.3 and the A.U.C was reduced to 1.8% ± 1.2 of the original 

values (Figure 4.8 C). The IC50 of E2 for amplitude of contraction was 32.2 µΜ 

(29 µΜ to 40 µΜ 95% C.I) and the IC50 of E2 for A.U.C was 30 µM (25 µM to 

37 µM 95% C.I) (Figure 4.8 C).  

In a similar manner to E2, P4 inhibited the amplitude and the A.U.C of myometrial 

contraction in a dose-dependent manner (Figure 4.8 B). P4 did not change the 

frequency of contraction at any dose tested from 10 µM to 80 µM, but significantly 

decreased the frequency to 63.3% ± 15.8 (p<0.01) of the original value at the 

100 µM dose (Figure 4.8 B). The minimum significant inhibition of amplitude and 

A.U.C of contraction was observed at the 20 µM dose; the amplitude was reduced to 

84% ± 4.4 and the A.U.C to 79.9% ± 1.6 of the original values (Figure 4.8 C). The 

maximum inhibition was observed at the 100 µM dose; the amplitude was reduced to 

18% ± 7.1 and the A.U.C was reduced to 10.9% ± 3.5 of the original values (Figure 

4.8 C). The IC50 of P4 for amplitude of contraction was 62.5 µΜ (50 µΜ to 78 µΜ 
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95% C.I) and the IC50 of P4 for A.U.C was 43 µM (36 µM to 50 µM 95% C.I) 

(Figure 4.8 C). 

The effect of E2 on the amplitude of contraction was significantly different 

compared to that of P4 at 20 µM (p<0.05), 40 µM (p<0.01), 60 µM (p<0.01) and 

80 µM (p<0.01) (Table 4.2). Additionally, the effect of E2 on A.U.C was 

significantly different compared to that of P4 at 20 µΜ (p<0.05) and 40 µΜ (p<0.05) 

doses (Table 4.2). The effect on the frequency of contraction was significantly 

different between E2 and P4 at the 80 µΜ (p<0.001) and 100 µM (p<0.0001) dose 

(Table 4.2). Overall, the effect of E2 was greater than the effect of P4. 
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Figure 4.8: The effect of P4 and E2 on human spontaneous myometrial contractions. (A) 
Representative recordings following addition of cumulative doses of P4 and E2. (B) Concentration 
response curves for frequency, amplitude and A.U.C of contraction. At 100 µM dose of P4, the 
frequency of contraction was reduced (p<0.01 compared to vehicle). For E2, the frequency of 
contraction was significantly decreased at 80 µM and at 100 µM dose (p<0.0001 compared to vehicle) 
(C) Tables show the percentage (%) of the original value to which the amplitude and A.U.C decreased 
following incubation with P4 or E2 in each concentration (p values and ns=non-significant are 
compared to vehicle). The last column of the table shows the IC50 values of P4 and E2; the range is 
indicated in brackets as 95% C.I. Data were analysed using one-way ANOVA with Tukey’s post-hoc 
test (n=9 patients, 1 strip per treatment). 
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Table 4.2: Comparison between the effect of E2 and P4 on human myometrial contractions. E2 had a 
greater effect when compared to the effect of P4. Data were analysed using one-way ANOVA with 
Tukey’s post-hoc test, n=9.

 
 

4.3.7 E2 and P4 relaxed murine spontaneous uterine contractions 
In addition to the human spontaneous myometrial contractions, E2 and P4 relaxed 

spontaneous contractions of murine uterine strips in micromolar doses ranging from 

10 µΜ to 100 µM. Cumulative doses of 10 µΜ, 20 µΜ, 40 µΜ, 60 µΜ, 80 µΜ and 

100 µΜ of E2 or P4 were applied on each uterine strip for 30 minutes (Figure 4.9 

A). Equivalent doses of vehicle were applied in the same range (Figure 4.9 A). The 

effect of E2 and P4 was then compared to the effect of vehicle. 

For E2, the frequency of contraction was significantly decreased to 19.2% ± 19 of 

the original value (p<0.0001 compared to vehicle) at the 80 µM dose and 18.8% ± 18 

(p<0.0001) at the 100 µM. E2 and P4 inhibited in a dose-dependent manner the 

amplitude and the A.U.C of myometrial contractions (Figure 4.9 B). The minimum 

significant inhibition of amplitude and A.U.C of contraction was observed at the 

20 µM dose; the amplitude was reduced to 65.6% ± 5.1 and the A.U.C to 75% ± 2.7 

of the original values (Figure 4.9 C). The maximum inhibition was observed at the 

100 µM dose; the amplitude was reduced to 2.2% ± 2.2 and the A.U.C was reduced 

to 10.7% ± 4.5 (Figure 4.9 C). The IC50 of E2 for amplitude of contraction was 

27 µΜ (20 µΜ to 35 µΜ 95% C.I) and the IC50 of E2 for A.U.C was 36 µM (26 µM 

to 49 µM 95% C.I) (Figure 4.9 C).  

In a similar manner to E2, P4 inhibited the amplitude and the A.U.C of myometrial 

contractions in a dose-dependent manner (Figure 4.9 B). P4 did not change the 

frequency of contraction at any dose tested from 10 µM to 80 µM, but significantly 

decreased the frequency to 35% ± 21% of the original value (p<0.01 compared to 

vehicle) at a 100 µM dose (Figure 4.9 B). The minimum significant inhibition of the 

amplitude and A.U.C of contraction was observed at the 20 µM dose; the amplitude 

was reduced to 69.2% ± 2.7 and the A.U.C to 74.9% ± 3.5 (Figure 4.9 C). The 

Comparison*E2*vs*P4* !! !! Concentra3on* !! !! !!

** 10*μΜ* 20*μΜ* 40*μΜ* 60*μΜ* 80*μΜ* 100*μΜ*
Frequency** ns! ns! ns! ns! p<0.001! p<0.0001!
Amplitude!* ns! p<0.05! p<0.01! p<0.01! p<0.01! ns!

A.U.C** ns! p<0.05! p<0.05! ns! ns! ns!
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maximum inhibition was observed at the 100 µM dose; the amplitude was reduced to 

25.2% ± 7.4 and the A.U.C was reduced to 22.9% ± 6.5 (Figure 4.9 C). The IC50 of 

P4 for amplitude of contraction was 46 µΜ (38 µΜ to 56 µΜ 95% C.I) and the IC50 

of P4 for A.U.C was 55 µM (45 µM to 68 µM 95% C.I) (Figure 4.9 C). 

The effect of E2 on the amplitude of contraction was significantly different 

compared to that of P4 at 80 µM (p<0.01) and 100 µM (p<0.05) doses (Table 4.3). 

In addition, the effect of E2 on frequency was significantly different compared to 

that of P4 at the 80 µΜ (p<0.01) dose (Table 4.3). Overall the effect of E2 was 

greater compared to the effect of P4. 
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Figure 4.9: The effect of P4 and E2 on murine spontaneous uterine contractions. (A) Representative 
recordings following addition of cumulative doses of P4 and E2. (B) Concentration response curves 
for frequency, amplitude and A.U.C of contraction. At 100 µM dose of P4, the frequency of 
contraction was significantly reduced (p<0.01 compared to vehicle). For E2, the frequency of 
contraction was significantly decreased at 80 µM and at 100 µM dose (p<0.0001 compared to 
vehicle). (C) Tables show the percentage (%) of the original value to which the amplitude and A.U.C 
decreased following P4 and E2 in each concentration (p values and ns=non-significant are compared 
to vehicle). The last column of the table shows the IC50 values of P4 and E2; the range is indicated in 
brackets as 95% C.I. Data were analysed using one-way ANOVA with Tukey’s post hoc test (n=5 
mice, 1 strip per treatment). 
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AUC 
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Table 4.3: Comparison between the effect of E2 and P4 on murine myometrial contractions. The 
effect of E2 was greater than the effect of P4. Data were analysed using one-way ANOVA with 
Tukey’s post-hoc test, n=5.  

 
 

4.3.8 P4 and E2 relax OXT-stimulated human spontaneous 
myometrial contractions 

Likewise DHT and T, P4 and E2 relaxed OXT-stimulated human myometrial 

contractions. OXT administration (10 nM) induced a 41.8 % ± 3 increase in the 

frequency of contraction (Figure 4.10 B) and a 13.17% ± 0.56 increase in the 

amplitude of contraction above baseline (Figure 4.10 C). The OXT-stimulated 

increase in amplitude was significantly reduced to 6.4% ± 0.9 and 4.4% ± 0.7 of the 

original increase following treatment with P4 (50 µM) and E2 (50 µM) respectively 

(Figure 4.10 C). The OXT-induced increase in frequency was not affected by P4 or 

E2 treatment (Figure 4.10 B).  

Comparison*E2*vs*P4* !! !! Concentra3on* !! !! !!

** 10*μΜ* 20*μΜ* 40*μΜ* 60*μΜ* 80*μΜ* 100*μΜ*
Frequency** ns! ns! ns! ns! p<0.01! ns!
Amplitude!* ns! ns! ns! ns! p<0.01! p<0.05!

A.U.C** ns! ns! ns! ns! ns! ns!
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Figure 4.10: The effect of P4 and E2 on OXT-stimulated human myometrial contractions. (A) 
Representative recordings of human myometrial contractions following administration of OXT 
(10 nM) alone or in combination with P4 (50 µΜ) or E2 (50 µΜ) added 10 min after OXT. (B) OXT 
treatment alone induced an increase in the frequency of contraction when compared to the effect of 
vehicle control (dH2O) (****p < 0.0001). Treatments with P4 or E2 did not decrease the OXT-
induced increase in frequency (ns=non-significant). (C) OXT treatment induced an increase in the 
amplitude of contraction when compared to control (****p < 0.0001). The OXT-stimulated increase 
in amplitude was significantly reduced following treatment with P4 and E2 (####p<0.0001). Data 
were analysed using one-way ANOVA with Tukey’s post-hoc test (n=6 patients, 1 strip per 
treatment). 
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4.3.9 The relaxant effect of DHT, T, P4 and E2 is generic and 
attributable to their steroid nature.  

Following the observation that P4 and E2 relaxed the human myometrium and the 

mouse uterus in a similar manner to DHT and T, we sought to examine whether the 

relaxant effect was generic and, therefore, attributable to the common (steroid) nature 

of these hormones. A cocktail of steroid (40 µΜ) was prepared as described in 

section 4.2.2.1 of this chapter and its effect on spontaneous human and murine 

uterine contraction was compared to the effect induced by 40 µM of P4, E2, DHT or 

T.  

In human, the A.U.C of the myometrial contraction was significantly decreased to 

58.8% ± 5.4 of the original value (p<0.0001 compared to vehicle) following 

administration of 40 µM of steroid cocktail (Figure 4.11 B). The decrease induced 

by the cocktail was not significantly different from the decreases induced by the 

individual sex hormones on human spontaneous myometrial contraction at the 40 µM 

dose (Figure 4.11 B). 

In mouse, the A.U.C of the uterine contraction was significantly decreased to 

53.6% ± 3.9 of the original value (p<0.0001 compared to vehicle) following 

administration of 40 µM of steroid cocktail (Figure 4.12 B). The decrease induced 

by the cocktail was not significantly different from the decreases induced by the 

individual sex hormones on mouse spontaneous uterine contraction at the 40 µM 

dose (Figure 4.12 B). 
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Figure 4.11: A steroid cocktail consisting of DHT, T, P4 and E2 relaxed spontaneous human 
myometrial contractions. (A) Representative recordings showing the effect induced by each sex 
hormone (40 µΜ). Arrows indicate addition of the compound. The last trace shows the relaxant effect 
induced by the steroid cocktail (40 µM). (B) The A.U.C of the contraction was significantly decreased 
following administration of steroid cocktail (40 µM) when compared to the effect of vehicle (etOH). 
The decrease induced by the cocktail was not significantly different from the decreases induced by the 
individual steroids in the same concentration (****p<0.0001 compared to the effect of vehicle). Data 
were analysed using one-way ANOVA with Tukey’s post-hoc test (n=5 patients, 1 strip per 
treatment). 
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Figure 4.12: A steroid cocktail consisting of DHT, T, P4 and E2 relaxed spontaneous murine uterine 
contractions. (A) Representative recordings showing the relaxant effect of each sex hormone (40 µΜ) 
on uterine contractions. Arrows indicate addition of compound. The last trace shows the effect steroid 
cocktail (40 µΜ) on uterine contraction. (B) The A.U.C of the contraction was significantly decreased 
following administration of steroid cocktail when compared to the vehicle (etOH). The decrease 
induced by the cocktail was not significantly different from the decreases induced by each steroid in 
the same concentration (****p<0.0001, ***p<0.001, **p<0.01 compared to the effect of vehicle). 
Data were analysed using one-way ANOVA with Tukey’s post-hoc test (n=5 mice, 1 strip per 
treatment). 

4th mouse aug13 all steroids and flutamide.adicht — Zoom View

Printed on Tuesday, 5 August 2014 13:57:30 British Summer Time for Sofia Makieva Page 1 of 1
5:45:00 5:50:00 5:55:00 6:00:00 6:05:00

T 
40

 μ
Μ

43
6

8

10

12

14

16

18

T 
(m

N)

2nd mouse aug13 all steroids.adicht — Zoom View

Printed on Tuesday, 5 August 2014 13:45:45 British Summer Time for Sofia Makieva Page 1 of 1
4:38:00 4:40:00 4:42:00 4:44:00 4:46:00 4:48:00 4:50:00 4:52:00 4:54:00 4:56:00

C
oc

kt
ai

l 4
0

 μ
Μ

47

0

10

20

30

40

T
 (

m
N

)

2nd mouse aug13 all steroids.adicht — Zoom View

Printed on Tuesday, 5 August 2014 13:50:08 British Summer Time for Sofia Makieva Page 1 of 1
2:45:00 2:50:00 2:55:00 3:00:00

D
H

T 
40

 μ
M

 

19

2

4

6

8

10

12

D
H

T 
(m

N
)

4th mouse aug13 all steroids and flutamide.adicht — Zoom View

Printed on Tuesday, 5 August 2014 13:59:36 British Summer Time for Sofia Makieva Page 1 of 1
22:06:00 22:08:00 22:10:00 22:12:00 22:14:00 22:16:00 22:18:00 22:20:00 22:22:00 22:24:00

P4
 4

0 
μΜ

45

0

10

20

30

40

p4
 (m

N)

4th mouse aug13 all steroids and flutamide.adicht — Zoom View

Printed on Tuesday, 5 August 2014 14:09:54 British Summer Time for Sofia Makieva Page 1 of 1
5:45:00 5:50:00 5:55:00 6:00:00

Ε2
 4

0 
μM

42

5

10

15

20

25

30

E2
 (m

N)

DHT 40 µΜ 

Τ 40 µΜ 

Ε2 40 µΜ 

P4 40 µΜ 

Cocktail 40 µΜ 

10#min#

B

A

Veh
icl

e

Cock
tai

l (4
0 µ

M)

DHT (4
0 µ

M)

T (4
0 µ

M)

P4 (
40

 µM)

E2 (
40

 µM)
0

50

100

A
.U

.C
 (%

)

*** *** *** ** ****



   Chapter 4 

  153 

4.4 Discussion  

There is growing evidence that androgens, the concentrations of which increase 

throughout gestation in the maternal blood, might play a functional role in the 

physiology of pregnancy in parallel with the well-established roles of progestins and 

estrogens. Previous studies have demonstrated that high pharmacological 

concentrations of androgens can relax stretched-induced or compound-stimulated 

myometrial contractions in rabbit, rat and human (Kubli-Garfias et al., 1980; 

Perusquia et al., 1991b; Perusquia et al., 1990; Perusquia et al., 2005; Perusquia, 

1991; Robson, 1937). However, the mechanism that mediates the relaxant effect of 

androgens has been poorly explored. 

In this chapter we studied the effects of two androgens on the contraction of uterine 

muscle in term pregnant women and non-pregnant mice; T and the non-aromatisable 

androgen DHT. There were two reasons for employment of murine tissue in our 

contractility studies. First and foremost, we wanted to see if the effect that androgens 

had on the myometrium was conserved in human and mouse. Secondly, we wanted 

to generate the data on wild type C57BL/6 mice in light of our future plans to use 

C57BL/6 AR knockout mice and their uterus for contractility studies. We found that 

high (but not low) micromolar concentrations of DHT and T rapidly relaxed 

myometrial contractions in humans and mice in a dose-dependent manner. In 

particular, the amplitude and A.U.C of contraction where dose-dependently 

decreased following administration of both androgens. Of note, higher doses of the 

androgen (100 µΜ), induced complete relaxation of the contraction in some but not 

all cases, explaining the significant decrease in frequency at this dose; the frequency 

remained unchanged for all lower doses. The minimum concentration of DHT and T 

to elicit a significant relaxant effect was 20 µM. The IC50 values for the androgens 

indicated that there was no significant difference in the potency of T and DHT, 

which is in contrast to Perusquia’s finding that DHT was significantly more potent 

compared to T in relaxing human myometrial contractions (Perusquia et al., 2005). In 

the latter study, the authors investigated a role for AR in inhibition of myometrial 

contraction and demonstrated that flutamide-induced AR antagonism failed to inhibit 

the relaxant effect of DHT (Perusquia et al., 2005). Notably, in the Perusquia study, 
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flutamide was administered at a much lower concentration (10 µM) compared to the 

dose of DHT (100 µM). Given that flutamide should be administered at least at the 

same concentration with the agonist to induce an effective antagonism of AR, it was 

not clear whether AR was involved in the relaxant effect. In our study, we observed 

that even a 100 µM dose of flutamide did not inhibit the DHT-mediated (100 µM) 

relaxant effect, suggesting that the effect is unlikely to be mediated via the classical 

AR, which resides in the cell cytoplasm. 

In contrast to the data on myometrial smooth muscle described here, studies on 

airway SMCs showed that, treatments with membrane impermeable T conjugated to 

BSA (TBSA) could also inhibit muscle contraction (in addition to T itself), 

suggesting that T exerted its effects on the outer aspect of the membrane rather than 

in the cytoplasm, and implying involvement of a membrane AR (mAR) 

(Kouloumenta et al., 2006). This type of receptor has been initially identified in fish 

(Thomas et al., 2006) and is believed to be either a classic AR lacking a DNA 

binding site or a GPCR similar to the membrane receptors for ER (GPR30) (Thomas 

et al., 2005) and PR (mPR) (Zhu et al., 2003). Recently, Thomas and colleagues 

identified and characterised the human analogue of the mAR in (human) prostate 

cancer cells (Thomas et al., 2014). No effect of TBSA on spontaneous human 

myometrial contractions in our study, suggests that the androgen-induced relaxant 

effect is unlikely to be mediated via such membrane receptor. However, our TBSA 

experiments require further investigation, as a positive control was not utilised to 

prove the bioactivity of this compound in our hands. Future work employing airway 

SMCs to show that the TBSA used in our study is bioactive could provide an 

appropriate positive control to backup our data and arrive to the correct conclusion.  

To further explore the mechanism of action of androgens, we sought to examine 

whether their action on myometrial contraction is similar to that observed for 

progestins and estrogens. Several studies have shown that pharmacological 

concentrations (at the micromolar range) of P4 and E2 can induce relaxation of 

uterine muscle in rats, pigs and humans (Anderson et al., 2009; Chanrachakul et al., 

2005; Fu et al., 1996; Kurowicka et al., 2005; Ma et al., 2013; Sanchez Aparicio et 

al., 1992). Consistent with these studies, our work showed that E2 and P4 induced 
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rapid relaxation of human and mouse uterine smooth muscle. Minimum relaxation 

was observed at a dose of 20 µM for P4 and E2, when the amplitude and A.U.C of 

contraction was significantly decreased. Both parameters continued decreasing with 

increasing doses of the drug; the frequency, however, remained unchanged until 

higher doses of P4 and E2 were applied. IC50 values revealed that E2 was 

significantly more potent in induction of relaxation when compared to P4. 

Oxytocin, acetylcholine and serotonin receptors are GPCRs. Their activation leads to 

subsequent activation of extracellular Ca2+ influx via ROCCs and/or Ca2+ efflux from 

the SR via the IP3 pathway (Large, 2002; Thorneloe and Nelson, 2005). To gain 

more mechanistic insight we explored whether sex hormones could inhibit OXT-

induced contractions and, hence, interfere with ROCCs. We observed that DHT, T, 

E2 and P4 relaxed OXT-stimulated human myometrial contractions. Our results are 

in line with previous studies showing relaxation of OXT-stimulated myometrial 

contractions by P4 and E2 in horses, rats, pigs and humans (Fernandez et al., 1993; 

Fu et al., 1996; Kurowicka et al., 2005; Ousey et al., 2000). Androgens have also 

been shown to relax uterine contractions induced by serotonin, OXT and 

acetylcholine in rats (Perusquia et al., 1991a; Perusquia, 1991). It is possible that 

androgens, estrogens and progestins exert their effects on OXT-induced contraction 

via blockade of the IP3 pathway and release of Ca2+ from the SR. However, 

inhibition of Ca2+ release from the SR is not sufficient for complete blockade of the 

total Ca2+ flux and, thus, not sufficient to reduce the concentration of intracellular 

Ca2+ ([Ca2+]). (Kupittayanant et al., 2002). Therefore, a logical assumption would be 

that the steroids block the ROCCs associated with Ca2+ influx rather than 

components of IP3 pathway. This notion is supported by the inability of T, in another 

study, to inhibit both caffeine- and carbachol-induced Ca2+ release (activators of IP3-

pathway) in coronary SMC (Murphy and Khalil, 1999). Identical findings were 

reported in isolated rat thoracic aortic strips and porcine coronary arteries, where T 

could inhibit K+-induced but not caffeine-induced contractions (Crews and Khalil, 

1999a, b). 

Following the observation that all four sex hormones relaxed the uterine muscle, we 

sought to investigate whether this effect is a generic steroid effect and, hence, not 
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specific to DHT, T, E2 or P4. We prepared a mixture of 10 µM of each steroid 

(DHT, T, E2 and P4) to make a 40 µM steroid cocktail mix. Although the application 

of DHT, T, E2 and P4 in a single 10 µM dose did not induce significant relaxation of 

spontaneous myometrial contractions, these doses combined in a cocktail 

significantly inhibited the contraction of uterine smooth muscle in human and mouse. 

The inhibition induced by the 40 µM dose of cocktail was not statistically different to 

the inhibition induced by 40 µM of single dose of DHT, T, P4 or E2. Therefore, we 

suggest that the relaxant effect is possibly generic and attributable to the steroid 

nature of sex hormones. 

The fact that the amplitude of myometrial contraction decreased with the steroid 

treatment but the frequency remained unchanged might suggest that the steroid 

mechanism of action is via limitation of the availability of [Ca2+] but not the 

recruitment of the modulators involved in the events, which initiate the contraction. 

Therefore it is possible that the mechanism of steroid action involves direct or 

indirect inhibition of Ca2+ entry. Inhibition of Ca2+ entry to the MSMCs may involve 

interaction of the steroid with ROCCs, as discussed above, VOCCs, the lipid bilayer 

or the gap junctions. 

High K+ in the extracellular space induces cell membrane depolarisation, which in 

turn results in opening of Ca2+ channels (VOCCs) and an increase in the 

concentration of [Ca2+] in the cell. In addition to the relaxant effect of androgens on 

spontaneous myometrial contractions, DHT rapidly relaxed tonic contractions 

(induced by high K+) and decreased the concentration of [Ca2+]; removal of the 

androgen reversed the effect (Perusquia et al., 2005). E2 has also been demonstrated 

to relax KCl-induced tonic contraction (Gutierrez et al., 1998). Therefore, it is 

reasonable to hypothesise that the relaxant effect on KCl-stimulated contraction in 

both cases would involve inhibition of VOCCs; however, it is not clear whether the 

effect involves physical or indirect interaction with these channels. 

Besides VOCCs and ROCCs, Ca2+ flux is highly influenced by the MSMCs cell 

membrane fluidity. A proton NMR spectroscopy study investigating various 

parameters of myometrial membrane fluidity at pregnancy, including phospholipid 

double bonds, fatty acid chain length and the cholesterol/phospholipid ratio, reported 
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that the cell membrane fluidity of MSMCs is increased with labour (Pulkkinen et al., 

1998). Cell membrane fluidity is modulated by changes in concentration of 

membrane cholesterol (Shmygol et al., 2007). Cholesterol is a component of the lipid 

bilayer, which integrates into the membrane by placing its steroid ring next to the 

hydrocarbon chains and locating its hydroxyl group close to the head of the 

phospholipid (Ikonen, 2008; Simons and Vaz, 2004; van Meer, 1989). High 

cholesterol results in a stiff membrane, which can, reduce fluidity, whereas low 

cholesterol promotes membrane fluidity. Decreased membrane fluidity is 

characterised by Ca2+ channel inhibition, such as VOCCs and ROCCs (Jennings et 

al., 1999; Shmygol et al., 2007). Administration of cholesterol in vitro decreased the 

concentration of [Ca2+] in MSMCs and inhibited phasic contractions in rat and 

human studies (Smith et al., 2005; Zhang et al., 2007). On the other hand, depletion 

of cholesterol from the membranes of MSMCs with methyl-beta-cyclodextrin 

(MCD) treatment induced an increase in cell excitability and contraction in rats 

(Jennings et al., 1999; Shmygol et al., 2007). High cholesterol has been correlated 

with increased activities of NCX and PMCA, which is consistent with their roles in 

promoting removal of Ca2+ from the cell (Kutryk and Pierce, 1988; Ortega and Mas-

Oliva, 1984; Verbist et al., 1991). In a similar manner to cholesterol, it is plausible 

that cholesterol metabolites (sex hormones) mediate non-genomic responses via 

direct penetration into the cell membrane of MSMCs, which in turn results in 

reduction in membrane fluidity. For example, hydrophobic androgens, such as DHT 

and T, have been shown to interact with the phospholipid bilayer of the negatively 

charged membrane (Duval et al., 1983; Van Bommel et al., 1987). Such interaction 

has been shown to impair Ca2+ homeostasis due to an increase in the activity of 

PMCA. Regulation of PMCA by androgens is documented in different tissues. For 

example, in synaptosomal plasma membranes, PMCA activity increased 95% 

following treatment with T (10 µM) (Deliconstantinos, 1988). In addition, PMCA 

activity in kidney was increased following administration of T (10 µM), as measured 

by in vitro assays where ATP-dependent Ca2+ flux was determined by comparison of 

Ca2+ transport (implying PMCA activity) with and without exogenous addition of 

ATP (Dick et al., 2003). In line with the latter study, androgen deprivation induced 

by castration altered the immunochistochemical localisation of PMCA in prostate 
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epithelial cells with no changes in mRNA or protein levels (Coviello et al., 2006). 

Additionally, the regulation of Ca2+-ATPase activity by T has been explored in 

ventricular muscle of orchidectomised (ORX) rats (Witayavanitkul et al., 2013). In 

that study, T treatment managed to prevent ORX-induced decrease in Ca2+-ATPase 

activity. Collectively, an alternative mechanism for the non-genomic action of 

steroids in MSMC relaxation is proposed whereby penetration into the lipid bilayer 

decreases membrane fluidity and results in an increase in PMCA activity and Ca2+ 

efflux to the extracellular space. However, the effect of these steroids on PMCA 

activity in the myometrium has not yet been explored and, thus, this hypothesis 

remains to be confirmed in future studies. 

There is some evidence that steroids may inhibit myometrial contraction by 

impairing IGJC. An increase in the concentration of [Ca2+] of a single smooth muscle 

cell may initiate a synchronised increase in the concentration of [Ca2+] in adjacent 

cells, a process mediated by gap junctions (Boittin et al., 2013; Brading and Brain, 

2011; Loch-Caruso et al., 2003). Gap junction proteins increase the ability of 

MSMCs to generate synchronous contractions and mount a synchronous response to 

hormones/agents in the microenvironment of uterus during labour (Garfield and 

Hayashi, 1981; Ikeda et al., 1987). Connexins are gap junction trans-membrane 

proteins that assemble to form a gap junction; con-43 is the predominant connexin 

involved in initiation of contractions in the term myometrium (Chow and Lye, 1994). 

A study in pregnant rats on high cholesterol diet showed that their diet was 

associated with decrease in con-43 protein in the myometrium, suggesting possible 

implications for uterine contractility (Elmes et al., 2011). A study in isolated rat 

cardiac myocytes demonstrated that disturbance of IGJC, which was achieved either 

by silencing the gene that encodes con-43 or by addition of a specific drug 

(heptanol), induced a significant reduction in Ca2+ transients, suggesting that con-43 

may be involved in regulation of basal Ca2+ signalling in these cells (Li et al., 2012). 

Interestingly, an estrogenic compound 4-OH-TCB has been shown to act in a similar 

manner to heptanol and significantly inhibit IGJC in rat myometrium (Tsai et al., 

1998). What is more, the same study showed that 4-OH-TCB could reduce 

contractions of rat myometrial strips, suggesting that the relaxant effect of 4-OH-

TCB is mediated through blockade of IGJC. There is evidence that androgens can 
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influence IGJC in isolated rat cardiac myocytes and Sertoli cells (Pluciennik et al., 

1996). In that study, a dose dependent (1-25 µM) inhibition of IGJC by T propionate 

was reversed by withdrawal of T but was unaffected by pre-incubation with AR 

antagonist, implying a non-genomic effect of T (Pluciennik et al., 1996). Based on 

these studies, it is tempting to hypothesise that sex hormone steroids may induce 

relaxation of myometrium via direct interaction with the membrane proteolipidic 

structure, which might alter directly or indirectly the function of gap junction 

channels; however, more evidence in needed and this hypothesis could be 

investigated in future studies. 

In conclusion, our organ bath studies showed that DHT, T, E2 and P4 can rapidly 

relax ex vivo spontaneous and OXT-stimulated contractions of the uterine muscle in 

humans and mice. The mechanism possibly did not involve recruitment of an 

intracellular or a cell-surface AR and was likely mediated by non-genomic pathways. 

Further studying of these effects could help develop a better understanding of the 

alternative mechanisms that can induce myometrial relaxation, which could help 

identify novel targets for development of new tocolytic agents. 
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5 Chapter 5: Investigating the mechanism of sex hormone-
induced relaxation of uterine smooth muscle 

5.1 Introduction 

Sex hormones have been documented to relax the uterine smooth muscle ex vivo in 

different species (Anderson et al., 2009; Chanrachakul et al., 2005; Kurowicka et al., 

2005; Ousey et al., 2000; Perusquia, 2001; Perusquia et al., 1991b; Perusquia et al., 

1990; Perusquia and Navarrete, 2005; Perusquia et al., 2005). The mechanism by 

which steroids induce relaxation is an active area of investigation and there is now 

evidence to suggest that it is gene transcription-independent. For example, inhibitors 

of transcription or translation fail to inhibit androgen- and progestin-induced 

relaxation in human non-pregnant and pregnant myometrium (Perusquia, 2001; 

Perusquia et al., 2009; Perusquia et al., 2005) and estrogen-induced relaxation in rat 

uterus (Perusquia and Navarrete, 2005). In addition, antagonism of nuclear sex 

hormone receptors, such as AR, PR and ER, does not prevent the sex hormone-

induced relaxation of uterine smooth muscle, indicating that the action of sex steroids 

is not mediated by nuclear receptors (Perusquia, 2001). A possible toxic effect of 

steroids at the micromolar range has also been postulated – in other words that the 

inhibitory effect of steroids on smooth muscle contraction is due to cell toxicity. 

However, our own and other studies have observed that the relaxant effect is fully 

reversible following incubation with a steroid-free medium (Perusquia et al., 1990; 

Perusquia et al., 2005; Perusquia and Villalon, 1996). Hence, it is likely that the 

pharmacological effect of sex hormones is a non-toxic effect that is associated with a 

non-genomic physiological mechanism of action. It has been hypothesised that sex 

hormones act on the cell membrane by blocking Ca2+ channels and, thus, directly 

interfere with the contraction pathway (Perusquia, 2001). In support of this 

hypothesis, the KCl-stimulated increase in the concentration of [Ca2+] was reduced 

following incubation with DHT at the micromolar range, suggesting a DHT-induced 

blockade of L-type Ca2+ channel in human myometrium (Perusquia et al., 2005). 

Several studies have demonstrated the effects of estrogens and progestins on Ca2+ 

flux in MSMCs employing whole cell-current and voltage clamp methods. For 

example, E2 at micromolar doses could depolarise the cell membrane, attenuate the 
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generation of action potential and influence the inward/outward currents in rat 

myometrium (Inoue et al., 1999). A phytoestrogen, Genistein, has been shown to 

reduce L-type Ca2+ currents of rat myocytes in a dose-dependent (micromolar) 

manner (Kusaka and Sperelakis, 1995). Another study showed that both P4 and E2 

could inhibit Ca2+ entry into rat myocytes (Batra and Bengtsson, 1978). Porcine 

studies also revealed that incubation with P4 at micromolar levels reduced OXT-

stimulated increase in the concentration of [Ca2+] in myometrial cells derived at late 

pregnancy (Franczak et al., 2006). Similarly, the synthetic variant of P4 namely 

MPA could attenuate OXT-stimulated increase in [Ca2+] in human myocytes in vitro 

(Fomin et al., 1999).  

The biochemical basis for the development of myometrial contraction is the 

interaction of actin and myosin (Aguilar and Mitchell, 2010). This process is 

regulated by the myosin light chain kinase (MLCK), which phosphorylates myosin 

light chain (MLC) at Ser 19 to activate and prepare it for interaction with actin. On 

the other hand, dephosphorylation of MLC by myosin phosphatase (MLCP) causes 

relaxation. The activity of MLCK is dependent on the availability of [Ca2+]. 

Therefore, the rise in internal Ca2+ is critical for MLC phosphorylation. 

Administration of ovarian steroids during pregnancy has been demonstrated to 

control the availability of phosphorylated MLC (PMLC) in uterine myocytes through 

regulation of MLCK gene expression (genomic manner) (Badia et al., 1986; Matsui 

et al., 1983; Soloff et al., 2011). Surprisingly, the non-genomic effects of sex 

hormones on MLC phosphorylation have never been explored in MSMCs; thus, it is 

unknown whether the observed sex hormone-induced relaxation results from poor 

MLC phosphorylation in uterine myocytes.  

In Chapter 4, we demonstrated that DHT and T, likewise P4 and E2, could inhibit 

spontaneous and OXT-induced myometrial contractions of mouse and human. 

Herein, we examined the mechanism of the sex hormone-induced relaxation focusing 

on rapid sex hormone-mediated effects on Ca2+ transients and phosphorylation of 

MLC. Given that the relaxant effect of sex hormones was evidently generic, rather 

than specific to DHT, T, P4 or E2, we performed the experiments described in this 

chapter using DHT and T.  
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5.1.1 Specific aims 
The specific aims of this chapter were to: 

• Deduce whether the myometrial cell lines available were suitable for the 

study of the mechanism of androgen-induced relaxation by embedding 

PHM1-41s and UtSMCs into collagen gels and confirming inhibition of 

contractility in response to DHT and T. 

• Confirm that the DHT-induced relaxation is not attributable to a 

concentration associated toxic effect upon the myometrium but is associated 

with a physiological mechanism of action, whereby DHT incubation impairs 

Ca2+ transients and MLC phosphorylation.  
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5.2 Materials and Methods 

5.2.1 Cell culture 
Two human myometrial cell lines, PHM1-41s and UtSMCs, were used for the in 

vitro work described in this chapter. Details about these cell lines are available in 

Chapter 2 (section 2.3.1). PHM1-41s and UtSMCs were cultured as described in 

Chapter 2 (section 2.3.2) and used for collagen contraction assays, calcium assays 

and in-cell Westerns (ICW). PHM1-41s were used in passages (p) 12-20 and 

UtSMCs were used in p 4-13. 

5.2.2 Collagen contraction assay 
A collagen contraction assay was used to deduce whether PHM1-41s and UtSMCs 

responded to DHT and T in vitro as the myometrial tissue ex vivo.  

UtSMCs and PHM1-41s were embedded in collagen gels (105 cells/gel) and left to 

polymerase overnight at 37oC as per methods described in Hutchinson et al 

(Hutchinson et al., 2014) and detailed in Chapter 2 (section 2.9.2). Briefly, following 

the overnight incubation, gels were serum-starved for 2 hours by addition of FBS-

free phenol red-free DMEM (4.5 g/ L glucose) supplemented with 1% penicillin-

streptomycin/L-Glutamine. The medium was then replaced with phenol red-free 

DMEM (4.5 g/ L glucose) supplemented with 1% penicillin-streptomycin/L-

Glutamine and 5% (v/v) charcoal stripped FBS. Treatments were prepared in the 

same medium and added to the gels. Following addition of the treatments, gels were 

detached using a pipette tip around the gel edge and photographed using a Leica 

MZ6 light microscope/ camera (0-hour time point). The gels were additionally 

photographed at 24-hour and 48 hour time points; the plates were kept at 37oC in 

between these time points.  

5.2.2.1 Treatments of collagen gels 

DHT, T, TBSA and flutamide were purchased from Sigma and OXT was purchased 

from ALLIANCE pharmaceuticals (details of drugs can be found in Table 2.13). 

DHT, T and flutamide were reconstituted in etOH, TBSA in PBS and OXT in dH20 

according to supplier’s instructions (see section 4.2.2.1 in Chapter 4 for more 

details). Six replicates were used for each treatment. Only flutamide was added to the 
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gels for 30 minutes prior to the treatment with DHT. The gels were detached 

following addition of the last treatment.  

In experiments with DHT, T and flutamide the vehicle was etOH. In experiments 

with TBSA+T the vehicle was etOH+PBS. In experiments with OXT the vehicle was 

dH20. In experiments with OXT+DHT the vehicle was etOH+dH20.  

PHM1-41s and UtSMCs were used in p 12-19 and 4-11 respectively and each 

experiment was repeated between 4 and 7 times (n=4-7). 

5.2.2.2 Gel analysis  

A decrease in collagen gel area equated to an increase in contraction. Gels were 

photographed and photos were analysed using Adobe Photoshop CS6 as described in 

section 2.9.3. The pixel number of each gel area was used as readout. The gel area at 

24 and 48 hours was expressed as the percentage of the original gel area (0-hour time 

point).  

5.2.2.3 Cell viability  

We assessed the viability of PHM1-41s (p 15-18; n=4) and UtSMCs (p 8-11; n=4) 

embedded in gels and incubated with DHT and T (100 µΜ) for 48 hours using the 

CellTiter 96® AQueous One Solution Cell Proliferation Assay as described in detail 

in section 2.9.4.   

5.2.3 ICW 
The phosphorylation of MLC in PHM1-41s and UtSMCs was explored. Due to the 

rapid oscillations between the phosphorylated and dephosphorylated states of MLC 

and in order to accurately capture the cell transient contractile state, we utilised ICW 

instead of classical Western gel analysis (Aguilar et al., 2010; Hutchinson et al., 

2014); described in detail in section 2.8.2. Briefly, PHM1-41s and UtSMCs were 

resuspended in phenol-free DMEM (4.5 g/ L glucose) supplemented with 1% 

penicillin-streptomycin/L-Glutamine and 5% (v/v) charcoal stripped FBS and seeded 

onto black 96-well plates with a clear bottom to a density of 17600 cells/ well in a 

volume of 200 µl. Plates were initially left for 1 hour in room temperature to prevent 

cell clump formation and then placed into the incubator (37oC) overnight. The 
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medium was replaced with 100 µl fresh DMEM and treatments were applied as 

described below. 

5.2.3.1 Treatments for ICW  

All treatments were prepared in phenol-free DMEM (4.5 g/ L glucose) supplemented 

with 1% penicillin-streptomycin/L-Glutamine and 5% (v/v) charcoal stripped FBS.  

In order to assess the effect of OXT on phosphorylation of MLC, PHM1-41s (p 15-

20; n=6) and UtSMCs (p 4-9; n=6) were incubated with either OXT (10 nM and/or 

100 nM) or vehicle (dH2O) for 30 or 60 seconds. Treatments were applied using a 

multichannel pipette in triplicate.  

Nifedipine, which is a L-Type Ca2+ channel blocker, was used as a positive control 

as it has been shown to inhibit OXT-induced effect on phosphorylation of MLC in 

myometrial cells (Aguilar et al., 2010). Nifedipine was purchased from Sigma 

(N7634) and reconstituted in DMSO as per the supplier’s instructions. The cells were 

pre-treated with nifedipine (50 µM) or vehicle (DMSO) for 15 minutes prior to acute 

(30 seconds) stimulation with OXT (100 nM). These experiments were performed 

using PHM1-41s (p 16-20; n=5) and UtSMCs (p 5-9; n=5). 

PHM1-41s (p 16-20; n=5) and UtSMCs (p 5-9; n=5) were additionally pre-incubated 

with DHT (50 µM) for 15 minutes prior to acute (30 seconds) OXT (100 nM) 

stimulation. 

The cells were then fixed, blocked and incubated with primary and secondary 

antibodies against PMLC and α-Tubulin as described in section 2.8.2. The details of 

the antibodies used for the ICW protocol are shown in Table 2.10 (Chapter 2).  

5.2.3.2 Analysis of ICW 

The plates were scanned using the LI-COR Odyssey scanner as described in section 

2.8.2. The intensity of fluorescence was measured using the LI-COR Image Studio 

software and the fluorescent intensity in each well was used as readout. The raw 

fluorescent intensities for PMLC and α-Tubulin were exported into Excel, were the 

intensity of PMLC in each well was calculated relative to the intensity of α-Tubulin 
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in the same well. Statistics were performed on these relative values of PMLC without 

further normalisation.  

5.2.4 Calcium assay 
The BDTM Calcium Assay kit was used to measure intracellular Ca2+ in PHM1-41s 

and UtSMCs as described in section 2.11.  

PHM1-41s and UtSMCs were resuspended in phenol-free DMEM (4.5 g/ L glucose) 

supplemented with 1% penicillin-streptomycin/L-Glutamine and 5% (v/v) charcoal 

stripped FBS and seeded onto sterile white 96-well plates with a clear bottom (3x104 

cells/well) in a volume of 100 µl. Plates were left for 1 hour at room temperature to 

prevent formation of cell clumps in the middle of the well and placed into the 

incubator (37oC) for an overnight incubation. The dye-loading solution (DLS), 

containing the Ca2+ indicator, was prepared as described in 2.11.2 and added into 

each well for 1 hour. Treatments were applied following the dye-loading step.  

5.2.4.1 Treatments and calcium assay 

Following incubation with DLS, the plates were placed onto a fluorometric imaging 

plate reader (FLIRP)-NOVOstar as described in section 2.11.3.  

To examine the effect of OXT on Ca2+ flux, the injector of the NOVOstar was loaded 

with OXT (10 nM and/or 100 nM) or vehicle (dH20). The basal concentration of 

[Ca2+] was recorded for 20 seconds and then the treatment was injected directly into 

the well.  

To examine to effect of DHT pre-treatment on OXT-induced effect on the 

concentration of [Ca2+], the cells were incubated with DHT (100 nM, 300 nM, 

800 nM and 50 µM) or vehicle (etOH) for 10 minutes at room temperature following 

incubation with DLS. DHT and vehicle treatments were prepared in phenol-free 

DMEM (4.5 g/ L glucose) supplemented with 1% penicillin-streptomycin/L-

Glutamine and 5% (v/v) charcoal stripped FBS. Following incubation with DHT or 

vehicle, plates were placed onto the NOVOstar plate reader and injected with OXT 

(10 nM). In addition, untreated cells were injected with either DHT or vehicle (dH20 

or etOH).  
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All treatments (and injections) were performed in quadruplicate. The PHM1-41s and 

UtSMCs were used in p 14-20 and 4-9 respectively and each experiment was 

repeated 6 times (n=6).  

5.2.4.2 Analysis of calcium assay 

Each well’s fluorescence was monitored and recorded for a total of 1 minute as 

described in section 2.11.3. The highest fluorescence measurement recorded (peak) 

following injection of treatment was used as readout and analysed using MARS Data 

Analysis Software. The readouts were exported into Excel sheets and data between 

different treatments were compared.  

5.2.5 Statistical analysis 
All data in this chapter were analysed using Graphpad prism v6.0. Data were first 

assessed for normality as described in methods section 2.14 of Chapter 2.  

All collagen gel assay data (percentage of the original gel area at 0-hour time point) 

was initially changed to proportions and arcsine transformed. The arcsine-

transformed data were analysed using one-way ANOVA with Tukey’s correction.  

For ICW, all data were analysed using one-way ANOVA with Tukey’s post-hoc test.  

Calcium assay data were analysed using one-way ANOVA with either Tukey’s 

(comparison between all groups) or Sidak’s (comparison between selected groups) 

correction. Unless otherwise stated, error bars denote ±SEM and significance was 

considered to be p<0.05.  
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5.3 Results 

5.3.1 Establishing an in vitro model to study steroid-induced 
inhibition of uterine muscle contraction 

We tested whether PHM1-41s and/or UtSMCs were suitable in vitro model to study 

the mechanism of steroid-induced relaxation. In particular, we examined the effects 

of androgens DHT and T. The effects of P4 and E2 were not investigated, as the data 

from Chapter 2 suggested that the action of sex hormones on myometrial contraction 

was generic. 

5.3.1.1 DHT and T inhibited PHM1-41s and UtSMCs contraction 

PHM1-41s and UtSMCs were embedded in collagen gels. Untreated gels developed 

a spontaneous (basal) contraction, which was evident by the time-dependent decrease 

in the gel area (Figure 5.0).  

 
Figure 5.0: PHM1-41s and UtSMCs embedded in collagen gels develop a basal contraction, which is 
evident by the decrease in the gel area following 24 and 48 hrs.  
 

We sought to examine the effects of DHT and T on the basal contraction of the gel. 

Therefore, PHM1-41s and UtSMCs were embedded in collagen gels and the gels 

were incubated with vehicle (etOH) or DHT (1 µΜ, 50 µΜ, 100 µΜ) or T (1 µΜ, 

50 µΜ, 100 µΜ) for 24 and 48 hours. The above doses were chosen on the basis of 

our organ bath data, which showed that only the concentrations above 10 µM of 

DHT and T inhibit the contraction of myocytes. The 1 µM dose was chosen as a 

negative control. The gel area of cells treated with DHT or T was compared to the 
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gel area of cells treated the vehicle at both time points. The gel area was expressed as 

the percentage of the gel area recorded at the 0-hour time point.   

In PHM1-41s, the DHT treatment inhibited gel’s basal contraction (vehicle) at 24 

and 48 hours when the DHT was applied at 50 µΜ and 100 µΜ but not 1 µΜ dose 

(Figure 5.1 B, C). Specifically, at 24 hours (Figure 5.1 B) the gel area was 

decreased to 77.28% ± 3.4 with the vehicle treatment, to 94.18% ± 1.6 with the 

DHT-50 µM treatment (p<0.01) and 95% ± 1.2 with the DHT-100 µM treatment 

(p<0.001). At 48 hours (Figure 5.1 C), the gel area was decreased to 65.23% ± 3.7 

with the vehicle treatment, to 87.66% ± 2.5 with the DHT-50 µM treatment (p<0.01) 

and to 82% ± 6.4 with the DHT-100 µM treatment (p<0.05). Similarly, all doses of T 

but the 1 µM inhibited PHM1-41s basal gel contraction at 24 and 48 hours (Figure 

5.1 D, E). Specifically, at 24 hours (Figure 5.1 D), the gel area was decreased to 

77.44% ± 3.3 with the vehicle treatment, to 94.53% ± 1.8 with the T-50 µM 

treatment (p<0.001) and to 94.9% ± 1.2 with the T-100 µM treatment (p<0.001). At 

48 hours (Figure 5.1 E), the gel area was decreased to 61.4% ± 3.7 with the vehicle 

treatment, to 81% ± 3 with the T-50 µM treatment (p<0.05) and to 87.7% ± 5.5 with 

the T-100 µM treatment (p<0.001). 

Similar effects were observed for UtSMCs (Figure 5.2). Treatment with DHT and T 

at 50 µΜ and 100 µΜ but not 1 µΜ dose inhibited the gel’s basal contraction at 24 

and 48 hours. In particular, at 24 hours (Figure 5.2 B), the gel area was decreased to 

76.3% ± 3 with the vehicle treatment, to 94.5% ± 1.7 with the DHT-50 µM treatment 

(p<0.0001) and to 95.7% ± 1 with the DHT-100 µM treatment (p<0.0001). At 48 

hours (Figure 5.2 C), the gel area was decreased to 57.7% ± 4 with the vehicle 

treatment, to 79% ± 4 with the DHT-50 µM treatment (p<0.001) and to 88.4% ± 1.7 

with the DHT-100 µM treatment (p<0.0001). When UtSMCs were treated with T for 

24 hours, the gel area was only decreased to 94% ± 2.7 with the T-50 µM treatment 

(p<0.0001) and to 95.7% ± 1.4 with the T-100 µM treatment (p<0.0001) as opposed 

to 76.2% ± 3 with the vehicle treatment (Figure 5.2 D). At 48 hours (Figure 5.2 E), 

the gel area of UtSMCs was decreased to 87.7% ± 3 with the T-50 µM treatment 

(p<0.0001) and to 87% ± 4.4 with the T-100 µM treatment (p<0.001).  
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Figure 5.1: DHT and T inhibited PHM-41s contraction. PHM1-41s were embedded in collagen gels 
in 24-well plates and incubated with vehicle (etOH) or DHT (1 µΜ, 50 µΜ, 100 µΜ; B, C) or T 
(1 µΜ, 50 µΜ, 100 µΜ; D, E). The gel area was measured after 24 and 48 hrs. (A) Representative 
photographs of wells showing the reduction in gel area at 24 and 48 hrs. The embedded cells 
developed a basal contraction, which was evident by the time-dependent decrease in gel area 
following incubation with the vehicle. DHT and T treatments significantly inhibited the basal gel 
contraction. *p<0.05, **p<0.01, ***p<0.001 compared to vehicle, n=7/ each treatment in 6 replicates. 
Data were analysed using one-way ANOVA with Tukey’s post-hoc test.  
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Figure 5.2: DHT and T inhibited UtSMCs contraction. UtSMCs were embedded in collagen gels in 
24-well plates and incubated with vehicle (etOH) or DHT (1 µΜ, 50 µΜ, 100 µΜ; B, C) or T (1 µΜ, 
50 µΜ, 100 µΜ; D, E). The gel area was measured after 24 and 48 hrs. (A) Representative 
photographs of wells showing the reduction in gel area at 24 and 48 hrs. The embedded cells 
developed a basal contraction, which was evident by the time-dependent decrease in gel area 
following incubation with the vehicle. DHT and T treatments significantly inhibited the basal gel 
contraction. *p<0.05, **p<0.01, ***p<0.001 compared to vehicle, n=7/ each treatment in 6 replicates. 
Data were analysed using one-way ANOVA with Tukey’s post-hoc test. 
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5.3.1.2 The action of DHT and T on PHM1-41s and UtSMCs contraction 
was not receptor-mediated 

Following the observation that DHT and T could prevent the basal contraction of 

PHM1-41s and UtSMCs when embedded in collagen gels, we sought to examine 

whether the AR was mediating that effect. PHM1-41s and UtSMCs gels were pre-

treated with the AR antagonist-flutamide (100 µΜ) for 30 minutes prior to exposure 

to DHT (100 µM). The gels were photographed at 24 and 48 hours. Pre-treatment 

with flutamide failed to inhibit the effect that DHT had on the contraction of PHM1-

41s (Figure 5.3) or UtSMCs (Figure 5.4) at both time points.  
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Figure 5.3: Flutamide pre-treatment did not prevent the DHT-induced effect on the basal contraction 
of PHM1-41s gel-embedded cells. PHM1-41s were embedded in collagen gels in 24-well plates and 
incubated with vehicle (etOH) or flutamide (100 µΜ) or DHT (100 µΜ) or flutamide+DHT (flutamide 
was added 30 min prior to DHT). The gel area was measured after 24 and 48 hrs. (A) Representative 
photographs of wells showing the reduction in gel area at 24 and 48 hrs. The embedded cells 
developed a basal contraction, which was evident by the time-dependent decrease in gel area 
following incubation with the vehicle. Pre-treatment with flutamide did not significantly affect the 
action of DHT. ns=non-significant comparison between DHT and flutamide+DHT groups, n=5/ each 
treatment in 6 replicates. Data were analysed using one-way ANOVA with Tukey’s post-hoc test. 
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Figure 5.4: Flutamide pre-treatment did not prevent the DHT-induced effect on the basal contraction 
of UtSMCs gel-embedded cells. UtSMCs were embedded in collagen gels in 24-well plates and 
incubated with vehicle (etOH) or flutamide (100 µΜ) or DHT (100 µΜ) or flutamide+DHT (flutamide 
was added 30 min prior to DHT). The gel area was measured after 24 and 48 hrs. (A) Representative 
photographs of wells showing the reduction in gel area at 24 and 48 hrs. The embedded cells 
developed a basal contraction, which was evident by the time-dependent decrease in gel area 
following incubation with the vehicle. Pre-treatment with flutamide did not significantly affect the 
action of DHT. ns=non-significant comparison between DHT and flutamide+DHT groups, n=5/ each 
treatment in 6 replicates. Data were analysed using one-way ANOVA with Tukey’s post-hoc test. 
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In addition, we tested the hypothesis that the action of DHT and T was mediated via 

a cell-surface receptor. PHM1-41s and UtSMCs gels were treated with vehicle 

(etOH+PBS), T (100 µΜ) or the cell impermeable T (TBSA; 0.5 µM) for 24 and 48 

hours. The gel area of cells treated with T or TBSA was compared to the gel area of 

cells treated with vehicle at both time points.  

 

In PHM1-41s (Figure 5.5), the gel area at 24 hours (Figure 5.5 B) was decreased to 

85.6% ± 2 with the vehicle treatment, to 85.2% ± 2.1 with the TBSA treatment and 

to 95.8% ± 0.8 with the T treatment (p<0.01). At 48 hours (Figure 5.5 C), the gel 

area was decreased to 63.2% ± 2.7 with the vehicle treatment, to 65.6% ± 3 with the 

TBSA treatment and to 89% ± 2.7 with the T treatment (p<0.0001).  

 

In UtSMCs (Figure 5.6), the gel area at 24 hours (Figure 5.6 B) was decreased to 

82.4% ± 1.9 with the vehicle treatment, to 83.6% ± 3.2 with the TBSA treatment and 

to 96% ± 1.2 with the T treatment (p<0.01). At 48 hours (Figure 5.6 C), the gel area 

was decreased to 62.2% ± 4 with the vehicle treatment, to 60.8% ± 5 with the TBSA 

treatment and to 85% ± 2.3 with the T treatment (p<0.01).  

 

The gel area following TBSA treatment was not significantly different to the gel area 

following the vehicle treatment at any time point examined in PHM1-41s and 

UtSMCs, suggesting that TBSA did not have similar effect to T.  

 

Collectively, these findings might suggest that neither the AR nor a cell-surface 

receptor was required for the mediation of the relaxant effects of DHT and T on the 

uterine muscle in vitro. 
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Figure 5.5: TBSA did not inhibit PHM1-41s contraction. PHM1-41s were embedded in collagen gels 
in 24-well plates and incubated with vehicle (etOH+PBS) or T (100 µΜ) or TBSA (0.5 µΜ). The gel 
area was measured after 24 and 48 hrs. (A) Representative photographs of wells showing the 
reduction in gel area at 24 and 48 hrs. The embedded cells developed a basal contraction, which was 
evident by the time-dependent decrease in gel area following incubation with the vehicle. T but not 
TBSA significantly inhibited the basal gel contraction. **p<0.01, ****p<0.001, ns=non-significant 
compared to vehicle, n=5/ each treatment in 6 replicates. Data were analysed using one-way ANOVA 
with Tukey’s post-hoc test. 
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Figure 5.6: TBSA did not inhibit UtSMCs contraction. UtSMCs were embedded in collagen gels in 
24-well plates and incubated with vehicle (etOH+PBS) or T (100 µΜ) or TBSA (0.5 µΜ). The gel 
area was measured after 24 and 48 hrs. (A) Representative photographs of wells showing the 
reduction in gel area at 24 and 48 hrs. The embedded cells developed a basal contraction, which was 
evident by the time-dependent decrease in gel area following incubation with the vehicle. T but not 
TBSA significantly inhibited the basal gel contraction. **p<0.01, ns=non-significant compared to 
vehicle, n=5/ each treatment in 6 replicates. Data were analysed using one-way ANOVA with Tukey’s 
post-hoc test. 
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5.3.1.3 DHT inhibited the OXT-stimulated contraction of PHM1-41s and 
UtSMCs 

Initially, we examined the effect of OXT treatment on the basal contraction of 

PHM1-41s and UtSMCs. Cells were embedded in collagen gels and treated with 

either vehicle (dH2O) or OXT (10 nM or 100 nΜ) for 24 hours. The gel area of OXT 

treated cells was compared with the gel area of vehicle treated cells.  

In PHM1-41s (Figure 5.7 A), the gel area was decreased to 85.8% ± 3.2 with vehicle 

treatment, to 60.4% ± 6 with OXT-10 nM treatment (p<0.01) and to 65% ± 4 with 

OXT-100 nM treatment (p<0.05). In UtSMCs (Figure 5.8 A), the gel area was 

decreased to 78.8% ± 2.7 with vehicle treatment, to 57.8% ± 5.6 with OXT-10 nM 

treatment and to 63.8% ± 2.4 (p<0.01) with OXT-100 nM treatment (p<0.05).  

Following confirmation that OXT could effectively stimulate PHM1-41s and 

UtSMCs contraction, we tested whether DHT would inhibit the OXT-stimulated 

contraction in a similar way that it inhibited the basal contraction. PHM1-41s and 

UtSMCs were embedded in gels and treated with vehicle (dH2O+etOH) or OXT 

(10 nM) or DHT (100 µM) or OXT+DHT for 24 hours. The gel area of OXT alone 

treated cells was compared with the gel area of OXT+DHT treated cells.  

In PHM1-41s (Figure 5.7 B), the gel area was decreased to 83.4% ± 6.9 with vehicle 

treatment, to 66% ± 1.9 with OXT-10 nM treatment and to 82.8% ± 2.8 with 

OXT+DHT treatment. The gel area of OXT treated cells was significantly smaller 

compared with the gel area of OXT+DHT treated cells (p<0.01). 

In UtSMCs (Figure 5.8 A), the gel area was decreased to 81.6% ± 3 with vehicle 

treatment, to 64% ± 2.7 with OXT-10 nM treatment and to 84.8% ± 1.8 with 

OXT+DHT treatment. The gel area of OXT treated cells was significantly smaller 

compared with the gel area of OXT+DHT treated cells (p<0.001). 

The above findings demonstrated that DHT could inhibit both basal and OXT-

stimulated contraction of uterine myocytes in vitro. 
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Figure 5.7: DHT inhibited the OXT-stimulated contraction of PHM1-41s. PHM1-41s were embedded 
in collagen gels in 24-well plates. (A) Cells were initially incubated with vehicle (dH2O) or OXT 
(10 nΜ or 100 nM) for 24 hrs. The gel area was significantly smaller following incubation with OXT 
when compared to the gel area following vehicle treatment (*p<0.05, **p<0.01 compared to vehicle). 
(B) Cells were incubated with vehicle (dH2O+etOH) or OXT (10 nΜ) or DHT (100 µM) or 
OXT+DHT for 24 hrs. The gel area was significantly smaller following OXT treatment when 
compared to the gel area following DHT+OXT treatment (**p<0.01 comparison between OXT and 
OXT+DHT groups), n=5/ each treatment in 6 replicates. Data were analysed using one-way ANOVA 
with Tukey’s post-hoc test. 
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Figure 5.8: DHT inhibited the OXT-stimulated contraction of UtSMCs. UtSMCs were embedded in 
collagen gels in 24-well plates. (A) Cells were initially incubated with vehicle (dH2O) or OXT (10 nΜ 
or 100 nM) for 24 hrs. The gel area was significantly smaller following incubation with OXT when 
compared to the gel area following vehicle treatment (*p<0.05, **p<0.01 compared to vehicle). (B) 
Cells were incubated with vehicle (dH2O+etOH) or OXT (10 nΜ) or DHT (100 µM) or OXT+DHT 
for 24 hrs. The gel area was significantly smaller following OXT treatment when compared to the gel 
area following DHT+OXT treatment (***p<0.001 comparison between OXT and OXT+DHT 
groups), n=5/ each treatment in 6 replicates. Data were analysed using one-way ANOVA with 
Tukey’s post-hoc test. 
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5.3.1.4 DHT and T treatments did not affect cell-viability 

The viability of embedded in gels PHM1-41s and UtSMCs was assessed 48 hours 

post DHT and T treatment (Figure 5.9). Gels were treated with vehicle (etOH) or 

DHT (100 µM) or T (100 µM) for 48 hours and the viability was assessed with a 

colorimetric assay. The viability of PHM1-41s (Figure 5.9 A) and UtSMCs (Figure 

5.9 B) following DHT and T treatment was not statistically different from the 

viability of cells exposed to the vehicle treatment.  

 

 
Figure 5.9: Viability of gel-embedded PHM1-41s (A) and UtSMCs (B) following incubation with 
DHT and T (100 µM) for 48 hrs. Treatments with DHT and T did not affect the cell viability, ns=non-
significant compared to vehicle (etOH), n=4. Data were analysed using Kruskal-Wallis with Dunn’s 
post-hoc test. 

 

Taken together, all the above findings confirmed that PHM1-41s and UtSMCs 

responded to DHT and T in vitro in a similar way to myometrial strips ex vivo, 

suggesting that PHM1-41s and UtSMCs could be utilised for further studies to 

investigate the underlying mechanism of the DHT-induced relaxation of the uterine 

smooth muscle.  
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5.3.2 The effect of DHT on phosphorylation of myosin light chain 
(MLC) 

We aimed to deduce whether the DHT-induced relaxation of the uterine smooth 

muscle was mediated via a physiological mechanism, which resulted in reduction of 

the available intracellular concentration of phosphorylated MLC (PMLC).  

5.3.2.1 OXT induced rapid phosphorylation of MLC in PHM1-41s and 
UtSMCs  

Initially we tested the effect of OXT treatment on the concentration of intracellular 

PMLC protein in PHM1-41s and UtSMCs. The ICW method was utilised for these 

studies.  

PHM1-41s and UtSMCs were seeded into 96-well plates, treated with either OXT 

(10 nM or 100 nM) or vehicle (dH2O) for 30 or 60 seconds and fixed. The PMLC 

and α-Tubulin (loading control) proteins were detected in the same well. The 

concentration of intracellular PMLC following stimulation with OXT was compared 

with the concentration of PMLC following treatment with the vehicle at both time 

points.  

In PHM1-41s (Figure 5.10 A) treatments with OXT-10 nM and OXT-100 nM for 

30 seconds induced a significant increase in the concentration of PMLC (p<0.0001). 

Similarly, in UtSMCs (Figure 5.10 B), OXT-10 nM and OXT-100 nM induced a 

significant increase in the concentration of PMLC (p<0.0001). The 100 nM dose of 

OXT was significantly more effective in stimulating the phosphorylation of MLC 

compared to the 10 nM dose in PHM1-41s (p<0.0001; Figure 5.10 A) and UtSMCs 

(p<0.01; Figure 5.10 B). The effect of OXT on PMLC was not significant at the 60-

seconds time point in both cell types (Figure 5.10 C, D).  

The more effective dose of OXT (100 nM) and stimulation for 30 seconds were 

chosen as optimum for the purposes of the next experiments.  
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Figure 5.10: OXT stimulated phosphorylation of MLC in PHM1-41s and UtSMCs. PHM1-41s and 
UtSMCs were treated with either OXT (10 nM or 100 nM) or vehicle (dH2O) for 30 or 60 sec. 
Representative scans of 96-well plates show PMLC (green) and α-Tubulin (red) in the same well (in 
triplicate/treatment) in PHM1-41s (A, C) and UtSMCs (B, D). The concentration of PMLC was 
significantly higher in wells treated with OXT (10 nM and 100 nM) for 30 sec in PHM1-41s (A) and 
UtSMCs (B). OXT treatment for 60 sec was not effective in stimulation of MLC phosphorylation in 
PHM1-41s (C) and UtSMCs (D). ****p<0.0001 compared to vehicle, ##p<0.01, ####p<0.0001 
comparison between OXT-10 nM and OXT-100 nM groups, n=6/ treatments in triplicate. Data were 
analysed using two-way ANOVA with Tukey’s post-hoc test. 
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5.3.2.2 Nifedipine blunted the effect of OXT on PMLC in PHM1-41s and 
UtSMCs 

We used a Ca2+ channel blocker (nifedipine) as a positive control to inhibit OXT-

induced stimulation of MLC phosphorylation (Aguilar et al., 2010).  

PHM1-41s (Figure 5.11 A) and UtSMCs (Figure 5.11 B) were seeded into 96-well 

plates and treated with nifedipine (50 µM) or vehicle (DMSO) for 15 minutes. The 

cells were then exposed to acute OXT (100 nM) treatment (30 seconds). The 

concentration of PMLC following stimulation with OXT in the DMSO pre-treated 

group was compared to the concentration of PMLC following stimulation with OXT 

in the nifedipine pre-treated group. 

In PHM1-41s (Figure 5.11 A), acute treatment with OXT induced a 1.6 fold increase 

in the concentration of PMLC in the DMSO pre-treated cells (p<0.0001). The 

concentration of PMLC was significantly higher in the DMSO pre-treated cells 

compared to concentration of PMLC in the nifedipine pre-treated cells following 

acute treatment with OXT (p<0.001).  

Similarly, in UtSMCs (Figure 5.11 B), acute treatment with OXT induced a 1.4 fold 

increase in the concentration of PMLC in the DMSO pre-treated cells (p<0.01). The 

concentration of PMLC was significantly higher in the DMSO pre-treated cells 

compared to concentration of PMLC in the nifedipine pre-treated cells following 

acute treatment with OXT (p<0.001). 
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Figure 5.11: Nifedipine pre-treatment blunts the effect of OXT on PMLC in PHM1-41s (A) and 
UtSMCs (B). Cells were seeded into 96-well plates and pre-treated with either vehicle (DMSO) or 
nifedipine (50 µM) prior to being exposed to acute (30 sec) treatment with OXT (100 nM). The 
concentration of PMLC in the DMSO pre-treated cells following treatment with OXT was higher 
compared to the concentration of PMLC in the nifedipine pre-treated cells following exposure to 
OXT. **p<0.01, ****p<0.0001 compared to DMSO alone. ns=non-significant compared to nifedipine 
alone. ###p<0.001 comparison between the DMSO+OXT and nifedipine+OXT groups, n=5/ 
treatments in triplicate. Data were analysed using one-way ANOVA with Tukey’s post-hoc test. 
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5.3.2.3 DHT blunted the effect of OXT on PMLC in PHM1-41s and 
UtSMCs 

PHM1-41s (Figure 5.12 A) and UtSMCs (Figure 5.12 B) were seeded into 96-well 

plates and treated with DHT (50 µM) or vehicle (etOH) for 15 minutes. The cells 

were then exposed to acute OXT (100 nM) treatment (30 seconds). The 

concentration of PMLC following stimulation with OXT in the etOH pre-treated 

group was compared to the concentration of PMLC following stimulation with OXT 

in the DHT pre-treated group. 

In PHM1-41s (Figure 5.12 A), acute treatment with OXT induced a 1.7 fold increase 

in the concentration of PMLC in the etOH pre-treated cells (p<0.0001). The 

concentration of PMLC was significantly higher in the etOH pre-treated cells 

compared to the concentration of PMLC in the DHT pre-treated cells following acute 

treatment with OXT (p<0.001).  

Similarly, in UtSMCs (Figure 5.12 B), acute treatment with OXT induced a 1.6 fold 

increase in the concentration of PMLC in the etOH pre-treated cells (p<0.01). The 

concentration of PMLC was significantly higher in the etOH pre-treated cells 

compared to the concentration of PMLC in the DHT pre-treated cells following acute 

treatment with OXT (p<0.01). 

 

Taken together, these findings suggested that the action of DHT was mediated via a 

physiological mechanism similar to nifedipine that resulted in decrease in MLC 

phosphorylation, which can impact contraction.  
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Figure 5.12: DHT pre-treatment blunts the effect of OXT on PMLC in PHM1-41s (A) and UtSMCs 
(B). Cells were seeded into 96-well plates and pre-treated with either vehicle (etOH) or DHT (50 µM) 
prior to being exposed to acute (30 sec) treatment with OXT (100 nM). The concentration of PMLC in 
the etOH pre-treated cells following treatment with OXT was higher compared to the concentration of 
PMLC in the DHT pre-treated cells following exposure to OXT. **p<0.01, ****p<0.0001 compared 
to etOH alone. ns=non-significant compared to DHT alone. ##p<0.001, ###p<0.001 comparison 
between the etOH+OXT and DHT+OXT groups, n=5/ treatments in triplicate. Data were analysed 
using one-way ANOVA with Tukey’s post-hoc test. 
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5.3.3 The effect of DHT on Ca2+ flux 
We examined whether the demonstrated effect of DHT pre-treatment on the 

concentration of PMLC resulted from blockade of a mechanism, which induces 

increase in the concentration of intracellular Ca2+ in response to a stimuli. OXT was 

used as stimuli to induce an increase in intracellular Ca2+ in PHM1-41s and UtSMCs 

(Monga et al., 1999; Monga et al., 1996). A calcium assay was performed to record 

the concentration of intracellular Ca2+ in response to OXT. 

5.3.3.1  OXT treatment increased the concentration of [Ca2+] in PHM1-
41s and UtSMCs 

PHM1-41s and UtSMCs were seeded into 96-well plates, incubated with DLS 

(which contained the Ca2+ indicator) and placed on a microplate fluorometer. The 

baseline fluorescence generated by the indicator, which denoted the basal 

concentration of [Ca2+], was recorded for 20 seconds and then the cells were injected 

with either OXT (10 nM or 100 nM) or vehicle (dH2O). The injection of OXT 

(10 nM, 100 nM) induced an increase in the concentration of [Ca2+] as was evident 

by the increase in fluorescence intensity. The injection of vehicle did not increase the 

concentration of [Ca2+]. To quantify these effects we used two readouts (fluorescence 

intensity); the highest readout (recorded after the injection) and the readout recorded 

before the injection (baseline). These raw readouts were used without normalisation.  

In PHM1-41s (Figure 5.13 C), the injection of OXT-10 nM induced a 1.25 fold 

increase (p<0.0001) in the concentration of [Ca2+] above baseline; the effect of OXT-

10 nM on the concentration of [Ca2+] was significantly greater when compared to the 

effect of vehicle injection (p<0.001). Injection of OXT-100 nM induced a 1.7 fold 

increase (p<0.0001) in the concentration of [Ca2+] compared to baseline; the effect of 

OXT was significantly greater when compared to the vehicle-induced effect 

(p<0.0001) on the concentration of [Ca2+].  

In UtSMCs (Figure 5.13 D), the injection of OXT-10 nM induced a 1.5 fold increase 

(p<0.0001) in the concentration of [Ca2+] above baseline; the effect of OXT was 

greater compared with the effect that the vehicle injection had on the concentration 

of [Ca2+] (p<0.001). In addition, injection of OXT-100 nM induced a 1.9 fold 
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increase (p<0.0001) in concentration of [Ca2+] above baseline, which was also 

significantly greater compared to the effect induced by the vehicle injection 

(p<0.0001).  

The effect of OXT-10 nM injection on [Ca2+] was not significantly different to the 

effect induced by OXT-100 nM injection. Therefore, OXT-10 nM was chosen 

thereafter as optimum for the next experiments.  

 

 
Figure 5.13: OXT stimulation increased the concentration of [Ca2+] in PHM1-41s (C) and UtSMCs 
(D). (A, B) Representative readouts from the microplate fluorometer software show the effect of 
vehicle (A) or OXT (B) injection on [Ca2+] in PHM1-41s. The injection of OXT to PHM1-41s (C) and 
UtSMCs (D) significantly increased the concentration of [Ca2+] above baseline as was evident by the 
increase in fluorescence intensity. The effect of OXT was significantly greater compared to the effect 
induced by injection of the vehicle (dH2O inj). ****p<0.0001 compared to baseline, ###p<0.001, 
####p<0.0001 comparison between OXT and vehicle groups, n=6/ 4 replicates per treatment. Data 
were analysed using one-way ANOVA-with Tukey’s post-hoc test. 
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5.3.3.2 DHT blunted the effect of OXT on [Ca2+] in PHM1-41s and 
UtSMCs 

We examined whether DHT pre-treatment would affect the response of PHM1-41s 

and UtSMCs to OXT.  

PHM1-41s and UtSMCs were seeded into 96-well plates and following incubation 

with the Ca2+ indicator for 1 hour, cells were incubated with either vehicle (10 min; 

etOH) or DHT (10 min) in a range of concentrations (100 nM, 300 nM, 800 nM and 

50 µM). The cells were then injected with OXT (10 nM). The effect of OXT on the 

concentration of [Ca2+] was compared between the groups pre-treated with vehicle 

(10 min) or DHT (10 min).  

In PHM1-41s (Figure 5.14), the effect of OXT on the concentration of [Ca2+] was 

greater in the vehicle pre-treated group compared to the DHT pre-treated group for 

all concentrations of DHT tested (Figure 5.14 B, C, D) but the 100 nM (Figure 5.14 

A). Specifically, the effect of OXT was 1.3 fold greater (p<0.0001) in the vehicle 

pre-treated group compared to the DHT-300 nM pre-treated group (Figure 5.14 B). 

In addition, the effect of OXT on the vehicle pre-treated group was 1.4 fold 

(p<0.0001) and 1.6 fold (p<0.0001) greater compared with the DHT-800 nM (Figure 

5.14 C) and DHT-50 µM (Figure 5.14 D) pre-treated groups respectively. 

Similarly, in UtSMCs, the effect of OXT on the concentration of [Ca2+] was greater 

in the vehicle pre-treated group compared to the DHT pre-treated group for all 

concentrations of DHT tested (Figure 5.14 B, C, D) but the 100 nM (Figure 5.14 

A).  

 
These findings might suggest that DHT blocked Ca2+ entry from the extracellular 

space into PHM1-41s and UtSMCs.  

 
Combining the findings from the in vitro work on PHM1-41s and UtSMCs described 

in this chapter, it is plausible that DHT acts via a physiological mechanism whereby 

it blocks Ca2+ entry into the cell, which in turn results in decrease in the 

phosphorylation of MLC and, consequently, decrease in contraction of uterine 

myocytes.  
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Figure 5.14: DHT pre-treatment reduced the response of PHM1-41s to OXT. PHM1-41s were 
incubated with vehicle (etOH; 10 min) or DHT (10 min) in a range of concentrations; 100 nM (A), 
300 nM (B), 800 nM (C) and 50 µM (D). The cells were then injected with OXT (10 nM) and the 
concentration of [Ca2+] was compared between the vehicle pre-treated and DHT pre-treated groups. 
The DHT pre-treatment (300 nM B, 800 nM C, 50 µM D) significantly reduced the effect induced by 
OXT injection on the concentration of [Ca2+] in vehicle pre-treated group ****p<0.001 or ns=non-
significant comparison between the groups vehicle+OXT and DHT+OXT, n=6/ 4 replicates per 
treatment. Data were analysed using one-way ANOVA with Sidak’s correction. 
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Figure 5.15: DHT pre-treatment reduced the response of UtSMCs to OXT. Cells were incubated with 
vehicle (etOH; 10 min) or DHT (10 min) in a range of concentrations; 100 nM (A), 300 nM (B), 
800 nM (C) and 50 µM (D). The cells were then injected with OXT (10 nM) and the concentration of 
[Ca2+] was compared between the vehicle pre-treated and DHT pre-treated groups. The DHT pre-
treatment (300 nM B, 800 nM C, 50 µM D) significantly reduced the effect induced by OXT injection 
on the concentration of [Ca2+] in vehicle pre-treated group ****p<0.001 or ns=non-significant 
comparison between the groups vehicle+OXT and DHT+OXT, n=6/ 4 replicates per treatment. Data 
were analysed using one-way ANOVA with Sidak’s correction. 
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5.4 Discussion 

Sex hormone-induced relaxation of myometrium has been reported both by us 

(Chapter 4) and in other studies in humans, mice, rats, pigs, horses and rabbits 

(Kurowicka et al., 2005; Ousey et al., 2000; Perusquia, 2001; Perusquia and 

Navarrete, 2005; Perusquia et al., 2005). However, fundamental questions remain 

regarding the mechanism of their action, which is generally accepted to be non-

genomic. Studies, which investigated possible non-genomic interactions of sex 

hormones with the contractile machinery, suggested that sex hormones might induce 

relaxation via direct or indirect blockade of Ca2+ entry into the uterine smooth 

muscle; however, this notion has been poorly explored. We hypothesised that the 

action of sex hormones is mediated via a physiological mechanism, whereby one or 

more steps in the contraction pathway are inhibited. In particular, we explored the 

impact of DHT treatment on two critical events in the contraction cascade; the 

phosphorylation of MLC and the increase in the concentration of intracellular Ca2+.  

For these studies, we utilised two well-characterised cell lines; the commercially 

available primary UtSMCs and the immortalised PHM1-41s. The ability of uterine 

smooth muscle cells to contract when embedded in collagen gels is well established 

and provides a useful tool to assess the impact of numerous agents on contraction 

(Fitzgibbon et al., 2009; Hutchinson et al., 2014; Ivanov et al., 2006; Waite et al., 

2014; Williams et al., 2012b). We confirmed that both DHT and T inhibited UtSMCs 

and PHM1-41s gel basal and OXT-stimulated contraction, which was in line with our 

organ bath findings (Chapter 4). Recently, an estrogenic compound namely 4-tert-

octylphenol (OP) has also been shown to inhibit the basal contraction of uterine cells 

isolated from rats and embedded in collagen gels (An et al., 2013). In addition, E2 

and P4 have been reported to inhibit TGF-β2-induced-contraction of retinal pigment 

epithelial cells (RPE) embedded in collagen gels (Kimura et al., 2014). In these and 

in our own studies, the effect of sex hormone was observed only after 24 hours, 

which was in contrast to the rapid responses observed in the organ bath. However, 

investigation of rapid responses with this assay was impossible due to the fact that 

the basal contraction of gels was only significantly observed at 24 hours and not 

earlier; a 6-hour time point was investigated but the basal contraction was not 
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significant at that time point (data not shown). Similar to the effect demonstrated in 

the organ bath, flutamide pre-incubation did not prevent the effect of DHT on the 

contraction of PHM1-41s and UtSMCs, contributing to the theory that the relaxant 

effect of sex hormones is unlikely to be mediated via nuclear steroid receptors 

(Perusquia et al., 2009; Perusquia et al., 2005; Sanchez Aparicio et al., 1992). The 

involvement of membrane steroid receptors in mediation of myometrial contraction 

has been poorly investigated. The membrane progesterone receptor (mPR) has been 

identified on the cell membrane of human myometrial cells at term pregnancy 

(Karteris et al., 2006). Only two recent studies have looked at the role of mPR in 

mediation of P4-induced relaxation in uterine smooth muscle. The first study 

demonstrated that inhibition of a specific mPR namely PGRMC1 prevented the P4-

induced relaxation of spontaneous myometrial contractions (Wu et al., 2011). A later 

study, which examined the relaxing properties of P4 and a progestin (R5020) with a 

low affinity for mPR, found that R5020 did not relax human spontaneous myometrial 

contractions, implying that the P4-induced relaxation was mPR mediated (Gökdeniz, 

2013). The involvement of a mER namely GPR30 has also been investigated. In 

contrast to mPR, studies in humans and rats have showed that activation of GPR30 

using two different agonists resulted in stimulation rather than inhibition of 

myometrial contractions (Maiti et al., 2011; Tica et al., 2011). However, the function 

of GPR30 as an extranuclear ER has been challenged (Kang et al., 2010). The human 

mAR has been recently identified (Thomas et al., 2014) but there are no studies 

examining its role in the mediation of androgen-induced relaxation in the 

myometrium. Notably, if a mAR was mediating the relaxant effect of androgens in 

the myometrium, the cell-surface impermeable T (TBSA) would have also relaxed 

the uterine smooth muscle. However, our studies demonstrated that the TBSA failed 

to elicit such effect not only in myometrial strips ex vivo (Chapter 4) but also in 

PHM1-41s and UtSMCs in vitro, suggesting that the action of the androgen was 

probably cell-surface receptor -independent.  

The cell viability assay performed on PHM1-41s and UtSMCs embedded in gels, 

confirmed that the relaxant effect was not attributable to cell death, providing 

evidence that the DHT and T treatment at the micromolar range (100 µM) was not 

toxic. This is in line with our observations that the effect induced by the sex 
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hormones is reversible in the organ bath following flushing of myometrial strips with 

a steroid-free Krebs buffer and that KCl stimulation an the end of each experiment 

induced a tonic contraction.  

We showed that pre-incubation with DHT prevented MLC phosphorylation in OXT-

stimulated PHM1-41s and UtSMCs. Kimura et al has also reported that pre-

incubation with micromolar doses of E2 and P4 decreased TGF-β2-stimulated MLC 

phosphorylation in RPE cells (Kimura et al., 2014). Another study, which examined 

the impact of steroid hormones on motility of human colon muscle cells, has shown 

that administration of P4 (10-5M - 10-7M) significantly reduced the cholecystokinin 

CCK8-induced MLC phosphorylation (Cheng et al., 2008). In contrast to P4, 

treatments with P4 conjugated to BSA (PBSA) have been previously reported to 

increase PMLC in human myocytes, suggesting a cell-surface initiated response 

(Karteris et al., 2006). Our finding suggests that DHT might target one or more steps 

in the cascade, which regulates MLC phosphorylation in uterine myocytes. It is 

plausible that DHT promoted the dephosphorylation of MLC by MLCP in uterine 

myocytes, through interaction and inhibition of the RhoA/Rho kinase pathway, 

which is a negative regulator of MLCP activity. Indeed, studies in rat vasculature 

have reported that E2 attenuated SMC contraction via inhibition of RhoA/Rho kinase 

pathway, which resulted in poor MLC phosphorylation (Yang et al., 2009). However, 

the interaction of sex hormones with the RhoA/Rho kinase pathway in the 

myometrium is unexplored. Therefore, this notion remains to be investigated in 

future studies.  

Based on our findings, it is reasonable to hypothesise that the incubation with DHT 

essentially impaired the entry of extracellular Ca2+ into the uterine myocytes. It is 

generally accepted that reduction of total [Ca2+] in uterine myocytes results in 

reduction of MLCK activity and, thus, poor phosphorylation of MLC (Wray et al., 

2001). We examined whether DHT could impair Ca2+ transients in uterine myocytes. 

Indeed, we demonstrated that short incubation with DHT decreased the level of 

OXT-stimulated increase in [Ca2+] in Fluo-4-loaded PHM1-41s and UtSMCs. Few 

studies in SMCs have reported poor Ca2+ flux in response to stimuli following 

incubation with sex hormones. For example, short incubation with E2 inhibited the 
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histamine-induced increase in [Ca2+] in Fura-2-loaded airway smooth muscle (ASM) 

cells (Townsend et al., 2010). In addition, DHT treatment of Fura-2-loaded isolated 

rat vas defens cells blunted the KCl-induced elevation in [Ca2+] (Lafayette et al., 

2008). The mechanism by which sex hormones regulate Ca2+ transients in smooth 

muscle has been investigated in several tissues using patch clamp studies and 

selective inhibitors of various Ca2+ and K+ channels. These studies examined the 

hypothesis that sex hormones could directly or indirectly prevent depolarisation or 

induce hyperpolarisation of the cell membrane via closure of Ca2+ channels or 

opening of K+ channels respectively to induce relaxation. For example, studies of 

smooth muscle of canine basilar artery have demonstrated that T-induced relaxation 

was mediated via Ca2+ channel blockade but not K+ channel activation (Ramirez-

Rosas et al., 2011). Consistently, the DHT-induced relaxation of rat vas defens 

smooth muscle was not prevented by numerous K+ blockers, suggesting that the 

observed blockade of Ca2+ flux in these cells was mediated via Ca2+ rather than K+ 

channels (Lafayette et al., 2008). Incubation with KATP blockers did not inhibit the T-

induced relaxation in human umbilical artery (Cairrao et al., 2008) and corporal 

SMCs (Han et al., 2008), also implying no involvement of K+ channels in the 

mediation of relaxation. In addition, Anderson and colleagues explored the 

implication of Kv, KATP and BKCa channels in the mediation of P4-induced 

relaxation in human myometrium (Anderson et al., 2009). Their studies showed that 

the P4 relaxing action was resistant to incubation with selective K+ channel blockers. 

On the other hand, few studies have reported a reduced response to sex hormones 

following incubation with selective K+ channel blockers. For example, the relaxant 

effect of T was attenuated following blockade of Kv and KATP channels in human 

SMCs isolated from umbilical artery (Cairrao et al., 2008). Similarly, a KATP blocker 

inhibited T-induced relaxation of SMCs isolated from human spermatic vein (Seyrek 

et al., 2011). Finally, blockade of the BKCa channel reportedly decreased the 

relaxing action of T on vascular SMCs in different species (Cairrao et al., 2008; 

Deenadayalu et al., 2012; Han et al., 2008; Unemoto et al., 2007). Collectively, 

whether K+ channels are involved in mediation of non-genomic effects of sex 

hormones on SMCs is a subject of controversy. However, K+ channels are widely 
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expressed in the human myometrium where their roles as mediators of contraction 

are well established (Knock et al., 2001).  

An alternative mechanism, whereby sex hormones elicit their non-genomic effects on 

smooth muscle by increasing the intracellular levels of cAMP has been proposed. 

According to this hypothesis, activation of β-receptors on the SMC membrane 

induces a rapid increase in cAMP which in turn activates protein kinase A (PKA) 

resulting in decrease in [Ca2+] and, thus, decrease in MLCK activity (Catterall, 

2000). It has been hypothesised that sex hormones induce relaxation in a similar way 

to β2-adrenergic agonists, such as β-mimetics, well known for their tocolytic action. 

Consistent with this hypothesis, short administration of E2 increased cAMP in SMCs 

derived from rat pulmonary artery (Farhat et al., 1996), mesenteric artery (Keung et 

al., 2011) and porcine coronary artery (Keung et al., 2005). Townsend et al, 

additionally, showed that inhibition of PKA prevented the E2-induced decrease in 

[Ca2+] in histamine-stimulated ASM cells, suggesting that E2-induced relaxation was 

mediated via β-receptors (Townsend et al., 2012). However, inhibition of PKA in 

another study did not prevent the T-induced relaxation in SMCs derived from 

porcine gallbladder (Kline and Karpinski, 2008). E2 additionally induced an increase 

in cAMP content in SMCs of porcine coronary artery (Teoh and Man, 2000). In 

another study, micromolar concentrations of P4 rapidly increased cAMP in human 

myometrial cells (Fu et al., 1998). Increased accumulation of cAMP in response to 

P4 and E2 treatments has been reported in porcine myometrial SMCs in vitro 

(Kisielewska et al., 1997). Interestingly, older in vivo studies have revealed that 

administration of E2 and P4 to pregnant rabbits increased MLCK activity in the 

myometrium (Matsui et al., 1983), which is in contrast to the previously discussed 

effects of E2 and P4 on intracellular cAMP. A logical assumption to explain this 

disparity would be that the effects observed in that latter study, in contrast to the 

previous studies, were gene-transcription dependent. Notably, there is no published 

evidence of a direct effect of steroid hormones on MLCK activity in the uterine 

muscle and it is currently unclear whether the observed effects of sex hormones on 

Ca2+ transients and MLC are mediated via a β-receptor pathway.  
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An interaction of sex hormones with ROCCs in mediation of relaxation has also been 

proposed. In our studies, DHT inhibited the OXT-induced increase in [Ca2+] in 

UtSMCs and PHM1-41s. OXT is known to stimulate both capacitive and non-

capacitive Ca2+entry in PHM1-41s (Monga et al., 1999). OXT promotes Ca2+ entry 

through ROCCs and/or internal stores (SR) via the IP3 pathway (Large, 2002; 

Thorneloe and Nelson, 2005). It is reasonable to suggest that the DHT treatment in 

our study inhibited the IP3 pathway and, consequently, the release of Ca2+ from the 

SR into the cytoplasm, which manifested as a decrease in total concentration of 

[Ca2+]. However, this is unlikely as T in another study failed to inhibit both caffeine- 

and carbachol-induced (activators of IP3-pathway) Ca2+ release from the SR in 

coronary SMCs (Murphy and Khalil, 1999). What is more, studies in isolated rat 

thoracic aortic strips and porcine coronary arteries also showed that T did not inhibit 

caffeine-induced contractions (Crews and Khalil, 1999b). Thus, it is likely that 

androgens block the ROCCs-associated Ca2+ influx rather than components of the 

IP3 pathway. In future studies it would be worth examining the DHT-induced effects 

on Ca2+ transients using a Ca2+-depleted medium to elucidate whether the action of 

DHT is mediated via inhibition of capacitive or non-capacitive Ca2+entry. The 

possibility of a non-capacitive entry is supported by studies showing that steroids can 

relax the KCl-induced tonic contraction, implying a VOCCs-mediated effect 

(Hidalgo et al., 1996; Perusquia et al., 1990; Perusquia et al., 2005; Perusquia and 

Villalon, 1996). This notion is further supported by the observation that the relaxant 

effect of sex hormones mimics the effect elicited by typical Ca2+-entry blockers 

suggesting a Ca2+-antagonistic property (Perusquia, 2001). We also observed that the 

action of DHT in our study was similar to that of an L-type Ca2+ channel blocker 

namely nifedipine. In line with the hypothesis of a VOCCs-mediated relaxant effect, 

other findings have shown that sex hormone-induced relaxation was reversed by Ca2+ 

ionophores (A-23187 and X- 537A) (Perusquia et al., 1990). 

In conclusion, the findings in this chapter demonstrated a physiological mechanism 

for the DHT-induced relaxation of uterine muscle, whereby DHT might impair Ca2+ 

entry and, consequently, impact phosphorylation of MLC in uterine myocytes. Based 

on the published literature on the non-genomic actions of sex hormones and our 

findings, it is tempting to suggest that sex hormones in micromolar concentrations 
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act on the myometrial cell membrane and block Ca2+ entry either via direct blockade 

of Ca2+ channels or indirectly via penetration into the cell membrane as discussed in 

Chapter 4. The non-genomic mechanism of sex hormone action on myometrium 

warrants further investigation and the elucidation of these events could contribute 

towards the discovery of novel targets for development of tocolytic agents. 
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6 Chapter 6: Investigating the effect of intrauterine DHT 
administration for prevention of preterm labour in a 
mouse model of inflammation-induced preterm birth  

6.1 Introduction 

Despite the considerable advances in parturition research the precise molecular 

mechanisms underlying the onset of preterm labour (PTL) remain elusive. Tocolytic 

agents, which target components of the uterine contraction apparatus and induce 

myometrial relaxation, are currently the only available treatments for PTL (Duckitt et 

al., 2014; Flenady et al., 2014; Haas et al., 2014; Haas et al., 2012; King et al., 2003; 

Neilson et al., 2014; Sykes et al., 2014; van Vliet et al., 2014). Notably, these agents 

target the end-points in the onset of the labour cascade, when the mechanism is 

already activated and hard to reverse. This may explain the inability of tocolytics to 

prolong pregnancy for more than 7 days (King et al., 2003). Antibiotic therapy, 

aimed at treatment of intrauterine infection during pregnancy, and P4, aimed at 

maintaining uterine quiescence, have been reported to prevent some but not all cases 

of PTL (Brocklehurst et al., 2013; Dodd et al., 2013; Hapangama and Neilson, 2009; 

Kenyon et al., 2010; Manuck et al., 2014; Seelbach-Goebel, 2013; Yellon et al., 

2013). To date, P4 has been shown to be effective in prolonging pregnancy only in 

women with previous PTB, short cervix or ART pregnancy (Aflatoonian et al., 2013; 

Choudhary et al., 2014; Conde-Agudelo et al., 2013; DeFranco et al., 2007; Dodd et 

al., 2008; Mackenzie et al., 2006; McKay et al., 2014; Schmouder et al., 2013). 

Antibiotics are associated with adverse long-term effects in women with intact fetal 

membranes (Kenyon et al., 2008) and the long-term effect on the offspring following 

P4 administration during pregnancy is yet to been reported (Norman et al., 2012) 

Hence, despite the wide usage of tocolytics, antibiotics and P4 for management of 

PTL, these agents are not fully effective and there is little evidence of long-term 

beneficial effects for the baby (Hosli et al., 2014; Jorgensen et al., 2014; Kenyon et 

al., 2010; Kenyon et al., 2008; Marlow et al., 2012). Therefore, it is important to 

develop novel therapeutic approaches that target molecular pathways involved in the 

initiation of PTL.  
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Animal models have been utilised in PTB research to investigate the physiology of 

labour and test the ability of several agents to prevent or stop PTL (Hirsch and 

Wang, 2005; Mitchell and Taggart, 2009). Inflammatory agents like LPS, TNF-α and 

IL-1β have shown to induce premature labour when given to pregnant mice via 

various routes, making the infection-induced PTB mouse model a cost effective tool 

to test possible interventions for PTL (Elovitz and Mrinalini, 2004; Sadowsky et al., 

2006; Silver et al., 1994). A number of studies employing the above models have 

reported that administration of agents like TLR-4 antagonist, anti-TNF-α antibody, 

IL-1R antagonist, NF-kB inhibitors, IL-10, medroxyprogesterone acetate (MPA), 

prostaglandin 15d-PGJ2, phosphodiesterase (PDE4) inhibitor and P4 could all block 

inflammation-induced PTL (Chang et al., 2011; Elovitz and Wang, 2004; Gonzalez 

et al., 2011; Li et al., 2010; Nath et al., 2010; Schmitz et al., 2007). However, the 

mechanism by which these agents act is not fully understood and some of these 

findings did not stand up to replication attempts. Hence their potential as drugs that 

will prevent PTL in humans is unclear. Studies in our and other laboratories have 

previously reported that intrauterine administration of LPS on day 17 of murine 

pregnancy results in preterm delivery and pup mortality (Elovitz et al., 2003; Rinaldi 

et al., 2014). The mechanism of LPS action in the uterus is likely TLR-4 mediated 

(Li et al., 2010). Our group has recently demonstrated that the TLR-4-mediated LPS 

signalling promoted myometrial contraction by sensitising MSMCs to Ca2+ entry via 

the Rho/ROCK pathway in vitro (Hutchinson et al., 2014). In that study, the effect of 

LPS on the contraction of collagen embedded MSMCs was reversed by incubation of 

gels with a ROCK inhibitor. We have showed earlier in this thesis that non-genomic 

doses of DHT can induce relaxation of uterine horns ex vivo (Chapter 4) and that the 

action of DHT is probably mediated via blockade of Ca2+ entry into the human 

MSMCs in vitro (Chapter 5). These findings combined would suggest that DHT 

might inhibit the LPS-induced preterm-initiated myometrial contractions in a mouse 

model of LPS-induced PTL and, thus, prevent the incidence of PTL. In support of 

this hypothesis, human studies have showed that pregnancies characterised by a 

significantly lower concentration of maternal androgens, compared to the reported 

levels during normal pregnancy, resulted in recurrent miscarriages, suggesting that 

androgens may play key role in maintenance of pregnancy (Bammann et al., 1980; 
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Okon et al., 1998). Notably, intrauterine infections are positively associated with the 

incidence of spontaneous abortion and recurrent miscarriage (Howie et al., 2011). A 

link between intrauterine infection and the availability of androgens in the 

microenvironment of the pregnant uterus has been previously documented. In these 

studies, the concentration of androgens in the amniotic fluid was reportedly greater in 

cases of intrauterine infection-induced PTL when compared to the cases of PTL with 

no presence of infection (Gravett et al., 2000). Besides the amniotic fluid, 

abnormally high concentration of androgens has been demonstrated in the maternal 

serum in some cases of PTL in humans (Furui et al., 2007). Collectively, it is 

possible that infection-induced inflammatory cascades stimulate androgen 

biosynthesis, suggesting that androgens might have anti-inflammatory properties.  

Based on the above evidence, it was tempting to hypothesise that intrauterine 

administration of DHT would prevent the LPS-induced PTL in a mouse model of 

inflammation-induced PTB.  

6.1.1 Specific aims 
In order to test the above hypothesis we aimed to  

• Confirm that the AR is expressed in the mouse myometrium on day 17 of 

gestation 

• Perform a pilot study to explore the effect of intrauterine administration of 

DHT in a mouse model of LPS-induced PTL.  
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6.2 Materials and Methods 

6.2.1 DAB immunostaining for Ar in the C57BL/6 myometrium 
The presence of the murine AR (Ar) in the myometrium of C57BL/6 mice on D17 of 

gestation was investigated using immunohistochemistry. Uterine tissue was collected 

from C57BL/6 mice on D17 of pregnancy and processed for histology as described 

in section 2.10.1. The DAB immunostaining was performed as described in section 

2.10.2. Briefly, slides were dewaxed and rehydrated prior to being antigen retrieved 

in citrate buffer (pH 6) according to standard protocols. Slides were incubated in 

methanol supplemented with 3% v/v H2O2 for 30 minutes and blocked with NGS 

(5% w/v BSA). Sections were additionally blocked using the avidin/ biotin blocking 

kit as per supplier’s (Vector Labs) instructions and incubated overnight at 4oC with 

the primary anti-AR antibody diluted in NGS. The secondary biotin-conjugated 

antibody diluted in NGS was applied (30 minutes) and a last incubation with HRP 

diluted in TBS was performed (30 minutes). All washes between incubations were 

performed with TBS. The DAB HRP detection system was used as per supplier’s 

instructions (Vector Labs) and the slides were counterstained with haematoxylin. The 

experiments included a negative control (primary antibody absent) and images were 

acquired on Provis BX2 microscope using a Canon DS126131 camera and EOS 

image capture software. Details of all antibodies and dilutions used in the present 

protocol are shown in Table 6.1. 

Table 6.1: Antibodies used for AR detection with DAB detection system. 
Antibody Dilution Supplier 

Primary: Monoclonal rabbit anti-AR  1:400 Spring Bioscience (SP107) 

Secondary: Goat anti-rabbit biotinylated 1:500 Vector (BA 1000) 

HRP 1:500 Vector (SA 5004) 
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6.2.2 Intrauterine administration of DHT to a mouse model of LPS-
induced PTL 

6.2.2.1 Animals 

Pregnant time-mated CD57BL/6 mice (n=35) were purchased from Charles River on 

day 10 of gestation (plug day was considered as day 1 of gestation) and were allowed 

to acclimatise for a week prior to the start of the experiment. The experiments were 

conducted under a UK Home Office licence and were in line with the Animal 

Scientific Procedure Act (1986). 

6.2.2.2 Surgery  

Surgery was performed as described in detail in section 2.12.1. Briefly, on day 17 of 

pregnancy (D17) the mice were anaesthetised with Isoflurane (5%) and a lower 

abdomen mini-laparotomy was performed, whereby both uterine horns were exposed 

through the incision and the number of viable fetuses/horn was recorded. All mice 

received two intrauterine injections, which varied between the different treatment 

groups (Table 6.2). The first treatment was infused into the uterine lumen of the horn 

that had the most fetuses between the first and second anterior fetuses using a 33-

gauge Hamilton syringe (Figure 2.5, Chapter 2). The second treatment was infused 

60 seconds after the first treatment and the time of injection was recorded. The 

incision was then closed with a continuous stitch using 5/0 sutures and the skin was 

closed with interrupted stitches using 4/0 sutures. The average time of 

procedure/animal was 30 minutes. Following surgery the mice were subcutaneously 

injected with 60 µl of 0.03 mg/ ml vetergesic analgesia and allowed to recover on 

heated pads (30oC) prior to being transferred to individual cages for monitoring. The 

doses of drugs were selected on the basis of their effectiveness in previous published 

studies or our own organ bath studies. In particular, LPS has been showed to induce 

PTL in a dose of 20 µg in the same model (Rinaldi et al., 2014). Intrauterine 

administration of DHT has not been attempted before. The high dose of DHT (non-

genomic/pharmacological) was selected based on the IC50 values from our organ 

bath studies; 290 ng/animal was equivalent to the 40 µM dose. The low dose of DHT 

(genomic/physiological) was selected following assessment of the systemic (i.p or 

s.c) doses used in previously published studies where DHT was administered to 
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pregnant mice and taking into consideration that local (intrauterine) administration of 

DHT should be lower to avoid unwanted toxic effects; 22.5 pg/animal.  

Table 6.2: Intrauterine injections administered per group on D17 of gestation 
Group  Intrauterine injection Volume  Animals 

Vehicle  PBS + etOH 25 µl + 25 µl 7 
DHT 22.5 pg PBS + DHT (22.5 pg) 25 µl + 25 µl 4 
DHT 290 ng PBS + DHT (290 ng) 25 µl + 25 µl 5 
LPS etOH + LPS (20 µg) 25 µl + 25 µl 7 
LPS+DHT 22.5 pg LPS (20 µg) + DHT (22.5 pg) 25 µl + 25 µl 6 
LPS+DHT 290 ng LPS (20 µg) + DHT (290 ng) 25 µl + 25 µl 5 

6.2.2.3 Time to delivery and pup mortality 

The monitoring of the mice was performed as described in detail in section 2.12.2. 

Briefly, a mini colour camera was attached to each cage to record time of delivery, 

which was calculated as the hours from the time of intrauterine injection to the 

delivery of first pup. Preterm delivery was defined as delivery before 36 hours post 

injection. The rate of preterm delivery was calculated and compared between 

treatment groups by dividing the mice that delivered preterm by the total number of 

mice in each treatment group and was expressed as a percentage. Following 

completion of labour (delivery of all pups), the number of live pups in the cage of 

each mouse was recorded. The proportion of live pups per dam was calculated within 

24 hours of delivery and compared between treatment groups by dividing the number 

of live pups recorded in the cage by the number of viable fetuses recorded at the time 

of injection. Mice and pups were culled by cervical dislocation. Mice were dissected 

to confirm delivery of all pups and any live pups found in the uterine horns were not 

considered as live born pups.  

6.2.2.4 Statistical analysis 

All analysis was conducted using the GraphPad Prism v6.0 software. The time to 

delivery data was log-transformed and analysed using one-way ANOVA with 

Tukey’s post-hoc test. The pup mortality data was expressed as proportion of live 

born pups, arcsin transformed and analysed using one-way ANOVA with Tukey’s 

post-hoc test. Significance was considered to be p<0.05 or greater. All error bars 

denote ±SEM.  
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6.3 Results 

6.3.1 The expression of Ar in the myometrium of the C57BL/6 
mice on D17 of pregnancy 

Intense immunopositive staining for Ar was detected in the myometrium of pregnant 

mice on D17 of gestation and localised to the nuclei of MSMCs (Figure 6.1a). No 

cytoplasmic or perinuclear staining was observed. Although most cells in the 

myometrium expressed Ar at that time of gestation, a small number of MSMCs were 

Ar negative (Figure 6.1 B).  

 
Figure 6.1: The Ar is present in the myometrium on D17 of C57BL/6 mouse pregnancy. The 
dashed area indicated in (A) is magnified in (B). (B) The Ar is localised to the nuclei of 
some but not all MSMCs. The dashed area indicated in (C; negative control) is magnified in 
(D). Yellow arrow points an Ar positive MSMC nucleus. White arrow points an Ar negative 
MSMC nucleus.  Scale bars: 50 µm (A, C) or 100 µm (B). 
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6.3.2 Intrauterine injection of DHT did not prevent preterm labour 
in the mouse model of preterm birth 

PTB was considered birth before 36 hours following injection. The PTB rate in the 

vehicle group (n=7) was 28.5% and the average time to delivery following injection 

was 59.74±9.4 hours (Figure 6.2 A). For the mice treated with the LPS alone, the 

rate of PTB was 100% and the animals delivered on average 22.74±1.3 hours after 

the injection (n=7). For the mice treated with LPS+DHT, the rate of PTB was 66.6% 

and 80% for LPS+DHT (22.5 pg) and LPS+DHT (290 ng) respectively 

(Figure 6.2 A). Average time to delivery was 40.33±12.43 (n=6) and 36.05±13.79 

(n=5) hours following injection of LPS+DHT (22.5 pg) or LPS+DHT (290 ng) 

respectively (Figure 6.2 A). The average values suggest that the mice injected with 

LPS+DHT delivered their first pup after the 36-hour time point post injections, 

which was no longer considered preterm. However, comparison between PTB rates 

between the LPS alone and the LPS+DHT groups did not show a statistical 

significance, suggesting that DHT did not prevent the LPS-induced PTL phenotype. 

The PTB rates for DHT (22.5 pg) and DHT (290 ng) treated animals were 0% and 

20% respectively.  The pup mortality rate was assessed at the end of labour (delivery 

of last pup). None of the pups born from LPS alone-injected mothers was alive 

(Figure 6.2 B). The pup mortality rate induced by LPS alone was statistically 

significant when compared to the pup mortality rate induced by the vehicle-injection 

(p<0.05). The DHT treatments did not change the LPS-induced pup mortality rate 

(Figure 6.2 B).  

It is noteworthy that administration of a higher dose of DHT (20 µg) in combination 

with LPS or alone induced a severe phenotype to the pregnant mice characterised by 

protruded uterus and inability to successfully deliver their first pup. These mice were 

culled due to distress.  
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Figure 6.2: Intrauterine injection of DHT did not prevent the LPS-induced preterm labour in 
C57BL/6 mice. Intrauterine injection of LPS on D17 of mouse gestation significantly 
reduced time to delivery (A) and proportion of pups born alive (B) when compared to 
vehicle (PBS+etOH). Intrauterine administration of DHT (290 ng or 22.5 pg) did not prevent 
the LPS-induced effect on time to delivery (A) or live born pup proportion (B). *p<0.05, 
n=4-7. Data was analysed using one-way ANOVA with Tukey’s post-hoc test. 
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6.4 Discussion 

Some androgens, including DHT, are continuously increasing in the maternal blood 

as human pregnancy progresses [reviewed in (Makieva et al., 2014)]. In contrast, 

studies in rat suggest that the expression of AR is gradually decreasing as the 

myocytes progress through a series of phenotypic phases (Liu et al., 2013). It has 

been postulated that the increase in circulating androgens and the decrease in the 

myometrial AR might be important for successful pregnancy and timing of 

parturition. Indeed, there is evidence that ligand independent-AR signalling plays a 

key role in myometrial proliferation, suggesting a role in establishment of a 

functional uterus, which will accommodate the growing fetus and rhythmically 

contract to expel it at term (Liu et al., 2013). Interestingly, the role of the ligand-

dependent AR signalling on other myometrial functions, including contraction, has 

not been studied. Earlier in this thesis (Chapter 3) we reported that the DHT-

stimulated AR signalling upregulated the expression of PAK1IP1 gene in the human 

myometrial explants. PAK1IP1 protein is known to interact with the PAK1 enzyme, 

which is a negative modulator of the excitation-contraction coupling in the human 

myometrium (Moore et al., 2000). Hence, the ligand-dependent AR signalling might 

favour uterine quiescence. In addition, we found that DHT could induce relaxation of 

uterine horns derived from non-pregnant mice in an AR-independent way (Chapter 

4). From the above studies we hypothesised that genomic and/or non-genomic doses 

of DHT could possibly inhibit preterm contraction of the myometrium and prevent 

premature labour. To explore this hypothesis we utilised a mouse model of PTL, 

whereby PTL was induced by intrauterine administration of LPS (Rinaldi et al., 

2014). Previous studies from our laboratory showed the binding of LPS to 

myometrial TLR-4 activated the Rho/ROCK pathway and promoted Ca2+ entry into 

the cells, which stimulated contraction of human myocytes in vitro (Hutchinson et 

al., 2014). In addition, we observed that DHT treatment could block Ca2+ entry into 

the myocytes and consequently inhibit MLC phosphorylation (Chapter 5). Hence, it 

was reasonable to hypothesise that intrauterine DHT administration to pregnant LPS-

treated mice, would inhibit the LPS-induced preterm-initiated contraction of the 

myometrium and rescue the PTL phenotype.  
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The administration of androgens during pregnancy has been a subject of controversy 

for several decades. Studies performed in 1950s demonstrated that prenatal exposure 

to T during the guinea pig masculinisation window resulted in female offspring with 

hermaphrodism and masculinised behaviour in adulthood (Phoenix et al., 1959). 

Follow up studies in the next decades established that continuous administration of 

DHT to pregnant rodents resulted in abnormal gonadal and brain development and 

affected the metabolic function of the offspring, which was further associated with 

the development of PCOS in females at puberty (Dean et al., 2012; Lazic et al., 2011; 

Sullivan and Moenter, 2004; Witham et al., 2012; Wu et al., 2010; Yan et al., 2013). 

It is noteworthy that in order to achieve the described adverse effects on the fetus or 

the offspring, the DHT was administered systemically (i.p or s.c) from D16 to D19 of 

rat pregnancy or from D16 to D18 of murine pregnancy in extremely high doses (at 

the mg range). Notably, in spite of the high concentration, the systemic 

administration of DHT did not seem to effect pregnancy duration, litter size or pup 

survival in the studies in which these parameters were investigated. Only one study 

to date has attempted to deliver intravaginal DHT (2 mg) on D15 of rat pregnancy in 

order to explore its effect on cervical resistance (Ji et al., 2008). Unfortunately, the 

pregnancy duration was not studied in these experiments as the animals were 

sacrificed on D16 for tissue collection purposes (Ji et al., 2008). We performed a 

pilot study whereby intrauterine DHT was injected on D17 of mouse pregnancy in 

significantly lower doses compared to previous studies (22.5 pg and 250 ng). 

Therefore, following critical assessment of all the published evidence to date, we did 

not expect to observe a deleterious effect of DHT to the mother or the offspring 

under our experimental conditions. Of note, if DHT was to be used in the future as a 

tocolytic agent, it would be necessary to address any adverse effects on both future 

pregnancies of the mother and the development of the fetus. Our preliminary findings 

suggested that none of the doses of DHT used could effectively reduce the rates of 

LPS-induced PTL in mice. However, we observed that the PTL rates were trending 

towards a decrease following DHT injection to LPS-treated animals and that the 

average time to delivery was extended above 36 hours post injection of LPS. Given 

that this was a pilot study, we cannot exclude the possibility that these trends would 

be statistically significant if more animals were included or higher doses of DHT 
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were tested. However, a power calculation based on these preliminary data suggests 

that in order to prolong pregnancy for as long as 36 hours (power of 0.8) following 

administration of DHT to LPS-injected mice, over 300 animals would have to be 

used.  

There is little evidence to support the hypothesis that DHT could inhibit the LPS 

induced responses in the mouse uterus. Previous studies utilising the mouse model of 

LPS-induced PTL have shown that P4 could prevent PTL only when given 

intravaginally (Gonzalez et al., 2011) but not when injected directly into the uterus 

(Elovitz and Wang, 2004). On the other hand, intrauterine administration of the 

synthetic progesterone-MPA (2 mg) or 17-alpha hydroxyprogesterone caproate 

(2 mg) as well as the PDE4 inhibitor prevented the LPS-induced PTL (Elovitz and 

Wang, 2004; Elovitz and Mrinalini, 2006; Schmitz et al., 2007). It is well established 

that the action of LPS in the mouse-model of PTL is mediated via the myometrial 

TLR-4 receptor, which is consistent with evidence that TLR-4 mutant mice do not 

deliver preterm (Elovitz et al., 2003; Li et al., 2010; Wang and Hirsch, 2003). TLR-4 

activation in the myometrium has been proposed to activate the NF-kB pathway, 

whereby NF-kB directs transcription of chemo-attractants, cell adhesion molecules 

and pro-inflammatory cytokines and their receptors (Chang et al., 2012; Sykes et al., 

2014). An increase in numerous pro-inflammatory mediators, including COX-2, IL-

1beta, IL-6 and TNF-alpha, has been reported in the maternal serum and amniotic 

fluid of mice exposed to intrauterine LPS (Burd et al., 2010). MPA is reported to 

suppress transcription of genes that encode pro-inflammatory mediators and CAPs in 

response to LPS in the mouse uterus (Elovitz and Mrinalini, 2005). In addition, 

administration of a PDE4 inhibitor initiated an anti-inflammatory response, involving 

inhibition of NF-kB pathway and downregulation of numerous inflammatory 

cytokines (Schmitz et al., 2007). Therefore, it is tempting to hypothesise that higher 

doses of DHT (i.e 2 mg) might significantly prevent PTL by activating a similar 

mechanism to MPA or PDE4. Indeed, the anti-inflammatory properties of DHT have 

been previously documented (Osterlund et al., 2010; Vignozzi et al., 2012). For 

example, studies in vascular smooth muscle cells, demonstrated that DHT could 

reduce the LPS-initiated COX-2 synthesis (Osterlund et al., 2010). Notably, in that 

study the action of DHT was estrogen receptor beta (ERβ)- rather than AR- 
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mediated. In line with these findings, DHT could also attenuate the expression of 

inflammatory markers in microvascular endothelial cells via a mechanism involving 

local metabolism of DHT to 5α-androstane-3β,17β-diol, capable of binding to ERβ 

but not AR (Zuloaga et al., 2012). The ability of DHT to suppress NF-kB activation, 

and consequently decrease the synthesis of several inflammatory factors, such as IL-

8 and IL-6, has been demonstrated in prostatic hyperplasia stromal cells (Vignozzi et 

al., 2012). Human studies indicated that the intrauterine infection-induced PTL, but 

not spontaneous PTL, was associated with increased content of androgens in the 

amniotic fluid, suggesting that an increase in local androgen biosynthesis could play 

a role in infection-induced in utero inflammation during pregnancy (Gravett et al., 

2000). Notably, abnormally low levels of circulating androgens have been associated 

with the incidence of spontaneous abortion and recurrent miscarriage (Bammann et 

al., 1980; Okon et al., 1998), both of which are additionally associated with the 

presence of intrauterine infection (Howie et al., 2011; Kitaya, 2011; Ugwumadu, 

2010). Based on the above evidence, it is plausible that in our study the DHT-

stimulated AR signalling in the myometrium might have inhibited the LPS-initiated 

inflammatory cascades; however, the doses of DHT used might not have been in the 

correct range to induce a statistically significant effect on PTL. Of note, the response 

elicited by LPS administered via laparotomy is extremely severe and in many cases 

irreversible unless very high doses of drugs are applied. Notably, the amount of MPA 

that prevented the LPS response in the mouse model of PTL was at 2 mg/dose, which 

was approximately 2 x 106 times greater that the higher dose of DHT used in our 

study (Elovitz and Wang, 2004). Interestingly, MPA is reported to be a potent AR 

agonist that binds to the AR with similar affinity to that of DHT but requires a 100 

fold greater concentration for a compatible induction of transcription (Bentel et al., 

1999; Kemppainen et al., 1999). The latter would suggest that higher dose of DHT in 

future experiments might potentially effectively prevent the LPS associated PTL 

phenotype.  

Besides its potential anti-inflammatory roles, there is some evidence to suggest that 

DHT might also be involved in the regulation of uterine ripening, which involves the 

degradation of ECM prior to labour. The myometrium contains a substantial amount 

of ECM, which connects the muscle bundles (Schwalm and Dubrauszky, 1966). 
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Remodelling of the myometrial ECM takes place during pregnancy and it has been 

reported that the main fibrillar (collagens) and non-fibrillar (proteoglycans) 

components of ECM decrease in the term myometrium compared to the non-

pregnant tissue. In particular, there is evidence that the two main proteoglycans 

namely decorin and biglycan are dramatically decreased in the human myometrium 

during labour (Hjelm et al., 2001). The critical role of the timing of the decorin and 

biglycan decrease has been recently highlighted in studies where mice with a double 

KO for both proteoglycans exhibited a PTL phenotype, which was rescued by the 

presence of at least two biglycan or decorin wild type alleles (Calmus et al., 2011). 

Hormonal control of these components has been previously described in the mouse 

endometrium but has not yet been explored in the myometrium during pregnancy 

(Salgado et al., 2011; San Martin et al., 2003). In contrast to humans, in the sheep, 

the decorin concentration in the myometrium is increased with the onset of labour 

(Wu et al., 2000). The expression of decorin in the sheep myometrium is under E2 

control, suggesting that an additional pro-contractile property of E2 is to promote 

myometrial ECM degradation (Wu et al., 2000).  

The degradation of ECM is under the control of matrix metalloproteinases, including 

MMP2 and MMP9, which are secreted from immune cells that infiltrate the 

myometrium at term to promote initiation of myometrial contraction (Roh et al., 

2000). P4 has been shown to reduce the activity of MMPs and decrease ECM 

degradation in the myometrium of pregnant bitches (Kanca et al., 2011) and rats 

(Jeffrey et al., 1990; Wilcox et al., 1992). Incubation of human myometrial explants 

with LPS, which were obtained at term pregnancy, induced an increase in MMP2 and 

MMP9 activity and ECM degradation (Wendremaire et al., 2013). DHT has been 

additionally documented to downregulate the expression of MMPs in vascular SMCs 

(Mountain et al., 2013). Whether the AR-dependent signalling has a regulatory role 

in uterine ECM remodelling has yet to be explored. However, AR null mice exhibit 

longer uterine horns with thinner uterine smooth muscle layer compared to wild type 

mice (Hu et al., 2004; Walters et al., 2009). These findings might indicate that the 

AR-dependent signalling plays a key role in uterine muscle proliferation, which is 

positively correlated with increased expression of ECM components (Nagler et al., 

1997). Therefore, it is possible that the AR-dependent signalling either directly 
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regulates the expression of these components in the pregnant myometrium or favours 

their deposition in the ECM and, thus, promotes uterine quiescence. Testing the 

hypothesis that DHT interferes with MMPs action in the myometrium following 

exposure to LPS and inhibits ECM degradation would help address the discussed 

notions. In support of a role of AR in the control of ECM remodelling, studies in the 

rat cervix during pregnancy showed that administration of DHT promoted ECM 

degradation and decreased cervical resistance, proposing a pro-labour role for AR-

dependent signalling (Ji et al., 2008). We cannot exclude the possibility that the DHT 

in our study descended from the uterus to the cervix to promote cervical ripening. 

We observed that some LPS-treated mice did not deliver preterm. A possible 

explanation would be that in these mice the DHT did not reach the cervix but 

remained in the uterine microenvironment where it prevented the previously 

discussed LPS-initiated cascades. Future experiments utilising a fluorescent-labelled 

DHT would help explore the localisation of DHT in the reproductive tract following 

the intrauterine injection.  

In summary, the results from our pilot study indicated that significant lower rates of 

PTL were not observed in the groups of animals treated with both DHT and LPS 

compared to the LPS alone group and, thus, it is not conclusive whether DHT is 

effective in prevention of inflammation-induced PTL. Future studies including 

alternative doses of DHT would help conclude whether DHT has the potential to be 

used as a tocolytic agent to prevent inflammation-induced PTL.  
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7 Chapter 7: General discussion 

The role of androgens in pregnancy and parturition has been highlighted in numerous 

human and animal studies and they are proposed to regulate myometrial and cervical 

function [reviewed in (Makieva et al., 2014)]. In this thesis we investigated the role 

of androgens in myometrial biology during pregnancy. The key novel findings from 

our experiments are summarised and discussed in this chapter.  

7.1 Summary of findings 

• The AR protein was expressed in the human myometrium at term and 

localised to the nuclei of some, but not all, MSMCs. The AR mRNA in 

myometrial biopsies obtained during active labour was significantly lower 

compared to myometrial biopsies obtained at term but before the onset of 

labour. However, the total concentration of the AR protein, derived from term 

myometrial homogenates, did not show a significant decrease with labour. 

• The expression of the AR mRNA in human myometrial cell line derived at 

term pregnancy (PHM1-41s) was upregulated by its ligand DHT and 

following exposure to co-treatment with E2+P4 but not E2 or P4 alone. 

• Treatment of human myometrial cell lines (PHM1-41s and UtSMCs) with 

DHT did not alter the expression of genes that are associated with the process 

of phenotypic transition of MSMCs with pregnancy. However, in human 

myometrial explants, DHT significantly upregulated the expression of the 

PAK1IP1 gene, which might be involved in the regulation of human 

myometrial contraction.  

• Both DHT and T rapidly, and dose-dependently, relaxed the spontaneous 

contraction of human myometrial strips obtained at term pregnancy and 

murine uterine horns obtained from non-pregnant C57BL/6 mice. The DHT 

and T additionally relaxed OXT-stimulated contraction of human myometrial 

strips at term pregnancy. 

• The membrane-impermeable T (TBSA) did not have a relaxant effect and 

pre-incubation with an AR-antagonist (flutamide) did not prevent the relaxant 
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effect of DHT. Hence, it was concluded that DHT and T did not recruit a 

membrane or a classical AR to induce their relaxant effects. 

• A sex hormone cocktail, consisting of P4, E2, DHT and T, was as effective in 

induction of relaxation as each individual steroid in the equivalent dose, 

suggesting that the effect was not specific to one sex hormone and was 

perhaps attributable to their steroid structure. 

• DHT and T could inhibit contraction of myometrial cells (UtSMCs and 

PHM1-41s) embedded in collagen gels. Investigation of the mechanism of the 

DHT-induced relaxation using these cells revealed that DHT possibly 

attenuated Ca2+ entry into the MSMCs, which consequently affected 

phosphorylation of MLC. 

• A pilot in vivo study in which DHT was administered into the uterine muscle 

of a mouse model of LPS-induced PTL on D17 of pregnancy suggested that 

DHT might lower the rates of PTL; however at the doses that the DHT was 

used in this study these effects were not significant and further studies are 

required.  

7.2 The role of the genomic androgen signalling in the 
myometrium during pregnancy 

Prior to the current study, only one study explored the expression and the role of AR 

in the myometrium during pregnancy and that was conducted in rats (Liu et al., 

2013). That study reported two key findings; a) that the AR protein was decreasing in 

the myometrium as pregnancy progressed and b) that the AR-dependent signalling 

increased MSMCs proliferation. Both findings suggest that the AR signalling might 

be important at the start of pregnancy, where it could be involved in establishment of 

a functional uterine muscle that will grow to accommodate the growing fetus and 

contract at labour to expel the baby. We sought to extend these findings by 

examining the role of AR-dependent signalling in the myometrium during pregnancy 

utilising human myometrial tissue derived at term pregnancy and two myometrial 

cell lines; the PHM1-41s, which were obtained from a single pregnant donor at term, 

and the UtSMCs, which were obtained from a single non pregnant donor.   
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The expression of the AR in the human myometrium during pregnancy has not been 

previously explored. Our new findings suggest that the AR protein is localised to the 

nuclei of MSMCs at term before the initiation of labour and during active labour, 

suggesting that it could act as a transcription factor to regulate gene expression. 

Interestingly, we observed that AR mRNA concentrations were significantly 

decreased in the labouring myometrium when compared to non-labouring tissue. 

However, we did not observe a similar trend in the amount of AR protein in 

myometrial homogenates from term non-labouring and term-labouring biopsies. A 

logical assumption to explain such disparity between the expression of mRNA and 

protein would be that the AR was subjected to one or more PTMs (posttranslational 

modifications). Indeed a number of PTMs have been reported for the human AR, 

including AR phosphorylation and ubiquitination (Gioeli and Paschal, 2012). Both 

PTMs could result in stabilisation of the AR protein and a reduction in its turnover 

even if the transcription of the AR gene was already programmed to decrease. There 

are two possible reasons why an overall decrease in the AR in the myometrium 

during labour might be important. Firstly, the decrease in AR might play a role in 

initiation of contraction in the labouring myometrium, as the AR-dependent 

signalling might be involved in suppression of pro-contractile genes. Secondly, the 

decrease in AR might be important for successful postpartum involution of the 

myometrium, as AR-dependent signalling is thought to promote MSMCs 

proliferation.  

We decided to investigate the impact of AR-dependent signalling on myometrial 

proliferation, contraction and apoptosis. Based on a report that during rat pregnancy 

the MSMCs undergo a phenotypic transition characterised by a phenotype-specific 

gene expression profile (Shynlova et al., 2009b), we examined the expression of 

some of these genes following exposure of human myometrial cell lines to DHT. The 

expression of genes reported to be involved in the regulation of proliferative, 

synthetic, contractile and apoptotic phenotype of MSMCs was studied. Although our 

findings suggest that concentrations of DHT in a physiological range did not regulate 

the expression of any of the genes we examined, we cannot exclude the possibility 

that AR-dependent signalling is involved in regulation of myometrial events during 

pregnancy because we only examined candidate genes. A whole human gene 
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expression microarray might shed some light on the role of AR activation in the 

human myometrium during pregnancy. Instead of conducting a whole genome array, 

we decided to conduct a pilot study during which we used a PCR array-examining 84 

pre-selected validated androgen-responsive genes with androgen response elements 

(ARE) on their promoter. Notably, that array has been widely used in cancer 

research, particularly in studies on prostate cancer, where AR-signalling is key 

regulator of cancer cell proliferation (Bennett et al., 2009; Cai et al., 2011; Sadar, 

1999; Yang et al., 2011). The “AR-signalling targets PCR array” was performed on 

human myometrial biopsies derived at term before labour, which were incubated 

with DHT. Previously in this thesis we established that the expression of AR mRNA 

in PHM1-41s was under DHT-control and that the ligand upregulated AR mRNA 

expression following 24 hours incubation. For the PCR array study, we only used the 

samples that were treated with the concentration of DHT that induced upregulation 

of the AR mRNA in the PHM1-41s (10-8M). The results from four experimental 

replicates indicated that out of 84 genes examined, some genes were apparently 

upregulated and some were apparently downregulated at 6 and 24 hours post DHT 

treatment. However, due to the low experimental size and the high variability 

between the samples, we were unable to confirm that all of these were statistically 

significant. The gene PAK1IP1 was of one of the few genes that were significantly 

induced by the DHT treatment. PAK1IP1 is an enzyme that interacts with PAK1 

protein. Notably, there is already evidence to suggest that PAKs might be involved in 

maintenance of pregnancy through inhibition of cascades associated with the 

initiation of uterine contraction (Moore et al., 2000; Wirth et al., 2003). Thus, it is 

possible that AR-dependent signalling might be involved in the regulation of 

myometrial quiescence. Additional PCR arrays, which would examine the 

transcriptional profile of key mediators in the contraction cascade following 

exposure to DHT, could help explore this notion. In addition, it would be interesting 

to explore the effect of the DHT dependent AR-activation on the remodelling of 

myometrial ECM during pregnancy. There is some evidence to suggest that the sex 

hormone receptor-mediated signalling is involved in ECM degradation in the 

myometrium and cervix during pregnancy in different species (Ekman-Ordeberg et 

al., 2003; Ji et al., 2011; Salgado et al., 2011; San Martin et al., 2003; Shynlova et al., 
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2004; Simon and Einspanier, 2009). To date, only one study has examined the role of 

the AR activation by DHT in cervical ECM remodelling (Ji et al., 2008). That study 

reported that DHT promoted cervical ripening by inducing EMC degradation. The 

role of AR-signalling in uterine ECM remodelling is currently unexplored but could 

potentially become an exciting novel area of investigation in future studies.  

Taken together, our findings revealed that the human AR was expressed in the 

myometrium at term pregnancy and was localised to the nuclei of MSMCs, 

suggesting transcriptional activity. In addition, our in vitro studies suggested that AR 

gene transcription was upregulated by its ligand DHT. The latter finding, combined 

with the nuclear localisation of AR protein, further suggests that the AR in MSMCs 

at term is ligand activated and transcriptionally active. However, Liu studies of the 

AR in the rat myometrium reported that AR-mediated MSMCs proliferation was 

ligand-independent (Liu et al., 2013), so this idea may be oversimplistic. An ARE 

reporter assay would help explore whether DHT regulates AR transcriptional activity 

in MSMCs (Bombail et al., 2010).  

We also believe that the androgen transcription-dependent signalling in the MSMCs 

might be involved in the return of myometrium from a pregnant to a non-pregnant 

state. We did some very preliminary studies using mice with a conditional Ar KO in 

the myometrium and we observed that these mice had impaired parturition, which 

was characterised by the inability of pregnant mothers to expel their pups at labour 

(n=4). These data are not shown in this thesis because we observed considerable 

phenotype variations in this small group of animals, which we believe to be a 

consequence of highly variable levels of Ar expression in the myometrium. For 

example, some mice appeared to be myometrial-mosaic instead of myometrial-null 

for the Ar. Interestingly, previous studies have reported that the Ar null female mice 

(total KO) had normal parturition although their uterine muscle was thinner 

compared to the wild type (Walters et al., 2009). Notably, in that study, the Ar KO 

animals were mated only once and the effect of muscle ablation on future 

pregnancies and their parturition was not examined. In our pilot study we did not 

record the number of pregnancies for each myometrial-Ar KO female. It is tempting 

to speculate that the impaired parturition phenotype we observed was attributable to 
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the fact that the uterine muscle did not effectively undergo post-partum involution in 

the previous pregnancies these mice had due to the ablation of AR in MSMCs. This 

aspect could be examined in future studies employing a fully validated myometrium-

specific Ar KO mouse model and has the potential to inform whether androgen 

genomic signalling is involved in the regulation of postpartum involution. 

7.3 The role of the non-genomic androgen signalling in the 
myometrium during pregnancy 

Our organ bath studies demonstrated that DHT and T both could induce a dose-

dependent relaxant effect on strips of uterine smooth muscle obtained from pregnant 

women and non-pregnant mice. The doses used to induce these effects were at the 

pharmacological (µΜ) range. Our findings are in line with findings from other 

laboratories, which reported that androgens induced ex vivo relaxation of uterine 

muscle derived from rat, rabbit and non-pregnant human when applied in 

pharmacological doses (Perusquia et al., 1991a; Perusquia et al., 1991b; Perusquia et 

al., 2005; Robson, 1937). The muscle relaxant effect of androgens has been 

extensively studied in vascular, respiratory, gastrointestinal and skeletal muscle in 

numerous species (Bordallo et al., 2008; Chou et al., 1996; Costarella et al., 1996; 

Gupte et al., 2002; Kouloumenta et al., 2006; Kubli-Garfias et al., 1987; 

Witayavanitkul et al., 2013). The mechanism of the relaxant effect is not fully 

understood but it was proposed to be androgen-specific, transcription-independent  

(due to its rapid nature) and not AR-mediated. However, an understanding of the 

underlying mechanism by which androgens induce relaxation of the uterine smooth 

muscle could help discover novel targets for development of new tocolytic agents for 

prevention of preterm-initiated contractions. We decided to study the mechanism of 

androgen-induced relaxation of myometrial contraction. Our findings suggested that 

the observed relaxant effect was not androgen-specific but was also achieved using 

µM concentrations of P4 and E2. In addition, our studies employing a specific AR 

antagonist (flutamide) or the conjugated androgen TBSA, that is unable to cross the 

cell membrane, showed that the classical AR or the hypothesised membrane AR 

were not involved in this androgen-induced relaxation. Notably, we also examined 

the effect of DHT treatment on uterine strips derived from one myometrium-specific 
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Ar KO female mouse and observed that the ablation of the Ar gene did not prevent 

the relaxing action of DHT (data not shown in this thesis). We also discovered that a 

sex hormone “cocktail” mixture (40 µΜ), consisting of DHT, T, E2 and P4 (each at 

10 µΜ), was as effective in induction of relaxation as each individual sex hormone in 

the equivalent dose (40 µΜ). Taken together we suggested that the ability of sex 

hormones to induce relaxation of MSMCs was perhaps attributable to their molecular 

structure. Besides relaxing spontaneous myometrial contractions, all the sex 

hormones tested in our study could also inhibit contractions stimulated with OXT. 

The inhibition of OXT-initiated contraction was either mediated via direct blockade 

of OXTR or inhibition of other components of the contractile apparatus, which are 

involved in the regulation of Ca2+ entry into the MSMCs. The latter is more likely, as 

there is published evidence to suggest that sex hormones can inhibit serotonin-, 

acetylcholine- and KCl-stimulated uterine contractions, implying that the effect is 

generic and, hence, does not involve blockade of a single neurotransmitter receptor 

or potassium channel (Perusquia et al., 1991a; Perusquia et al., 1991b; Perusquia et 

al., 2005). It is tempting to suggest that the action of sex hormones is mediated via 

direct or indirect blockade of Ca2+ channels (VOCCs/ROCCs). Indeed, our in vitro 

studies, utilising PHM1-41s and UtSMCs, confirmed that incubation with DHT 

could block OXT-initiated Ca2+ escalations in a similar way to the Ca2+ channel 

blocker nifedipine. Thus, DHT appears to induce myometrial relaxation via a 

physiological mechanism, whereby it attenuates the availability of intracellular Ca2+, 

which in turn results in lower rate of MLC phosphorylation. Incubation of MSMCs 

with a 100 µM dose of DHT and T for 48 hours did not affect cell viability, therefore 

we believe that the relaxant effect of sex hormones on the MSMCs was not a result 

of toxicity.  

Taken together these findings support the hypothesis that steroid hormones inhibit 

myometrial contraction through inhibition of one or more components of the 

mechanisms that are involved in the generation of intracellular Ca2+. Possible targets 

include Ca2+ channels (VOCCs/ROCCs), the plasma membrane Ca2+ ATPase 

(PMCA), which removes Ca2+ from the cell, or the gap junctions (Wray et al., 2003). 

Notably, all these targets reside on the cell membrane and, hence, could all be 

affected by a sudden change in the membrane permeability.  
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Sex hormones are metabolites of cholesterol, which is a natural component of the 

lipid bilayer. Cholesterol helps strengthen the lipid bilayer, decreases its permeability 

and regulates the activity of numerous membrane proteins (Ikonen, 2008). It is 

possible that, when applied in the doses within the µM range, sex hormones can 

penetrate into the cell membrane and interact with the lipid bilayer in a similar way 

to cholesterol; therefore, impairing MSMCs fluidity. Notably, hydrophobic 

androgens, such as DHT and T, have been shown to interact with the phospholipid 

bilayer of the negatively charged membrane (Duval et al., 1983; Van Bommel et al., 

1987). Perhaps the penetration of a sex hormone into the lipid bilayer increased 

PMCA activity, which in turn promoted Ca2+ efflux to the extracellular space and 

resulted in myometrial relaxation. Indeed, there is considerable evidence to suggest 

that androgen treatment can influence PMCA localisation and activity (Coviello et 

al., 2006; Deliconstantinos, 1988; Dick et al., 2003; Witayavanitkul et al., 2013). 

Besides PMCA, interaction of sex hormones with the cell membrane bilayer could 

also affect the function of trans-membrane gap junctions, which increase smooth 

muscle Ca2+ transients and, thus, promote generation of synchronous contractions. A 

study in pregnant rats on a high cholesterol diet showed that high cholesterol was 

associated with decrease in myometrial connexin 43, which is a key connexin 

involved in the assemble of a gap junction (Elmes et al., 2011). Non-genomic 

concentrations (µM) of sex hormones have been previously shown to decrease IGJC 

in rat cardiac myocytes and Sertoli cells (Pluciennik et al., 1996). Therefore, 

following critical assessment of ours and others findings, we propose that sex 

hormones induce myometrial relaxation via a mechanism involving direct interaction 

with the membrane proteolipidic structure, which then alters the function of key 

components in the regulation of Ca2+ homeostasis, such as VOCCs, PMCA and gap 

junctions. The schematic representation of this hypothesis is shown in Figure 7.1.  
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Figure 7.1: Schematic summary of the proposed non-genomic mechanism underlying the sex 
hormone-mediated relaxation in MSMCs. The sex hormone penetrates into the cell lipid bilayer, 
which may impairs IGJC and/or block VOCCs/ROCCs and/or promote PMCA activity. These events 
contribute to the decrease in the concentration of intracellular Ca2+, which in turn results in relaxation 
of MSMCs. Image adapted from (Makieva et al., 2014). 

 

Future studies should be performed to explore this hypothesis. For example, MSMCs 

membranes could be isolated following incubation with sex hormones to validate 

their steroid content. In addition, electron microscopy studies of MSMCs treated with 

sex hormones could help deduce whether membrane structures, such as caveolae, 

which meditate signalling cascades, are affected by incubation with µΜ doses. 

Furthermore, the activity of PMCA could be examined in vitro following incubation 

of MSMCs with sex hormones. Pre-incubation of myometrial strips with a PMCA 

pump blocker (Amarjargal et al., 2008) prior to treatment with sex hormones in the 

organ bath, could answer whether PMCA is directly involved in the mediation of 

relaxation. The effect of sex hormones on IGJC could be determined using a scrape-

loading dye transfer system (Albrecht et al., 1996), whereby a small molecular 

weight fluorescent dye is loaded into the intracellular place and its transfer through 

gap junctions into contiguous cells can be studied. The latter experiment would 

inform whether the sex hormone-induced relaxation is a consequence of an impaired 

IGJC in MSMCs.  
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7.4 DHT for prevention of PTL  

We showed that steroid hormones relaxed the uterine smooth muscle when applied in 

high pharmacological doses. Additionally we showed that DHT could block a 

stimulated increase in intracellular Ca2+ in MSMCs. Therefore, it was reasonable to 

hypothesise that administration of DHT in vivo could also inhibit uterine contraction. 

To examine this hypothesis we utilised a mouse model of PTB, whereby PTL was 

induced by LPS intrauterine injection on D17 of pregnancy. Besides stimulating pro-

inflammatory gene expression, LPS has been recently showed to promote 

myometrial contraction via a pathway that sensitises the MSMCs to Ca2+ influx 

(Hutchinson et al., 2014). We sought to explore whether DHT could inhibit the pro-

contractile properties of LPS in the mouse model of PTB and consequently prevent 

PTL. We conducted a pilot study whereby DHT was injected at the same time with 

LPS on D17 of murine pregnancy. Due to limited time, only two doses of DHT were 

tested. A high dose (290 ng) that was equivalent to the 40 µM organ bath dose, 

which effectively induced relaxation of murine uterine contraction ex vivo, and a 

lower dose (22.5 pg) that was likely to stimulate a genomic response. Both doses of 

DHT did not significantly prolong time to delivery when injected in combination 

with LPS. Some pregnant animals that received the combined DHT and LPS 

treatment did reach term. However, at this point it is still unclear whether this result 

is attributed to the inhibitory action of DHT or it is the outcome of the LPS treatment 

not inducing preterm birth effectively. If the former is the case, the action of DHT 

could be mediated via two distinct pathways depending on the dose used. For 

example, the high dose might have induced uterine relaxation in a non-genomic way, 

whereby the DHT interacted with the cell surface of MSMCs and inhibited 

intracellular Ca2+ escalations. In contrast, the lower DHT dose, which was notably 

more effective compared to the high dose, was likely to have induced a genomic-

response, whereby the DHT-AR complex could have initiated the transcription of a 

cassette of anti-inflammatory genes. As discussed in Chapter 6, the anti-

inflammatory properties of DHT have been documented in numerous tissues, 

including the smooth muscle (Osterlund et al., 2010; Vignozzi et al., 2012). To test 

the hypothesis of an anti-inflammatory action of DHT in our study, we would have to 

investigate the expression of different anti-inflammatory mediators in the uterus 
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following exposure to DHT in genomic range of doses. In addition, it would be 

interesting to examine whether the AR-dependent signalling might have affected 

uterine ECM remodelling in the pregnant mouse uterus. We might speculate that the 

action of the lower dose of DHT was mediated via inhibition of the LPS-induced 

degradation of myometrial ECM. Previous studies have showed that incubation of 

human myometrial explants with LPS resulted in a decrease in total collagen content, 

indicating ECM remodelling (Wendremaire et al., 2013). It would be interesting to 

explore these events in our mouse model by characterising the effects of LPS and 

DHT on myometrial ECM remodelling. In support of a potential role for DHT in 

uterine ECM remodelling, Ar null mice exhibit thinner uterine muscle and elongated 

uterine horns that could be a consequence of poor proliferation of MSMCs, which 

itself is correlated with impaired ECM organisation (Walters et al., 2009). It is 

noteworthy that the DHT-dependent signalling appears to promote cervical ECM 

degradation at term pregnancy and thus be a key regulator of cervical ECM 

remodelling in rats (Ji et al., 2008). However, it is possible that AR-dependent 

signalling may have opposing roles in the cervix and the myometrium, as it is 

common for single sex hormones to have tissue-specific opposing effects.  

An aspect that deserves attention is the distribution of DHT following the 

intrauterine injection. We cannot exclude the possibility that following injection, the 

DHT descended into the cervix, where it could have accelerated the effect of LPS 

and accounted for the variability in PTL incidence in our study. A logical assumption 

would be that the DHT was maintained in the uterine microenvironment of mice that 

did not deliver preterm following DHT+LPS injection, but descended to the cervix in 

the mice that delivered preterm. Studies utilising a fluorescent-labelled DHT would 

help verify or exclude this notion. On the other hand, we cannot exclude the 

possibility that the LPS-injected mice that delivered at term, were simply LPS-non 

responsive. Notably, some of our vehicle controls exhibited a PTL phenotype; an 

effect possibly attributable to the invasive nature of the method we used. 

Consequently, a replication of these experiments using a less invasive method in 

order to administer intrauterine compounds would be recommended. Recently, a 

non-invasive non-surgical procedure has been developed in our laboratory, whereby 

compounds were injected into the uterus of pregnant mice using ultrasound (Rinaldi, 
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unpublished). Besides its usage for testing possible interventions for PTL in the 

mouse model, this method could help study the physiology of androgen signalling in 

the mouse myometrium during normal pregnancy. It would be interesting to explore 

the effect of DHT-initiated AR signalling on the myometrial function in vivo. In 

these future studies, an ultrasound guided intrauterine injection of DHT would 

reduce any “falsely” observed pro-inflammatory gene expression cascades, which are 

potentially induced following a surgical procedure. 

Utilising a mouse model of PTB, whereby PTL is induced by administration of LPS, 

makes the testing for possible interventions challenging, as the action of LPS in the 

uterus is difficult to revert. We used a 20 µg dose of LPS, which was effective in 

inducing PTL in our laboratory in two strains of mice; CD1 (Rinaldi et al., 2014) and 

C57BL/6 (Frew et al., unpublished). Since the establishment of this mouse model on 

CD1 mice in 2003 (Elovitz et al., 2003), only a few agents have been showed to 

effectively revert the action of LPS and prevent the incidence of PTL. One of them 

was the synthetic P4 namely MPA, which was believed to blunt the LPS-induced 

effect via activation of anti-inflammatory cascades and inhibition of the expression 

of genes encoding CAPs (Elovitz and Wang, 2004). Interestingly, MPA, which is a 

potent AR ligand when applied in high doses, when administered into the uterus at 2 

mg/dose was shown to induce a significant effect (Elovitz and Wang, 2004). Given 

that P4 did not have the same effect as MPA, it is possible that the action of MPA 

was mediated through the AR rather than PR. We tried a 1 mg and 0.2 mg dose of 

DHT (data not included) and observed an impaired parturition phenotype whereby 

animals exhibited protruded uteruses during active labour and were unable to deliver 

a single pup; consequently all these animals were culled. We believe that this dose 

probably induced a terminal relaxant effect to the mouse uterus resulting in null 

contractile activity. In the MPA study, in which MPA was injected together with 

LPS, PTL was defined as delivery of first pup before 36 hours following the 

injection. The MPA+LPS injected animals had 0% PTL rate, as they did not deliver a 

pup before the 36-hour time point. Surprisingly, these animals were killed 48 hours 

following the injection and it was not reported whether the MPA-treated animals 

managed to deliver a single pup. In our study, we monitored the animals that were 

administered the DHT in extremely high doses (1 and 0.2 mg) beyond 48 hours post 
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injection and concluded that these animals were unable to deliver a pup. Therefore, it 

is tempting to suggest that the MPA in the Elovitz and Wang study did not have a 

physiological or pharmacological but rather exhibited a toxic effect to the uterus of 

the mice.  

In summary, in our pilot study we did not see a significant decrease in the rate of 

PTL following administration of DHT to an inflammation induced-mouse model of 

PTB. However, the decreasing trend in PTL rate that we observed is promising. 

Therefore more studies using a wider dose range, more animals and the ultrasound 

guided method rather than the laparotomy would answer the question whether DHT 

could be used for prevention of PTL. More in vivo studies investigating the effect of 

DHT exposure on fetal development and maternal ability to have a future successful 

pregnancy would address the suitability of DHT to be administered during 

pregnancy. 
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7.5 Conclusions and future directions 

We performed in vitro, ex vivo and in vivo studies to explore the understudied role of 

androgens in myometrial biology during pregnancy. Our findings suggest that the 

androgen-induced in vitro and ex vivo tocolysis is sex hormone-specific rather than 

androgen-specific. Therefore, sex hormones hold the potential to be used for 

effective in vivo tocolysis to prevent premature initiated contractions. Developing an 

agent similar to the cocktail steroid mixture in our studies could eliminate the 

plausible and unwanted side effects of each individual steroid, when administered as 

a preventative tocolytic agent throughout pregnancy. This agent would consist of 

lower doses of each individual hormone and, thus, would reduce the potential 

adverse effects that a high dose of a single sex hormone could have on the fetus or 

the mother. More research is necessary to understand the mechanism by which sex 

hormones inhibit Ca2+ entry into the uterine myocytes. If the molecular structure of a 

sex hormone is key to the relaxant effect, synthetic agents with the same structure, 

but without the receptor binding sites, could perhaps elicit similar effects. Our in 

vitro studies of the androgen-dependent signalling in the myometrium contributed to 

the development of new hypotheses regarding the role of AR-dependent signalling in 

the regulation of the phenotypic transition of MSMCs during pregnancy. These 

hypotheses (summarised in Figure 7.2) deserve further exploration in order to 

elucidate the physiological role(s) played by androgens in the myometrium during 

pregnancy, which has the potential to inform new therapeutic strategies for 

management of numerous pregnancy complications, including PTB.  
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Figure 7.2: The hypothetical roles of AR-dependent signalling in the myometrium during pregnancy. 
Ligand dependent or independent AR signalling might play roles in successful phenotypic transition 
of MSMCs throughout gestation. AR-dependent signalling might be promoting MSMCs proliferation. 
In addition, it might have roles in maintenance of uterine quiescence via a) transcriptional suppression 
of genes encoding pro-contractile proteins, b) inhibition of ECM degradation and/or c) transcriptional 
suppression of genes encoding pro-inflammatory mediators. Finally, the decrease in AR mRNA 
during labour might suggest that AR-dependent signalling is not required in the post-labour 
myometrium. It is perhaps important to decrease the availability of AR for successful MSMCs 
apoptosis and ECM degradation, both of which occur during postpartum involution. 
MSMCs=Myometrial Smooth Muscle Cells. 
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9 9. Appendices 

Appendix 1  
 
Table 8.1: List of chemicals and suppliers 
 

Chemical Supplier 
NaCl 746398 Sigma 
KCl P9541 Sigma 
MgCl2 M-8266 Sigma 
NaH2PO4 S-3139 Sigma 
Na2SO4 239313 Sigma 
CaCl2 22313,294 VWR PROLABO 
NaHCO3 10247 AnalaR BDH 
Glucose G8270 Sigma 
Glycine 410225 Sigma 
Methanol M/4000/17 Fisher Chemicals 
Ethanol  20821 VWR PROLABO 
Citrate acid C-8532 Sigma 
Acetic acid A6283 Sigma 
DMSO D2438 Sigma 
Tween-20 H5152 Promega 
TBS tablets T6664 Sigma 
PBS tablets S24650 Sigma 
Xylene X/0200/17 Fisher Chemicals 

 

Appendix 2 
Table 8.2: List of genes profiled with the Human Androgen Receptor Signalling Targets RT² Profiler 
PCR Array 

Symbol Description 
ABCC4 ATP-binding cassette, sub-family C (CFTR/MRP), member 4 
ABHD2 Abhydrolase domain containing 2 
ACSL3 Acyl-CoA synthetase long-chain family member 3 
ADAMTS1 ADAM metallopeptidase with thrombospondin type 1 motif, 1 
ALDH1A3 Aldehyde dehydrogenase 1 family, member A3 
APPBP2 Amyloid beta precursor protein (cytoplasmic tail) binding protein 2 
AR Androgen receptor 
CAMKK2 Calcium/calmodulin-dependent protein kinase kinase 2, beta 
CENPN Centromere protein N 

CITED2 
Cbp/p300-interacting transactivator, with Glu/Asp-rich carboxy-terminal 
domain, 2 

ACKR3 Chemokine (C-X-C motif) receptor 7 
CYP2U1 Cytochrome P450, family 2, subfamily U, polypeptide 1 

DBI 
Diazepam binding inhibitor (GABA receptor modulator, acyl-CoA binding 
protein) 

DHCR24 24-dehydrocholesterol reductase 
EAF2 ELL associated factor 2 
ELK1 ELK1, member of ETS oncogene family 
ELL2 Elongation factor, RNA polymerase II, 2 
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ENDOD1 Endonuclease domain containing 1 
ERRFI1 ERBB receptor feedback inhibitor 1 
FAM105A Family with sequence similarity 105, member A 
FKBP5 FK506 binding protein 5 
FOS FBJ murine osteosarcoma viral oncogene homolog 
FZD5 Frizzled family receptor 5 
GUCY1A3 Guanylate cyclase 1, soluble, alpha 3 
HERC3 Hect domain and RLD 3 
HPGD Hydroxyprostaglandin dehydrogenase 15-(NAD) 
IGF1R Insulin-like growth factor 1 receptor 
IGFBP5 Insulin-like growth factor binding protein 5 
IRS2 Insulin receptor substrate 2 
JUN Jun proto-oncogene 
KLK2 Kallikrein-related peptidase 2 
KLK3 Kallikrein-related peptidase 3 
KLK4 Kallikrein-related peptidase 4 
KRT8 Keratin 8 
LIFR Leukemia inhibitory factor receptor alpha 
LRIG1 Leucine-rich repeats and immunoglobulin-like domains 1 
LRRFIP2 Leucine rich repeat (in FLII) interacting protein 2 
MAF V-maf musculoaponeurotic fibrosarcoma oncogene homolog (avian) 
MAP7D1 MAP7 domain containing 1 
MME Membrane metallo-endopeptidase 
MT2A Metallothionein 2A 
MYC V-myc myelocytomatosis viral oncogene homolog (avian) 
NCAPD3 Non-SMC condensin II complex, subunit D3 
NDRG1 N-myc downstream regulated 1 
NFKB1 Nuclear factor of kappa light polypeptide gene enhancer in B-cells 1 

NFKB2 
Nuclear factor of kappa light polypeptide gene enhancer in B-cells 2 
(p49/p100) 

NFKBIA 
Nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor, 
alpha 

NKX3-1 NK3 homeobox 1 
ORM1 Orosomucoid 1 
ORM2 Orosomucoid 2 
PAK1IP1 PAK1 interacting protein 1 
PGC Progastricsin (pepsinogen C) 
PIAS1 Protein inhibitor of activated STAT, 1 
PIK3R3 Phosphoinositide-3-kinase, regulatory subunit 3 (gamma) 
PMEPA1 Prostate transmembrane protein, androgen induced 1 
PPAP2A Phosphatidic acid phosphatase type 2A 
RAB4A RAB4A, member RAS oncogene family 
REL V-rel reticuloendotheliosis viral oncogene homolog (avian) 
RELA V-rel reticuloendotheliosis viral oncogene homolog A (avian) 
RHOU Ras homolog gene family, member U 
SEC22C SEC22 vesicle trafficking protein homolog C (S. cerevisiae) 
SGK1 Serum/glucocorticoid regulated kinase 1 
SLC26A2 Solute carrier family 26 (sulfate transporter), member 2 
SLC45A3 Solute carrier family 45, member 3 
SMS Spermine synthase 
SNAI2 Snail homolog 2 (Drosophila) 
SORD Sorbitol dehydrogenase 
SP1 Sp1 transcription factor 



          Appendices 

  272 

SPDEF SAM pointed domain containing ets transcription factor 

SRF 
Serum response factor (c-fos serum response element-binding transcription 
factor) 

STEAP4 STEAP family member 4 
STK39 Serine threonine kinase 39 
TIPARP TCDD-inducible poly(ADP-ribose) polymerase 
TMPRSS2 Transmembrane protease, serine 2 
TPD52 Tumor protein D52 
TRIB1 Tribbles homolog 1 (Drosophila) 
TSC22D1 TSC22 domain family, member 1 
TSC22D3 TSC22 domain family, member 3 
VAPA VAMP (vesicle-associated membrane protein)-associated protein A, 33kDa 
VIPR1 Vasoactive intestinal peptide receptor 1 
WIPI1 WD repeat domain, phosphoinositide interacting 1 
ZBTB10 Zinc finger and BTB domain containing 10 
ZBTB16 Zinc finger and BTB domain containing 16 
ZNF189 Zinc finger protein 189 
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Appendix 3 
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