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Abstract 

5α-reductases (5αRs) catalyse reduction of 4-pregnene steroids, most notably the 

androgen testosterone to its more potent metabolite dihydrotestosterone (DHT). 

Well-characterised isozymes of 5αR are designated 5αR1 and 5αR2. Inhibitors of 

5αR, finasteride (a 5αR2 inhibitor) and dutasteride (a dual 5αR1 and 5αR2 

inhibitor), are utilised in conditions where a reduction in androgen action is 

desired, including benign prostatic hyperplasia. Although 5αR2 is 

predominantly expressed in reproductive tissues, both isozymes, but 

particularly 5αR1, are expressed in metabolic tissues including liver and adipose 

and both metabolise glucocorticoids as well as androgens; therefore inhibition of 

5αR may have consequences for metabolic health. This thesis addresses the 

hypotheses that 5αR1 inhibition with dutasteride decreases insulin sensitivity 

and causes dysregulation of the HPA axis in humans.  

 

Metabolism and the HPA axis were studied in men prior to and following 3 

months of dutasteride (0.5 mg daily; n=16), finasteride (5 mg daily; n=16) or 

control (tamsulosin MR; 0.4 mg daily; n=14). Glucose disposal during 

hyperinsulinaemia was the primary endpoint, measured during a 

hyperinsulinaemic euglycaemic clamp, with d2-glucose and d5-glycerol tracers. 

Peripheral insulin sensitivity for both glucose uptake and NEFA suppression 
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decreased with dutasteride versus both finasteride and control, while hepatic 

insulin sensitivity was preserved. Body fat increased with dutasteride, though 

was not accompanied by changes in metabolic or inflammatory gene transcript 

abundance in subcutaneous adipose biopsies, nor any differences in abdominal 

adipose depots on post-treatment MRI. Subtle dysregulation of the HPA axis 

was evident with both 5αR inhibitors, though to a greater degree with 

dutasteride and changes were largely compensated for.  

 

In support of this study, this thesis also describes the development, validation 

and application of two novel liquid chromatography tandem mass spectrometry 

assays; establishing compliance by measuring serum drug levels, and 

demonstrating effects of 5αR inhibitors on androgen metabolism and adrenal 

steroidogenesis by measurement of testosterone, DHT and androstenedione.  

 

In conclusion, 5αR1 inhibition with dutasteride, but not finasteride, induces 

peripheral insulin resistance and increases body fat. Findings presented may 

have important implications for patients prescribed dutasteride for benign 

prostatic hyperplasia.   
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1.1 5α-Reductases  

5α-Reductases (3-oxo-5α-steroid 4 dehydrogenase, E.C. 1.3.99.5)  are enzymes 

catalysing one of the principal routes of metabolism for steroids with 3-keto-

enol functional groups in the A ring (Figure 1.1). Most notably, 5α-reductases 

(5αRs) catalyse the conversion of the androgen testosterone to its more 

potent metabolite dihydrotestosterone. Of particular relevance to this thesis, 

in addition to testosterone, 5αRs also catalyse the irreversible and rate-

limiting step of glucocorticoid metabolism (in humans, the metabolism of 

cortisol to 5α-dihydrocortisol), thus potentially playing a key role in 

regulating tissue exposure to glucocorticoids.  

 

Three isozymes of 5α-reductase (5αR) have been identified to date, with 

types 1 and 2 the best characterised at present. 5αRs are widely expressed; 

5αR2 is predominantly expressed in the reproductive tract, while both 5αR1 

and 5αR2 are expressed in non-reproductive sites, including metabolic 

tissues such as the liver. 5αRs are the target of pharmaceutical inhibitors 

used in the treatment of androgen-dependent disorders including benign 

prostatic hyperplasia, prostate cancer and polycystic ovarian syndrome; 

5αR2 is inhibited by finasteride and dual 5αR1 and 5αR2 isozyme inhibition 

is achieved with dutasteride. This thesis will focus on the effects of 5αR 

inhibition on glucocorticoid metabolism and consequences for fuel 

homeostasis and the stress response.   
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1.1.1 Overview 

5αR enzymes were initially described and characterised in the 1950s and 

1960s. Early rodent work revealed the presence of an enzyme, most 

abundantly present in liver, which catalysed the 5α-reduction of steroids 

(Forchielli et al., 1958, Schneider, 1952, Schneider and Horstmann, 1951). The 

1935 isolation of the ‘male’ steroid hormone, testosterone (Butenandt and 

Hanisch, 1935, Ruzicka et al., 1935) sparked a flurry of research into 

androgen synthesis, action, metabolism, and related therapeutic applications 

(Freeman et al., 2001) – this interest continues unabated today. Initially felt to 

be an inactive metabolite, 5α-dihydrotestosterone (referred to as DHT 

throughout this thesis), the 5α-reduced metabolite of testosterone, was later 

shown to be a more potent androgen. The significance of DHT (and thus of 

H

O  

H

O
H

 

5αR 

H

O
H  

H

O

OH

 

5βR 6βOHase 

A B 

A A A B B B 

Figure 1.1 Generic schematic of principal metabolic pathways for steroids with 

3-keto-enol functional groups in the steroid A ring. R, Reductase; OHase, 

hydroxylase.  
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the enzyme catalysing its formation) was illustrated via two main 

investigative pathways (Russell and Wilson, 1994). Firstly, the demonstration 

that DHT was formed in androgen target tissues such as the prostate 

(Bruchovsky and Wilson, 1968a). Secondly, showing that DHT is crucial to 

normal virilisation in the developing embryo. Lack of 5αR activity causing a 

disorder of sexual development was described in the 1970s (Fisher et al., 

1978, Imperato-McGinley et al., 1974, Walsh et al., 1974). This condition, now 

termed 5αR deficiency, occurs in chromosomally 46 XY individuals and is 

characterised by lack of, or reduction in virilisation at birth, followed by 

development of a male phenotype at puberty, though without associated 

prostatic growth. 

 

Russell and colleagues have led much of the research towards characterising 

the 5αRs. The first cDNA clone of 5αR (Andersson and Russell, 1990) was 

followed by the finding that, in fact, individuals with 5αR deficiency had 

normal levels of the only gene known at the time encoding for 5αR (Jenkins 

et al., 1992). This isozyme was designated to be 5α-reductase type 1 (5αR1), 

and provided the impetus to pursue the identity of what must be another 

isozyme influencing androgen action in man. Further work (Andersson et al., 

1991) identified the 5αR isozyme most abundant and physiologically 

significant in the male genital tract, now known as 5α-reductase type 2 

(5αR2). Those deficient in this isozyme have a phenotype of 



 

Chapter 1: Introduction 
                                                                                                             5 

 

pseudohermaphroditism (Andersson et al., 1991) and while a rat model with 

inhibition of 5αR2 has been shown to be a phenocopy (George and Peterson, 

1988), a transgenic model in mice lacking 5αR2 had only smaller prostates 

and seminal vesicles, but otherwise normal external genitalia and fertility 

(Mahendroo et al., 2001).  

 

The discovery of at least two isozymes of 5αR has had significant 

implications for understanding of steroid physiology and metabolism, and 

has been key in the therapeutic approach to many androgen target tissue 

disorders, particularly benign prostatic hypertrophy and androgenic 

alopecia. The identification of a third 5αR isozyme has led to further 

diversification of 5αR research. While expression (Godoy et al., 2011, Uemura 

et al., 2008) and pharmacological inhibition (Kazutoshi et al., 2008, Mohler et 

al., 2011) of 5αR3 have been described, at present there is very limited 

understanding of this isozyme, its substrates and its products. This thesis 

will focus on the roles of 5αR1 and 5αR2, and implications of inhibiting these 

isozymes in humans.  

 

1.1.2 Biochemistry  

5αRs are hydrophobic, membrane-bound enzymes with predicted molecular 

weights of approximately 28-29 kDa (Russell and Wilson, 1994). Human 

5αR1 is a 259 amino acid protein, while human 5αR2 is a 254 amino acid 
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protein. In human and rat tissues the pH optima allows biochemical 

differentiation between these two isozymes, with 5αR1 having a pH optima 

spanning pH 6 - 8.5 and 5αR2 having a pH optima around 5 (Russell and 

Wilson, 1994). However, the biochemical properties of the type 2 isozyme are 

not fully defined for all conditions and all species, and it may well function 

at a neutral pH within the cell (Russell and Wilson, 1994) as this is what is 

suggested in cell lysate experiments. The location of both 5αR1 and 5αR2 

varies by species and tissue, with rat prostate (type 1) and human prostate 

(type 2) in a perinuclear location, and rat liver (type 1) and human liver (type 

2) located in endoplasmic reticulum (Russell and Wilson, 1994). Half-lives of 

both enzymes are in the order of 20-30 hours (Russell and Wilson, 1994).  

 

1.1.3 Genetics  

In humans, 5αR1 is encoded for on chromosome 5 (SRD5A1) (Jenkins et al., 

1991) and 5αR2 on chromosome 2 (SRD5A2)  (Labrie et al., 1992). Both 

isozymes have five exons and four introns, and retain a high degree of 

homology between isozymes and species, suggestive of  a common origin 

(Russell and Wilson, 1994). There is also an apparently non-functioning 

pseudogene mapped to the X chromosome (Jenkins et al., 1991). Genetic 

abnormalities in 5αR have been the initial driving focus of much of the 

research around 5αRs. Details of genetic mutations causing 

pseudohermaphroditism have been reviewed (Russell and Wilson, 1994).  
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Additional genetic variants have also been described in diseases with 

metabolic and hormonal dyshomeostasis. In polycystic ovarian syndrome 

(PCOS), SNPs in both 5αR genes are associated; a variant in SRD5A2 is 

protective against PCOS, while several different variants in SRD5A1 are 

associated with presence, and increased severity, of hirsutism (Goodarzi et 

al., 2006).  In benign prostatic hyperplasia,  single nucleotide polymorphisms 

(SNPs) in SRD5A1 (though not SRD5A2) are associated with disease severity 

(Klotsman et al., 2004), however implications of this are not well understood 

at present. An increased risk of developing the metabolic syndrome is 

associated with a SNP in SRD5A2 in those previously treated for testicular 

cancer (Boer et al., 2011). Peripheral arterial disease has been associated with 

two SNPs in SRD5A1, though not with SRD5A2 (Signorelli et al., 2008); given 

the previous association of these SNPs with decreased conversion of 

testosterone to DHT, it was concluded that decreased local metabolism of 

testosterone associated with the SRD5A1 SNPs may confer increased risk of 

peripheral arterial disease. In a study of 57 males with type 2 diabetes, a SNP 

associated with increased 5αR1 activity (seen as an increase in 

DHT/testosterone ratio) has been identified, however no genetic 

polymorphisms in either SRD5A1 or SRD5A2 were associated with the 

diabetic phenotype (Ellis et al., 2005).   
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While several SNPs in both SRD5A1 and SRD5A2 have  been identified, and 

in future may provide further understanding of disease mechanisms and 

exciting opportunities for targeted therapeutics, these findings have not yet 

been translated into clinical practice.  

 

1.1.4 Tissue distribution  

5αR1 and 5αR2 are widely expressed in many species (summarised for 

human, mouse and rat in Table 1-1), and an understanding of expression 

patterns for both isozymes is paramount to understanding enzyme function. 

Research pertaining to 5αRs has been predominantly conducted in rodent 

models, however there are important inter-species differences in the tissue 

distribution of the 5αR isozymes. These differences are relevant to 

interpretation of which tissues will be affected by genetic manipulation 

(animal models), genetic defects (humans) and consequences of 

pharmacological inhibition. In humans, 5αR1 exists primarily in non-genital 

skin, whereas 5αR2 is found primarily in the reproductive tract including 

prostate, seminal vesicles, epididymis and genital skin (Russell and Wilson, 

1994). Both isozymes are found in liver (Russell and Wilson, 1994) and while 

hepatic 5αR1 is thought to be the key enzyme in glucocorticoid metabolism, 

at this stage the differential role played by 5αR1 versus 5αR2 in human liver 

is not well defined.  In mouse prostate 5αR2 predominates, in contrast to rat 

prostate where both isozymes can be detected (Russell and Wilson, 1994). In 
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contrast to human, where both isozymes are expressed, hepatic 5αR 

expression in rats is solely type 1, with female rats expressing 10-20 times 

that of male rats (Russell and Wilson, 1994). Otherwise, 5αR expression is 

similar in males and females. As well as the liver and reproductive tract, 

5αRs are also widely expressed in the central nervous system in mammalian, 

aquatic and avian species (Lephart, 1993a, Rego et al., 2009).  Both mRNA 

and protein have been demonstrated for 5αR3 in several tissues in humans 

including skin, skeletal muscle, liver, kidney, colon and pancreas, as well as 

in several malignant tissues (Godoy et al., 2011, Uemura et al., 2008). 

However, the implications of 5αR3 action are not well understood at present.  

 

Table 1-1 (below): Tissue distribution of 5α-reductases types 1 and 2 in human 

(H), rat (R) and mouse (M). In cases of differing evidence, those demonstrating 

expression are shown. 5αR1, 5α-reductase type 1; 5αR2, 5α-reductase type 2; , 

present; , absent; ±, very low levels; IC,  either immunocytochemistry or 

immunohistochemistry; vasc., vasculature; G, gamma aminobutyric acid; g, 

glutaminergic neurons; PN, peripheral nerves. Activity
a
, demonstration of 

substrate → product in conditions designed for optimal isozyme action.  

Activity
b
, ex vivo or in vivo demonstration of substrate 5α-reduction . *mRNA 

identified but isozyme not specified. For many organs expression/activity varies 

considerably depending on component of tissue tested – details are within 

referenced papers. An earlier version of this table has been published previously 

(Nixon et al., 2012).  
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5αR1 5αR2 Isozyme 

unconfirmed 
 

References 
 

Method 
System 

mRNA Protein/ 
IC 

Activitya mRNA Protein/ 
IC 

Activitya Activityb 

 

METABOLIC/ CARDIORESPIRATORY 

Liver H; R; 
M 

H; R R H; R; 
M 

H; R  H (Russell and Wilson, 1994) (Normington and Russell, 
1992) (Mahendroo et al., 1997) (Livingstone et al., 2000a) 

(Seo et al., 2009) (Houston et al., 1987) 

Adipose H; R; 
M 

  H; M   H; R (Zyirek et al., 1987) (Wake et al., 2007) (MacKenzie et al., 

2008) (Livingstone et al., 2009b) (Drake et al., 2005) 
(Longcope and Fineberg, 1985) 

Skeletal Muscle H; R H; R  H±; R H  H± (Thigpen et al., 1993) (Longcope and Fineberg, 1985, 
Aizawa et al., 2010, Pollanen et al., 2011) 

Heart/ vasc. R   R   H; R (Normington and Russell, 1992) (Lephart, 1993b) (Blom et 
al., 2001) (Milewich et al., 1987) 

Pancreas       H (Iqbal et al., 1983) 

Kidney H; R H H H; R H H M± (Russell and Wilson, 1994) (Thigpen et al., 1993) 
(Mowszowi.I and Bardin, 1974) 

Adrenal H; R; 
M± 

H; R H H; R; 
M 

H H R (Russell and Wilson, 1994) (Thigpen et al., 1993) (Yokoi et 
al., 1998b) (Luu-The et al., 2005) (Colby and Kitay, 1972) 

Lung H; R; 
M 

H H H; R H   (Normington and Russell, 1992) (Provost and Tremblay, 

2007) (Provost et al., 2002) (Kimura et al., 2003) 

IMMUNE 

Spleen R   R    (Normington and Russell, 1992) 

Monocytes/ 
Macrophages 

H; M   H±; M   H; R; M (Milewich et al., 1983) (Hammer et al., 2005) (Lofthus et 

al., 1984) (Araneo et al., 1991) (Yang et al., 2011) 

Lymphocytes H  H H±   M (Zhou et al., 1998) (Samy et al., 2001) 

Thymus R*   R*    (Borlak et al., 2004) 

SKIN & BONE 

Genital Skin H H  H H  H; R (Russell and Wilson, 1994) (Thiele et al., 2005) (Pinsky et 
al., 1978) (Dube et al., 1975) 

Non-Genital 
Skin 

H H  H± H  H; R (Russell and Wilson, 1994) (Luuthe et al., 1994) (Takayasu 
et al., 1980) (Eicheler et al., 1995) (Randall et al., 1982) 

(Dube et al., 1975) 

Hair follicle H H  H H  H (Eicheler et al., 1998) (Eicheler et al., 1995) (Sawaya and 

Price, 1997) 

Sweat gland H       (Sato et al., 1998) 

Cartilage R  R:♂,♀ R    (Raz et al., 2005) 

Bone H  H H  H± R (Turner et al., 1990) (Issa et al., 2002) 
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SENSORY 

Olfactory bulb R; 
M±(G); 
M(g) 

R; M±(G); 
M(g) 

    R (Agis-Balboa et al., 2006) (Kiyokage et al., 2005) (Li et al., 

1997) 

Eyes  H   H   H (Weinstein et al., 1991) (Rocha et al., 2000) 

NEUROLOGICAL 

Hypothalamus H; R; 
M 

H; R R H; R H  R (Karolczak et al., 1998) (Russell and Wilson, 1994) 
(Thigpen et al., 1993) (Pelletier et al., 1994) (Lephart, 

1993b) (Li et al., 1997) 

Pituitary H; R H; R R H; R H  R (Russell and Wilson, 1994) (Nowak, 2002) (Lephart, 
1993b) (Yokoi et al., 1996) 

Thalamus M(G, g) R; 
M(G,g) 

    R (Agis-Balboa et al., 2006) (Pelletier et al., 1994) (Li et al., 
1997) 

Hippocampus H; 
M(G); 
M(g) 

R; M(G); 
M(g) 

 H   R (Agis-Balboa et al., 2006) (Pelletier et al., 1994) (Li et al., 
1997) (Stoffel-Wagner et al., 2000) (Melcangi et al., 1988) 

Cortex H; R; 
M(G); 
M(g) 

H; R; 
M(G); 
M(g) 

H H; R H  R (Agis-Balboa et al., 2006) (Pelletier et al., 1994) (Torres 
and Ortega, 2006) (Li et al., 1997) (Stoffel-Wagner et al., 

1998) (Steckelbroeck et al., 2001) (Melcangi et al., 1988) 

Medulla 
oblongata 

H H  H H  R (Thigpen et al., 1993) (Li et al., 1997) 

Pons H H  H H  R (Russell and Wilson, 1994) (Thigpen et al., 1993) (Li et al., 
1997) (Melcangi et al., 1988) 

Amygdala M(g) M(g)     R (Agis-Balboa et al., 2006) (Li et al., 1997) 

Corpus 
Collosum 

M M     R (Agis-Balboa et al., 2006) (Melcangi et al., 1988) 

Striatum M(G) M(G)      (Agis-Balboa et al., 2006) 

Cerebellum H; 
M(G); 
M± (g) 

H; M(G); 
M±(g) 

 H H  R (Russell and Wilson, 1994) (Thigpen et al., 1993) (Agis-
Balboa et al., 2006) (Li et al., 1997) (Melcangi et al., 1988) 

Spinal cord R R  R R  R; M (Pozzi et al., 2003) (Patte-Mensah et al., 2004) (Maclusky 
et al., 1987) (Hauser et al., 1987) 

PN / 
paraganglia 

 R     R (Yokoi et al., 1998a) (Melcangi et al., 1990) 
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REPRODUCTIVE 

Prostate H; R  H; R  H; R; 
M± 

H; R H; R R;M H (Shirakawa et al., 2004) (Russell and Wilson, 1994) 

(Normington and Russell, 1992) (Mahendroo et al., 2001) 
(Houston et al., 1987) 

Testes H; R H M H; R H M M (Russell and Wilson, 1994) (Mahendroo et al., 2004) 
(Sheffield and Oshaughnessy, 1988) 

Epididymis H; R; 
M 

H; R R; M H; R; 
M 

H; R R; M H (Thigpen et al., 1993) (Mahony et al., 1998) (Delarminat et 
al., 1980) (Viger and Robaire, 1994) (Normington and 
Russell, 1992) (Mahendroo et al., 2001) 

Vas Deferens R   R   H; R; M (Russell and Wilson, 1994) (Seethalakshmi et al., 1982) 
(Dupuy et al., 1979) (Jeanfaucher et al., 1986) 

Seminal 
Vesicles 

H; R H; R M H; R H; R M  (Pratis et al., 2000) (Russell and Wilson, 1994) 
(Mahendroo et al., 2001) 

Ovary H; R; 
M 

H H H; R; 
M 

H H  (Russell and Wilson, 1994) (Normington and Russell, 

1992) (Thigpen et al., 1993) (Jakimiuk et al., 1999) 
(Backstrom et al., 1986) (Milewich et al., 1995) (Luu-The 
et al., 2005) 

Vagina H; M   H; M   R (Berman et al., 2003) (Blom et al., 2001) (George, 1993) 
(Luu-The et al., 2005) 

Uterus H;M H; M  H; M± H  R (Mahendroo et al., 1997) (Blom et al., 2001) (Luu-The et 
al., 2005) (Ito et al., 2002) 

Placenta M H; M H  H H R (Milewich et al., 1979) (Dombroski et al., 1997) (Vu et al., 
2009) (Mahendroo et al., 1997) (Chan and Leathem, 1975) 

Breast H H  H H  H; R; M (Lloyd, 1979) (Wiebe et al., 2000) (Suzuki et al., 2001) 
(Mori et al., 1978) (Abulhajj and Kiang, 1982) 

GASTRO-INTESTINAL 

Stomach R   R    (Normington and Russell, 1992) 

Intestine R   R   H; R (Normington and Russell, 1992) (Nienstedt et al., 1980b) 
(Nienstedt et al., 1980a) (Eiknes et al., 1983) 
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1.1.5 Substrates and products  

Known substrates of 5αR are steroid hormones with a double bond between 

carbons 4-5 of the A-ring (Figure 1.2).  

 

Figure 1.2 Schematic of basic steroidal structure. Steroids have three 

cyclohexane rings (denoted, by convention, A, B and C) and one cyclopentane 

ring (denoted D). Individual carbon atoms within the steroid molecule are 

denoted by numbers. Carbons 4 and 5 of the A ring are the site of 5α-reductase 

enzyme activity, where a double bond in this position is reduced to form the 5α-

dihydrosteroid.    

 

5α-reductases catalyse the irreversible reaction:  

 

3-oxo-δ4-steroid + 2NADPH        →   3-oxo-5α-steroid + 2NADP+  

 

The consequence for the substrate is the reduction of the carbon 4-5 double 

bond, with NADPH acting as cofactor. 5αR has an absolute requirement for 

NADPH in order to catalyse the A-ring reduction of its steroid substrates, 

and is unable to utilise NADH as an alternative (Frederiksen and Wilson, 
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1971). In vitro studies suggest it is the denaturing of the 5αR enzyme which 

leads to the cessation of its reductase actions, rather than paucity of substrate 

or NADPH (Frederiksen and Wilson, 1971). However, this is in contrast to 

the findings in other studies, suggesting substrate depletion is responsible for 

any cessation of 5αR activity (Larsen, 2002).  

 

The metabolic pathway of 3-oxo-δ4-steroids via 5αR generally follows the 

pattern: 

 

3-oxo-δ4-steroid → 5α-dihydrosteroid → 3α (or β), 5α-tetrahydrosteroid 

 

The initial reaction is catalysed by 5αRs and is irreversible, while the latter is 

catalysed by 3α- or 3β- hydroxysteroid dehydrogenase and is reversible 

(Figure 1.3). 3αHSDs make up the aldo-keto reductase (AKR) 1C enzyme 

family, of which there are four known isozymes. AKR1C1, AKR1C2, and 

AKR1C3 all have a role in the metabolism of androgens and progesterones, 

with one or more of these detected in liver, prostate, breast, uterus and brain 

(Penning et al., 2000). AKR1C4 is liver specific and acts together with the 5α 

and 5β-reductases (Penning et al., 2000). 3αHSD versus 3βHSD metabolite 

formation varies greatly in an isoform and tissue dependent manner; ratios 

of 3α:3β HSD metabolites are 1:4 (AKR1C1:3βHSD), 20:1 (AKR1C2:3βHSD), 

1.5:1 (AKR1C3:3βHSD), and 3.6:1 (AKR1C4:3βHSD), (Steckelbroeck et al., 

2004).  
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Many hormonally active steroids, other than oestrogens, have the δ4-3-oxo 

group in the A ring, and tetra-hydro reduction of the A ring was traditionally 

thought to inactivate these steroids prior to excretion (Makin et al., 2010), 

rendering them more susceptible to conjugation.  Prior to the identification of 

5αR2, in vitro investigations characterised substrate nature and reaction rates 

for a number of 3-oxo-δ4-steroids. McGuire and colleagues (McGuire et al., 

1960) demonstrated the many substrates of 5αR in rat liver, but also 

indicated some 3-oxo-δ4-steroids which were not 5α-reduced. These were 

either unsaturated at C1-2, or had a methyl substitution at C2 or C6 

H

O  

H

O
H  

H

H
OH

 

H

H
OH

 

5αR 

3αHSD 3βHSD 

Figure 1.3. Generic metabolic pathways for 3-oxo-δ
4
-steroids metabolised by 

5α-reductase. Enzymes indicated in interrupted boxes. R, reductase; HSD, 

hydroxysteroid dehydrogenase.  
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(McGuire et al., 1960). Another study characterised 5αR substrate specificity 

of a variety of 3-oxo-δ4-steroids in rat prostate, and demonstrated the 

likelihood of a single 5αR isozyme in prostate as compared to liver 

(Frederiksen and Wilson, 1971).  

 

In humans, the most biologically significant substrates of 5αR are 

testosterone, progesterone, aldosterone and cortisol (Figure 1.4). Human 5αR 

(prior to isozyme identification) has been shown to act with differing 

efficiencies on its key substrates; Km values for testosterone (3.6 µM), 

androstenedione (1.7 µM) and progesterone (0.8 µM) demonstrate this 

(Andersson and Russell, 1990). While catabolic activity with 

mineralocorticoids and glucocorticoids has been demonstrated (Frederiksen 

and Wilson, 1971, Andersson and Russell, 1990), their comparative Km values 

were unable to be determined.  Due to the known biological activity of their 

metabolites, testosterone and progesterone are certainly the most researched 

substrates of 5αR, however it is now increasingly evident that the 5α-reduced 

metabolites of cortisol may also have physiologically relevant effects 

(McInnes et al., 2004, Yang et al., 2011), and these are discussed further in 

Section 1.4.1. 
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1.1.5.1 Androgens 

Androgens (discussed further in Section 1.21.2) are steroid hormones 

instrumental in the establishment and maintenance of the male phenotype, 

and are also key players in many aspects of health (and disease) in both men 

and women. The conversion of the androgen testosterone to its more potent 

metabolite 5α-dihydrotestosterone (DHT) is the best characterised, most 

clinically significant and pharmacologically targeted reaction catalysed by 

5αR.  5.6% of plasma testosterone in men, and 3.5% in women is irreversibly 

converted to DHT (Ito and Horton, 1971). Free DHT levels in men peak 

during their 20s, with levels slowly declining thereafter (Starka et al., 2009). 

DHT production patterns in women do vary from men, with the key 

differences being a reduced amount of testosterone as substrate, and the fact 

that their DHT is primarily sourced from androstenedione rather than 

testosterone (Ito and Horton, 1971). The majority of DHT exists as a result of 

peripheral conversion from testosterone, principally in prostate and skin, 

rather than direct secretion (Ito and Horton, 1971), however non-classical 

‘backdoor’ pathways of DHT synthesis do exist and are discussed further in 

Section 1.2.1.    

 

The relative importance of DHT in the developing male is seen both pre- and 

post-natally. The human placenta is known to express both isozymes of 5αR, 

and when compared with female fetuses, male fetuses show significantly 
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greater expression of 5αR1, and a trend towards a greater expression of 5αR2 

(Vu et al., 2009). Post-natal significance of DHT is reflected in the peak ratio 

of DHT to testosterone, which is maximal in infancy and childhood, with 

rates dropping until approximately age 20 years after which they remain 

steady into old age (Starka et al., 2009).  

 

Patients with a complete 5αR2 deletion can have normal serum DHT 

concentrations and present with variable degrees of masculinisation 

(Imperato-Mcginley et al., 1991, Thigpen et al., 1993), revealing the ability of 

5R1 to deputise for 5R2. Prior to the identification of the different 

isozymes, in 5αR mutations leaving very low levels of 5αR activity, 

administration of exogenous testosterone was shown to increase DHT 

concentrations from low normal to within the normal range (Price et al., 

1984). These observations support the notion of DHT acting as an endocrine 

hormone, as well as in an autocrine and paracrine manner as was 

traditionally thought. This also adds weight to the concept of inhibiting both 

5αR1 and 5αR2 for disorders such as benign prostatic hypertrophy, as DHT 

formed in extra-prostatic tissues may be acting in an endocrine manner to 

drive prostatic growth. Pharmacological 5αR inhibition now forms a key part 

of the medical armamentarium in treatment of benign prostatic hyperplasia, 

and is discussed further in Section 1.3.2.  
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Additional androgen substrates of 5αR are epitestosterone and 

androstenedione. Epitestosterone, an epimer of testosterone, is a naturally 

occurring steroid hormone. While presumed to act via both the androgen 

receptor, as well as non-genomic routes, mechanisms of epitestosterone 

action are not confirmed (Starka, 2003).  In vitro radioactive experiments 

show epitestosterone to be a better 5αR substrate than testosterone, with Km 

values approximately 3 times lower (Frederiksen and Wilson, 1971), and it is 

also able to serve as a competitive inhibitor of testosterone reduction in 

prostatic nuclei (Frederiksen and Wilson, 1971, Starka, 2003). Less than 5% of 

epitestosterone is converted to its 5α- (and then 3α-) reduced metabolite, 5α-

androstane-3α,17α-diol, prior to urinary excretion (Starka, 2003) and the 

physiological properties of these metabolites are unknown. Androstenedione 

can be formed from the peripheral metabolism of DHEA. It is then reduced 

by either 5αR or 5βR (in equal proportions), followed by 3αHSD reduction to 

form androsterone and etiocholanolone respectively (Auchus, 2009). In rat 

prostate, androstenedione was demonstrated to be approximately equal to 

testosterone in its substrate specificity for 5αR (Frederiksen and Wilson, 

1971). The properties of androstenedione’s 5α-reduced metabolite are 

unknown. Androsterone is readily converted into DHT (though is not 

amenable to aromatisation) (Auchus, 2009), and while briefly of interest in 

conditions such as hirsutism, it has been shown to be of limited clinical 

utility at present (Zwicker and Rittmaster, 1993). Both epitestosterone (Piper 
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et al., 2009) and androsterone (Aguilera et al., 2009) are now most commonly 

measured as part of doping control efforts in professional sport. 

 

1.1.5.2 Glucocorticoids 

Glucocorticoids (discussed further in Section 1.4), steroid hormones 

synthesised by the adrenal glands, are vital to many aspects of health 

including glucose regulation and response to stress. The action of 5αR on 

glucocorticoids is the rate limiting and irreversible step in their degradative 

pathway (Figure 1.7, Section 1.4.1). As with other 5αR substrates, 

glucocorticoids are metabolised to their 5α-dihydro and 5α-tetrahydro 

metabolites. While several glucocorticoids are 5αR substrates, the most 

significant in humans is cortisol.  

 

Cortisol is reduced to 5α-dihydrocortisol via hepatic 5αR, and is then further 

reduced prior to urinary excretion, with 5α-tetrahydrocortisol forming 

between 11-25% urinary cortisol metabolites (Shamim et al., 2000, Andrew et 

al., 1998, Best and Walker, 1997). While 5αR action on glucocorticoids is 

predominantly hepatic (Baudrand et al., 2011), it is also thought to 

metabolise glucocorticoids in adipose (Wake et al., 2007, MacKenzie et al., 

2008), possibly the brain (Thigpen et al., 1993), but not in the prostate 

(Frederiksen and Wilson, 1971). In rodents, corticosterone (B) is the most 

significant glucocorticoid, owing to a lack of adrenal 17α-hydroxylase, and is 
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reduced by 5αR to form 5α-dihydrocorticosterone (5αDHB) which is further 

reduced to 5α-tetrahydrocorticosterone (5αTHB).  

 

Two other glucocorticoids, namely cortisone and 11-deoxycortisol, have been 

shown to act as 5αR substrates, however have not yet been shown to be of 

clinical significance. Cortisol can be interconverted with its biologically 

inactive metabolite cortisone by the actions of the 11βHSD enzymes. While 

C4-5 reduction of cortisone is predominantly catalysed via 5β-reductase 

(5βR), it can also be reduced by 5αR to form 5α-dihydrocortisone in vitro in 

microsomal rat liver fractions (McGuire and Tomkins, 1960), though not in 

rat prostate (Frederiksen and Wilson, 1971). Humans are not known to 

excrete a urinary 5α-metabolite of cortisone (Bush and Mahesh, 1959). 11-

Deoxycortisol is usually converted to cortisol via the actions of the enzyme 

11β-hydroxylase. It is known to be approximately as good a substrate as 

testosterone for 5αR (Frederiksen and Wilson, 1971) and in vitro studies in rat 

liver homogenates (Forchielli et al., 1955) confirm this. There is very little 

known about the site(s) and nature of in vivo 11-deoxycortisol metabolism in 

humans. A study with tritiated 11-deoxycortisol in 6 healthy human 

volunteers (Dehertogh et al., 1964) showed it disappears rapidly from 

plasma, with only 3% of initial IV dose remaining after 5 minutes, 0.08% 

remaining after 90 minutes, and 70% excreted in urine within 24 hours, 

however the relative contribution of 5αR in this metabolism is not defined. 
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However, the in vivo actions of the 5α-reduced metabolites of 11-

deoxycortisol remain unknown. 

 

While thought to lack metabolic effects, 5α-reduced glucocorticoids have 

anti-inflammatory effects and are discussed further in Section 1.4.1.  

 

1.1.5.3  Progesterones  

Progesterone is a steroid hormone synthesised by the ovaries and adrenal 

cortex, classically known for its role in normal and abnormal female 

reproductive physiology. 40-60% of plasma progesterone is metabolised to 

5α-dihydroprogesterone (5αDHP) principally in corpus luteum (Dombroski 

et al., 1993), placenta (Milewich et al., 1979), liver and brain. Approximately 

90% of synthesis and subsequent metabolism of 5αDHP occurs in extra-

hepatic sites (Dombroski et al., 1993). Prior to excretion, metabolism 

preferentially follows a pattern of 3β- (rather than 3α-) reduction, followed 

by 6α-hydroxylation, to finally be excreted in urine in the form of 3β,6α-

dihydroxy-5α-pregnan-20-one (Chantilis et al., 1996).   

 

Recent interest in the 5α-reduction of progesterone has primarily been in the 

field of psychiatric and neurological research.  Progesterone is present at a 

greater concentrations in the brain (as compared to testosterone), and its 

kinetic properties potentially make it a more favourable substrate for 5αR 
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(Lephart, 1993a). 5αR1 is present in substantially larger amounts than 5αR2 

in rat, mouse and human brain (Rego et al., 2009), thus is thought to be the 

most important 5αR isozyme in neurological steroid metabolism.  

 

5αDHP can bind to the progesterone receptor (Dong et al., 2001) and function 

as a neurosteroid. In male rats, 5αDHP has been shown to be a potent anti-

convulsant in a model of complex partial seizures with secondary 

generalisation (Lonsdale et al., 2006), and shows greater effect than either 

progesterone or 5αTHP. 5αDHP (along with progesterone and 

allopregnanolone) can promote Schwann cell proliferation through 

interaction with other transcription factors, and plays a part in the regulation 

of myelin formation (Brinton et al., 2008).  

 

There is a substantial body of evidence indicating that the 3αHSD metabolite 

of 5αDHP, allopregnanolone, is active as a modulator of the GABAergic 

neurotransmission system, likely via non genomic mechanisms (Purdy et al., 

1990). It is the 3α, and not the 3β, metabolites of 5αDHP that have this 

capability (Purdy et al., 1990). In a murine model, protracted social isolation 

stress was associated with a substantial decrease in 5αR1 activity, with 

subsequent reduction in both 5αDHP and allopregnanolone levels (Dong et 

al., 2001).  
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While reduced activity of 5αR1 is associated with some negative phenotypes 

(Dong et al., 2001), the use of 5αR inhibitors in rodent models has 

demonstrated an ability to reduce potentially distressing phenotypes 

including compulsive (Bini et al., 2009) and psychotic behaviours (Bortolato 

et al., 2008). Given the many substrates of 5αR1 and its regional and inter-

species variations in brain expression, dissecting the contribution of different 

5αR substrates and metabolites is difficult; it is likely that pathways 

influencing cognition, mood and behaviour are modulated by multiple 5α-

reduced neuroactive steroids.   

 

In addition to progesterone, two other progesterones are known to be 5αR 

substrates, namely 20α-dihydroprogesterone (20αDHP) and 17α-

hydroxyprogesterone (17αOHP). 10% of plasma progesterone is converted to 

20αDHP (Dombroski et al., 1993), and this can then be converted by 5αR to 

20α-hydroxy-5α-pregnan-3-one. In female rats 5αR action on 20αDHP is 

prominent in the anterior pituitary and medial basal hypothalamus, with 

metabolite action likely mediated via non-genomic routes due to low affinity 

for the progesterone receptor (Nowak, 2002).  5α-Reduced metabolites of 

20αDHP are hypothesised, though not confirmed, to have a biologically 

significant role as neurosteroids. 17αOHP is a glucocorticoid precursor, and 

while ex vivo work in human fetal small intestine (Nienstedt et al., 1980b) 

demonstrated that 17OHP could be 5α-reduced, it was 5β- metabolites which 
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predominated. While this early work demonstrates intestinal 5α-reducing 

capacity, these findings have not extended into further published research.  

 

1.1.5.4  Mineralocorticoids 

Aldosterone is a substrate for 5αR in the rat kidney, with 5α- and 5β- 

metabolites formed in approximately equal amounts. Of interest is that the 

5α- and 3α,5α- metabolites of aldosterone retain significant mineralocorticoid 

activity, and though their relative potency is less than aldosterone itself, they 

may still be biologically relevant (McDermott et al., 1983). These metabolites 

have been shown to cause hypertension in adrenalectomised spontaneously 

hypertensive rats, and when compared to 3β, 5α- or 3α,5β- aldosterone, the 

5α- or 3α,5α- aldosterone metabolites have a greater propensity to cause 

hypertension and suppress plasma renin activity (Gorsline et al., 1986).  

 

Another mineralocorticoid, 11-deoxycorticosterone, is a substrate for 5αR 

(Frederiksen and Wilson, 1971). Both 11-deoxycorticosterone and its 5α-

reduced metabolite, 5α-dihydro-11-deoxycorticosterone, show 

mineralocorticoid activity, though the latter to a lesser degree (Sekihara et al., 

1978).  5α-dihydro-11-deoxycorticosterone has also been shown to act as an 

antagonist to more potent mineralocorticoids (Sekihara and Yazaki, 1993). 

The physiological relevance of the 5α-reduced mineralocorticoids in humans 

is unknown. 
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1.2 Androgens 

1.2.1 Significance, Synthesis and Metabolism 

Androgens are steroid hormones which play an integral role in development 

and maintenance of gender phenotypes, and are also key players in other 

organ systems including bone and metabolism. Androgen production occurs 

principally in reproductive tissues in males and both the adrenal glands and 

ovaries in females. The main adrenal androgens are dehydroepiandrosterone 

(DHEA) and androstenedione, while the main androgens synthesised in 

extra-adrenal sites are testosterone and dihydrotestosterone (DHT).   

 

The sulfated derivative of dehydroepiandrosterone (DHEAS) is the 

quantitatively most significant androgen in adult humans (El Kihel, 2012), 

however while altered concentrations of DHEA and DHEAS are associated 

with different health conditions, their role and mechanism of action is yet to 

be well described. Androstenedione is important as a precursor to the extra-

adrenal synthesis of testosterone. Synthesis of testosterone and its 

subsequent metabolism are summarised in Figure 1.5. Testosterone and its 

more potent metabolite dihydrotestosterone are biologically the most 

significant androgens and are the focus of androgen discussion in this thesis.   
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Products of testosterone metabolism include androgens, principally 

dihydrotestosterone (catalysed by 5αR) and oestrogens (catalysed by 

aromatase). While ovarian steroid production is the main source of 

oestrogens in pre-menopausal women, peripheral conversion of androgens 

to oestrogens is the predominant source in men and post-menopausal 

women; therefore this pathway provides another important avenue of 

androgen action, and modulation of any aspects of androgen or oestrogen 

physiology cannot be viewed in complete isolation.  Along with all 5α-

reduced androgens, dihydrotestosterone cannot serve as an aromatase 

substrate as A ring reduction prevents this (Larsen, 2002).  

 

Daily production rates of DHT in men are between 280 µg (Mahoudeau et al., 

1971) and 400 μg, with testosterone production being ~5 mg per day (Murray 

RK, 2006).  Approximately 85% of DHT production is from testosterone, with 

the remainder from androstenedione (Mahoudeau et al., 1971), and the 

amount of testosterone available to serve as substrate is the key determinant 

of DHT production rates (Larsen, 2002). Sites of testosterone conversion to 

DHT mirror sites of 5αR expression (Table 1-1), with principal sites of DHT 

production being reproductive organs, skin and liver. There is a small 

amount of DHT produced in adipose (Longcope and Fineberg, 1985); in 

contrast, skeletal muscle can metabolise DHT, however is not considered a 
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significant site of its synthesis (Thigpen et al., 1993, Longcope and Fineberg, 

1985) .  

 

While its synthesis is irreversible, DHT metabolism is reversible, therefore 

actions of metabolising enzymes contribute to regulation of tissue exposure 

to DHT. As with other 5α-reduced steroids, DHT is metabolised by 3α- and 

3β- HSDs, with subsequent formation of glucuronic acid conjugates prior to 

excretion in urine (Pirog and Collins, 1999, Belanger et al., 2003). 3αHSD 

reductase activity is approximately 5 times greater than 3βHSD reductase 

activity, both in vitro (Pirog and Collins, 1999) and in vivo (Mahoudeau et al., 

1971), and forms the major pathway for DHT metabolism. In contrast to rat 

models, no significant differences attributable to age or sex have been 

observed in this ratio in human liver (Pirog and Collins, 1999). The 

importance of local DHT metabolism is highlighted in both normal and 

abnormal tissues. In genital skin from both males and females, DHT is 

synthesised (by 5αR from testosterone, and by 3αHSD from 3αDiol) at a 

significantly greater rate than non-genital skin, though its degradation is 

comparable (Morimoto et al., 1991). In pathological processes such as benign 

prostatic hyperplasia, an increase in prostatic DHT concentration does not 

just reflect an increase in 5αR activity, but also a corresponding decrease in 

DHT metabolism via 3αHSD, 3βHSD and 17βHSD (Isaacs et al., 1983).  In 

contrast, an increase in DHT inactivation is seen in visceral (but not 
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subcutaneous) adipose in abdominally obese women, perhaps reflecting a 

compensatory phenomena whereby already metabolically compromised 

adipose is protected from exposure to excess androgens (Blouin et al., 2003). 

The final metabolites of DHT prior to excretion are glucuronic acid 

conjugates; while this stage of DHT metabolism is less well understood, 

levels of these metabolites (and thus activity of these enzymes) have been 

shown to correlate with metabolic risk factors and proposed as potential 

future markers of metabolic disease (Vandenput et al., 2007, Miljkovic et al., 

2011).  

 

The most well recognised pathway of DHT synthesis is via 5αR action on 

testosterone. However, there are also so-called “backdoor” pathways (i.e. 

pathways independent of DHEA, androstenedione and testosterone) to DHT 

synthesis, which are increasingly recognised, particularly in prostate cancer 

research, and are summarised in Figure 1.6. This pathway stems from the 3α, 

5α- HSD metabolite of 17-hydroxyprogesterone which can be metabolised to 

androsterone, and in turn can be metabolised via the actions of 17βHSD and 

3αHSD enzymes to form DHT. The significance of these pathways is twofold. 

Firstly, these pathways may provide an important route of androgen 

production in castration resistant prostate cancer. Secondly, there are 

potential differences in the way these “backdoor pathways” are targeted by 

5αR inhibitor drugs (discussed further in Section 1.3.2); it has been 
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suggested, though not well clarified, that dutasteride (a dual 5αR isozyme 

inhibitor), but not finasteride (a 5αR2 inhibitor), inhibits the backdoor 

pathway (Mohler et al., 2011).  
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Figure 1.5 Principal pathways for synthesis and metabolism of testosterone and 

dihydrotestosterone. OH, hydroxy; HSD; hydroxysteroid dehydrogenase; 

DHEA, dehydroepiandrosterone; R, reductase; DHT, dihydrotestosterone; 

UDP-GT, Uridine diphosphate glucuronyl transferase (reverse reaction 

catalysed by β-glucuronidase); 3αDiol: 5α-androstan-3α, 17β-diol; 3βDiol: 5α-

androstan-3β, 17β-diol.  
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1.2.2 Mechanism of action 

Androgens exert their effects through binding of the androgen receptor (AR); 

the two androgens able to bind with subsequent physiological effect are 

testosterone and dihydrotestosterone. AR is a member of the steroid 

hormone receptor family, with a structure highly conserved through 

evolution. It is encoded for on the X chromosome (Xq11-12), with eight 

exons; the first exon encodes the N-terminal domain, exons 2-3 the central 

DNA binding domain, and exons 4-8 encode the C-terminal ligand binding 

domain (Gelmann, 2002).  AR is essentially ubiquitously expressed, with all 

tissues other than the spleen showing some AR expression (Gelmann, 2002).   

 

Binding of AR triggers a chain of events similar to that described in detail 

later for glucocorticoids (Figure 1.8, Section 1.4.2), terminating in either 

activation or repression of gene expression. AR is located primarily in the 

cytoplasm (Bennett et al., 2010). Upon binding of testosterone or DHT to the 

cytoplasmic AR there is a release of heat shock proteins, conformational 

change exposing the activation function 2 (AF-2) binding surface and 

translocation to the nucleus. The AR-ligand complex can then bind specific 

androgen response elements on DNA (Gobinet et al., 2002), and either 

transactivation or transrepression of gene transcription then follow.  DHT 

acts via the same pathway as testosterone, but does so with greater receptor 

affinity and subsequent effect (Bruchovsky and Wilson, 1968b, Askew et al., 
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2007), with a dissociation constant (Kd) in prostate from AR of 3.4 x 10-10 M 

for dihydrotestosterone, compared with 0.49 nM for testosterone (Wilson and 

French, 1976).   

 

Testosterone and its androgen metabolites do not solely bind AR. DHT and 

its 3β- reduced metabolite 5-androstane-3,17-diol have been shown to exert 

effects via the oestrogen β receptor in neuronal cell lines (Pak et al., 2007), 

and the latter can modulate the stress response and behavioural phenotypes 

in in vitro and in vivo models (Handa et al., 2008). Androgens are also ligands 

for other receptors including the steroid X receptor (Zhou et al., 2009), 

however all alternate receptor pathways are not as well understood as those 

mediated via the androgen receptor.  

 

In addition to genomic mechanisms of action, androgens also have non-

genomic signalling actions. The term ‘non-genomic’ describes modes of 

androgen action that are rapid (seconds to minutes), are membrane 

mediated, and do not involve (at least initially) transcription or translation 

(Foradori et al., 2008). These mechanisms may play a role in reproductive 

physiology and animal behaviour, however at this stage are not well 

understood (Foradori et al., 2008).  
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Non-classical pathways for androgen action can be demonstrated in animal 

models. An example is in the demonstration that testosterone exerts its 

effects on atherogenesis in both an AR dependent and independent manner;  

in an Apo-E deficient model of predisposition to atherosclerotic disease, AR 

knockout mice respond favourably to testosterone therapy, but to a lesser 

degree than their wild-type counterparts (Bourghardt et al., 2010).   

 

Understanding androgen action is imperative for the understanding and 

treatment of androgen-dependent disorders. Disorders characterised by a 

decrease in androgen action (such as hypogonadism) can be treated with 

synthetic androgens. The long-term potential for adverse effects temper the 

use of androgen replacement therapies, and monitoring for occult prostate 

cancer is considered a mandatory aspect of therapeutic monitoring (Rhoden 

and Morgentaler, 2004), though in the absence of adequate trial data this has 

largely been recommended due to hypothetical risks and increased prostate 

cancer risk may not be seen in practice (Marks et al., 2006, Page et al., 2011b). 

In order to alleviate potential for long-term harm, the use of selective 

androgen receptor modulators (SARMs) are the subject of ongoing research, 

with the aim to give positive tissue-specific effects on muscle and bone, while 

sparing the prostate (Haendler and Cleve, 2012). The inability for the 

enzymes 5αR and aromatase to convert SARM molecules to their 5α-reduced 

and aromatised metabolites respectively likely affords them some of their 
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tissue specificity (Haendler and Cleve, 2012). Conditions where excess or 

abnormal androgen action are deleterious can be treated with anti-androgen 

therapies (usually used in advanced prostate cancer) or with drugs targeting 

androgen synthesis or metabolism, such as 5αR inhibitors (discussed in 

Section 1.3.2).   

 

1.2.3 Androgens in health and disease 

Androgens play an important role in health in both sexes, with the 

importance of androgens in male physiology being the focus of this section. 

Androgens are critical in pre-natal sexual differentiation (Cunha et al., 1992) 

and remain vitally important throughout post-natal life particularly in 

establishment of secondary sexual characteristics at puberty (Imperato-

McGinley et al., 1979) and maintenance of this male phenotype thereafter. In 

addition, androgens play an essential part in spermatogenesis and fertility 

(Dohle et al., 2003).  

 

In addition to the pivotal role played in sexual function and reproduction, 

androgens are also important in other organ systems. Androgens influence 

bone growth both directly as androgens, and indirectly following 

aromatisation and formation of oestrogens. Overall androgens preserve bone 
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density principally through maintenance of cancellous bone 

(Vanderschueren et al., 2004).  

 

Body composition is influenced by androgens, principally testosterone. 

Muscle mass is increased by testosterone; a finding largely seen in studies of 

testosterone therapy in hypogonadal men where an increase in muscle mass 

is seen (Brodsky et al., 1996, Schroeder et al., 2005) resulting from an increase 

in muscle protein synthesis (Brodsky et al., 1996). Decreased testosterone is 

associated with increased fat mass (Mammi et al., 2012), and treatment with 

synthetic androgens decreases visceral adiposity (Wang et al., 2000, 

Schroeder et al., 2004) or prevents its accumulation (Allan et al., 2008).   

 

Just as androgens are of such importance to health in all stages of life, 

aberrations in androgen physiology can have pathological consequences. In 

adulthood principal pathological processes include those where a decline in 

androgen concentrations is seen, such as hypogonadism, and those where 

excess androgen action is implicated in diseases such as prostate cancer, 

androgenic alopecia and benign prostatic hyperplasia.  
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1.3 Benign prostatic hyperplasia 

1.3.1 Overview of benign prostatic hyperplasia 

Benign prostatic hyperplasia (BPH) is a condition characterised by a non-

cancerous increase in cell number within the prostate gland. As the prostate 

surrounds the urethra, clinically BPH manifests as a constellation of 

symptoms, often described by the umbrella term ‘lower urinary tract 

symptoms’ (LUTS), which can include urinary frequency, hesitancy, 

nocturia, and incomplete bladder emptying. BPH is the most common 

prostate condition, histologically present in approximately 50% of men at 50 

years, rising to 80% at 80 years (Guess et al., 1990). On a population basis 

these figures are highly comparable to those who are symptomatic of BPH, 

though it has been consistently found that these findings are not necessarily 

true on an individual basis (Guess et al., 1990). Studies also report weak 

correlations between sonographically determined prostate transition zone 

volumes and reported symptoms (Franciosi et al., 2007). It follows, that the 

pathophysiology of benign prostatic hyperplasia is complex.  

 

The prostate is a male exocrine gland composed of both glandular epithelium 

and stromal tissues, all contained within the prostatic capsule. Glandular 

epithelial cells produce important components of semen which aid in sperm 

motility and thus function. Stromal structures include sphincters, the 



 

Chapter 1: Introduction 
                                                                                                             40 

 

neurovascular bundle and prostatic capsule. Glandular regions of the 

prostate are anatomically divided into central, peripheral and transition 

zones. In the normal prostate the peripheral zone comprises 70% of 

glandular prostate mass, the central zone 25%, and the transition zone 5% 

(McNeal, 1988). The peripheral zone is affected by the vast majority of 

inflammatory and malignant disorders of the prostate. A smaller number 

occur in the transition zone, while the central zone is resistant to these 

conditions. In contrast, BPH affects primarily the transition zone, with some 

cases affecting the central peri-urethral zone (McNeal, 1988). Glandular 

architecture in BPH is normal.  

 

Both epithelial and stromal tissues express the androgen receptor, and while 

the former directly mediates androgen effects on prostate growth, the latter 

does so indirectly through androgen stimulation of stromal growth factors 

which in turn stimulate prostatic epithelial proliferation (Schalken, 2005). 

Prostate size is determined through a complex and delicate balance of 

androgen-mediated growth and apoptosis (Isaacs, 1996, Mirone et al., 2006). 

There are important differences in the response of different prostatic cell 

types to androgens, whereby AR in epithelial cells functions to suppress 

growth, whereas in stromal cells functions to stimulate proliferation 

(Bauman et al., 2006, Niu et al., 2008a, Niu et al., 2008b); these regional 
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differences are important not only in health but also in understanding 

prostate disease and designing new therapeutic approaches.  

 

While testosterone was previously considered the main ‘male’ sex hormone, 

the discovery that it is DHT that exerts intra-prostatic androgen effects 

provided a key breakthrough in androgen and prostate research (Marks et 

al., 2008). The growth of the prostate follows the trajectory of serum 

testosterone at puberty (Cunningham, 1996) and androgens are at least 

permissive players in prostatic growth. This understanding stems from the 

fact that prepubertal orchidectomy prevents prostate cancer, and 

orchidectomy is employed as an effective therapeutic modality in advanced 

prostate cancer (Isaacs, 1996). Despite the importance of androgens in 

prostatic growth, both testosterone and DHT concentrations decline with 

age, making it unlikely that BPH is solely an androgen-dependent disorder 

(Starka et al., 2009). It is also recognised however that circulating 

concentrations of androgens do not necessarily reflect the intra-prostatic 

environment (Marks et al., 2008). In BPH intra-prostatic DHT concentrations 

are not elevated, however this is the context of declining plasma testosterone 

levels with age, therefore may be considered to be relatively increased 

(Bartsch et al., 2002).  
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Whilst not negating the importance and direct influence of androgens on 

prostatic size and BPH, a broadening of research interests has been seen in 

recent years. In particular establishing other causative factors in BPH has 

been a key focus, with an aim to improving current therapeutic options. 

Prominent amongst recent research publications has been in establishing the 

link between BPH and the metabolic syndrome. While both BPH and the 

metabolic syndrome increase in prevalence as men age, an aetiological link 

between these two conditions was hypothesised following epidemiological 

studies. Multiple cohort studies have found associations with insulin 

resistance, obesity and low levels of physical activity with an increased 

incidence of BPH (Moul and McVary, 2010, Parsons et al., 2006), and 

increasing physical activity has been shown to reduce the risk of BPH 

(Parsons and Kashefi, 2008). The underlying mechanism for this observed 

association has not been established. Proposed theories include trophic 

effects of insulin in hyperinsulinaemic individuals (Hammarsten and Peeker, 

2011), inflammation as suggested by both a significant increase in C-reactive 

protein levels seen amongst patients with lower urinary tract symptoms 

(Kupelian et al., 2009), and a weak but significant relationship between 

histological inflammation on prostate biopsy and lower urinary tract 

symptoms (Nickel et al., 2008). Serum concentrations of cortisol do not differ 

between BPH patients and age-matched controls (Tan et al., 2003). In 

response to a stressful task, measurement of salivary cortisol shows no 



 

Chapter 1: Introduction 
                                                                                                             43 

 

correlation with objective measures of BPH severity, however there is a 

significant correlation with subjective measures in terms of higher bother and 

impact scores (Ullrich et al., 2007). More detailed measures of the link 

between glucocorticoids and BPH have not been reported in published 

literature. Much remains to be understood regarding the aetiology of BPH, 

however aberrations in level and function of several hormones, particularly 

androgens and insulin, are likely to be contributing factors, and are the 

subject of ongoing research.     

 

1.3.2 Treatment of benign prostatic hyperplasia, focusing on 

5α-reductase inhibitors 

Treatment modalities in BPH include observation, lifestyle modifications, 

medical or surgical therapy; the latter is usually reserved for those in whom 

medical therapy has failed. Medical treatments fall into two main categories, 

namely alpha adrenergic blockers and 5αR inhibitors. The aim is to improve 

symptoms and reduce complications such as urinary retention. 

Characteristics of commonly used medications are listed in Table 1-2.  

Monotherapy is generally commenced with an alpha blocker, which in the 

first year of treatment are more effective than 5αR inhibitors (Wilt and 

N'Dow, 2008). The mode of action of α blockers has traditionally been 

described as relaxation of prostate smooth muscle as α1 receptors are 
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abundant in prostate (Lepor, 2009), though this simplistic view is disputed 

(Lepor, 2007, Lepor, 2009).  Alpha 1 (α1) receptors are widely distributed 

throughout the body, and are currently categorised into three subtypes – 

α1A, α1B, and α1D (2009). Tamsulosin is selective for α1A and α1D receptors, 

with 10 fold greater affinity than for α1B, though this affords it no additional 

clinical benefit (Lepor, 2007). The main reason why tamsulosin is often 

selected over other α blockers is that no dose titration is needed due to lack 

of a significant first-dose hypotensive effect.  

 

Many compounds, broadly classified as steroidal and non-steroidal drugs, 

have been investigated as potential 5αR inhibitors, and have been 

comprehensively reviewed (Aggarwal et al., 2010). The only two 5αR 

inhibitors licensed for use in humans are finasteride and dutasteride; both 

steroidal compounds. Finasteride was licensed for use in BPH in 1992, and 

dutasteride followed a decade later in 2002. The main difference between 

these two drugs can be expressed as their in vitro potency against 5αR, 

measured as the amount of drug required to inhibit enzyme action by 50% 

(half maximal inhibitory concentration, IC50). Against human 5αR2, 

finasteride and dutasteride have IC50 values of <0.1 nM and 0.5 nM 

respectively. In contrast, a marked difference between these compounds is 

seen in their activity against human 5αR1, where finasteride has an IC50 of 52 

nM, compared with the more potent dutasteride with an IC50 of 2.4 nM 
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(Aggarwal et al., 2010).  At concentrations used in vivo, finasteride in humans 

acts to inhibit 5αR2 alone (Tian, 1996), compared with dutasteride which acts 

to inhibit both 5αR1 and 5αR2 (Frye, 2006).  

 

Another important consideration with 5αR inhibitor drugs is their selectivity 

towards 5αR; the main consideration being that they do not cause a decrease 

in synthesis of 5αR substrates, nor inhibit other enzymes metabolising 5αR 

substrates, particularly 5βR. Several 3-oxo-4-azasteroid compounds tested 

have been shown to have significant inhibitory activity against 3βHSD 

(Brandt and Levy, 1989); the exact mechanism of this inhibition has not been 

established. However, at clinically relevant doses, there is no significant 

inhibition of 3βHSD by finasteride (Brandt and Levy, 1989) or dutasteride 

(Frye, 2006). While known to be a competitive inhibitor, at clinical doses 

there is not thought to be effective inhibition of 5βR by finasteride (Drury et 

al., 2009). The inhibitory activity of dutasteride against 5βR is not described. 

Dutasteride inhibits 5αR3, while finasteride is not thought to (Mohler et al., 

2011), however consequences of drug inhibition of 5αR3 are not well 

understood.  

 

After three months of treatment, dutasteride leads to a >90% reduction in 

both serum and intra-prostatic DHT concentrations (Wurzel et al., 2007). This 

is associated with an increase in testosterone, however these testosterone 
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concentrations are not significantly different from concentrations in placebo-

treated men. Finasteride also lowers serum DHT , though to a lesser degree 

at approximately 70% suppression (Andriole and Kirby, 2003, Clark et al., 

2004). Both have demonstrated effect in those with moderate to severe 

disease (Gravas and Oelke, 2010), and while dutasteride lowers circulating 

and prostatic DHT concentrations to a greater degree, this has not been 

shown to result in clinically significant differences in efficacy (Andriole and 

Kirby, 2003, Marihart et al., 2005). The evidence behind the efficacy of dual 

therapy (i.e. α blocker + 5αR inhibitor) suggests an overall benefit (Montorsi 

et al., 2010), though findings are not consistent (Gravas and Oelke, 2010) and 

practice does vary between centres. Improvements in longterm outcomes 

with dutasteride therapy may not be in BPH itself, but may be due to a 

hypothesised reduction in prostate cancer risk (Goldenberg et al., 2009), 

however the role of 5αR inhibitors in prostate cancer is still unclear (Nacusi 

and Tindall, 2011) and at this stage are not used in this context outside of 

clinical trial settings.  

 

5αR inhibitors are not just utilised in treatment of prostate disease. 

Finasteride is used in androgenic alopecia treatment with moderate evidence 

for clinical efficacy (Mella et al., 2010), though in this context is given at a 

lower dose (1 mg daily) than is used in BPH. In women with hirsutism, 

finasteride is utilised as an anti-androgen (Escobar-Morreale et al., 2012), and 
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is effective in doses of 2.5 - 5 mg daily (Bayram et al., 2002). Although 5αR1 is 

highly expressed in skin and hair follicles (Eicheler et al., 1995), dutasteride is 

not licensed for treatment of alopecia or hirsutism.  
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Drug Class α Blocker 5αR Inhibitor 5αR Inhibitor 

Target α1A and α1D receptors 5αR1 and 5αR2 5αR2 

Usual dose 

(BPH) 

0.4 mg po daily 0.5 mg po daily 5 mg po daily 

Bioavailability >90%  60% 80% 

Tmax 4-5 hours 2-3 hours 1-2 hours 

T1/2 14-15 hours (modified 

release formulation) 

3-5 weeks 6-8 hours 

Protein 

binding  

94-99% 99.5% 90% 

Serum DHT 

suppression 

Unknown 94.7% 70.8% 

Prostate DHT 

suppression 

Unknown 93-95% 80-90% 

Metabolism Hepatic:  

CYP3A4 and CYP2D6 

Hepatic: 

CYP3A4 

Hepatic: 

CYP3A4 

Table 1-2 Drug Characteristics. Tmax, time to maximum concentration; T1/2, elimination half 

life; BPH, benign prostatic hyperplasia; DHT,  dihydrotestosterone; 5αR, 5α-reductase; po, 

oral administration Sources: Finasteride and dutasteride (Gravas and Oelke, 2010, Marks et 

al., 2008); tamsulosin [Merck drug information sheet]. 
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While 5αR inhibitors are clinically used for their anti-androgen properties, 

they could also have clinically relevant effects on other substrates of 5αR. 

This thesis will focus on the metabolic and hypothalamic-pituitary-adrenal 

axis effects of 5αR inhibition, which are not only be influenced by 

modulation of androgen physiology, but also by alterations in glucocorticoid 

physiology.  

 

1.4 Glucocorticoids 

1.4.1 Significance, synthesis and metabolism 

Glucocorticoids are steroid hormones produced by the zona fasiculata of the 

adrenal cortex under control of the hypothalamic-pituitary-adrenal (HPA) 

axis. Corticotrophin releasing hormone (CRH) produced by the 

hypothalamus stimulates the anterior pituitary to produce and secrete 

adrenocorticotrophic hormone (ACTH). ACTH in turn stimulates adrenal 

glucocorticoid synthesis and cortisol acts to negatively feedback and regulate 

its own production. Glucocorticoid effects are predominantly initiated by 

binding to the intra-cellular glucocorticoid receptor (GR), with the resultant 

cascade influencing gene expression. Glucocorticoids play a key role in many 

essential biological processes, whether for basal homeostasis or stress-related 

responses. These actions are varied and involve growth, development, 
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regulation of glucose metabolism, and responses to stress, infection, and 

inflammation.  

 

The quantitatively most abundant and physiologically most relevant 

endogenous glucocorticoids are considered to be cortisol and corticosterone. 

Cortisol is the main glucocorticoid in humans, accounting for approximately 

30% of adrenocortical hormone synthesis (Barrett KE, 2010), and circulating 

concentrations of cortisol are 10-20 times greater than those of corticosterone 

(Hariharan et al., 1992), largely a reflection of the fact that production rates of 

corticosterone are approximately one third that of cortisol (Barrett KE, 2010).  

Rodents lack adrenal 17α-hydroxylase, and thus utilise corticosterone as their 

main glucocorticoid (Laplante et al., 1964).  

 

Variations in glucocorticoid concentration or action influence many, and 

cause some, pathological processes. Glucocorticoid excess is seen clinically in 

Cushing’s syndrome, with multi-system consequences including insulin 

resistance, obesity, dyslipidaemia and depression. Glucocorticoid deficiency, 

as seen in Addison’s disease, can be potentially fatal in the face of injury or 

illness that would typically be overcome via a response mounted by 

endogenous glucocorticoids. It is not only aberrant glucocorticoid production 

that can manifest clinically, but also pathological entities involving impaired 

glucocorticoid action. Glucocorticoid resistance is associated with a range of 
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underlying abnormalities including GR receptor mutations, defective GR 

binding, translocation or transactivation (processes described in 1.4.2) 

(Barnes, 2010). Clinically this can manifest as patients with poor 

glucocorticoid response in usually glucocorticoid responsive disease states 

such as asthma or rheumatoid arthritis.  

 

Control of both circulating and intracellular cortisol concentrations are vital 

to health. Intracellular regulation of glucocorticoids is influenced by the 

activity of glucocorticoid regenerating and degrading enzymes. While the 

contribution of the adrenals to cortisol synthesis is vital, several studies have 

demonstrated the considerable importance of tissue glucocorticoid 

production (Andrew et al., 2002, Stimson et al., 2009, Basu et al., 2004). 

Glucocorticoid metabolism within tissues occurs reversibly via the 11β-

hydroxysteroid dehydrogenases (11βHSD), and irreversibly via the 5α- and 

5β-reductases (Figure 1.7). The 11βHSD enzymes catalyse the reaction 

between active cortisol with inactive cortisone, corresponding to a 

biologically significant structural change of a carbon 11 hydroxyl to keto 

group. 11βHSD has two known isozymes. 11βHSD1 acts predominantly as a 

reductase in vivo, catalysing the formation of cortisol from cortisone. 

11βHSD2 acts in the opposite direction and inactivates cortisol. 
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Morbidity is associated with abnormal glucocorticoid metabolism. In the rare 

autosomal recessive disorder Syndrome of Apparent Mineralocorticoid 

Excess (SAME), a lack of 11βHSD2 means cortisol is not inactivated in 

mineralocorticoid target tissues, and is therefore able to act as a 

mineralocorticoid receptor agonist with resulting hypertension and 

hypokalaemia (Wilson et al., 2001). Research characterising the role of 

11βHSD1 in glucocorticoid regulation perhaps best exemplifies the ability of 

tissue glucocorticoids to affect metabolism without altering circulating 

cortisol concentrations. In the context of normal or near-normal plasma 

cortisol concentrations in metabolic disease, tissue-specific dysregulation of 

cortisol regeneration by 11βHSD1 has been demonstrated in adipose (Rask et 

al., 2002) and liver (Baudrand et al., 2010, Baudrand et al., 2011). Importantly, 

alterations in tissue glucocorticoid concentrations have been shown to affect 

insulin sensitivity (Masuzaki et al., 2001, Morton et al., 2001). The 

pharmacological inhibition of 11βHSD1 remains an area of intense research 

interest with an attempt to develop inhibitors selective to only the 

detrimental effects of elevated intra-tissue glucocorticoid effects (Hughes et 

al., 2008, Morton, 2010). 

 

Enzymatic regulation of cortisol metabolism also impacts on circulating 

cortisol  concentrations. Enhanced peripheral glucocorticoid clearance results 

in less negative feedback inhibition of ACTH-dependent steroids. This is 
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seen in conditions such as PCOS (Rodin et al., 1994) and possibly during 

growth hormone treatment (Isidori et al., 2003) where enhanced cortisol 

clearance, associated with decreased 11βHSD1 activity, is thought to 

contribute to activation of the HPA axis with (as a byproduct of attempts to 

increase cortisol secretion) an increase in adrenal androgens (Rodin et al., 

1994). These features are particularly apparent in the rare Apparent 

Cortisone Reductase Deficiency (Jamieson et al., 1999). While targeting 

metabolic disease, the potential for activation of the HPA axis in response to 

reduced negative feedback following 11βHSD1 inhibition is the subject of 

ongoing research (Harno, 2010). Conversely, decreased peripheral 

glucocorticoid clearance is also associated with pathology; with decreased 

activation of the HPA axis from reduced peripheral clearance potentially 

rendering individuals less able to adapt to stressful stimuli (Yehuda and 

Seckl, 2011).   

 

The influence exerted by 11βHSDs demonstrates the importance of 

enzymatic regulation in glucocorticoid physiology. Additional enzymatic 

control of glucocorticoids is in the initial, rate-limiting, step in glucocorticoid 

metabolism: the reduction of the carbon 4-5 double bond by 5αR or 5βR. The 

action of 5αR and 5βR in inactivating cortisol occurs principally in the liver 

(Gold, 1961). The formation of dihydrocortisol (DHF) or dihydrocortisone 

(DHE) is followed by further reduction to tetrahydrocortisol (THF) or 
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tetrahydrocortisone (THE) respectively. These are then conjugated and 

excreted mostly in urine with around 15% excreted in faeces (Barrett KE, 

2010). Approximately 50% of secreted cortisol is excreted as βTHF, αTHF and 

THE, 25% as cortols/cortolones, 10% as C19 steroids, and 10% as 

cortolic/cortolonic acids, with the remaining being free unconjugated 

steroids (Tomlinson et al., 2004). Alternate pathways for excretion exist, with 

either 6β-hydroxylation, or (for 10% of secreted cortisol and cortisone) 

conversion to 17-ketosteroid or 20-hydroxy derivatives which are then 

conjugated and excreted in urine (Barrett KE, 2010). 

 

The irreversible reduction of the carbon 4-5 double bond can be catalysed by 

either 5α- or 5β-reductase; normally 5α:5β metabolites are formed in a 1:2 

ratio (Tomlinson et al., 2004), however this ratio is altered in several disease 

states. It is significantly higher in hyperthyroidism, significantly lower in 

hypothyroidism (Hoshiro et al., 2006), and in both cases this is due to 

differences in 5αR rather than 5βR activity. As described above, the aetiology 

of PCOS may be related to increased glucocorticoid metabolism, with a 

subsequent decrease in negative feedback causing increased ACTH 

stimulation of adrenal androgens (Stewart et al., 1990, Tsilchorozidou et al., 

2003). In lean women with PCOS, there is a significant increase in 5αR 

activity, with the 5αTHF:5βTHF ratio rising to approximately 0.7 

(Tsilchorozidou et al., 2003). This finding has been reiterated in a study 
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showing increased 5αR activity in both obese and non-obese PCOS patients 

(Vassiliadi et al., 2009). The pathophysiology of obesity and fatty liver is still 

unclear, but altered glucocorticoid metabolism is thought to play a 

significant role (Roberge et al., 2007). In obese Zucker rats, an increase in 

hepatic 5αR activity was seen, with a much greater proportion of 5α:5β 

corticosterone metabolites formed (Livingstone et al., 2000a). In humans, 

obesity and female gender are associated with increased 5αR activity 

(Andrew et al., 1998, Fraser et al., 1999, Reynolds et al., 2001), and in men 

with fatty liver an increase in 5βR is seen (Westerbacka et al., 2003).      

 

5αR transcript abundance in adipose is lower in women than men, however 

does not correlate with either generalised or central obesity (Wake et al., 

2007). A positive correlation has been demonstrated between hepatic 5αR 

mRNA expression and hyperinsulinaemia in obese patients – hypothesised 

to be an adaptive response aiming to preserve hepatic insulin sensitivity in 

the face of raised glucocorticoid concentrations (Baudrand et al., 2011). In 

two  very rare cases of 5αR deficiency, a lower 5α-reduction of cortisol (as 

well as testosterone) is reported (Fisher et al., 1978), however clinical 

consequences of this were not described.   

 

Alterations in 5αR activity are studied in animal models of human disease, 

where variations in activity are also seen. Hepatic 5α-reduction of 
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corticosterone in rats is increased in obesity (Livingstone et al., 2000a, 

Livingstone et al., 2005) and obesity is, at least partially, related to 

glucocorticoid concentrations as adrenalectomy attenuates weight gain, and 

normalises omental fat 11βHSD1 activity (Livingstone et al., 2000b). This 

increased 5αR activity is thought to be independent of androgens, as 

gonadectomy does not alter the relative difference in 5αR expression 

between lean and obese animals (Barat et al., 2007).  

 

It is not only the substrates of 5αR that have biological relevance; metabolites 

5αDHB and 5αTHB can also bind GR (McInnes et al., 2004). Upon binding 

GR, 5αTHB can activate mRNA expression from glucocorticoid responsive 

genes, and contribute to central negative feedback (McInnes et al., 2004). 

5αTHB also displays both in vitro and in vivo anti-inflammatory effects, 

without metabolic toxicity (Yang et al., 2011). 5αDHB does not have any 

mineralocorticoid activity (Sekihara et al., 1978), however the 

mineralocorticoid activity of 5αTHB is unknown. 5αDHB binding to the SXR 

has been demonstrated (Blumberg et al., 1998), though it remains unknown 

how physiologically relevant this pathway is.  
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Figure 1.7: Principal pathways of glucocorticoid metabolism. OHase, hydroxylase; HSD, hydroxysteroid dehydrogenase; 

R, reductase; DHF, dihydrocortisol; DHE, dihydrocortisone; THF, tetrahydrocortisol; THE, tetrahydrocortisone. 

Metabolism of 5α- and 5β- metabolites also occurs via 3βHSD.  
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1.4.2 Mechanisms of glucocorticoid action 

Following adrenocortical synthesis, glucocorticoids are released into the 

systemic circulation. Corticosteroid-binding globulin (CBG) binds the 

majority of glucocorticoids, rendering them biologically unavailable. 

Albumin also binds glucocorticoids with low affinity but high capacity (van 

der Laan and Meijer, 2008).  Lipophilic in nature, glucocorticoid molecules 

are thought to diffuse through the cell membrane (Zhou and Cidlowski, 

2005), however there is evidence of steroid transporters such as the 

multidrug resistant P-glycoprotein at the blood-brain barrier (Karssen et al., 

2001), the organic anion transporter 3 in adrenocortical cells (Asif et al., 2005), 

and the glucocorticoid importer demonstrated in rat liver (Lackner et al., 

1998). Once inside the cell, glucocorticoids bind their intra-cellular receptors, 

including GR. With such a wide array of glucocorticoid actions, it is not 

surprising that the glucocorticoid receptor is essentially ubiquitously 

expressed.  

 

The human glucocorticoid receptor (hGR) gene comprises 9 exons and is 

situated on chromosome 5. Two homologous receptor isoforms, designated α 

and β, occur as a result of exon 9 splicing (Nicolaides et al., 2010). There is 

further complexity in GR function due to translation of both α and β 

transcripts into two distinct proteins, named hGR-A and hGR-B, with the 
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latter demonstrating greater efficacy in transactivation, though similar in 

other respects (Zhou and Cidlowski, 2005). In addition, hGR is subject to 

post-translational modification, though the physiological relevance of this is 

not well understood (Zhou and Cidlowski, 2005). hGRβ isoform exists in 

human and zebrafish, though was traditionally thought not to be present in 

rodents (Kino et al., 2009). The presence of GRβ mRNA and protein in 

murine cells and tissues has been shown, with reportedly similar properties 

to hGRβ (Hinds et al., 2010). hGR isoforms are structurally identical until 

amino acid 727, after which hGRα has 50, and hGRβ 15, distinct amino acids 

(Nicolaides et al., 2010). These structural differences correspond to a unique 

ligand-binding domain; with N-terminal domain and DNA binding domain 

preserved between isoforms (Kino et al., 2009).  α and β isoforms of hGR 

have distinct functional properties. hGRα undergoes the classical 

conformational changes described below, is bound by glucocorticoids (both 

natural and synthetic) and influences gene transcription via binding to 

glucocorticoid response elements (GRE) (Nicolaides et al., 2010).  In contrast, 

hGRβ does not bind glucocorticoid agonists (as its structural configuration 

renders the formation of a ligand binding pocket impossible), but rather 

exerts a dominant negative effect on the transcriptional activity of hGRα 

(Kino et al., 2009, Lewis-Tuffin and Cidlowski, 2006). hGRβ can however 

bind the ligand RU486, a glucocorticoid antagonist, which results in 

cytoplasm to nucleus translocation, and both up and down-regulation of 
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gene expression (Lewis-Tuffin et al., 2007); though the physiological 

relevance of this is yet to be clarified. hGRβ has been implicated in 

glucocorticoid-resistant rheumatoid arthritis where its expression is 

increased (Kozaci et al., 2007), as well as other inflammatory diseases where 

there is an enhancement of its dominant negative inhibition of hGRα (Barnes, 

2010, Lewis-Tuffin and Cidlowski, 2006). However, the exact nature and 

importance of hGRβ is still unclear. Given that hGRβ cannot bind GR 

agonists, it is presumed, though not confirmed, to lack a direct role in the 

function of glucocorticoids and their metabolites.  

 

Prior to ligand binding GR resides as part of a cytoplasmic polyprotein 

complex. GR is a ligand dependent transcription factor, and remains inactive 

in its unbound state. Ligand binding leads to conformational changes, 

unravelling of the polyprotein complex, and exposure of nuclear localisation 

signals. Upon glucocorticoid binding, GR is transported into the nucleus and, 

following homodimerisation, binds to glucocorticoid response elements 

(GREs) on target genes (Zhou and Cidlowski, 2005). In addition to 

homodimers, glucocorticoid action can also be mediated via monomers 

(Schacke et al., 2002) and multimers (Adams et al., 2003). The key 

glucocorticoid actions are categorised as transactivation and transrepression. 

Transactivation leads to activation of gene expression, as seen in the 

activation of tyrosine aminotransferase and phosphoenolpyruvate 
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carboxykinase (PEPCK), both enzymes involved in gluconeogenesis (Schacke 

et al., 2002). Transrepression is the inhibition of a transcription factor 

responsible for up-regulation of gene expression, with the net effect being 

down-regulation of gene expression.  This can either occur via GR binding to 

negative GREs or through interaction with further transcription factors. 

Binding to negative GREs is seen in osteoblasts with resulting decrease in 

transcription of the bone protein osteocalcin (Stromstedt et al., 1991); which 

contributes to some of the long-term osteopenic consequences of 

glucocorticoid therapy (Schacke et al., 2002). Repression of pro-

opiomelanocortion (POMC) gene transcription by glucocorticoids is also 

mediated via a negative GRE (Drouin et al., 1989). Transrepression without 

GR binding to DNA is seen when GR binds to a transcription factor that 

usually induces transcription of pro-inflammatory proteins. NF-ĸB and 

activating protein (AP)-1 are examples of proteins whose actions are 

inhibited when bound by GR (De Bosscher and Haegeman, 2009) (Figure 

1.8).  
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Figure 1.8: Mechanisms of glucocorticoid actions 

Glucocorticoids (spotted circle) when bound to the glucocorticoid receptor (GR- 

solid black) alter gene transcription through three main pathways (1, 2 or 3): 

(adapted from (Schacke et al., 2002)) 1. Transactivation involves binding of the 

homodimer to the glucocorticoid response element (GRE) on a target gene and 

activation of gene transcription. 2. Transrepression occurs via binding of a 

monomer to a negative GRE and repressing gene transcription. 3. Repression of 

gene transcription can also occur via the interaction of a monomeric ligand bound 

GR with a transcription factor (TF), which then inhibits the activation of gene 

transcription by these transcription factors.  
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Although many of the biological properties of glucocorticoids are mediated 

via GR, at least two other classes of receptor bind with glucocorticoids, 

namely the mineralocorticoid receptor (MR) and the steroid and xenobiotic 

receptor (SXR). The latter is synonymous with the pregnane activated 

receptor (PAR) and in rodents the pregnane X receptor (PXR).  

 

The mineralocorticoid receptor was cloned in 1987 by Arriza and colleagues 

(Arriza et al., 1987), revealing a 984 amino acid protein encoded on 

chromosome 4. When comparing human MR with human GR, there is 94% 

homology with the DNA binding domain and 57% with the ligand binding 

domain.  In terms of ligand affinity, the mineralocorticoid receptor is 

certainly not exclusively bound by mineralocorticoids. The affinities for 

steroidal ligands are approximately deoxycorticosterone = corticosterone ≥ 

aldosterone = cortisol (Funder, 2005) and circulating concentrations of 

glucocorticoids are at least 100-1000 times greater than circulating 

aldosterone (Yang and Young, 2009). The fact that aldosterone is able to exert 

any physiological effect at all is largely explained by the co-expression of the 

enzyme 11β-hydroxysteroid dehydrogenase type 2 (11βHSD2) in MR 

expressing cells (Edwards et al., 1988, Funder et al., 1988). 11βHSD2 converts 

cortisol into receptor-inactive cortisone, thereby preventing MR activation by 

glucocorticoids. Myocardium and hippocampus are amongst the most 

notable tissues lacking significant 11βHSD2 activity, where cortisol (or 
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corticosterone) is the most significant MR ligand rather than aldosterone 

(Yang and Young, 2009). It is worth noting that while glucocorticoids bind 

MR, mineralocorticoids such as aldosterone are not known to bind GR (Yang 

and Young, 2009).  

 

SXR is a nuclear receptor most prominently expressed in liver and intestine, 

which plays a key role in transcriptional regulation of CYP3A4 (Zhou et al., 

2009). SXR has a wide range of ligands ranging from glucocorticoids to drugs 

such as the antituberculous drug rifampicin. While traditionally considered 

an ‘orphan’ receptor, increasing bodies of evidence suggest a greater role for 

SXR in endogenous glucocorticoid metabolism than previously thought. In 

vitro studies demonstrate dexamethasone to be a weak activator of human 

and mouse SXR (Moore et al., 2000). More convincing evidence still comes 

via gene knockout models, where traditional inducers such as 

dexamethasone fail to cause Cyp3a4 gene activation (Zhou et al., 2009). The 

role of SXR in glucocorticoid and mineralocorticoid homeostasis in 

transgenic mice was investigated by Zhai et.al. (Zhai et al., 2007), showing 

activation of SXR causes an increase in corticosterone concentrations, and an 

increase in adrenal enzymes involving in steroid synthesis. These alterations 

happen independently of the HPA axis, so that hypercortisolism co-exists 

with a normal response to a dexamethasone suppression test.   
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In addition to receptor mediated effects, glucocorticoids also act via non-

genomic routes. These actions are rapid and do not directly involve effects on 

gene transcription classically associated with glucocorticoid activity. Non-

genomic effects of glucocorticoids are widespread and are now considered 

important mediators of effect for both endogenous and synthetic 

glucocorticoids (Borski, 2000, Stahn et al., 2007).  

 

1.4.3 Glucocorticoids in health 

Glucocorticoids are vital to many aspects of health, particularly immunity 

and macronutrient metabolism. In essence, glucocorticoids act to promote 

synthesis and mobilisation of energy substrates such as glucose and fatty 

acids, and are particularly important in times of stress, inflammation and 

infection.  

 

Glucocorticoids influence glucose homeostasis in a counter-regulatory 

manner to insulin; they increase plasma glucose concentrations by increasing 

gluconeogenesis and decreasing peripheral glucose uptake. Glucocorticoids 

stimulate gluconeogenesis by increasing gene expression of key enzymes 

involved in glucose production, including tyrosine aminotransferase (TAT) 

(Jantzen et al., 1987), phosphoenolpyruvate carboxykinase (PEPCK) (Hanson 

and Reshef, 1997) and glucose-6-phosphatase (Van Schaftingen and Gerin, 
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2002). In skeletal muscle glucose uptake is decreased, glycogen synthesis 

reduced and proteolysis induced to mobilise amino acids for use as 

gluconeogenic substrates (Vegiopoulos and Herzig, 2007). Effects of 

glucocorticoids on adipose tissue are complex and not completely 

understood, though they are known to exert effects which likely differ by 

time, adipose depot and prandial state (and corresponding changes in insulin 

and catecholamine concentrations), with an overall effect of increasing 

lipolysis when energy substrates are needed and promoting lipid storage 

when insulin concentrations are elevated (Macfarlane et al., 2008, Coppack et 

al., 1994, Lundgren et al., 2004). Effects of glucocorticoids on glycogen 

turnover are more akin to effects mediated by insulin, whereby both 

synthesis and lysis are promoted, perhaps in preparation for glucose release 

(Andrews and Walker, 1999, Macfarlane et al., 2008).  

 

Both acute and chronic blood pressure regulation is influenced by 

glucocorticoids. While co-expression of 11βHSD2 in sites of MR expression 

such as kidney prevent excessive MR-mediated glucocorticoid activity 

(Edwards et al., 1988), glucocorticoids are able to increase blood pressure by 

enhancing angiotensin II-mediated effects and promoting sodium retention 

(Brem, 2001). Peripherally, glucocorticoids increase vascular tone both by 

potentiating the effects of vasoconstrictors such as catecholamines, and via 

direct effects on vascular smooth muscle cells increasing vascular tone and 
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thus peripheral vascular resistance (Ullian, 1999). While the role of 

glucocorticoids in a normotensive population has not been clearly 

demonstrated (Fraser et al., 1999), importance in hypertension, and in those 

at risk of hypertension, has been shown in terms of increased cortisol 

secretion and increased dermal sensitivity to synthetic glucocorticoids 

(Walker et al., 1998).    

 

As key modulators of the immune system, glucocorticoids are vital in 

response to infection and inflammation, and act to inhibit production of pro-

inflammatory molecules, influence recruitment of cells involved in the 

immune response, and induce transcription of anti-inflammatory genes 

(McEwen et al., 1997). Glucocorticoids also modulate bone turnover through 

a number of mechanisms (Schacke et al., 2002) resulting in decreased 

osteoblast and increased osteoclast activity, and circadian cortisol variation is 

reponsible for circadian variations seen in osteocalcin, a marker of osteoblast 

activity (Heshmati et al., 1998).  

 

1.4.4 Glucocorticoids in disease and therapeutics  

Aberrations in glucocorticoid concentrations and metabolism are detrimental 

to health, and these effects are principally seen as an impaired response to 
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stress and infection, increased fracture risk and increased metabolic and 

cardiovascular risk; the latter forming the focus of discussion in this section.  

 

Addison’s disease, a condition characterised by insufficient production of 

adrenal steroids, including glucocorticoids, is associated with an increased 

risk of cardiovascular disease (Bergthorsdottir et al., 2006). In addition, those 

with excess circulating glucocorticoid concentrations, such as patients with 

Cushing’s syndrome, there is an increase in both cardiovascular morbidity 

and mortality when compared with the general population (Etxabe and 

Vazquez, 1994, Mancini et al., 2004). These risks are largely reversible upon 

treatment, however persistence of increased risk is seen long-term, 

particularly in those with pituitary Cushing’s syndrome (Cushing’s disease) 

(Colao et al., 1999, Giordano et al., 2011, Graversen et al., 2012). Common 

features between the adverse metabolic phenotype seen in Cushing’s 

syndrome and those seen in the metabolic syndrome have led to the 

hypothesis that excess glucocorticoids may play a key role in the 

pathogenesis of the metabolic syndrome, and may therefore also provide a 

therapeutic target (Walker, 2006).  In particular, there is an activation of the 

HPA axis seen in patients with the metabolic syndrome, of unconfirmed and 

likely multi-factorial aetiology, including effects of early life programming, 

chronic stress and abnormal tissue cortisol metabolism (Anagnostis et al., 

2009).   
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The metabolic syndrome, comprised of obesity (particularly abdominal), 

hypertension, diabetes and dyslipidaemia, is the cluster of disorders most 

influential in the development and progression of cardiovascular diseases. 

The term is synonymous with the previously entitled ‘syndrome X’ or 

‘metabolic syndrome X’. The concept of the metabolic syndrome arose in the 

late 1980s (Reaven, 1988) with the observation that insulin resistance was 

associated, perhaps causally, with this constellation of diagnoses. Insulin 

resistance was characterised as a decrease in insulin-mediated glucose 

uptake, and reduction in insulin suppression of free fatty acid release from 

adipose, with resulting hyperglycaemia and hyperinsulinaemia.  

 

Definitions of the metabolic syndrome have evolved over the years and do 

still vary by country and professional body. The current definition adopted 

by the Scottish Intercollegiate Guidelines Network (SIGN, 2007) is any three 

of the following: 

 Increased waist circumference (≥102 cm in men, ≥88 cm in women; or 

≥90 cm in Asian men, ≥80 cm in Asian women) 

 Elevated triglyceride (≥1.7 mmol/L) 

 Decreased high density lipoprotein (HDL) cholesterol (<1.03 mmol/L 

in men, <1.29 mmol/L in women) 

 Blood pressure >130/85 mmHg or active treatment for hypertension 

 Fasting glucose >5.6 mmol/L or active treatment for hyperglycaemia 
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Other features of the metabolic syndrome can include increased levels of 

small and atherogenic low density lipoprotein (LDL) molecules. In addition, 

there are many other chronic diseases which have been associated with the 

metabolic syndrome, including obstructive sleep apnoea and benign 

prostatic hyperplasia, though these are currently defined as parallel 

diagnoses. There is no specific treatment for the metabolic syndrome per se, 

rather the therapeutic approach lies in optimising lifestyle, promoting weight 

loss, and management of hypertension and diabetes as appropriate (SIGN, 

2007).  

 

Multiple studies demonstrate that each component of the metabolic 

syndrome has been linked with increased risk of cardiovascular 

complications, including abdominal obesity (Ibrahim, 2010), hypertension 

(Kannel, 1996), and dyslipidaemia (Catapano et al., 2011). Fasting glucose 

and simple measures of impaired glucose tolerance are useful measures on a 

population basis where time and resources are limited, though more 

detailed, sensitive and precise measures are more appropriate in a research 

context (Antuna-Puente et al., 2011). The concept of the metabolic syndrome 

is attractive in the holistic nature of its definition, however this approach has 

been criticised as it arguably does not add to strength of risk prediction that 

is afforded by viewing risk factors in isolation (Sattar et al., 2008), albeit most 
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studies do show a significant increase in cardiovascular risk associated with 

the metabolic syndrome (Cornier et al., 2008).  

 

While insulin resistance appears to be at the heart of the pathophysiology of 

the metabolic syndrome (and its individual components), its underlying 

cause remains unknown. The role of aberrant intra-tissue metabolism of 

other hormones including glucocorticoids in inducing or worsening insulin 

resistance is a key research focus.   

 

Additional evidence for the potential role of glucocorticoids in the metabolic 

syndrome is seen in the side effect profile of synthetic glucocorticoids. 

Therapeutics in a number of disease processes have utilised synthetic 

glucocorticoids for over half a century. Indications for glucocorticoid use 

vary greatly, and include asthma, inflammatory bowel disease, rheumatoid 

arthritis, peritumour oedema and prevention of transplant rejection. Dose, 

duration of therapy and route of administration are all adapted to clinical 

indication and patient characteristics. While being very effective, 

glucocorticoid therapy is perennially plagued by the relatively high risk of 

adverse effects, often in vulnerable patient populations.  

 

In a dose-dependent manner, glucocorticoid therapy induces insulin 

resistance, with increased glucose and insulin concentrations, increased 
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proteolysis and decreased insulin-mediated peripheral glucose uptake and 

lipolysis suppression (van Raalte et al., 2011). The challenge of finding 

synthetic glucocorticoids with specificity and potency, but without 

significant adverse events, has led the drive to develop dissociated GR 

ligands – that is ligands which differentially induce transrepression rather 

than transactivation. Transrepression is thought to account for the majority 

of beneficial effects of glucocorticoid therapy (mainly anti-inflammatory 

effects), while transactivation is associated with adverse effects (e.g. elevated 

blood glucose levels), however the reality is by no means so clear-cut 

(Schacke et al., 2002). Multiple pre-clinical compounds are currently under 

investigation in animal models (De Bosscher, 2010), though the complexity of 

these physiological and biochemical pathways means that many potential 

synthetic ligands can no longer be considered as either agonists or 

antagonists, but rather may have cell or organ specific effects (van der Laan 

and Meijer, 2008).   

 

1.5 Effects of modulating 5α-reductase on 

metabolism and the HPA axis.  

Against the background above, it is apparent that 5αR is a key enzyme 

involved in the metabolism of many steroid hormones, including androgens 

and glucocorticoids. There are several strands of evidence which suggest a 
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potential link between 5αRs and metabolism, including metabolic effects of 

enzyme substrates and perhaps products, associations of SNPs in 5αR 

encoding genes with metabolic disease, and demonstrated alteration of 5αR 

activity in a range of disease processes. Inhibition of 5αR is a therapeutic 

approach commonly employed in the treatment of androgen dependent 

disorders such as benign prostatic hyperplasia. However, reflective of the 

importance of 5αR in a wide array of processes in health and disease, 

including glucocorticoid metabolism, there is a potential for ‘off-target’ 

effects on metabolic health as a result of 5αR inhibition.   

 

Effects of 5αR inhibitors on extra-prostatic tissues may arise either due to a 

reduction in 5α-reduced metabolite concentration, an increase in 5αR 

substrate concentration, or indirect effects as a result of altered clearance and 

compensatory changes in HPA or hypothalamic-pituitary-gonadal axes. 

Observations in those with genetic disorders involving 5αR, and in those on 

drugs inhibiting 5αR are the two investigational modalities in human 

studies. The former is a very rare scenario, while the latter very common. 

Genetic defects of 5αR are associated with impaired metabolism of multiple 

steroid hormones (Fisher et al., 1978, Russell and Wilson, 1994), however  

metabolic consequences are not described.   
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1.5.1 Evidence from human studies 

The metabolic effects of 5αR inhibitors have been investigated to a limited 

degree in clinical studies. A meta-analysis investigating the safety of 

dutasteride (Andriole and Kirby, 2003), showed that there were no 

significant differences in glucose concentrations or liver function tests after a 

year of therapy, whether compared with placebo or finasteride. The effect of 

1 year of dutasteride treatment on BMI was investigated in a Korean 

population (Hong et al., 2010). This was a randomised controlled trial with 

three study arms - tamsulosin alone, dutasteride alone, and combination of 

tamsulosin and dutasteride. The only measures made were serum 

testosterone level and BMI. They concluded that, only in those with a lower 

baseline testosterone level, treatment with dutasteride (whether as 

monotherapy or in combination) significantly reduced BMI by 

approximately 0.2 kg/m2. An underlying mechanism for this finding was not 

hypothesised.    

 

The effect of finasteride on HDL and lipoprotein lipase levels was 

investigated in a study of 28 patients with mild BPH (Denti et al., 2000) who 

were randomised to either placebo or finasteride for 6 months. A significant 

increase in HDL and lipoprotein lipase levels was seen in the finasteride 

group, however this did not correlate with DHT concentrations, and the 

underlying mechanism was not explained. A larger RCT with both 
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finasteride and dutasteride (Amory et al., 2008) found no difference in lipid 

profiles after a year of treatment. Overall, while there have been several 

studies looking at extra-prostatic effects of 5αR inhibitors in humans, 

detailed assessments of metabolism, and insulin sensitivity in particular, are 

lacking.  

 

Effects of finasteride on glucocorticoid concentrations and regulation have 

been explored by some groups. Given the structural similarity of finasteride 

with endogenous steroids, it has been hypothesised (Rittmaster et al., 1994) 

that finasteride treatment could alter adrenal steroidogenesis. 10 healthy 

volunteers were given 28 days of finasteride, with baseline and post-

treatment measures. There was no difference in basal or ACTH (250 µg) 

stimulated cortisol concentrations.  Other studies also report no difference in 

basal cortisol concentrations after 10 days (Lewis et al., 1997) or 6 months 

(Uygur et al., 1998) of finasteride treatment. A study investigating endocrine 

effects of finasteride in hirsute women (Fruzzetti et al., 1994) found that basal 

cortisol decreased significantly after one month of treatment, though this 

significance was lost after three months. There was also a significant 

dampening of the response to 250 µg of synthetic ACTH. While these levels 

and responses were decreased, cortisol values remained within the normal 

range. The authors hypothesised that perhaps alterations in free versus 

bound cortisol (and its metabolites) may be taking place, however this was 



 

Chapter 1: Introduction 
                                                                                                             76 

 

not investigated further. Effects of dutasteride on the HPA axis are not 

known, though are the subject of ongoing clinical trials in different areas of 

research including alcoholism (Covault, 2012) and menstruation related 

mood disorders (Martinez, 2012).  

 

1.5.2 Evidence from animal models  

The role of 5αR1 in rodents can be specifically investigated via genetic 

manipulation. In comparison to their wild-type counterparts, high-fat fed 

male mice with targeted disruption of 5αR1 (5αR1 -/-) show significant 

weight gain, both fasting and post-glucose hyperinsulinaemia and increased 

liver triglycerides (Livingstone et al., 2008). These changes were not seen in 

5αR1 knockout males on a control diet, however were seen in female mice 

regardless of diet. 11βHSD1 and 5βR, the two other key glucocorticoid 

metabolising enzymes, did not show an increase in activity, suggesting that 

the lack of 5αR activity was not compensated for by other enzymes. In 

contrast to findings of liver fat accumulation and insulin resistance, adipose 

insulin sensitivity was preserved with appropriate suppression of non-

esterified fatty acids with high-dose insulin (Livingstone et al., 2009a). 

 

The administration of finasteride or placebo, with and without gonadectomy, 

was used to demonstrate both the effects of pharmacological inhibition, as 
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well as differentiate the relative effects of androgens and glucocorticoids. In 

obese Zucker rats finasteride (a dual isozyme inhibitor in rats) induced 

insulin resistance and increased liver triglycerides. Weight and plasma 

triglycerides remained unchanged, again highlighting the importance of 

circulating versus intra-tissue metabolic profiles. Changes persisted with or 

without gonadectomy, supporting the hypothesis of glucocorticoid-mediated 

changes (Livingstone et al., 2009a). 

 

5αR1-/- male mice have reduced bone mass and decreased forearm muscle 

grip strength (Windahl et al., 2011), however effects of 5αR1 targeted 

disruption on muscle insulin sensitivity are unknown.  

 

Basal corticosterone concentrations were unchanged in male 5αR1 knockout 

mice, however clearance of corticosterone was impaired, after both an acute 

bolus and chronic infusion of corticosterone in adrenalectomised mice 

(Livingstone et al., 2010). In the acute setting, a significantly increased level 

of corticosterone was seen 30 and 60 minutes post-bolus. Chronic infusion 

was followed by a 2.3 fold increase in plasma corticosterone concentrations. 

While it could be hypothesised that other steroid metabolising enzymes may 

compensate for aberrations in 5αR, this was not seen. Activity assays 

indicated hepatic and gonadal 11βHSD1 and hepatic 5βR were unaltered in 

5αR1 knockout mice. In finasteride treated obese Zucker rats, there was no 
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difference in plasma corticosterone concentrations. Response to suppression 

or stimulation of corticosterone synthesis was not assessed in response to 

finasteride treatment.  
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1.6 Global Hypothesis 

 

Inhibition of 5α-reductase type 1 with the dual isozyme inhibitor dutasteride 

adversely affects fuel metabolism and causes dysregulation of the 

hypothalamic-pituitary-adrenal axis.   

 

1.7 Global Aims 

 

To investigate the effects of 5α-reductase inhibitor drugs on metabolism and 

on the hypothalamic-pituitary-adrenal axis, specifically: 

 To establish whether pharmacological inhibition of 5α-reductases has 

an adverse effect on insulin sensitivity.  

 To establish whether metabolic sequelae of 5α-reductase inhibition are 

more pronounced with inhibition of 5α-reductase type 1 and 2 (with 

dutasteride), compared to inhibition of 5α-reductase type 2 alone (with 

finasteride).  

 To establish whether inhibition of 5α-reductases causes dysregulation 

of the hypothalamic-pituitary-adrenal axis.   

 In support of these studies, to develop and validate laboratory assays 

for the measurement of androgens, dutasteride, finasteride and tamsulosin 

via liquid chromatography tandem mass spectrometry (LC-MS/MS).  
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2.1 Introduction 

Laboratory methods described in this chapter were used in the analysis of 

samples collected as part of the clinical study described in Chapters 5 and 6. 

Two novel liquid chromatography tandem mass spectrometry (LC-MS/MS) 

methods developed and validated are described separately in Chapters 3 and 

4. Clinical methods are described in Chapters 5 and 6. Room temperature 

(RT) is defined as a temperature between 18 - 22 °C.  

 

2.2 Equipment 

a) Plate shaker (mass spectrometry and adipokine assays) 

IKA® KS 260 Basic shaker (Staufen, Germany) 

b) Plate shaker (used in ELISA assays described in Sections 2.3 and 2.4) 

Thermo iEMS™ incubator/ shaker (UK) 

c) Plate washer (used in ELISA assays described in Sections 2.3 and 2.4) 

Anthos Labtec aw1 microplate washer (Salzburg, Austria) 

d) Plate reader (used in ELISA assays described in Sections 2.3 and 2.4) 

Dynatech Laboratories MRX microplate reader (Berkshire, UK) 

e) Centrifuge 

Eppendorf 5810R (Hamburg, Germany) 

f) Micro-centrifuge 

Eppendorf 5415R (Hamburg, Germany) 
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g) Centrifuge (for 384 well PCR plates) 

Grant-bio LMC-3000 (Grant Instruments Ltd., Shepreth, UK)  

h) Nitrogen dry-block (for use with individual glass tubes) 

Techne Dri-Block® DB3A sample concentrator (Staffordshire, UK) 

i) Nitrogen dry-block (for use with plates in 96 well configuration) 

SPE Dry™ 96 Dual (Biotage, Uppsala, Sweden) 

j) Thermal cycler 

Techne TC-512 (Staffordshire, UK) 

k) Real-Time-PCR System 

LightCycler® 480 (Roche Diagnostics Ltd., Burgess Hill, UK), operated 

with LightCycler® 480 software version 1.5 

l) Balance (used for weighing adipose prior to assay in Section 2.10.4, 

and for weighing charcoal used to strip serum in Chapter 3) 

Mettler HK60 (Mettler Instrumente Ag, Zürich, Switzerland) 

m) Balance  

Mettler Toledo MT5 microbalance (Mettler Instrumente Ag, Zürich, 

Switzerland) 

n) Vortex 

Hook and Tucker Instruments rotamixer (Croydon, UK) 

o) Sonicator 

Decon® FS-minor sonicator (Ultrasonics Ltd., Sussex, UK) 
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p) Magnetic stirrer 

SM1 magnetic stirrer (Stuart Scientific Co. Ltd, Surrey, UK) 

q) Waterbath (for RIAs) 

Grant Sub14 waterbath (C&M Scientific, Livingston, UK) 

r) Homogeniser 

Pro200 homogeniser (PRO Scientific, Oxford, USA) 

s) pH meter 

Hanna Instruments pH 210 microprocessor pH meter (Bedfordshire, 

UK) 

t) 1470 Wizard™ Automatic Gamma Counter (Wallac, now Perkin 

Elmer, Seer Green, UK) 

u) 96-Well vacuum manifold 

IST VacMaster®-96 (Biotage, Uppsala, Sweden) 

v) 96-Well collecting plates  

96-Well Masterblock® (Greiner Bio One, Frickenhausen, Germany)  

 

2.3 Quantitation of plasma insulin by enzyme-linked 

immunosorbent assay (ELISA)   

Plasma insulin was quantified by a ultrasensitive insulin ELISA kit (DRG®, 

Mountainside, New Jersey, USA). The manufacturer's limit of detection was 

0.07 mU/L. Cross-reactivity with proinsulin and C-peptide was reported as  

< 0.01%. 
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Samples assayed were clamp samples (Chapter 5.3.5.6) at timepoints 

(minutes): +75, +90, +165, +180, +255 and +270. This represented two 

samples during each steady state phase of the clamp (pre-insulin, low dose 

hyperinsulinaemia, high dose hyperinsulinaemia). Samples from both 

clamps for each volunteer were assayed together.  

 

Standards (supplied in the kit) represented a concentration range of 0.15 

mU/L – 20 mU/L. Samples were prepared as either neat (baseline, +75, +90); 

1:4 in calibrator 0 solution (+165, +180), or 1:8 in calibrator 0 solution (+255, 

+270).  Standards (duplicate; 25 µL) and samples (duplicate; 25 µL) were 

added to wells already pre-coated with mouse anti-human insulin 

antibodies. Enzyme conjugate in enzyme conjugate buffer (100 µL; 1:11) was 

added to each well. After incubation (60 minutes; RT), the plate was washed 

seven times (300 µL) in wash buffer supplied (diluted 1 in 21 in distilled 

water) to remove unbound excess conjugate. Tetramethylbenzidine solution 

was added (200 µL) to each well, the plate was incubated in the dark (30 

minutes; RT) before addition of sulphuric acid stop solution (50 µL) to stop 

the reaction. The absorbance at 450 nm was measured 

spectrophotometrically. A standard curve was constructed (semi-log power 

fit with tails standard curve) and sample concentration calculated by 

interpolation. Acceptable r2 value of the standard curve was considered to be 
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> 0.99. Duplicates of standards and samples were deemed acceptable if the 

relative standard deviation (RSD, calculated as standard 

deviation/mean*100) was < 20%. 

 

2.4 Quantitation of salivary cortisol by ELISA  

Salivary cortisol was quantified by a high sensitivity salivary cortisol ELISA 

kit (Salimetrics®, State College, Pennsylvania, USA). Standards (supplied in 

the kit) represented a concentration range of 0.33 - 82.77 nmol/L, with a 

reported limit of detection of 0.08 nmol/L. Standards (duplicate; 25 µL) and 

samples (duplicate; 25 µL) were added to wells already pre-coated with 

monoclonal mouse anti-cortisol antibodies. High (27.3 nmol/L; duplicate; 25 

µL) and low (2.9 nmol/L; duplicate; 25 µL) controls were added to separate 

control wells. Assay diluent (phosphate buffered solution provided with kit) 

was added (duplicate; 25 µL) to zero and non-specific binding wells. Enzyme 

conjugate in assay diluent (200 µL; 1:1600) was added to each well. After 

incubation (60 minutes; RT), the plate was washed four times in wash buffer 

supplied (diluted 1 in 10 in distilled water) to remove unbound excess 

conjugate. Tetramethylbenzidine solution was added (200 µL) to each well, 

the plate was incubated in the dark (30 minutes; RT) before addition of 

sulphuric acid stop solution (50 µL) to stop the reaction. The difference in 

absorbance between 630 nm and 450 nm was measured 

spectrophotometrically. A standard curve was constructed (Sigmoidal semi-
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log curve) and sample concentration calculated by interpolation. Acceptable 

r2 of standard curve was considered to be > 0.99. Duplicates of standards and 

samples were deemed acceptable if the RSD was < 20%.  

  

2.5 Quantitation of plasma dehydroepiandrosterone 

sulphate (DHEAS) by radioimmunoassay (RIA) 

DHEAS was quantified using an 125I-DHEAS RIA kit (Siemens, Surrey, UK). 

The manufacturer reported a limit of detection of 0.03 µmol/L, and 

recommended a standard curve range was 0.14 – 1000 µmol/L. They 

reported an intra-assay precision of < 6% and inter-assay precision of ≤ 12%. 

Cross-reactivity with other steroids included: DHEA 0.57%, androstenedione 

1.21%, testosterone 0.37%, DHT 0.09%.  

 

Zero calibrator (50 µL; duplicate) was added to the non-specific binding and 

maximum binding tubes. Remaining calibrators, controls and samples (50 

µL; duplicate) were added to DHEAS-Ab coated tubes. 125I-DHEAS (1 mL; 

1.345 kBq) was added to each well. Following vortex mixing, tubes were 

incubated in a water bath (37 °C, 30 minutes). Tube contents were decanted, 

and tubes counted (1 minute) in gamma counter calibrated for 125I. A 

standard curve was constructed (logit-log curve) and sample concentration 

calculated by interpolation. Duplicates of standards and samples were 

deemed acceptable if the RSD was < 20%. 
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2.6 Quantitation of plasma cortisol by RIA 

Plasma cortisol was quantified using a 125I RIA kit (MP Biomedicals, Brussels, 

Belgium), with samples measured at baseline (fasting sample prior to clamp), 

following low dose (0.25 mg) dexamethasone suppression (Chapter 5.3.4.5), 

and at +20, +30, +40 and +60 minutes following IV Synacthen (1 µg, Chapter 

5.3.4.5).  

 

Standards (supplied in the kit) represented a concentration range of 0 – 

2758.6 nmol/L. The manufacturer reported intra-assay precision was < 9%, 

inter-assay precision < 10%, and limit of detection 4.7 nmol/L. Volunteers 

were not receiving synthetic glucocorticoids which may cross-react with the 

assay, other than prescribed dexamethasone as part of the dexamethasone 

suppression test; cross-reactivity with dexamethasone was reported to be < 

0.1%. Standards, control and samples (duplicate; 25 µL) were added to tubes 

pre-coated with monoclonal rabbit anti-cortisol antibodies. Cortisol-125I (1 

mL; 1.009 kBq) was added to each tube, and vortex mixed prior to incubation 

(45 minutes, 37 °C). Tube contents were decanted, and tubes counted for 180 

seconds in a gamma counter calibrated for 125I. A standard curve was 

constructed (spline smoothed) and sample concentration calculated by 

interpolation. Duplicates of standards and samples were deemed acceptable 

if the RSD was < 20%. 
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2.7 Quantitation of cortisol binding globulin (CBG) by 

RIA 

Plasma CBG was quantified using a 125I RIA kit (DIAsource ImmunoAssays 

S.A., Louvain-la-Neuve, Belgium) with samples measured at baseline (fasting 

sample prior to clamp, Chapter 5.3.4.4).  

 

Standards (supplied in the kit) represented a concentration range of 0 – 0.15 

µmol/L. The manufacturer reported intra-assay precision was 3.9%, inter-

assay precision 4.8%, and limit of detection 0.005 µmol/L. Samples 

(singlicate; 100 µL) were diluted in dilution buffer provided (2.4 mL). 

Standards and controls provided in the kit were reconstituted in distilled 

water. Standards, controls and diluted samples (singlicate; 100 µL) were 

added to CBG-antibody (goat anti-mouse) pre-coated tubes. CBG-125I (100 µL; 

0.85 kBq) was added to each tube. CBG anti-serum (100 µL) was added to 

each tube, tubes were gently mixed prior to incubation (2 hours, RT, shaking 

at 400 rpm). Tube contents were decanted, and tubes were washed (2 mL) 

with wash solution provided. Wash solution was carefully aspirated and 

tubes counted for 60 seconds in a gamma counter calibrated for 125I. A 

standard curve was constructed (sigmoidal) and sample concentration 

calculated by interpolation.  
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2.8 Quantitation of plasma Non-Esterified Fatty Acids 

(NEFAs) by coupled enzyme reaction assay 

Plasma NEFAs were quantified by a coupled enzyme reaction assay (Zen-

Bio, Inc., Research Triangle Park, USA). Standards, dilution buffer and 

reagents A and B were provided by the manufacturer. Reagents A and B 

were reconstituted in manufacturer supplied reagent diluent on the day of 

the assay. Standards represented a concentration range of 0 – 333 µmol/L. 

Standards (singlicate; 5 µL, made up to 50 µL with dilution buffer) and serum 

samples (singlicate; 5 µL) were added to wells. Dilution buffer (supplied in 

kit; 45 µL) was added to each sample well to result in 1:10 dilution of sample. 

Reagent A (100 µL) and then reagent B (50 µL) were added to all wells. After 

gentle shaking the plate was incubated (10 minutes; 37 °C) before being 

allowed to re-equilibrate (5 minutes; RT). Any bubbles visible in wells were 

pierced with a needle prior to optical density measurement at 540 nm. A 

linear standard curve was constructed and sample concentration calculated 

by interpolation. Acceptable r2 of standard curve was considered to be > 0.99. 

 

2.9 Measurement of adipokines by multiplex 

immunoassay 

Adipose derived peptides are referred to as adipokines throughout this 

thesis. Adipokines were measured by Milliplex™, an immunoassay 
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conducted on the surface of fluorescent-coded magnetic beads. Beads 

contained two fluorescent dyes; the precise concentration of these dyes was 

specific to a group of analytes (designated a “panel”), and analyte-specific 

“capture” antibodies on the surface of the beads conferred analyte specificity 

and allowed quantitation of multiple analytes simultaneously. The analytes 

quantified from serum were captured by the appropriate beads, with 

subsequent addition of a biotinylated detection antibody and a Streptavidin-

Phycoerythrin reporter molecule allowing quantitation. Two manufacturer 

defined “panels” were used, with one assay to measure leptin, MCP-1, and 

IL-8, and another to measure adiponectin and resistin. Kits and 

instrumentation were supplied by Merck Millipore (Watford, UK). 

 

2.9.1 Instrumentation 

Multiplex assays were performed on a MagPix® system operated with 

xPONENT® software, version 4.1. The MagPix® system comprised two 

lasers; the first laser was used to excite internal fluorescent dyes to identify 

analytes of interest, and the second laser was used to excite the fluorescent 

reporter molecule. The latter signal was used to quantify the immunoassay 

on the surface of each bead. The instrument was calibrated prior to each use.  
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2.9.2 Leptin, MCP-1, IL-8 

Samples were analysed according to the protocol in the manufacturer 

supplied kit.  Standards (supplied in the kit) represented a concentration 

range of 38 – 600000 pg/mL for leptin, 1.3 - 20000 pg/L for MCP-1, and 0.64 - 

10000 pg/mL for IL-8. Limits of detection, intra-assay precision, and inter-

assay precision reported by the manufacturer were: leptin 19 pg/mL, 5%, 

13%; MCP-1 1.2 pg/mL, 2%, 11%; IL-8 0.3 pg/mL, 3%, 14%.  

 

Assay buffer (200 µL) was added to each well. The plate was sealed and 

incubated on a plate shaker (10 minutes; RT), before removal of assay buffer. 

Standards or controls (25 µL) were added to appropriate wells, in duplicate. 

Assay buffer (25 µL) was added to background and sample wells. Serum 

matrix (lyophilised serum matrix reconstituted in 1 mL deionised water, 25 

µL) was added to background, standard and control wells. Samples (25 µL) 

were added to appropriate sample wells, in duplicate. A suspension of 

antibody (anti-human) immobilised beads were sonicated (30 seconds) and 

vortexed (1 minute). 150 µL of each antibody bead vial (one per analyte) was 

added to mixing bottle, and mixture was diluted up to 3 mL with bead 

diluent. Prepared magnetic beads (25 µL) were added to each well, the plate 

was sealed, wrapped in foil and incubated on plate shaker (18 hours; 4 °C). 

Decanting of well contents in any subsequent steps were performed with 

assay plate on a magnetic plate. The plate was washed three times with wash 
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buffer supplied (diluted 1:10 in deionised water, 200 µL/well). Detection 

antibodies (50 µL) were added to each well. The plate was sealed, covered in 

foil and incubated on a plate shaker (1 hour, RT). Streptavidin-Phycoerythrin 

(50 µL) was added to each well. The plate was sealed, covered in foil and 

incubated on a plate shaker (30 minutes, RT). Well contents were removed, 

and the plate washed (200 µL, three times). Assays were resuspended in 

Drive Fluid (100 µL) prior to analysis. A standard curve (logistic 5 point 

weighted) was constructed and sample concentration calculated by 

interpolation. Acceptable r2 of standard curve was considered to be > 0.99. 

 

2.9.3 Adiponectin (total) and Resistin 

The method used was identical to that described in Section 2.9.2, with the 

following exceptions: samples were added at a 1:400 or 1:800 dilution, and no 

serum matrix was added to background, standard or control wells. 

Standards (supplied in the kit) represented a concentration range of 0.01 – 

160 µg/mL  for adiponectin, and 2.56 - 40000 ng/mL for resistin. Limits of 

detection, intra-assay precision, and inter-assay precision reported by the 

manufacturer were: adiponectin 145.4 pg/mL, 5.6%, 15%; resistin 6.7 pg/mL, 

6%, 13%.  
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2.10 Quantifying abundance of mRNAs of genes of 

interest from subcutaneous adipose tissue 

 

2.10.1 Equipment 

All kits for RNA extraction and reverse transcription were from Qiagen, 

West Sussex, UK.  

 

2.10.2 Buffers and Solutions 

a) DEPC water  

Diethylpyrocarbonate (DEPC; 10 drops) was added to distilled water (1 L). 

This was mixed, allowed to stand (RT) for 24 hours prior to autoclaving. 

Storage was at RT.  

b) 10x TBE 

Tris base (0.89 M), boric acid (0.89 M) and EDTA (0.5 M, 40 mL) were 

dissolved in distilled water (800 mL). pH was adjusted to 8.0 with the 

addition of NaOH (1 M), then volume adjusted to 1 L with distilled water. 

Storage was at RT.  

c) 0.5x TBE 

10x TBE (50 mL) was diluted with distilled water (950 mL) and stored at 

RT.   
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2.10.3 Tissue collection 

A biopsy of subcutaneous abdominal adipose was taken with informed, 

written consent, as per the clinical study protocol (Chapter 5.3.5.10). Samples 

were frozen immediately on dry ice and stored at -80 °C until analysis. 

Biopsies were performed pre-treatment and post-treatment for each 

volunteer.   

 

2.10.4 RNA extraction from subcutaneous adipose 

Adipose tissue (~100 mg) was homogenised in Qiazol Lysis Reagent (1 mL, 

Qiagen) and incubated (5 minutes, RT). Chloroform (200 µL) was added, 

mixed and incubated (3 minutes, RT) before centrifugation (12,000 g; 15 

minutes; 4 °C). The supernatant (600 µL) was removed, and an equal volume 

of ethanol (70%, v/v) added and mixed by pipetting. The solution was placed 

in an RNeasy spin column and the eluate discarded after centrifugation 

(10,000 g; 30 seconds; RT). The column was washed with Buffer RW1 (700 

µL) and Buffer RPE (500 µL) sequentially. In each step the eluate was 

discarded following centrifugation (10,000 g; 30 seconds; RT). Buffer RPE 

(500 µL) was added to wash the membrane, followed by a further 

centrifugation step (10,000 g; 2 minutes; RT). The RNeasy spin column was 

then placed in a fresh collecting tube (2 mL) and remaining Buffer RPE 

removed by centrifugation (16,000 g; 1 minute; RT). The RNeasy spin column 

was placed in a fresh Eppendorf (1.5 mL). RNase-free water (40 µL) was 
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added, incubated (10 minutes, RT) and RNA eluted by centrifugation (10,000 

g; 1 minute; RT). The eluate was then added back to the RNeasy spin column, 

incubated (10 minutes, RT) and RNA re-eluted by centrifugation (10,000 g; 1 

minute; RT). Eluted RNA was stored at -80 °C.  

 

2.10.5 RNA quantitation 

RNA was quantified using a Nanodrop Spectrophotometer (Thermo Fisher, 

West Sussex, UK). Concentration was determined by the absorbance at 260 

nm wavelength (A260), and the purity assessed by the ratio of RNA/DNA 

(A260/A280), which was deemed acceptable if between 1.9 and 2.1.  

 

2.10.6 RNA quality 

RNA quality was assessed by electrophoresis on a denaturing agarose 

(Lonza, Berkshire, UK) gel (1.2% w/v in 0.5 x TBE). Samples (2 - 3 µL) were 

prepared by adding loading dye (Promega, WI, USA; 1 in 5 dilution in 

distilled water; 10 µL). Prepared samples (10 µL) were electrophoresed on the 

gel (100 V, 1 hr) and RNA integrity assessed on the basis of 28S and 18S 

ribosomal RNA (rRNA) bands. RNA integrity was deemed satisfactory if 

clear 28S and 18S bands were present without smearing, and if the 28S rRNA 

band had approximately twice the intensity of the 18S rRNA band.  
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2.10.7 Reverse Transcription 

Total RNA (0.5 µg) was reverse transcribed using the QuantiTect Reverse 

Transcription kit. Where insufficient RNA was extracted to allow reverse 

transcription of 0.5 µg (3 volunteers) the maximum possible (319.2 ng; 394.8 

ng; 418.4 ng) RNA was used, and the same amount was reverse transcribed 

from the volunteer’s other sample. RNA (12 µL) was added to gDNA 

wipeout buffer (2 µL) and incubated (42 °C, 2 minutes) to eliminate any 

contaminating genomic DNA. To each sample, Quantiscript RT buffer (4 µL), 

RT primer mix (1 µL) and Quantiscript Reverse Transcriptase (1 µL) were 

added. Two negative controls were prepared as above, one without reverse 

transcriptase to detect presence of contamination by genomic DNA (denoted 

“-RT control”), and one with water instead of RNA to detect any 

contamination with RNA of reagents used (denoted “water control”). 

Samples were incubated (42 °C, 15 minutes; then 95 °C, 3 minutes) in PCR 

thermal cycler, before being cooled at 4 °C. Resultant cDNA was stored at -20 

°C.  

 

2.10.8 Real-Time Polymerase Chain Reaction (RT-PCR) 

mRNA was quantified using real-time PCR. Intron-spanning primers (shown 

in Table 2-1 for genes of interest, and Table 2-2 for housekeeping genes, 

Invitrogen Ltd., Paisley, UK) were designed to match probes within the 

Roche Universal Probe Library. Aliquots from all samples being analysed 
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were pooled and prepared as standard curve by serial dilution in PCR grade 

water at concentrations of: 1:4, 1:8, 1:16, 1:32, 1:64, 1:128; 1:256; 1:512. A 

Mastermix (8 µL) was prepared consisting of Probe Master (5 µL), PCR grade 

water (2.7 µL), forward primer (0.1 µL), reverse primer (0.1 µL) and probe 

(0.1 µL), and was added to each well. Where Applied Biosystems (TaqMan®) 

assay was used instead (Table 2.3), Mastermix (8 µL) was prepared consisting 

of Probe Master (5 µL), PCR grade water (2.5 µL), primer-probe mix (0.5 µL). 

cDNA was diluted (1:20) with PCR grade water. A –RT control and water 

control sample from each batch of reverse transcription was also analysed on 

every plate. Diluted cDNA (2 µL) was then added to each well. All samples 

and standards were assessed in triplicate. One gene was quantified for all 

samples on one plate. The plate was covered and centrifuged (4214 g, 2 

minutes, RT) before being run on the PCR system.   
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Gene: Name 
Gene accession number 

Primer sequence 
Forward, 5’ → 3’; Reverse, 3’ → 5’ 

UPL Probe 
 

ACACA: Acetyl-Coenzyme A carboxylase α isoform 1 

NM_198834.1 
Forward GATGTGGATGATGGGCTACA 73 

Reverse TGAGGCCTTGATCATTACTGG 

PLIN2: Adipocyte differentiation-related protein (Perilipin 2) 

NM_001122.2 
Forward TCAGCTCCATTCTACTGTTCACC 72 

Reverse CCTGAATTTTCTGATTGGCACT 

ADIPOQ: Adiponectin 
NM_004797.2 

Forward GGTGAGAAGGGTGAGAAAGGA 85 

Reverse TTTCACCGATGTCTCCCTTAG 

AKR1C2: Aldo-keto reductase family 1, member C2  

NM_001354.4 
Forward CCATACAGAAACTTCTTTTCCACA 34 

Reverse AACCAATGGCATGTGAGAGG 

AR: Androgen receptor 

NM_000044.2 
Forward GCCTTGCTCTCTAGCCTCAA 14 

Reverse GTCGTCCACGTGTAAGTTGC 

DGAT2: Diacylglycerol O-acyltransferase homolog 2  

NM_032564.3 
Forward GAGGGGTCTGGGAGATGG 55 

Reverse TTGAGCCAGGTGACAGAGAA 

ESR1: Estrogen receptor α 
NM_000125.3 

Forward TTACTGACCAACCTGGCAGA 24 

Reverse ATCATGGAGGGTCAAATCCA 

ESR2: Estrogen receptor β 

NM_001040275.1 
Forward TGGGTGATTGCCAAGAGC 52 

Reverse GTTTGAGAGGCCTTTTCTGC 

FASN: Fatty acid synthase  

NM_004104.4 
Forward CAGGCACACACGATGGAC 11 

Reverse CGGAGTGAATCTGGGTTGAT  

GPD2: Glycerol-3-phosphate dehydrogenase 2 (mitochondrial) 

NM_000408.3 
Forward TCGCGCGTGAGGATCTAT 25 

Reverse AGTCCTAAAACAGTTGCAAGAGC 

GR: Glucocorticoid receptor 

NM_000176.2, NM_001018074.1, NM_001018075.1, NM_001018076.1, 
and NM_001018077.1 

Forward TTCAAAAGAGCAGTGGAAGGA 11 

Reverse TTTCTTCGAATTTTATCGATGATG 

LIPE: Hormone sensitive lipase  

NM_005357.2 
Forward TGCTCGGAATCACAGACACT 90 

Reverse CAGGTCCATGTTGTGGATGA 

LEP: Leptin 

NM_000230.2 
Forward TTGTCACCAGGATCAATGACA 25 

Reverse GTCCAAACCGGTGACTTTCT 
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LPL: Lipoprotein lipase  

NM_000237.2 
Forward ATGTGGCCCGGTTTATCA 25 

Reverse CTGTATCCCAAGAGATGGACATT 

HSD11B1: 11β-Hydroxysteroid dehydrogenase type 1 (11β HSD1) 

NM_005525.2 
Forward CAATGGAAGCATTGTTGTCG 20 

Reverse GGCAGCAACCATTGGATAAG 

GPAM: Glycerol-3-phosphate acyltransferase 1 (mitochondrial) 

NM_020918.4 
Forward GGAAAGTTTATCCAGTATGGCATT 59 

Reverse TGATATCTTCCTGGTCATCGTG 

MCP1: Monocyte chemotactic protein 1  

NM_002982.3 
Forward TTCTGTGCCTGCTGCTCAT 83 

Reverse GGGGCATTGATTGCATCT 

PPARG: Peroxisome proliferator-activated receptor γ (PPARγ) 

NM_005037.5 
Forward TGACAGGAAAGACAACAGACAAAT 7 

Reverse GGGTGATGTGTTTGAACTTGATT 

PPARGC1A: PPARγ coactivator 1α 

NM_013261.3 
Forward TGAGAGGGCCAAGCAAAG 13 

Reverse ATAAATCACACGGCGCTCTT 

SRD5A1: 5α-Reductase type 1 (5αR1) 

NM_001047.2 
Forward TTGGAGAAATCATGGAGTGGT 37 

Reverse ACTCTTCAAATTTCCGGAGGTA 

SRD5A2: 5α-Reductase type 2 (5αR2)† 
NM_000348.3 

Forward TATATTGCGCCAGCTCAGG 80 

Reverse AAACATACGTAAACAAGCCACCT 

SRD5A2: 5α-Reductase type 2 (5αR2)† 

NM_000348.3 
Forward CACCTGGGACGGTACTTCTG 29 

Reverse GCAGTGAGTACACAAATGTCCTG 

SRD5A2: 5α-Reductase type 2 (5αR2)† 

NM_000348.3  
Forward CAGCTACAGGATTCCACAAGG 50 

Reverse TCAATGATCTCACCGAGGAA 

SREBF1: Sterol regulatory element binding transcription factor 1  

NM_001005291.1 
Forward CGCTCCTCCATCAATGACA 77 

Reverse TGCGCAAGACAGCAGATTTA 

SREBF2: Sterol regulatory element-binding transcription factor 2 

NM_004599.2 
Forward ATCTGGATCTCGCCAGAGG 74 

Reverse CCAGGCAGGTTTGTAGGTTG 

UCP 2: Uncoupling protein 2  

NM_003355.2 
Forward TGAAAGCCAACCTCATGACA 29 

Reverse GATGACAGTGGTGCAGAAGC 

Table 2-1 Primers used for genes of interest analysed by real-time polymerase chain reaction with Roche Universal Probe 

Library (UPL). † SRD5A2 attempted three times with different primers.  
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Gene: Name 
Gene accession number 

Primer sequence 
Forward, 5’ → 3’; Reverse, 3’ → 5’ 

UPL Probe 
 

PPIA: Peptidylprolyl isomerase A (cyclophilin A) 
NM_021130.3 

Forward ATGCTGGACCCAACACAAAT 48 
Reverse TCTTTCACTTTGCCAAACACC 

RPL32: Ribosomal protein L32 

NM_000994.3 
Forward GAAGTTCCTGGTCCACAACG 17 

Reverse ATGGCTTTGCGGTTCTTG 

TBP: TATA-binding protein  

NM_001172085.1 
Forward GAACATCATGGATCAGAACAACA 87 

Reverse ATAGGGATTCCGGGAGTCAT 

GAPDH: Glyceraldehyde-3-phosphate dehydrogenase 

NM_002046.3 
Forward AGCCACATCGCTCAGACAC 60 
Reverse GCCCAATACGACCAAATCC 

Table 2-2 Primers tested as housekeeping genes in real-time polymerase chain reaction with Roche Universal Probe Library 

(UPL).  

 

Gene: Name TaqMan ABI catalogue number 

CYP19A1: Aromatase Hs00903413_m1 

Table 2-3 TaqMan® Applied Biosystems (ABI) assay was used for aromatase.    
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Samples were denatured by heating (95 °C, 5 minutes), then underwent 50 

cycles of PCR amplification, comprising denaturation (95 °C, 10 seconds), 

annealing (60 °C, 30 seconds), and elongation (72 °C, 1 second). Samples 

were then cooled (40 °C, 30 seconds). Amplification curves were plotted (x 

axis: cycle number; y axis: fluorescence intensity). Excitation was at 483 nm 

and detection at 533 nm. Triplicates were acceptable if standard deviation of 

the crossing point was < 0.4 cycles. Standard curve generated from pooled 

and diluted samples was fitted with a straight line and acceptable if reaction 

efficiency was between 1.7 and 2.2.  

 

mRNA abundances were quantified and normalised against the mean of the 

transcript levels of a combination (PPIA + TBP + GAPDH) of house-keeping 

genes (those tested are summarised in Table 2-2).  
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2.11 Quantitation of glucose, glycerol, d2-glucose 

and d5-glycerol by gas chromatography mass 

spectrometry (GC-MS) 

 

2.11.1 Reagents and standards 

HPLC grade water was from Fisher Scientific (Loughborough, UK). HPLC 

grade acetonitrile was from VWR (Lutterworth, Leicestershire, UK). Heptane 

was from Rathburn (Walkerburn, UK). Pyridine, acetic anhydride, glucose, 

glycerol, 13C6-glucose and butanetriol were from Sigma Aldrich (Dorset, UK). 

d2-Glucose and d5-glycerol were from Cambridge Isotope Laboratories, Inc. 

(Andover, USA).   

 

All solutions for standard and enrichment curves were prepared in HPLC 

grade water and stored at 4 °C (for a maximum of 2 weeks) until use. Internal 

standard solution contained 13C6-glucose (5 mg/mL) and butanetriol (0.25 

mg/mL). Standard solutions prepared were glucose (5 mg/mL), glycerol 

(0.025 mg/mL), d2-glucose (0.1 mg/mL) and d5-glycerol (0.025 mg/mL).  

Derivatising solution of pyridine:acetic anhydride (1:1 v/v) and the 

reconstitution solvent (5% acetic anhydride in heptane) were prepared fresh 

on day of analysis.  
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2.11.2 Instrumentation 

The gas chromatograph mass spectrometer (GC-MS) consisted of a Finnigan 

GC8000TOP GC, a AS800 autosampler, a single quadropole Voyager mass 

spectrometer, operated via Xcalibur software version 1.2 (Finnigan, now 

Thermo Scientific, Manchester, UK).  The analytical column was a HP-

Innowax column (30 m x 0.32 mm x 0.25 µm; Agilent Technologies Ltd., 

Stockport, UK). The sample was injected (1 µL) by splitless injection, with 

injector temperature set to 260 °C. The column oven temperature was 60 °C 

at injection, programmed to reach 150 °C at a rate of 30 °C/minute, and then 

further programmed to reach 260 °C at a rate of 10 °C, with a final hold time 

of 3 minutes. Interface and source temperatures were 240 °C and 175 °C 

respectively. Helium gas was used as the mobile phase, at a flow rate of 2.5 

mL/min. Mass spectra were recorded using negative ion chemical ionisation 

with methane (research grade, BOC, Edinburgh, UK) as reagent gas at an 

electron energy of 70 eV. Selected ion monitoring was used with a total run-

time of 18 minutes. Derivatives of glycerol, d5-glycerol and butanetriol were 

monitored from 0 - 10 minutes, and those of glucose, d2-glucose and 13C6-

glucose monitored from 10 - 18 minutes. Monitored ions were: glycerol 

triacetate m/z 217, d5-glycerol triacetate m/z 222, butanetriol triacete m/z 231 

(internal standard), glucose pentacetate m/z 287, d2-glucose pentacetate m/z 

289, 13C6-glucose pentacetate m/z 293 (internal standard). Typical retention 

times for derivatives of glycerol and d5-glycerol were 7.15 and 7.12 minutes 
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respectively, and butanetriol 8.16 minutes. Glucose, d2-glucose and 13C6-

glucose derivatives were detected as isomers with typical retention times of 

15.06 and 15.38 minutes (glucose derivative) and 15.05 and 15.37 minutes 

(d2-glucose and IS derivatives).  

 

2.11.3 Sample preparation 

A standard curve was prepared in expected concentration ranges of glucose 

(0 - 9.25 mmol/L), glycerol (0 – 90.5 µmol/L), d2-glucose (0 - 0.18 mmol/L) 

and d5-glycerol (0 – 90.5 µmol/L) in plasma. An enrichment curve was 

prepared representing 0 - 12% enrichment for both glucose and glycerol, 

with d2-glucose and d5-glycerol respectively.   

 

Acetonitrile (1 mL) was added to extraction wells (96-well Strata Impact™ 

protein precipitation plate, Phenomenex, Macclesfield, Cheshire, UK). 

Standards, enrichment standards and samples (200 µL) were added. Internal 

standard solution (25 µL) was added to standard curve and samples. Internal 

standard was not added to enrichment samples. After a 20 minute incubation 

(RT), vacuum was applied (0.3 bar) and extracts collected. Eluates were 

reduced to dryness under oxygen-free nitrogen (OFN; 37 °C). Acetate 

derivatives were formed (Figure 2.1, Figure 2.2); to the dry residue pyridine: 

acetic anhydride (200 µL, 1:1, v/v) was added and this was allowed to stand 

(RT, 15 minutes). Derivatised samples were dried under OFN (37 °C) and 
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reconstituted in 5% acetic anhydride in heptane. 1 µL of sample was injected 

onto the GC-MS system.       
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Figure 2.1 Derivatisation of glycerol (left; MW 92.09) with pyridine:acetic 

anhydride to form glycerol triacetate (right; MW 218.2) 
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Figure 2.2 Derivatisation of glucose (left; MW 180.16) with pyridine:acetic 

anhydride to form glucose pentacetate (right; MW 390.34) 
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2.12 Quantitation of urinary steroids by gas-

chromatography tandem mass spectrometry (GC-

MS/MS)  

 

2.12.1 Reagents and standards 

Unless stated otherwise, all reagents and standards were from Sigma Aldrich 

(Dorset, UK).  F, E, THF, αTHF, THE, epi-F and epi-THF were from 

Steraloids (Newport, USA). HPLC grade water was from Fisher Scientific 

(Loughborough, UK). HPLC grade methanol was from VWR (Lutterworth, 

Leicestershire, UK). Ethyl acetate was from Rathburn (Walkerburn, UK).  

 

Lipidex™-5000 (PerkinElmer, Waltham, USA) was passed through a sintered 

glass filter funnel to remove methanol. It was then washed with cyclohexane 

(200 mL) and mobile phase (98:1:1 

cyclohexane:hexamethyldisilazane:pyridine; 200 mL). Solid product was 

returned to original bottle and prepared into a slurry by addition of mobile 

phase (approximately 200 mL).  

 

2.12.2 Instrumentation 

Samples were analysed by gas chromatography tandem mass spectrometry 

(GC-MS/MS).  The system consisted of a Trace GC Ultra gas chromatograph, 
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TriPlus Autosampler (room temperature), TSQ Quantum XLS mass 

spectrometer, operated via Xcalibur software, version 2.1.0 (Thermo Fisher 

Scientific, Hemel Hempstead, UK).  

 

The analytical column was a DB-17MS column (30 m x 0.25 mm x 0.25 µm; 

Agilent Technologies Ltd., Stockport, UK).  The mobile phase was helium gas 

at a flow rate of 2 mL/minute. The sample was injected (1 µL) by 

Programmed Temperature Vaporising (PTV) injection. The column oven 

temperature was 120 °C initially, and then increased (30 °C/minute) to 200 

°C, held for 1 minute, then increased (5 °C/minute) to a final temperature of 

300 °C where it was held for 1 minute.  The mass spectrometer was operated 

in positive selected reaction monitoring mode. Auxiliary line and mass 

spectrometer source temperatures were both 280 °C. Collision gas was argon. 

Emission current was 50 µA, and electron energy 70 eV. Transitions 

monitored for quantitation are summarised in Table 2-4. Total run-time was 

25.67 minutes.  

 



 

Chapter 2: General laboratory methods  108 

  Name Precursor 

(m/z) 

Product 

(m/z) 

CE (V) Typical Rt 

(min) 
G

lu
co

co
rt

ic
o

id
s 

A
n

a
ly

te
s 

Cortisol (F) 605.4 515.4 20 22.98 

Cortisone (E) 531.4 441.4 15 23.73, 23.95 

α-THF  652.6 562.4 15 17.6 

β-THF 652.6 562.4 15 17.83 

THE 578.4 488.3 15 18.67 

IS
s 

Epi-F 605.4 515.4 20 22.2 

d8-E 539.4 449.4 15 23.62, 23.84 

Epi-THF 652.6 562.4 15 17.42 

A
n

d
ro

g
e
n

s 

A
n

a
ly

te
s 

Androsterone 360.2 270.2 15 14.71 

Epi-androsterone 360.2 270.2 15 16.14 

Aetiocholanolone 360.2 270.2 15 14.93 

IS
 

5α-androstane-3α, 

17α-diol 

331.2 241.2 15 11.51 

Table 2-4 Transitions monitored for quantitation. CE, collision energy; V, volts; Rt, 

retention time; min, minutes; F, cortisol; E, cortisone; TH, tetrahydro-; IS, internal 

standard. Where 2 isomers were detected (indicated by two Rt), these were 

combined for quantitation.  
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2.12.3 Sample preparation 

Standards of analytes were prepared in methanol (1 mg/mL). Aliquots 

(detailed below) were added to water (20 mL) to prepare a series of aqueous 

standards:  

0.05 - 150 µg (epiandrosterone, androsterone and aetiocholanolone; 

quantified with 5α-androstane-3α, 17α-diol); 0.01 - 300 µg (THF, αTHF, THE; 

quantified with Epi-THF) and 0.005 - 300 µg (cortisol, cortisone,; quantified 

with Epi-F and d8-E respectively). 

 

Internal standards (Epi-THF, 30 µg; Epi-F, 5 µg; d8E, 5 µg; 5α-androstane-3α, 

17α-diol, 25 µg; total volume 75 µL in acetonitrile) were added to all samples 

(20 mL) and aqueous standards (20 mL), which were then extracted using 

conditioned Sep-Pak® C18 cartridges (300 mg, Waters Millipore, Watford, 

UK).  Methanol (5 mL) was added to condition the cartridge and water (5 

mL) equilibrate. Blank, standards and samples were added to the cartridges 

and allowed to elute through with gravity. Cartridges were washed with 

water (5 mL) and steroids were then eluted with methanol (2 mL).  Eluates 

were reduced to dryness under OFN (60°C). 

 

Steroid conjugates were hydrolysed with β-glucuronidase (Helix pomatia, 

Type H-2, 85000 units/mL; 100 µL; 37 °C for 48 hours) in sodium acetate 

buffer (2 mL; 0.2 M; adjusted to pH 4.6 with formic acid). Hydrolysates were 
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passed through reconditioned Sep-Pak® C18 columns (methanol 5 mL; water 

5 mL), eluted with methanol (2 mL). The eluate was dried under OFN (60 

°C), reconstituted in water (200 µL) and steroids extracted in ethyl acetate (3 

mL).   

 

The supernatant was dried and remaining steroids were derivatised to form 

methoxime-trimethylsilyl (MO-TMS) derivatives. Fifty µL of methoxyamine 

hydrochloride in dry pyridine (2% w/v) was incubated in capped Reactivial 

(60 °C; 30 minutes) and then evaporated under OFN (60 °C). 1-

(Trimethylsilyl)imidazole (TMSI, 50 µL) was added to the dried residue and 

incubated (100 °C; 2 hours) in capped Reactivial.  

 

Lipidex 5000 columns were then prepared by the addition of pre-prepared 

Lipidex 5000 (1 mL in mobile phase) to a Pasteur pipette with silanised glass 

wool, creating a column depth of ~1 inch. Mobile phase (98:1:1 

cyclohexane:hexamethyldisilazane:pyridine) was added (3 x 1 mL).  

 

Mobile phase (1 mL) was added to reaction solution in the Reactivial and 

then collected and passed through the prepared Lipidex column. The 

Reactivial was washed with mobile phase (2 x 0.5 mL) and washes were also 

passed through the Lipidex column. Mobile phase (1 mL) was added directly 

into Lipidex column. All eluates were collected and evaporated to dryness 
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under nitrogen (60 °C). Dried samples were reconstituted in 200 L decane 

and transferred to GC-MS vials, and stored at -20 °C prior to analysis.  

 

2.13 Quantitation of plasma dexamethasone by liquid 

chromatography tandem mass spectrometry (LC-

MS/MS) 

 

2.13.1 Reagents and standards 

HPLC grade water and formic acid were from Fisher Scientific 

(Loughborough, UK). HPLC grade methanol was from VWR (Lutterworth, 

Leicestershire, UK). Acetonitrile and ethyl acetate were from Rathburn 

Chemical Ltd. (Walkerburn, UK). Dexamethasone was from Alfa Aesar 

(Haysham, UK), 11-dehydrodexamethasone and d4-dexamethasone were 

from Steraloids (Newport, USA). 6-hydroxy dexamethasone had been 

synthesised in house (kind gift, Dr G Naredo, Mass Spectrometry Core, 

University of Edinburgh). Stock solutions of analytes and internal standard 

were prepared (10 µg/mL in methanol) and stored at -20 °C. Standards were 

prepared on the day of analysis by serial dilution of stock solutions. 
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2.13.2 Instrumentation 

Analysis was performed on a Waters Acquity™ UPLC with autosampler (10 

°C), coupled to an ABSciex QTRAP® 5500 mass spectrometer, and operated 

with Analyst Software version 1.5.1. Separation was achieved on a SunFire™ 

C18 column (150 x 4.6 mm, 5 µm) at 20 °C, with a linear gradient from 60:40 

to 45:55 (acetonitrile with 0.1% FA: water with 0.1% FA) at a flow rate of 1.5 

mL/min with a total run-time of 6 minutes. Ionisation was performed in 

positive electrospray mode with curtain gas 20 psi, collision gas medium, 

spray voltage 5500 V, source temperature 500 °C, source gases 40 psi. Mass 

transitions of protonated ions monitored were (Declustering Potential, DP; 

Collision Energy, CE; Cell Exit Potential, CXP): dexamethasone  m/z 393 → 

373 (DP 71; CE 11; CXP 16); 11-dehydro dexamethasone m/z 391 → 253 (DP 

71; CE 27; CXP 12); 6-hydroxy dexamethasone m/z 409 → 227 (DP 61; CE 23; 

CXP 10); d4-dexamethasone m/z 397 → 377 (DP 51; CE 11; CXP 16).   

 

2.13.3 Sample preparation 

A standard curve was prepared representing a concentration range of 0 – 300 

ng/mL for all analytes. Standard curves were prepared in plasma (pooled 

human plasma collected from men and women ages 16 – 45 years on no 

medications; TCS Biosciences, Buckingham, UK). d4-Dexamethasone 

(internal standard, 15 ng) was added to plasma (200 µL) and standard curve, 

and all samples were extracted with solid-phase and then liquid-liquid 
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extraction. Initially samples were extracted with Sep-Pak® C18, 200 mg 

cartridges. Following conditioning (methanol 5 mL) and equilibration (water 

5 mL), samples were loaded and then analytes eluted with methanol (2 mL). 

Eluates were dried under nitrogen (60 °C), resuspended in water (200 µL) 

and then extracted with ethyl acetate (2 mL). The supernatant was dried and 

resuspended in mobile phase. Injection volume was 10 µL.  

 

2.14 Routine laboratory tests 

Routine laboratory blood tests were sent (on the day of sampling) for 

processing by the NHS Lothian clinical biochemistry and haematology 

laboratories at the Western General Hospital (Edinburgh, UK). The 

laboratory participates in the UK National External Quality Assessment 

Service to ensure quality control. Sample collection is described in Chapters 

5.3.4.3 and 5.3.4.4.       

 

Full blood count was measured by a XE-5000 automated flow cytometer 

(Sysmex UK, Milton Keyes, UK). HbA1c was measured by reverse-phase 

HPLC on a Menarini HA8160 HbA1c analyser (Menarini, Wooburn Green, 

UK). All other analytes were measured on an Architect c16000 analyser 

(Abbott Diagnostics Ltd., Maidenhead, UK) using manufacturer's kit 

materials according to laboratory protocols. Low density lipoprotein (LDL) 
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cholesterol was a calculated parameter, using the equation: LDL cholesterol = 

total cholesterol – HDL cholesterol – (triglyceride/2.2).   

 

In a single batch at the end of the study, sex hormone binding globulin 

(SHBG) and oestradiol (E2) were measured by the clinical biochemistry 

laboratory at the Royal Infirmary of Edinburgh (Edinburgh, UK). SHBG from 

serum was measured by an automated chemiluminescent based assay 

according to protocol for, and performed on, an Immulite® 2000 system 

(Siemens, Surrey, UK). Lower limit of sensitivity was 0.2 nmol/L and intra-

assay error ≤ 5.3%. Oestradiol was measured from serum by a 

Chemiluminescent Microparticle Immunoassay according to protocols from 

Abbott Diagnostics (Illinois, USA) using an Architect c16000 analyser. The 

functional sensitivity (minimum concentration quantified with < 20% 

coefficient of variation) was 50 pmol/ L. Cross-reactivity with 17β-oestradiol 

3-sulfate was 0.1% and with oestrone 0.7%, and intra-assay error ≤  7%.   

 

2.15 Statistics and calculations 

All statistical calculations were performed using SPSS for Windows software 

package, version 19 (IBM, Portsmouth, UK). Statistical significance was taken 

at the 5% level. Area under the curve calculations were performed with 

Kinetica, version 5.0 (Thermo Fisher Scientific, Loughborough, UK).  
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3.1 Introduction 

The interpretation of the clinical study described in Chapters 5 and 6 can be 

enhanced by the measurement of dutasteride, finasteride and androgen 

concentrations in the serum of participants. Measurement of serum 

dutasteride and finasteride concentrations can complement assessment of 

compliance in study volunteers. Measurement of androgen concentrations 

(testosterone, dihydrotestosterone, androstenedione) is a key component of 

evaluating pharmacodynamic effects of 5αR inhibitors on androgen 

metabolism and their possible effects on adrenal and gonadal 

steroidogenesis. There are no published methods for simultaneous 

measurement of this combination of analytes from human serum; therefore a 

novel assay was developed.  

 

Historically androgens such as testosterone have been quantified by 

radioimmunoassay (RIA), which offers distinct advantages as an analytical 

method as samples do not require extraction, and methods are fast and cost-

effective. However RIAs do also have several important limitations which 

have seen their use in androgen measurement decline (Soldin and Soldin, 

2009). They can be affected by binding proteins e.g. albumin and SHBG 

(present in unextracted samples) and other structurally related compounds 

(Tate and Ward, 2004). Accordingly, immunoassays lack precision and 

accuracy at lower concentrations (Wang et al., 2004a), and this may be 
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particularly relevant to analytes such as dihydrotestosterone (DHT) which 

are present in low circulating concentrations (Shiraishi et al., 2008). 

Furthermore the antibodies for some selected androgens are not specific, 

giving rise to interference in assays by other hormones (Taieb et al., 2002). 

Direct comparisons of DHT measurement by immunoassay and liquid 

chromatography mass spectrometry (LC-MS) show that RIA overestimates 

DHT concentrations especially at low concentrations, likely a  reflection of 

the lack of analyte specificity with RIA (Shiraishi et al., 2008). For these 

reasons, the field of Clinical Biochemistry has moved towards the use of LC-

MS/MS in assessment of testosterone, particularly in patients with lower 

concentrations, including women, older men, and patients with type 2 

diabetes (Kushnir et al., 2010b). In the study of 5R inhibitors, the 

concentration of DHT was anticipated to be suppressed, presenting an 

analytical challenge. 

 

As banned substances in professional sport, both finasteride and dutasteride 

are sometimes measured in doping control, as well as in clinical studies, 

although not routinely in the hospital environment. While the measurement 

of 5αR inhibitors is usually via chromatography based analytical techniques, 

two enzyme-linked immunosorbent assays (ELISA) have been developed for 

the measurement of dutasteride, finasteride and a metabolite of finasteride in 

human urine (Brun et al., 2010). While potentially promising, at this stage 
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these assays are still limited in their utility as they have only been validated 

in urine and are heavily dependent on measurement of 5αR inhibitor 

metabolites. They have potential issues with cross-reactivity between 

finasteride and dutasteride (3.7%), although these drugs are unlikely to be 

co-prescribed. Immunoassay approaches were not suitable for use in the 

study described, due to the need to separate and quantify multiple steroid 

and drug compounds in a single assay, both for efficient throughput and 

limited sample volumes. 

 

The analytical approach selected for this thesis was liquid chromatography 

tandem mass spectrometry (LC-MS/MS), which largely overcomes many 

limitations of other analytical methods and allows precise, accurate, and 

simultaneous determination of multiple analytes present at low 

concentrations. Gas chromatography mass spectrometry (GC-MS) methods 

(Legrand et al., 1995, Wudy et al., 1992) may have been possible but requires 

the additional step of derivatisation which adds to sample handling and 

preparation time, while also adding potential issues with stability of 

derivatives. GC-MS methods also tend to have longer run times. The use of 

high pressure liquid chromatography (HPLC) alone to determine finasteride 

levels (Ptacek et al., 2000) was not suitable for our purposes as the detection 

limits offered by HPLC were inadequate to detect analytes present in low 

concentration. In the absence of  mass separation and detection, it may have 
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been difficult to differentiate compounds which may be co-eluting, for 

example drug metabolites and isomeric androgens.  

 

An LC-MS approach has previously been used successfully in the 

quantitation of dutasteride (Gomes et al., 2009, Ramakrishna et al., 2004) and 

finasteride (Chen et al., 2008, Constanzer et al., 1994, de Menezes et al., 2001, 

Guo et al., 2007, Matuszewski et al., 1998, Phapale et al., 2010), however these 

methods have always been for one drug or the other. Measurement of 

androgens via mass spectrometry has been described by several groups, and 

of particular interest are those where DHT has been measured via LC-

MS/MS and applied to adult male and female (Shiraishi et al., 2008), as well 

as paediatric populations (Kulle et al., 2010). These assays use small sample 

volumes (100 µL) with extraction approaches including liquid-liquid 

(Shiraishi et al., 2008) and solid-phase  (Kulle et al., 2010) techniques.  

 

To allow efficient processing of study samples it was desirable to quantify all 

analytes in a single assay, and no such method has been reported. An 

extraction method suitable for all analytes was necessary, and especially 

given the differences in circulating concentrations of the androgenic steroids 

(e.g. much higher concentration of testosterone than DHT) adequate 

separation was essential. Expected concentrations of analytes are 

summarised in Table 3-1. DHT concentrations are decreased with dutasteride 
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and finasteride therapy by approximately 95% and 70% respectively (Clark et 

al., 2004, GlaxoSmithKline, 2008, Merck, 1998). In addition, testosterone 

increases by approximately 10-20% with both 5αR inhibitors, though (unlike 

DHT) testosterone concentrations generally stay within the normal reference 

range.  

 

 Analyte Expected circulating concentrations 

  ♂ range  

(ng/mL) 

♂ range 

 (nmol/L) 

Reference 

Androstenedione 0.23 – 1.34  

0.37 – 2.41 

0.8 – 4.68  

1.3 – 8.4 

(Kushnir et al., 2010a) 

(NHSLothian, 2011-

2013) 

Testosterone 

 

2.65 – 9.71 9.2 – 33.7  (Shiraishi et al., 2008) 

DHT 

 

0.14 - 0.77 0.47 – 2.65  (Shiraishi et al., 2008) 

DHT post  

finasteride (↓~70%) 

 

0.04 - 0.23 0.14 - 0.8 (Clark et al., 2004) 

DHT post 

dutasteride (↓~95%) 

 

0.007 - 0.0385 0.02 - 0.13 (Clark et al., 2004) 

Finasteride  1.8 - 49; mean 

trough at steady 

state 9.4 

 (Merck, 1998) 

Dutasteride Mean 36 after 3 

months treatment  

 (GlaxoSmithKline, 

2008) 

Table 3-1 Approximate reference ranges for expected concentrations in serum 

of androstenedione, testosterone, dihydrotestosterone (DHT) in adult men. Also 

shown are concentrations of DHT predicted post-treatment with 5αR inhibitors 

finasteride and dutasteride.  
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3.2 Aims 

To develop, optimise and validate a sensitive, precise and accurate LC-

MS/MS method for simultaneous quantitation of testosterone, 

dihydrotestosterone, androstenedione, finasteride and dutasteride extracted 

from human serum, with validation based on standards deemed acceptable 

by the U.S. Food and Drug Administration (USFDA, 2001).  

 

3.3 Method development 

3.3.1 Reagents and Standards 

Unless stated otherwise, all solvents were from Rathburn Chemical Ltd. 

(Walkerburn, UK). Water and ammonium hydroxide (35%, v/v) solution 

(both HPLC gradient grade), glacial acetic acid (99.79%, v/v) and formic acid 

were from Fisher Scientific (Loughborough, UK). Methanol and 

dichloromethane (HPLC gradient grade) were from VWR (Lutterworth, 

Leicestershire, UK). o-Phosphoric acid (85% v/v) was from BDH Laboratory 

Supplies (Poole, UK). Ammonium acetate and ammonium formate were 

from Sigma-Aldrich (Dorset, UK).  

 

Androstenedione, testosterone, epitestosterone, DHT, 

dehydroepiandrosterone, 2,3,4-[13C3]-androstenedione, 2,3,4-[13C3]-

testosterone and 2,3,4-[13C3]-5-DHT, were from Sigma-Aldrich (Dorset, UK). 



 

Chapter 3: Measurement of androgens and 5αR inhibitors by LC-MS/MS  
122 

 

2,2,4,6,6,16,16-[2H7]-Androstenedione, 2,2,4,6,6-[2H5]-testosterone, 16,16,17-

[2H3]-testosterone, 2,2,4,4-[2H4]-5-DHT and 16,16,17-[2H3]-5-DHT were  

from CDN Isotopes, QMX laboratories (Essex, UK). Finasteride was from 

Steraloids (Rhode Island, USA) and dutasteride was from AK Scientific 

(Mountain View, USA). d9-Finasteride was synthesised in-house (kind gift, 

Dr G Naredo). Stock solutions were prepared at 1 mg/mL and 10 µg/mL in 

methanol, and stored at -20 ºC. Working solutions were prepared on the day 

of analysis.  

 

3.3.2 Biological samples 

For method optimisation and validation, pooled male human serum 

(collected from healthy men aged 17-45 years on no medications), and  

steroid-stripped serum were purchased (TCS Biosciences, Buckingham, UK). 

Due to residual androstenedione and testosterone detectable in the steroid-

stripped serum, it was re-stripped before use. Dextran-coated charcoal 

(Sigma Aldrich, Dorset, UK) was added to steroid-stripped serum (0.1 g/ 10 

mL), stirred (~24 hours, 4 °C) and centrifuged (1811 g, 4 °C, 30 minutes). 

Stripped serum was decanted and then sequentially filtered through 1.20 µm 

(Sartorius minisart, Sartorius AG, Göttingen, Germany) and 0.22 µm filters 

(Millex® GP filter unit, Millipore Ireland Ltd., Carrigtwohill, Ireland) until 

clear serum was obtained. Aliquots were frozen (-20 °C) until further use.  
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For method application, serum was collected from male subjects 

participating in the clinical study described in Chapters 5 and 6 prior to and  

following 90 days of treatment with either dutasteride (n = 16), finasteride (n 

= 16) or tamsulosin (n = 14). Appropriate ethical approval was obtained prior 

to sample collection and is described further in Chapter 5.3.3.  

 

3.3.3 LC-MS/MS Instrumentation 

Initial method development was performed on a Thermo Electron Surveyor 

MS Pump and a Thermo Surveyor HPLC autosampler, interfaced with a 

Thermo Electron TSQ Quantum Discovery triple quadrupole mass 

spectrometer and operated with Xcalibur Version 2.0.6 software (Thermo 

Electron, Hemel Hempstead, UK). The method was transferred and 

developed further on a Waters Acquity™ UPLC (Manchester, UK) with 

autosampler, coupled to an ABSciex QTRAP® 5500 mass spectrometer 

(Warrington, UK), operated with Analyst® Software version 1.5.1. Nitrogen 

was used as source, curtain and collision gas. All subsequent method 

development and validation steps described were completed on the latter 

instrument (referred to as ‘QTRAP’), which afforded greater sensitivity.  

  

3.3.4 Tuning of standards for ion selection 

Solutions (in methanol) of dutasteride (1 µg/mL), finasteride (10 ng/mL), 

testosterone (100 ng/mL), dihydrotestosterone (100 ng/mL), 
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androstenedione (200 ng/mL), 13C3 testosterone (100 ng/mL), 13C3 

dihydrotestosterone (200 ng/mL) and 13C3 androstenedione (100 ng/mL), 

d9-finasteride (10 µg/mL) were prepared separately and infused (10 

µL/min) into the QTRAP source operating in positive atmospheric pressure 

chemical ionisation (APCI) mode. Protonated ions were exposed to a range 

of variables of collision energy, cell exit potential and declustering potential 

in order to ascertain ideal ionisation conditions. The mass of ions formed was 

determined and the mass transitions selected were those with the most 

abundant product ions, from the eight most abundant transitions screened. 

Mass spectrometric source conditions (curtain gas, collision gas, spray 

voltage, source temperature, and source gases) were then optimised for 

DHT, the least abundant analyte. For comparison, the same tuning steps 

were repeated in electrospray ionisation (ESI) mode.  

 

3.3.5 Chromatographic method development 

Using unextracted mixes of analytes in aqueous solution, optimum LC-

MS/MS conditions were established. The following parameters were 

manipulated with variables tested listed: 

 Column 

o Kinetex C18 100 x 3 mm, 2.6 µm (Phenomenex®, Macclesfield, 

UK); Kinetex C18 150 x 3 mm, 2.6 µm (Phenomenex®, 

Macclesfield, UK); Ascentis express 100 x 3 mm, 2.7 µm 
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(Supelco, Bellefonte, USA); Kinetex PFP 100 x 3 mm, 2.6 µm 

(Phenomenex®, Macclesfield, UK); Poroshell C18 100 x 2.1 mm, 

2.7 µm (Agilent, Santa Clara, USA) 

 Column temperature 

o Ranging from 25 ºC to 50 ºC 

 Mobile phase 

o Acetonitrile: water; acetonitrile: water with 0.1% formic acid 

(FA); methanol: water; methanol: water with FA (0.01%); 

methanol: water with FA (0.1%); methanol: water with FA 

(0.2%); methanol: ammonium acetate (AmAc, 5 mM); methanol: 

AmAc (1mM) with FA (0.1%); methanol: AmAc (2.5 mM) with 

FA (0.1%); methanol: AmAc (5 mM) with FA (0.1%); methanol: 

ammonium formate (5 mM). 

 Gradient  

o A range of gradients were tried with variations on the initial, 

peak and interval ratios between the mobile phases. Length of 

time at each isocratic stage, length of time to peak gradient and 

length of time returning from gradient were all manipulated. 

 Flow rate  

o Ranging from 250 µL/min to 500 µL/min 
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3.3.6 Optimisation of analyte extraction method from human 

serum 

Types of extraction methods tested included protein crash (Impact™ protein 

precipitation plate, Phenomenex®, UK), phospholipid crash (Ostro™, 

Waters, UK), solid phase (Oasis® HLB, 10 mg/ 1 mL, 30 µm, and 30 mg/ 1 

mL, 30 µm, both from Waters, UK; Strata-X-Drug B™, 33 µm, cation mixed 

mode polymer sorbet, 30 mg/ 1 mL, Phenomenex®, UK), supported liquid 

(Isolute® Array SLE+, 200 µL; Isolute® SLE+ columns, 1 mL, both from 

Biotage, Uppsala, Sweden) and liquid-liquid extraction. We were unable to 

replicate the liquid-liquid extraction approach described previously 

(Shiraishi et al., 2008), with endogenous DHT not detected.  

 

The extraction solvent tested in protein and phospholipid crash methods was 

acetonitrile, with sample:solvent ratios tested of 1:3, 1:6, and 1:9. In 

supported liquid extractions, pre-extraction mixing was tested with: formic 

acid (1%, 0.1%), water, NH4OH (0.1 M), and acetic acid (0.1%). Extracting 

solvents tested were: dichloromethane, diethyl ether, ethyl acetate, hexane, 

methanol, acetonitrile. In liquid-liquid extractions, samples were tested neat 

or mixed (1:1, v/v) with water, or formic acid (0.1%), ammonia (5%). Samples 

were extracted with a sample:solvent ratio of 1:20 and 1:40. Solvents tested 

were ethyl acetate:hexane (3:2, v/v, with and without NaOH (0.1 M)) and 

ethyl acetate (with and without saturated NaCl).  
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The method selected and optimised further was the Oasis® HLB (30 mg/ 30 

µm) solid phase extraction method. In an effort to aid deproteination and 

improve sample flow through the extraction column, mixing of sample was 

tried with the following: formic acid (2%, 1%, 0.1%), phosphoric acid (4%), 

water, NH4OH (0.1 M). The proportion of methanol (in water) in the wash 

step was optimised, with the following tried: 5%, 15%, 25%, 50%. A second 

wash/ elution step was also tested consisting of methanol:water (50:50, v/v) 

with either formic acid (2%) or NH4OH (5%). Elution was tested with 

methanol, acetonitrile, isopropanol and ethyl acetate.  

 

Matrices tested for standard curve were water, stripped serum, male serum 

and female serum.  

 

3.3.7 Assay validation 

3.3.7.1 Recovery 

Recovery was calculated by expressing the mean of the integrated peak areas 

from extracted standards, as a percentage of the mean integrated peak area 

from unextracted standards. This was performed in replicates (n=6) using 

stripped serum as matrix and enriched with: androstenedione (1 ng), 

testosterone (1 ng), finasteride (1 ng), DHT (10 ng) and dutasteride (10 ng). 
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3.3.7.2 Assessment of ion suppression by serum 

The effect of the biological matrix (human serum) on ionisation efficiency 

was assessed in replicates of 6 by post-spiking extracted blank serum with all 

analytes amounts corresponding to the midpoint of the standard curve 

(standard 5, Table 3-2), and response compared to standards with the same 

amounts of analyte dissolved in mobile phase. Blank serum sample were also 

run so endogenous analyte amounts could be subtracted from peak areas 

detected in post-spiked samples.  

 

3.3.7.3 Analyte specificity 

Analyte specificity was ensured to avoid potential interferences by other 

endogenous components in serum. Extracted blank stripped serum analysed 

with the described method was checked for interferences at or close to the 

expected retention times for all analytes and internal standards, and this was 

repeated with unstripped serum for finasteride and dutasteride.    

 

Additional analyte and internal standard specificity was ensured with 

measurement of two (quantifier and qualifier) mass transitions for all except 

DHT, where the qualifier transition was not detected in normal serum. 

Acceptable quantifier: qualifier ratios in biological samples were those within 

20% of the mean ratio seen in standards. 
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3.3.7.4 Limits of Detection (LOD) 

LOD were determined by analysing solutions prepared by serial dilution of 

analyte and internal standard stock solutions, with the LOD corresponding 

to a peak area where signal: noise ratio (SNR) was  3. 

 

3.3.7.5 Lower Limits of Quantitation (LLOQ) 

LLOQ following extraction was determined by extracting analyte and 

internal standard from serum at amounts corresponding to 0.2 x LOD, 0.5 x 

LOD, LOD and 5/3 x LOD. Amounts lower than the LOD were tested in case 

of ion enhancement effects. The LLOQ was defined as the amount where 

variance in replicates of 6 was  20%. 

 

3.3.7.6 Linearity 

Two standard curves were generated, one in water (for quantitation of 

androgens) and one in serum (for quantitation of dutasteride and 

finasteride). A standard curve was generated with each analyte and internal 

standard by adding internal standards (1 ng each) to blank serum or water, 

and increasing amounts of analytes. Standard curves represented 

concentration ranges: testosterone (1, 2, 3, 5, 7.5, 10, 12.5, 15 ng/mL), DHT 

(0.1, 0.2, 0.5, 1, 2, 3, 4, 5 ng/mL), androstenedione (0.1, 0.2, 0.5, 1, 2, 3, 4, 5 

ng/mL), finasteride (1, 2, 5, 10, 25, 50, 75, 100 ng/mL) and dutasteride (1, 2, 

5, 10, 25, 50, 75, 100 ng/mL), and are summarised in Table 3-2. Peak areas of 
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each analyte and internal standard were integrated and a calibration curve 

constructed (peak area ratio of analyte/ internal standard versus 

concentration of analyte). Regression lines of best fit were constructed and 

deemed acceptable if the regression coefficient, r, was greater than > 0.99. 

Weightings compared were none, 1/x and 1/x2 to improve accuracy and 

precision at the lowest concentrations and to afford intercepts as close to zero 

as possible. 

 

Std. 

AND 

ng/mL 

(nmol/L) 

Testosterone 

ng/mL 

(nmol/L) 

DHT 

ng/mL 

(nmol/L) 

Finasteride 

ng/mL 

Dutasteride 

ng/mL 

0 0 (0) 0 (0) 0 (0) 0 0 

1 0.1 (0.4) 1 (3.5) 0.1 (0.3) 1 1 

2 0.2 (0.7) 2 (6.9) 0.2 (0.7) 2 2 

3 0.5 (1.8) 3 (10.4) 0.5 (1.7) 5 5 

4 1 (3.5) 5 (17.4) 1 (3.4) 10 10 

5 2 (7.0) 7.5 (26.0) 2 (6.9) 25 25 

6 3 (10.5) 10 (34.7) 3 (10.3) 50 50 

7 4 (14.0) 12.5 (43.4) 4 (13.8) 75 75 

8 5 (17.5) 15 (52.1) 5 (17.2) 100 100 

Table 3-2 Points of standard curves; standard curve for androgens prepared in 

water, standard curves for finasteride and dutasteride prepared in pooled male 

serum. Std., standard; AND, androstenedione; DHT, dihydrotestosterone.  
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3.3.7.7 Precision and accuracy 

The intra-assay accuracy and precision were determined in a standard curve 

with 3 points of the standard curve prepared in replicates of 6 (standard 

points 2, 5, 8). The inter-assay accuracy and precision were determined from 

four standard curves prepared on different days. The precision was 

calculated as the relative standard deviation of the mean (RSD) with RSD (%) 

= standard deviation/ mean x 100. The % accuracy was calculated as the 

concentration/ theoretical concentration x 100. 

 

3.3.7.8 Stability 

Stability was assessed by reinjection of a single calibration curve and patient 

sample after 24 hours in the auto-sampler (10 °C), and then again following 

28 day storage (-20 °C). Storage conditions giving no greater that 10% change 

in response were accepted.   

 

3.3.7.9 Injector reproducibility 

Injector variability was assessed by injecting 6 times the standards 1, 2, 3, 5, 8 

(as per Table 3-2), and a pooled male serum sample enriched with both 

finasteride (10 ng/mL) and dutasteride (20 ng/mL).  
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3.4 Results 

3.4.1 Mass spectrometric conditions of analytes 

All analytes and internal standards (structures shown in Table 3-3) ionised 

efficiently in both positive electrospray ionisation (ESI) and positive 

atmospheric pressure chemical ionisation (APCI) conditions. APCI was 

selected for use due to increased peak areas measured for endogenous DHT 

from serum. Source conditions were optimised to DHT and found acceptable 

for all other analytes and internal standards. Both quantifier and qualifier 

transitions of analyte and internal standard were subsequently monitored, 

with the exception of DHT for which the qualifier ion was not visible in 

serum therefore was not monitored.  

 

In the final mass spectrometric method, the QTRAP was optimised to, and 

operated in, positive APCI mode, with curtain gas 25 psi, collision gas low, 

spray voltage 5 kV, nebuliser current 3.5 µA, source temperature 500 °C, ion 

source gas 55 psi. Multiple reaction monitoring of the analyte quantifier and 

qualifier transitions were performed as summarised in Table 3-4.               
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Analyte structure IS structure 

Androstenedione (MW 286.4) 13C3-Androstenedione (MW 289.4) 

O

H

O

 

C
13

C
13

C
13

O

H

O

 

Testosterone (MW 288.4) 13C3-Testosterone (MW 291.4) 

O

H

OH

 

C
13

C
13

C
13

O

H

OH

 

Dihydrotestosterone (MW 290.4) 13C3-Dihydrotestosterone (MW 293.4) 

H

O
H

OH

 

C
13

C
13

C
13

H

O
H

OH

 

Finasteride (MW 372.5) d9-Finasteride* (MW 381.5) 

O

H

N
H

O
N
H

 

O

H

N
H

O
N
H

D
3
C

CD
3

CD
3

 

Dutasteride (MW 528.5) d9-Finasteride* (MW 381.5) 

O

H

N
H

O
N
H

CF
3

F
3
C

 

O

H

N
H

O
N
H

D
3
C

CD
3

CD
3

 

Table 3-3 Analyte and internal standard (IS) chemical structures. MW, 

molecular weight. *d9-Finasteride was used as IS for both 5αR inhibitor drugs. 
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Table 3-4 Mass spectral conditions for analysis of analytes and internal standards utilising atmospheric pressure chemical 

ionisation. amu, Atomic mass unit; Quan, quantifier ion; Qual, qualifier ion; V, volts.  

 Mass 

 

(amu) 

Precursor ion 

 

(amu) 

Product ion 

 

(amu) 

Quan; Qual 

Declustering 

potential 

(V) 

 

Collision 

energy 

(V) 

Quan; Qual 

Cell exit 

potential 

(V) 

Quan; Qual 

ANALYTES 

Androstenedione 286.4 287 97; 109 56 29; 27 18; 12 

Testosterone 288.4 289 97; 109 16 27; 31 14; 16 

Dihydrotestosterone 290.4 291 255 16 21 28 

Finasteride 372.5 373 317; 305 26 27; 41 14; 28 

Dutasteride 528.5 529 461; 264 161 45; 55 48; 32 

INTERNAL STANDARDS 

13C3-Androstenedione 289.4 290 100; 112 31 27; 39 12; 16 

13C3-Testosterone 291.4 292 100; 112 1 27; 35 4; 8 

13C3-Dihydrotestosterone 293.4 294 258 61 21 12 

d9-Finasteride 381.6 382 318; 314 41 33; 41 34; 36 
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3.4.2 Selection of internal standards 

Stable isotope labelled internal standards were selected. d9-Finasteride was 

synthesised in house for use as internal standard for both finasteride and 

dutasteride. d9-Finasteride had an approximately two-fold increase in 

response in serum compared to water or stripped serum. This was however 

able to be used in a serum standard curve, as the drugs were not 

endogenous.  

 

d5-Testosterone and d4-DHT were unsuitable for use as internal standards 

due to loss of A-ring deuteriums during sample processing. d3-Testosterone 

was unsuitable for use due to a very high background present in the 

testosterone transition. d3-DHT and d7-androstenedione were unsuitable for 

use due to varying response in different matrices; with decreased or 

increased response respectively in stripped serum and water compared to 

serum samples. Therefore 13C rather than deuterium labelled standards were 

selected for use in final method. Suitability and stability of selected internal 

standards, 13C3-androstenedione, 13C3-testosterone, 13C3-DHT and d9-

finasteride was demonstrated, with no significant interference between 

analytes and internal standards. Stability of all selected internal standards 

was demonstrated with samples enriched only with internal standard 

showing acceptable response over time and a lack of analyte seen at amounts 

of internal standard used. Fragmentation patterns between analytes and 
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internal standards were essentially identical and their relationship was 

demonstrated to be linear (Section 3.4.6.5).  

 

3.4.3 Chromatographic conditions 

Given the potential for interference between analytes, and also mass + 2 

isomers from analytes, it was necessary to develop chromatographic 

conditions capable of adequately separating all analytes within a single run.  

 

Findings from the parameters assessed during method development were:   

 Column 

 A peak for dutasteride was not seen with the Kinetex PFP 

column, suggesting retention was either too great or too little. 

Responses for all analytes were seen with the Ascentis express 

and Poroshell C18 columns, however the peak areas were 

significantly smaller than seen with the Kinetex C18 columns. 

At higher concentrations, the 150 mm Kinetex C18 was similar 

to its 100 mm counterpart, however was superior at lower 

concentrations with improved signal to noise ratio.  

 Column temperature  

 Optimum temperature was found to be 35 ºC, as assessed by 

peak symmetry and resolution.  
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 Mobile phase  

 Methanol gave greater peak area than acetonitrile for all 

analytes. The use of formic acid as a modifier enhanced peak 

areas achieved with water. A concentration of 0.1% formic acid 

resulted in larger peak areas than 0.01% or 0.2%. Ammonium 

acetate (5 mM) with and without formic acid, and ammonium 

formate did not give significant improvements over formic 

acid.  

 Gradient  

 A gradient was necessary for optimum resolution. The 

extension of time to reach peak gradient was a the key factor 

allowing adequate separation of all peaks. This was initially 

optimised as a 12 minute gradient in aqueous standards, 

however was later shortened to 9 minutes to allow separation 

of androstenedione from an interfering peak in serum. This 

adaptation meant that while testosterone was adequately 

resolved from DHEA and epitestosterone, the latter two 

steroids were not clearly resolved from each other. However 

this was accepted since these steroids were not quantified; the 

important factor was to ensure they were separated from 

analytes of interest. The lengthening of the isocratic period 
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following the gradient resolved issues with DHT giving split 

peaks.  

 Flow rate  

 Optimum flow rate, as judged by peak shape and areas, was 

250 µL/min.  

 

A representative chromatogram is shown in Figure 3.1.  
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Figure 3.1 Representative chromatogram of quantifier mass transitions for 

analytes in unextracted standard mix with androstenedione (2 ng/mL), 

testosterone (7.5 ng/mL), dihydrotestosterone (2 ng/mL), finasteride (25 ng/mL) 

and dutasteride (25 ng/mL), together with internal standards. Cps, counts per 

second; min, minutes.    

In
te

n
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, 
cp

s.
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3.4.4 Extraction 

While spiked aqueous and stripped serum extracts demonstrated acceptable 

recoveries from most extraction methods tested, the key challenge in 

optimising an extraction method was extracting endogenous DHT from 

serum, and developing one method suitable for extraction of both androgens 

and 5αR inhibitors.  

 

None of the liquid-liquid extractions tested were able to recover endogenous 

DHT, and the poor extraction efficiency of the 5αR inhibitors meant they 

would not have been detected at expected concentrations. Supported liquid-

liquid extractions proved the least time-consuming extraction approach, 

however recoveries and peak areas achieved for 5αR inhibitors were 

insufficient for expected concentrations, and there were problems with the 

reproducibility of androgen recovery, therefore this approach was not 

pursued further. Protein precipitation and phospholipid crash methods gave 

poorer recoveries and lower peak areas than solid phase extractions, 

however the main problem was that endogenous DHT was not detected 

following these extraction methods.   

 

The extraction method which was suitable for all analytes and thus taken 

forward for further development and validation was a solid phase extraction 

with Oasis® HLB cartridges. Pre-extraction mixing with water gave the best 
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response, seen as larger peak areas for DHT. When using only 5% methanol 

in the wash step there were several large peaks eluting close to the retention 

time of DHT; optimisation of this step showed 50% methanol in water to 

retain response of DHT, while acting to wash off the other analytes that were 

previously detected. Representative chromatograms are shown in Figure 3.2.   

 

Methanol was the best eluting solvent, giving clean extracts and adequate 

response for all analytes. Isopropanol gave similar responses in all analytes 

but extracts were visually more opaque. Acetonitrile gave visually more 

opaque extracts than all other solvents and no improvement in response. 

Ethyl acetate did improve the peak areas for androstenedione and 

testosterone by approximately 25%, however did not improve DHT and 

decreased peak areas for dutasteride by approximately 50%. Given that DHT 

and dutasteride were the more challenging analytes in this assay, extraction 

with ethyl acetate was not pursued.  
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Figure 3.2 Representative chromatograms of wash step optimisation in normal 

male serum. A. Wash step of 5% methanol in water. B. Wash step of 50% 

methanol in water, with clearer DHT peak without decrease in size of peak area. 

DHT, dihydrotestosterone; cps, counts per second.   
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Significant difficulties were encountered with determining the best matrix 

for standard curves due to differing responses of both analytes and internal 

standards in the different matrices tested. During early method development 

it was noted that analytes responded differently in aqueous versus serum 

standards in protein crash extraction methods. Following this, stripped 

serum was used for standard curves. However, several deuterated internal 

standards differed in their behaviour when extracted from aqueous solution 

compared to when extracted from serum. Increases in response were seen 

with d7-androstenedione and d9-finasteride, and a decrease in response was 

seen with d3-DHT. Female plasma was not suitable for use due to a high 

concentration of androstenedione. When tested in aqueous extracts, all 

androgens were able to be accurately quantified in the optimised extraction 

method. While finasteride was able to be quantified accurately in standards 

prepared in water, stripped serum or serum, only serum provided accurate 

dutasteride quantitation. Therefore two standard curves were used – one for 

androgens and another for the 5αR inhibitor drugs.  
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3.4.5 Final extraction and chromatographic method taken 

forward for validation 

Samples were extracted via solid-phase extraction (Oasis® HLB). Extraction 

cartridges were primed with methanol (1 mL) then water (1 mL). Samples 

(500 µL) were enriched with internal standard (1 ng); water (500 µL) was 

added. Samples were then mixed with a pipette and loaded onto primed 

extraction cartridges. After a wash step (50% methanol in water, 1 mL), 

analytes were eluted with methanol (1 mL). Eluates were dried under 

oxygen-free nitrogen (37 °C) and reconstituted in mobile phase (100 µL). 

Injection volume was 10 µL.   

 

Analytes were separated at 35 ºC on Kinetex C18 column (150 x 3 mm, 2.6 

µm). Elution was achieved with a 9 minute linear gradient from 30:70 to 

80:20 (methanol: water with 0.1% FA) at a flow rate of 250 µL/min. Initial 

hold was 1 minute with a linear gradient applied until 10 minutes, hold until 

16 minutes, with a total run-time of 19 minutes.  

 

3.4.6 Assay validation 

3.4.6.1 Recovery 

The recoveries (RSD) were: androstenedione 88.7% (15.4%), testosterone 

84.6% (13.4%), DHT 85.5% (14.7%), finasteride 89.6% (14.3%), dutasteride 

94.5% (10.4%).  
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3.4.6.2 Ion suppression 

There was no ion suppression noted for any analytes, though a small amount 

of ion enhancement with some. Mean (RSD) relative responses in post-spiked 

serum compared to unextracted serum were: androstenedione 110.8% (1.7%); 

testosterone 115.3% (2.1%); DHT 109.2% (2.4%); finasteride 111.0% (0.9%); 

dutasteride 97.2% (3.0%).   

 

3.4.6.3 Analyte specificity 

With the measurement of multiple analytes in a complicated biological 

matrix such as serum, analyte specificity was an essential developmental 

aim. All analytes and internal standards were adequately resolved from 

potential interferences. Of note, testosterone and its biologically inert epi-

isomer, epitestosterone, were separated chromatographically, as seen in 

Figure 3.3. In addition, its isobaric steroid DHEA was not detected in the 

mass transitions (both quantifier and qualifier) monitored for testosterone. In 

mass transitions when all three (testosterone, epitestosterone and DHEA) 

were seen, DHEA co-eluted with epitestosterone, however did not co-elute 

with testosterone (Figure 3.3).   
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Figure 3.3 Representative chromatograms demonstrating separation of 

testosterone from epitestosterone and dehydroepiandrosterone (DHEA). A. m/z 

289→97 had adequate baseline separation of testosterone and epitestosterone; 

DHEA was not seen in this transition. B. m/z 289 → 271 showing adequate 

baseline separation of testosterone from both DHEA and epitestosterone. While 

DHEA and epitestosterone were co-eluting, they were separate from 

testosterone, and DHEA was detected in a different mass transition from 

testosterone, the analyte of interest. Cps, counts per second; Rt, retention time.  
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3.4.6.4 LOD and LLOQ  

Analyte limits of detection and lower limits of quantitation are summarised 

in Table 3-5.  

Table 3-5 Limits of detection (LOD) and lower limits of quantitation (LLOQ) 

for androstenedione, testosterone, dihydrotestosterone (DHT), finasteride and 

dutasteride.  

 

3.4.6.5 Linearity 

Standard curves were demonstrated to be linear in the range required for all 

analytes; intercept, r values and weightings are summarised in Table 3-6.  

Representative standard curves for each analyte are shown in Figure 3.4 

(androstenedione), Figure 3.5 (testosterone), Figure 3.6 (DHT), Figure 3.7 

(finasteride) and Figure 3.8 (dutasteride).  

 

 Standard 
curve range  

(ng/mL) 

LOD 

(ng/mL) 

LOD  

(nmol/L) 

LLOQ 

(ng/mL) 

LLOQ  

(nmol/L) 

Androstenedione 0-5 0.08 0.26 0.125 0.44 

Testosterone 0-15 0.003 0.01 0.005 0.02 

DHT 0-5 0.13 0.43 0.21 0.72 

Finasteride 0-100 0.02  0.003  

Dutasteride 0-100 0.2  0.1  



 

Chapter 3: Measurement of androgens and 5αR inhibitors by LC-MS/MS  
148 

 

 

Figure 3.4 Representative standard curve, prepared in aqueous solution, for 

androstenedione, with no weighting applied. IS, internal standard, 
13

C3-

androstenedione.  

 

Figure 3.5 Representative standard curve, prepared in aqueous solution, for 

testosterone, with no weighting applied. IS, internal standard, 
13

C3-testosterone.  
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Figure 3.6 Representative standard curve, prepared in aqueous solution, for 

dihydrotestosterone, with 1/x weighting applied. IS, internal standard, 
13

C3-

dihydrotestosterone.  
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Figure 3.7 Representative standard curve, prepared in serum, for finasteride, 

with 1/x weighting applied. IS, internal standard, d9-finasteride.  

 

Figure 3.8 Representative standard curve, prepared in serum, for dutasteride, 

with 1/x weighting applied. IS, internal standard, d9-finasteride.  
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 Mean intercept 

(SD) 

Mean r value 

(SD) 

Weightings 

Androstenedione -0.00674 (0.02) 0.996 (0.002) None and 1/x 

Testosterone 0.084 (0.31) 0.993 (0.004) None 

Dihydrotestosterone -0.01097 (0.02) 0.995 (0.003) 1/x 

Finasteride 0.044624 (0.06) 0.997 (0.003) 1/x and 1/x2 

Dutasteride 8.13E-08 (2.42E-07) 0.993 (0.003) 1/x and 1/x2 

Table 3-6 Average intercept and r values from standard curves (n=4) for each 

analyte. Weighting used listed in final column. SD, standard deviation.  

 

3.4.6.6 Precision and accuracy 

Intra- and inter-assay precision and accuracy are summarised in Table 3-7 

and Table 3-8, demonstrating acceptable results for most analytes. The main 

issues remaining are in the accurate quantitation of low concentrations of 

DHT, and in variability in accurately quantifying dutasteride in serum.  
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Table 3-7 Intra- and inter-assay precision and accuracy data for androstenedione (AND), testosterone and dihydrotestosterone 

(DHT) quantified from aqueous standard curve.  

  Intra-assay (n=6 ) Inter-assay (n=3-4) 

Concentration 
(ng/mL): mean (SD)  

Precision  
(% RSD) 

Accuracy  
(%) 

Concentration 
(ng/mL): mean (SD) 

Precision  
(% RSD) 

Accuracy  
(%) 

AND Low (Std 2) 0.18 (0.01) 5.4 87.6 0.19 (0.02) 19.3 93.6 

Mid (Std 5) 1.65 (0.12) 7.2 101 1.75 (0.16) 8.9 92.3 

High (Std 8) 4.22 (0.27) 6.5 98.3 5.01 (0.59) 11.9 103.4 

Sample 0.16 (0.02) 9.9  0.20 (0.04) 20.1  

Testosterone Low (Std 2) 1.80 (0.07) 2.8 94.4 1.88 (0.19) 10.0 94.9 

Mid (Std 5) 6.50 (0.42) 5.8 117 7.29 (0.83) 11.3 100.6 

High (Std 8) 14.40 (0.75) 4.9 100 15.28 (0.65) 4.2 103.3 

Sample 9.40 (0.61) 6.0  4.22 (0.21) 5.0  

DHT Low (Std 2) 0.26 (0.02) 9.1 137 0.23 (0.04) 15.5 119.5 

Mid (Std 5) 1.70 (0.11) 6.4 119 1.83 (0.14) 7.4 100.0 

High (Std 8) 4.11 (0.20) 4.9 103 5.00 (0.60) 12.1 105 

Sample 1.39 (0.19) 12.8  1.13 (0.31) 27.3  
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  Intra-assay (n=6 ) Inter-assay (n=3-4) 

Concentration 
(ng/mL): mean (SD)  

Precision  
(% RSD) 

Accuracy  
(%) 

Concentration 
(ng/mL): mean (SD) 

Precision  
(% RSD) 

Accuracy  
(%) 

Finasteride Low (Std 2) 2.18 (0.24) 10 101 1.87 (0.30) 16.2 92.7 

Mid (Std 5) 24.68 (1.34) 5.5 104 24.51 (2.08) 8.5 100.9 

High (Std 8) 95.69 (6.23) 6.5 101 99.17 (4.35) 4.4 102.3 

Sample 8.45 (0.35) 4.1 84.5 8.96 (0.69) 7.8 89.6 

Dutasteride Low (Std 2) 1.67 (0.37) 22 88.2 1.86 (0.16) 8.8 94.5 

Mid (Std 5) 25.07 (2.40) 9.6 110 26.00 (2.60) 10.0 107.4 

High (Std 8)^    86.5 (4.40) 5.1 105 

Sample 16.25 (1.83) 11.2 81.3 15.05 (1.26) 8.4 75.3 

Table 3-8 Intra- and inter-assay precision and accuracy data for finasteride and dutasteride quantified from standard curve 

prepared in serum. ^ Intra-assay data  for dutasteride at high standard are incomplete due to a technical failure.    
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3.4.6.7 Stability 

Acceptable autosampler and extract storage stability were demonstrated for 

a calibration curve and patient sample, as shown in Table 3-9.  

 

 Relative response after 

24 hours in autosampler 

(10 °C) 

Relative response after 28 

days in freezer 

(-20 °C) 

Androstenedione 102.7% 98.3% 

Testosterone 99.7% 101.0% 

DHT 90.0% 97.5% 

Finasteride 95.3% 103.4% 

Dutasteride 92.0% 92.0% 

Table 3-9 Relative response for calculated concentrations for all analytes in a 

single patient sample after 24 hours in the autosampler (10 °C) and after 28 

days in the freezer (-20 °C).  

 

3.4.6.8 Injector reproducibility 

Reproducibility upon repeat injections (n=6) of standards and sample is 

summarised in Table 3-10 and demonstrated a reasonable contribution of the 

injector to inter-assay variability. Reproducibility was not improved with 

repeat injections from vials (instead of plates), therefore for ease of method 

application, plates continued to be used.  
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 Std 1 Std 2 Std 3 Std 5 Std 8 Sample 

Androstenedione 6.1% 4.5% 7.8% 5.5% 1.8% 6.8% 

Testosterone 5.9% 3.6% 1.9% 3.8% 4.2% 2.7% 

DHT 116.4% 4.7% 5.2% 8.6% 4.9% 5.7% 

Finasteride 4.6% 4.6% 3.4% 5.0% 7.2% 4.5% 

Dutasteride 9.7% 5.1% 9.3% 3.1% 6.8% 8.0% 

Table 3-10 Injector reproducibility – relative standard deviations (RSD) for 

each analyte at 5 different extracted standards and a sample spiked with 

finasteride (10 ng/mL) and dutasteride (20 ng/mL). Of note, dihydrotestosterone 

(DHT) at standard 1 is below the lower limit of quantitation, and was detected 

on 4 of the 6 injections only, hence such a high RSD value. Std, standard.  

 

3.5 Application 

The assay described was applied to clinical samples, and results are 

described in Chapter 5.4.3.2.   

 

In addition, a series of 6 male and 6 female serum samples (kindly gifted by 

Dr Geoff Beckett, Royal Infirmary of Edinburgh (RIE)) which had been 

analysed by LC-MS/MS were analysed by the described method for 

comparison. One patient was on testosterone replacement therapy; no 

patients were on 5αR inhibitor treatment. As androstenedione and DHT are 

not routinely measured in Dr Beckett's laboratory, these results were unable 

to be compared. Results are demonstrated in Figure 3.9.  
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Figure 3.9 Bland-Altman plot demonstrating comparison of serum testosterone 

concentrations measured by assay presented in this chapter (“Assay 

developed”) with concentrations measured by Dr Beckett’s assay (“NHS 

assay”). Results show that, overall, the assay presented in this chapter gives 

slightly higher results for serum testosterone.  
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3.6 Discussion 

The purpose of the work presented in this chapter was to develop a method 

which allowed simultaneous analysis of androgenic steroids and the 5αR 

inhibitors dutasteride and finasteride from human serum. This approach was 

applied as a measure of compliance with, and biochemical effects of, 5αR 

inhibitors (Chapter 5 and 6).   

 

The ionisation methods evaluated for use were electrospray ionisation (ESI) 

and atmospheric pressure chemical ionisation (APCI). All analytes and 

internal standards ionised in both ionisation modes, and for most ESI was 

superior in terms of peak area response. However, the main challenge in this 

assay was the detection of DHT at the low concentrations present in serum. 

As APCI gave a better response for DHT in terms of greater peak area seen 

from the same extract, this ionisation mode was selected for further use. For 

purposes of this assay, this was sufficient for detecting all other analytes, 

however if the method were to be applied to other applications where DHT 

was not needing to be measured, then it would be appropriate to use ESI.  In 

addition, if derivatisation was to be used to introduce a permanent positive 

charge, then ESI would be the appropriate ionisation method for most 

derivatives. The reason that APCI gave an improved DHT response may be 

due to its advantage in measurement of small non-polar compounds such as 

steroids, and particularly due its reduced ionisation of phospholipids and 
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overall reduced predisposition towards matrix effects (Ismaiel et al., 2008).  

As seen in the present method also, there was no evidence of matrix ion 

suppression in APCI.  

 

Method development initially focussed on optimising chromatography, in 

order to gain adequate separation of peaks and achieve optimal peak areas 

for each analyte and internal standard. In particular, the potential 

interference from mass + 2 isomers needed to be avoided through adequate 

chromatography. Reported methods for detection of individual analytes 

predominantly use C18 columns, though these vary in length from 50 mm 

(Chen et al., 2008, Gomes et al., 2009, Ramakrishna et al., 2004)  to 150 mm 

(de Menezes et al., 2001, Guo et al., 2007). Initial attempts were with a 

pentafluorophenyl (PFP) column, however while adequate peak areas were 

seen with most analytes of interest, dutasteride was not detected. A possible 

reason for the poor separation of dutasteride is the 6 fluorine atoms in the 

dutasteride molecule, which may have a much greater affinity for the column 

making elution difficult. Rather than improving detection and resolution, the 

use of a column with a reduced particle size, the Poroshell C18 (particle size 

2.1 µm), led to consistently reduced peak areas for all analytes. The best 

response was with the Kinetex C18 column which allowed all analytes and 

internal standards to be detected, and resulted in larger peak areas than any 

other column tested. The 150 mm column provided better peak resolution at 
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low concentrations than the 100 mm column, and was therefore selected for 

use.  

 

The mobile phase has a hydrophobic and hydrophilic component, with or 

without the addition of modifiers. The hydrophobic component in published 

literature includes acetonitrile (Constanzer et al., 1994, de Menezes et al., 

2001, Guo et al., 2007) and methanol (Harwood and Handelsman, 2009, 

Shiraishi et al., 2008).  However the use of acetonitrile suppressed ionisation 

resulting in smaller peak areas for all analytes. As the hydrophilic mobile 

phase, water alone can be used (Harwood and Handelsman, 2009), however 

ionisation was improved when formic acid was added as a modifier. The use 

of formic acid in conjunction with ammonium acetate has been reported 

(Chen et al., 2008, Macdonald et al., 2010); this was attempted early in 

method development with mobile phase switching partway through the run. 

However, on transfer to the new instrument the mobile phase system went 

from a quaternary to a binary system which did not allow mobile phase 

switching in the manner required, though ammonium acetate also no longer 

significantly improved response from DHT therefore was not pursued 

further. Gradient was optimised, with extension of the time taken to reach 

the peak gradient being the key component allowing optimal baseline 

separation (particularly of testosterone and epitestosterone), while extension 
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of the isocratic time after the initial gradient resolved issues with peaks 

splitting.    

 

UPLC was tested briefly, however attempts with both 50 mm and 100 mm 

C18 UPLC columns showed poorer peak shape and resolution, with no 

significant increase in sensitivity. This approach was not pursued following 

initial testing, though it is likely that with further development work this 

may have yielded superior results and/ or a shortened run-time.   

  

Ideally an internal standard is physically and chemically similar to the 

analyte of interest, while not being present in the sample being analysed. 

Deuterium or stable isotope labelled internal standards lend themselves to 

this application, and being commercially available these are used in many 

reported androgen assays (Harwood and Handelsman, 2009, Janzen et al., 

2008, Shiraishi et al., 2008). While often considered to be the ideal internal 

standard, deuterated internal standards do have potential problems (Stokvis 

et al., 2005). During sample processing e.g. in an acidic environment, 

deuterium may be lost from the steroid structure resulting in unlabelled or 

partially labelled analyte (Chavez-Eng et al., 2002). With deuterated DHT, 

instability of deuteriums attached to the steroidal A-ring compared to D-ring 

has been reported (Boudreau et al., 2009) and in this method authors went on 

to successfully utilise d3-DHT rather than d4-DHT for DHT quantitation. In 
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the method presented here this problem was encountered with both d4-DHT 

and d5-testosterone. Problems with a very high background peak with d3-

testosterone (D-ring labelled) meant this was not suitable for use for 

testosterone quantitation, and instead 13C3-testosterone was found to be an 

appropriate alternative. While d3-DHT did not demonstrate the same 

instability of deuterium as d4-DHT, it did behave differently in different 

matrices, making it unsuitable for quantitation, and instead 13C3-DHT was 

successfully employed. Similar problems were found with d7-

androstenedione with relative response differing by matrix, therefore this 

was also replaced with its 13C3 labelled counterpart, 13C3-androstenedione.  

Similar fragmentation patterns between analytes and internal standards also 

provided additional selectivity.  

 

In reported analytical methods for finasteride, a GC-MS technique described 

by Guarna et al. (Guarna et al., 1995) is notable for the synthesis and use of 

d3-finasteride as the internal standard. In all other reports of finasteride and 

dutasteride analysis, non-deuterated internal standards are used, with 

finasteride used as the internal standard for plasma dutasteride 

measurement in both published methods (Gomes et al., 2009, Ramakrishna et 

al., 2004). In-house synthesis of d9-finasteride permitted use of a structurally 

similar compound as internal standard for both 5αR inhibitors, while the 

method could be applied to samples without knowledge of a volunteer’s 
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drug assignment. While d9-finasteride gave an exaggerated response in 

serum, this was not an issue as both dutasteride and finasteride were 

quantified from a standard curve prepared in serum. The accuracy for 

dutasteride quantitation was not as high as desired, at 75% (inter-assay) and 

81% (intra-assay). This was sufficient for the application in this study, as 

detection and not accurate quantitation was the principal purpose. It may be 

that another internal standard (such as a stable-isotope labelled dutasteride) 

might provide more accurate quantitation, however the assay would need to 

be developed further to try and improve this.  

 

There are several extraction methods reported for the analytes of interest in 

the presented assay. The majority of publications report a liquid-liquid 

extraction (Guo et al., 2007, Harwood and Handelsman, 2009, Janzen et al., 

2008, Ptacek et al., 2000, Ramakrishna et al., 2004, Shiraishi et al., 2008), 

however endogenous DHT was not seen in any of the liquid-liquid extraction 

methods tested during assay development. Supported liquid extraction 

initially provided encouraging results for the measurement of androgens, 

with particularly good response for endogenous DHT. However SLE did not 

extract 5αR inhibitors with efficiency suitable for clinically expected 

concentrations. Further problems were encountered when assay validation 

was attempted with significant intra- and inter-assay variability in response. 

This was the case for all analytes, however was particularly marked with 
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androstenedione and DHT, with RSDs in the order of 150%. Attempts were 

made to troubleshoot this problem, together with input from the 

manufacturer, however the problem continued therefore SLE could not be 

pursued further. Success has also been reported with solid-phase extractions 

for 5αR inhibitors (Constanzer et al., 1994, Gomes et al., 2009) and androgens 

(Kulle et al., 2010, Mitamura et al., 2005). Waters Oasis® Hydrophilic 

Lipophilic Balanced (HLB) reversed phase HLB cartridges provided the most 

reproducible extractions and were effective for all analytes. While the 

method developed is similar to the extraction method described by Kulle et 

al. (Kulle et al., 2010), with different instrumentation the same sensitivity was 

not able to be reproduced. However the extraction method described was 

simple, and with transfer to 96-well plate format was suitable for processing 

of large numbers of samples.  

 

A key consideration in this assay was the specificity of the assay. Indeed, this 

was the principle reason for selection of LC-MS/MS as the analytical 

method. Androgens were chromatographically well separated, ensuring that 

isomeric and isobaric species did not affect quantitation. Of note, 

epitestosterone and DHEA were chromatographically separated from 

testosterone, and all three androgens being quantified (androstenedione, 

testosterone and DHT) were chromatographically separated from each other 

and mass + 2 isomers from analytes or internal standards would not have co-
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eluted. In addition, at amounts used, internal standards used did not give 

any detectable interference in the analyte transitions.  

 

An additional consideration in this assay is the potential presence of 5αR 

inhibitor drug metabolites in serum. As well as unchanged drug, dutasteride 

is known to have 3 major (4′-hydroxydutasteride, 1,2-dihydrodutasteride, 

and 6-hydroxydutasteride) and 2 minor (6,4′-dihydroxydutasteride and 15-

hydroxydutasteride) metabolites detected in human serum following dosing 

to steady state (GlaxoSmithKline, 2008). Finasteride has two main in vivo 

metabolites detected in serum (Merck, 1998). With different molecular 

weights to their parent drug, metabolites of both finasteride and dutasteride 

would be anticipated to give rise to different precursor ions and mass 

transitions and hence not be detected in the current assay. 

 

A crucial consideration is the validity of this assay with respect to expected 

circulating androgen and drug concentrations (Table 3-1). The main analyte 

potentially out of range for this assay was DHT, particularly after treatment 

with 5αR inhibitors, where a dramatic decrease in DHT concentrations is 

expected. Measurement of DHT via LC-MS/MS is difficult due to its low 

circulating concentration, poor ionisation and lack of product ions present in 

high abundance (Kushnir et al., 2011). For these reasons, the majority of 

approaches in LC-MS have required derivatisation, targeting either the 
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hydroxyl group at carbon 17 (Licea-Perez et al., 2008, Yamashita et al., 2009), 

or keto group at carbon 3 (Kalhorn et al., 2007) (Table 3-3). While instrument 

sensitivity allowed quantitation of normal DHT concentrations in men, in 

order to quantify DHT post 5αR inhibitor treatment, the method described 

would need to be developed further and DHT quantified following 

derivatisation.  In addition, for application to other samples where DHT 

concentrations would be expected to be low and/ or sample volume would 

be limited (e.g. women, children, small animal models), then derivatisation 

would also be required. However the method could potentially be applied to 

studies in female disorders characterised by hyperandrogenism, such as 

polycystic ovarian syndrome, as circulating testosterone and 

androstenedione in women would be able to be quantified using this 

method. For the purposes of application to the clinical study in Chapters 5 

and 6, this method was applicable to all samples; however derivatisation 

would be required if needing to quantify DHT following inhibition of 5αR. 

The extraction method developed would however still be applicable in this 

case.  

 

Samples previously assayed for testosterone by Dr G. Beckett (Clinical 

Biochemstry, RIE) were analysed with the method presented in this chapter. 

There was overall very good agreement between the assays over a wide 

concentration range, with a slight positive bias towards towards the assay 
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presented here. This difference may be related to differences in extraction 

method; for reasons of economy and speed the RIE laboratory use a protein 

crash extraction method, which could result in greater ion suppression 

giving slightly lower calculated concentrations for testosterone.   

 

Measuring 5αR inhibitor concentrations in serum in this study were 

primarily to act as a supporting assessment of compliance with prescribed 

study interventions. Detailed pharmacokinetic studies were not the purpose 

of this assay; however it could be applied to such an application. It was noted 

throughout assay development that extraction, chromatography and 

detection of finasteride was achieved with ease in almost every method 

development test. In contrast, dutasteride was much more difficult to find a 

suitable extraction and chromatography method for. The assay described is 

ideal for this setting where measurement of androgens is also desired, and 

sample volume, handling and analysis time are reduced, however if only 

5αR inhibitor drug concentrations are required then an alternate (simpler 

and shorter) method could be utilised.  

 

The method developed was suitable for measurement of androgens, 

dutasteride and finasteride from human serum. The assay is notable for the 

ability to measure these five analytes simultaneously despite significant 

challenges in chromatographic and extraction method development. The 



 

Chapter 3: Measurement of androgens and 5αR inhibitors by LC-MS/MS  
167 

 

assay requires relatively little sample volume (500 µL), has a simple 

extraction method in 96-well format, and is able to quantify DHT without 

derivatisation. However in order to reliably detect DHT following 5αR 

inhibition, further method development would be required, including 

derivatisation. Expected concentrations of all analytes fell within the linear 

range of the standard curve, other than DHT once its synthesis was inhibited 

by 5αR inhibitors. Intra- and inter-day precision and accuracy were 

acceptable, though improvement in accuracy of quantitation of dutasteride 

and also DHT (at low concentrations) would be desirable. Stability testing 

demonstrated the assay to be applicable to normal laboratory practice. The 

described assay was successfully applied to samples taken from research 

volunteers taking dutasteride, finasteride and control (tamsulosin), as 

described in Chapters 5 and 6. Attempts to simultaneously measure 

tamsulosin in this assay were unsuccessful, therefore an additional assay was 

developed to assess compliance with tamsulosin; this assay is presented in 

the next chapter.  



 

 
Chapter 4: Measurement of tamsulosin via LC-MS/MS  168 
 

 

   

 

 

 

 

 

Chapter 4: Measurement of tamsulosin from 

human serum by liquid chromatography 

tandem mass spectrometry  

 5β DHE 3α, 5β THE 



 

 
Chapter 4: Measurement of tamsulosin via LC-MS/MS  169 
 

 

4.1 Introduction 

Tamsulosin, an α blocker, is often used as the first-line medical treatment of 

benign prostatic hyperplasia (BPH) (discussed in Chapter 1.3.2). In clinical 

studies such as that described in Chapters 5 and 6 where response to 

pharmacological intervention is studied, establishing compliance with study 

medication is important. Traditional methods of establishing compliance 

such as a ‘pill count’ at the end of the study can be complemented by 

measurement of presence of drug in serum. The method described in 

Chapter 3 was not suitable for quantitation of tamsulosin, therefore a 

separate assay was developed.  

 

Tamsulosin concentrations in those treated with the 0.4 mg modified release 

formulation are reported to be between 11.8 ng/mL (Ramakrishna et al., 

2005a) and 16.1 ng/mL (Taguchi et al., 1998) after a single dose, and 10 

ng/mL after 21 days dosing (Wolzt et al., 1998). Measurement of tamsulosin 

levels has been reported from human plasma by HPLC (Macek et al., 2004, 

Soeishi et al., 1990), LC-MS (Ding et al., 2002) and LC-MS/MS (Qi et al., 2004, 

Ramakrishna et al., 2005a, Matsushima et al., 1997, Choi et al., 2012), with key 

features of these methods described in Table 4-1. HPLC alone precludes 

additional specificity and sensitivity afforded by its use in conjunction with 

mass spectrometry, and in all assays described requires undesirably large (1-

1.5 mL) sample volumes. While LC-MS methods have been described, it is 
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now increasingly recognised that tandem mass spectrometry (such as LC-

MS/MS) with the monitoring of 2 mass transitions is the gold standard of 

analyte measurement.  As summarised in  Table 4-1, the combination of an 

LC-MS/MS approach, minimal sample volume, simple extraction method 

and excellent analyte recovery has not been achieved with any published 

method. Despite relatively low analyte recovery, other features of the 

method by Ramakrishna et al. (Ramakrishna et al., 2005a) were acceptable 

with a straightforward and validated method, however this approach was 

not able to be reproduced on our system, both in terms of chromatography 

and extraction method, and therefore a new assay had to be developed. 
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Reference Analytical 
method 

LLE: pH modifier; solvent Sample 
volume 

Linear range 
(ng/mL) 

Recovery 

(Soeishi et al., 1990) HPLC >1 step incl. S.NaHCO3; EA 1.5 mL 0.5 – 15  70% 

(Matsushima et al., 1997) LC-MS/MS S. NaHCO3; H:EA 200 µL 0.5 – 50 >80%  

(Taguchi et al., 1998) HPLC+ Details NR NR 0.5 – 50  NR 

(Ding et al., 2002) LC-MS/MS S. NaHCO3; EA 1 mL 0.2 – 30  84.2-94.5% 

(Macek et al., 2004) HPLC Na2CO3; BA 1 mL 0.4 – 40 NR 

(Ramakrishna et al., 2005a) LC-MS/MS NaOH; DEE:DCM 100 µL 0.1 – 50  59.3% 

(Keski-Rahkonen et al., 2007) LC-MS/MS S. NaHCO3; EA 1 mL 0.1 – 19.3 66-77% 

(Choi et al., 2012) LC-MS/MS None; MTBE 500 µL 0.01 - 20 77.8% 

 

Table 4-1 Summary of key characteristics of published assays to quantify tamsulosin from plasma or serum. LLE, liquid-

liquid extraction; HPLC, high performance liquid chromatography; LC-MS/MS, liquid chromatography tandem mass 

spectrometry; S., saturated; H, hexane; EA, ethyl acetate; NR, not reported; BA, butyl acetate; DEE, diethyl ether; DCM, 

dichloromethane; MTBE, methyl tert-butyl ether. 
+
 This method principally describes a radioreceptor assay which is not 

included in this table.  
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4.2 Aim 

To develop, optimise and validate a sensitive, precise and accurate LC-

MS/MS method for the measurement of tamsulosin from human serum, 

with validation based on standards deemed acceptable by the U.S. Food and 

Drug Administration (USFDA, 2001).  

 

4.3 Method development 

4.3.1 Reagents and Standards 

Unless stated otherwise, all chemicals were from Sigma Aldrich (Dorset, UK) 

and solvents from Rathburn Chemical Ltd. (Walkerburn, UK).  Tamsulosin 

hydrochloride was from AK Scientific (Mountain View, USA).  The internal 

standard, d9-finasteride had been synthesised in house. Water and 

ammonium hydroxide (35%, v/v) solution (both HPLC gradient grade), and 

glacial acetic acid (99.79%, v/v) were from Fisher Scientific (Loughborough, 

UK). Methanol and dichloromethane (HPLC gradient grade) were from 

VWR (Lutterworth, Leicestershire, UK). o-Phosphoric acid (85% v/v) was 

from BDH Laboratory Supplies (Poole, UK).  
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4.3.2 Biological samples 

Pooled male human serum (collected from healthy men aged 17-45 years on 

no medications) was purchased (TCS Biosciences, Buckingham, UK) for use 

as blank matrix in method development, validation and standard curves. For 

method application, serum was collected from male subjects (age range 21-73 

years, n=14) participating in the clinical study described in Chapters 5 and 6. 

Serum was also analysed from subjects within the study not receiving 

tamsulosin (age range 20-85 years, n=33). All biological samples were 

collected with informed consent with local regulatory and ethical approval.   

 

4.3.3 Selection of internal standard 

In the absence of a commercially available stable isotope labeled internal 

standard, compounds tested as potential internal standards were 

trichlormethiazide, ketoconazole, phthalylsulfathiazole (QMX Laboratories, 

Essex, UK) and d9-finasteride (in-house synthesis, discussed in Chapter 3). 

These are summarised in Table 4-2.  
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Table 4-2 Structural formulae and molecular weights (MW) of tamsulosin and 

compounds tested as internal standard. N/A, not applicable.  
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4.3.4 LC-MS/MS Instrumentation 

Initial method development was performed on a Thermo Electron Surveyor 

MS Pump and a Thermo Surveyor HPLC autosampler, interfaced with a 

Thermo Electron TSQ Quantum Discovery triple quadrople mass 

spectrometer and operated with Xcalibur Version 2.0.6 software (Thermo 

Electron, Hemel Hempstead, UK). The method was transferred and 

developed further on a Waters Acquity™ UPLC (Manchester, UK) with 

autosampler, coupled to an ABSciex QTRAP® 5500 mass spectrometer 

(Warrington, UK), operated with Analyst® Software version 1.5.1. All 

subsequent method development and validation steps described were 

completed on the latter instrument, which offered greater sensitivity.  

 

4.3.5 Tuning of standards for ion selection 

Solutions of tamsulosin hydrochloride and d9-finasteride were prepared 

separately (1 ng/mL in 5:95 methanol: 2 mM ammonium acetate), following 

dilution of stock solution (1 mg/mL in methanol), and infused (7 µL/min) 

into the LC-MS/MS source operating in positive electrospray ionisation 

mode. Protonated ions were exposed to a range of variables of collision 

energy, cell exit potential and declustering potential in order to ascertain 

ideal ionisation conditions. The mass of ions formed was determined and the 

most abundant ions, out of the eight most abundant transitions screened, 
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undergoing predictable transitions to form abundant product ions were 

selected for use in subsequent analysis. Both quantifier and qualifier 

transitions of analyte and internal standard were subsequently monitored. 

Mass spectrometric source conditions (curtain gas, collision gas, spray 

voltage, source temperature, source gases) were then optimised for 

tamsulosin.  

 

4.3.6 Fourier Transform Ion Cyclotron Resonance Mass 

Spectrometry (FTICRMS)  

Accurate mass confirmation for tamsulosin and d9-finasteride were 

confirmed by FTICRMS. Analyte and internal standard were dissolved 

separately (20 ng/µL) in acetonitrile: 0.1% trifluoroacetic acid in water (60:40, 

v/v). ESI-FTICRMS was performed by direct infusion into a 12 T SolariX dual 

source (ESI/MALDI) FTICRMS (Bruker Daltonics, MA, US). The instrument 

was operated with SolariX control v1.5.0 (build 42.8) software. Ions were 

detected between m/z 250 and 1500, yielding a 1 Mword time-domain 

transient. Ions of interest were isolated for 20 seconds prior to collision-

induced dissociation (CID) experiments. CID was carried out using 35 eV as 

the collision energy.   
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4.3.7 Chromatographic method development 

Using unextracted mixes of analyte and internal standard in aqueous 

solution, optimal chromatographic conditions were determined. The 

following parameters were manipulated, with variables tested listed: 

 Column:  

 Variations of stationary phase (C18, PFP), particle size (1.7 µm-

5 µm), column dimensions (50-250 mm x 2.1-4.6 mm) and 

nature (conventional reverse phase, fused core).  

 Columns tested: Ascentis® Express C18 100 x 3 mm, 2.7 µm 

(Supelco, Sigma-Aldrich, Dorset, UK); Poroshell 120 EC-C18 

100 x 2.1 mm, 2.7 µm (Agilent, Wokingham, UK); BDS Hypersil 

C18, 50 x 2.1 mm, 5 µm (Thermo Scientific, Welwyn Garden 

City, UK); Hypersil Gold 150 x 2.1 mm, 3 µm (Thermo 

Scientific, Welwyn Garden City, UK); Atlantis® T3 100 x 2.1 

mm, 3 µm (Waters, Elstree, UK); Sunfire™ 250 x 4.6 mm, 5 µm 

(Waters, Elstree, UK); Sunfire™ 100 x 4.6 mm, 5 µm (Waters, 

Elstree, UK); Acquity UPLC® BEH C18, 50 x 2.1 mm, 1.7 µm 

(Waters, Elstree, UK); Kinetex C18 150 x 3mm, 2.6 µm 

(Phenomenex, Macclesfield, UK); Kinetex PFP 100 x 3mm, 2.6 

µm (Phenomenex, Macclesfield, UK).   

 Column temperature 

 Ranging from 25 °C to 50 °C 
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 Mobile phases 

 Methanol: water; Methanol: aqueous ammonium acetate (10 

mM, 5 mM, 2 mM, 1 mM, 0.5 mM); Methanol with acetic acid 

(2%, 1% v/v): water; Methanol with acetic acid (2%, 1% v/v): 

aqueous ammonium acetate (5 mM); Methanol: water with 

formic acid (1%, 0.1%, 0.03% v/v); Acetonitrile: water; 

Acetonitrile: formic acid (1%, 0.1%, 0.03% v/v).  

 Gradient 

 Isocratic and gradient methods were tested. A range of 

gradients were tried with variations on the initial, peak and 

interval ratios between the mobile phases. Length of time at 

each isocratic stage, length of time to peak gradient and length 

of time returning from gradient were all manipulated. 

 Flow rates 

 Several flow rates were tested ranging from 0.1 – 0.5 mL/min.  

 

4.3.8 Optimisation of extraction method from human serum 

Tamsulosin (1 mg) and d9-finasteride (1 mg) were dissolved separately in 

methanol and stored at -20 °C. Stock solutions (10 µg/mL in methanol) of 

tamsulosin and d9-finasteride (internal standard) were then prepared and 

stored at -20 °C. Standards of lower concentration were prepared on the day 

of analysis by serial dilution of stock solutions.   
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As tamsulosin is not present endogenously, it was appropriate to optimise 

this assay in the biological matrix, serum. Efficiency of extraction was 

compared between the different extraction methods attempted, the most 

effective selected and repetitions (n=6) performed to ensure reproducibility 

and robustness.    

 

Types of extraction methods tested included solid phase (Oasis® HLB, 10 

mg/1 mL, Waters, UK; Strata-X-Drug B™, 33 µm, cation mixed mode 

polymer sorbet, 30 mg/ 1 mL, Phenomenex, UK), supported liquid extraction 

(Isolute® Array SLE+, 200 µL, Biotage, Uppsala, Sweden) and liquid-liquid 

extraction. In liquid-liquid extractions pre-extraction pH modification was 

attempted with sodium bicarbonate (saturated, pH 9.55), sodium hydroxide 

(1 M, pH 13.71; 0.1 M, pH 13.17), ammonium acetate (50 mM, pH 6.65; 10 

mM, pH 6.76) and ammonium hydroxide (0.1 M, pH 10.9). Eluting/ 

extraction solvents of different polarities and lipophilicity were tested with a 

sample: solvent ratio of 1:20 in all cases, with any additional proportions 

tested indicated: chloroform, dichloromethane, dichloromethane: diethyl 

ether (30:70, v/v, 1:35), methyl tert-butyl ether (MTBE), diethylether, ethyl 

acetate:hexane (3:2, v/v), ethyl acetate, methanol.  
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4.3.9 Assay validation 

4.3.9.1 Recovery 

Recovery was calculated by expressing the mean of the integrated peak areas 

from extracted standards, as a percentage of the mean integrated peak area 

from unextracted standards. This was performed in 6 replicates with blank 

serum samples enriched with both analyte (1 ng) and internal standard (1 

ng). 

 

4.3.9.2 Assessment of ion suppression 

Effect of the biological matrix (human serum) on ionisation efficiency was 

assessed in replicates of 6 by post-spiking extracted blank serum with 

tamsulosin (1 ng), and response compared to standards (1 ng) dissolved in 

mobile phase. 

 

4.3.9.3 Specificity 

Analyte specificity was ensured to avoid potential interferences by other 

endogenous components in serum. Extracted blank serum analysed with the 

described method was checked for inteferences at or close to the expected 

retention times for tamsulosin and d9-finasteride.  Additional analyte and 

internal standard specificity was ensured with measurement of two 

(quantifier and qualifier) mass transitions. Acceptable quantifier: qualifier 
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ratios in biological samples were those within 20% of the mean ratio seen in 

standards.  

 

4.3.9.4 Limit of detection (LOD) 

Limits of detection (LOD) were determined by analysing solutions prepared 

by serial dilution of analyte and internal standard stock solutions, with the 

LOD corresponding to a peak area where signal: noise ratio (SNR) was  3.   

 

4.3.9.5 Limit of quantitation (LOQ) 

Limit of quantitation (LOQ) following extraction was determined by 

extracting analyte and internal standard from serum at amounts 

corresponding to LOD, 2 x LOD, and 4 x LOD. The LOQ was defined as the 

amount where variance in replicates of 6 was 20%.  

 

4.3.9.6 Linearity 

A standard curve was generated by adding d9-finasteride (1 ng) to blank 

serum and increasing amounts (0.02, 0.1, 0.2, 0.5, 1, 2, 3, 4, 5 ng) of tamsulosin 

(corresponding to a concentration range of 0-50 ng/mL). Peak areas of 

tamsulosin and d9-finasteride were integrated and a calibration curve 

constructed (peak area ratio of tamsulosin/ d9-finasteride versus amount of 

tamsulosin). Regression lines of best fit were constructed and deemed 

acceptable if the regression coefficient, r, was greater than >0.99. Weightings 
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compared were none, 1/x and 1/x2 to improve accuracy and precision at the 

lowest concentrations and to afford intercepts as close to zero as possible. 

 

4.3.9.7 Accuracy and precision 

The intra-assay accuracy and precision were determined in a standard curve 

with 4 points of the standard curve prepared in replicates of 6 (standard 

concentration: 0.2, 1, 20, 50 ng/mL). The inter-assay accuracy and precision 

were determined from six standard curves prepared on six independent 

occasions. Injector variability was assessed by injecting the same samples 

(0.2, 1, 20, 50 ng/mL). six times on the same day. Precision and injector 

variability were also assessed in a sample of serum from a patient on 

tamsulosin treatment. The precision was calculated as the relative standard 

deviation of the mean (RSD) with RSD (%) = standard deviation/ mean x 

100. The % accuracy was calculated as the concentration/ theoretical 

concentration x 100.  

 

4.3.9.8 Stability 

Stability was assessed by reinjection of a single calibration curve and patient 

sample after 24 hours in the auto-sampler (10 °C), and then again following 

28 day storage (-20 °C). Storage conditions giving no greater that 10% change 

in response were accepted.  
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4.4 Results 

4.4.1 Mass spectrometric conditions of analytes 

Tamsulosin and d9-finasteride were both ionised efficiently under positive 

electrospray ionisation conditions, yielding the mono-protonated molecular 

ions with m/z 409.1 and m/z 382.4 respectively. The mass spectrometer was 

optimised to, and operated in, positive electrospray ionisation mode, with 

curtain gas 25 psi, collision gas medium, spray voltage of 5 kV, source 

temperature of 550 °C, source gases both 55 psi. Source conditions optimised 

to tamsulosin were found acceptable for the internal standard. Selected 

ionisation was reassessed using the final mobile phase and optimal 

conditions for analyte and internal standard, and final mass spectrometric 

conditions are summarised in Table 4-3. Proposed analyte and internal 

standard fragmentation patterns are shown in Figure 4.1.  
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Table 4-3 Mass spectral conditions for analysis of tamsulosin (analyte) and d9-

finasteride (internal standard) utilising positive electrospray ionisation. amu, 

atomic mass unit; V, volts.  

 

 Mass 

 

(amu) 

Precursor 

ion  

(amu) 

Product 

ion  

(amu) 

Collision 

energy  

(V) 

Cell exit 

potential 

 (V) 

Declustering 

potential  

(V) 

Tamsulosin 

(quantifier) 

408.5 409 228 33 20 141 

Tamsulosin 

(qualifier) 

408.5 409 200 45 16 141 

d9-

Finasteride 

(quantifier) 

381.6 382 318 31 12 96 

d9-

Finasteride 

(qualifier) 

381.6 382 314 39 14 96 
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Figure 4.1 Chemical structures and proposed fragmentation patterns for 

tamuslosin and d9-finasteride. Accurate masses shown for quantifier and 

qualifier ions were confirmed to within 10 ppm of their theoretical 

monoisotopic mass by Fourier Transform Ion Cyclotron Resonance Mass 

Spectrometry. A. Structure and proposed fragmentation pattern for 

tamsulosin. B. Structure and proposed fragmentation for d9-finasteride. C. 

Proposed mechanism for fragmentation of d9-finasteride into quantifier 

ion.   



 

 
Chapter 4: Measurement of tamsulosin via LC-MS/MS  186 
 

 

4.4.2 Selection of internal standard 

The internal standard selected for use was d9-finasteride due to similar 

behaviour to tamsulosin in all stages of extraction, chromatography and 

ionisation. Other internal standards screened were selected from the 

literature (Ramakrishna et al., 2005b) or by inference of similar structure but 

were not suitable for use as they ionised very poorly in positive electrospray 

mode, and required different extraction methods from tamsulosin to ensure 

reproducible recovery.  

 

4.4.3 Chromatographic conditions 

The addition of ammonium acetate to the aqueous mobile phase consistently 

resulted in increased peak areas for tamsulosin than acidic modifiers, and 

tamsulosin was not detected with water alone. Mobile phases containing 

methanol yielded better peak shape than acetonitrile and methanol was 

therefore selected as non-aqueous mobile phase. Flow rate and column 

temperature were optimised to enhance peak shape and area for tamsulosin.  

 

4.4.4 Extraction 

While a proportion of the analyte added was recovered following extraction 

by most methods tested (based on methods summarised in Table 4-1), the 

key developmental difficulties were maximising recoveries and ensuring 
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reproducibility in recovery. Reproducible recovery could not be obtained by 

any method tested without pre-extraction pH modification. Upon initial 

screening, liquid-liquid extraction (LLE) methods were taken forward with 

pre-extraction pH modification.  

 

4.4.5 Final extraction and chromatographic method taken 

forward for validation 

Serum (100 µL) was dispensed into a glass tube, and d9-finasteride (1 ng) 

added (as 10 µL of 100 ng/mL solution). NH4OH (0.1 M, 100 µL) was added 

and samples mixed (5 minutes, 100 rpm, KS 260 Basic shaker, IKA®, Staufen, 

Germany). Analyte and IS were extracted via a liquid-liquid extraction with 

MTBE (2 mL). Following mixing (5 minutes, 100 rpm), and centrifugation 

(1791g, 4 °C, 10 minutes), the supernatant was transferred to another glass 

vial. Extracted samples were dried under oxygen free nitrogen (40 °C) and 

the residue reconstituted in mobile phase (100 µL, methanol: 2 mM 

ammonium acetate, 5:95, v/v). Injection volume was 10 µL.    

 

Compounds were separated at 40 °C on an Ascentis® Express C18 column 

(100 x 3 mm, 2.7 µm, Sigma Aldrich, Dorset, UK), protected by a Hypersil 

C18 guard cartridge (10 x 3 mm, 3 µm, Thermo Electron, Hemel Hempstead, 

UK). Elution with excellent peak shape was achieved with a flow rate of 0.35 
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mL/min, using a gradient from 5:95 (methanol: aqueous ammonium acetate 

(2 mM)), with an initial hold of 0.5 minutes then a linear increase in organic 

mobile phase to 95:5 at 2.5 minutes and held until 3.5 minutes before re-

equilibration, with a total run-time of 6 minutes.  

 

Extraction method and chromatographic conditions optimised for tamsulosin 

were suitable for extraction, elution and detection of d9-finasteride. 

Representative chromatograms show tamsulosin and d9-finasteride from 

standard solutions (Figure 4.2) and from a patient sample enriched with only 

internal standard (Figure 4.3).  
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Figure 4.2 Representative mass chromatograms of quantifier mass transitions 

for analyte, tamsulosin, 20 ng/ mL (upper panel) and internal standard, d9-

finasteride, 10 ng/ mL (lower panel) from spiked extracted serum.     

 

Figure 4.3 Representative mass chromatograms of tamsulosin (quantified as 

17.1 ng/ mL) extracted from a patient sample enriched with internal standard, 

d9-finasteride (10 ng/ mL).The patient had received tamsulosin (0.4 mg daily) 

for 90 days.   

Tamsulosin  
m/z 409 → 228  

d9-Finasteride  
m/z 382 → 318 

Tamsulosin  
m/z 409 → 228  

d9-Finasteride  
m/z 382 → 318 
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4.4.6 Assay validation 

Results from assay validation of LLE are summarised in Table 4-4.  

 

4.4.6.1 Recovery 

Analyte recovery was 99.9% (RSD 10.5%) and internal standard recovery was 

106.9% (RSD 13.3%).  

 

4.4.6.2 Ion suppression 

The presence of matrix did not significantly affect the intensity of response of 

tamsulosin (94.7% response, RSD 7.8%).  

 

4.4.6.3 Specificity 

Extracted blank matrix had no interfering peaks at, or close to, the retention 

times of tamsulosin or d9-finasteride. 

 

4.4.6.4 Limits of detection (LOD) 

Corresponding to a signal: noise ratio of 3, the LOD of tamsulosin was 1.28 

pg on column (0.13 ng/mL) and that of d9-finasteride was 1.46 pg (0.15 

ng/mL) on column. 

 



 

 
Chapter 4: Measurement of tamsulosin via LC-MS/MS  191 
 

 

4.4.6.5 Limit of quantitation (LOQ) 

The intra-assay LOQ following extraction for tamsulosin was 2 pg on column 

(0.2 ng/mL, RSD 11.1%). 

 

4.4.6.6 Linearity  

The standard curve was demonstrated to be linear in the range 0.2-50 ng/mL 

with an average r value of 0.9952 (n=6) with 1/x weighting applied, and 

average intercept of 0.001 (n=6). A representative standard curve is shown in 

Figure 4.4.   

 

Figure 4.4 Representative standard curve with 1/x weighting applied. IS, 

internal standard.  

 

4.4.6.7 Precision and Accuracy 

Intra and inter-assay accuracy and intra-assay precision were acceptable 

(<20% RSD for precision and 80-120% accuracy) at the LOQ, and inter-assay 
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precision was acceptable from the low point (1 ng/mL) of the standard curve 

(RSD 7.9%). Above these values, variability relating to precision (RSD) and 

accuracy was <15% and were therefore acceptable. Results are summarised 

in Table 4-4.  

 

4.4.6.8 Stability 

Acceptable autosampler and extract storage stability were demonstrated 

(Table 4-5). Data collated from a single standard curve and patient sample 

reinjected following 24 hours in the autosampler (10 °C) were unchanged, 

with a relative response (stored/original) of 100.3%. Extracts reinjected 

following storage at -20 °C for 28 days had 93.9% response compared to the 

original run.  

 

4.4.6.9 Injector reproducibility 

Acceptable reproducibility upon repeat (n=6) injections of standards and 

sample was demonstrated with RSDs of: LOQ (0.2 ng/mL) 6%, low (1 

ng/mL) 3%, mid (20 ng/mL) 2%, high (50 ng/mL) 3%, patient sample 1%.  
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 Intra-assay (n=6) Inter-assay (n=6) 

Concentration 

(ng/mL): 

mean (SD) 

Precision  

(% RSD) 

Accuracy  

(%) 

Concentration 

(ng/mL): 

mean (SD) 

Precision  

(% RSD) 

Accuracy  

(%) 

LLOQ (0.2 ng/mL) 0.18 (0.02) 11.1 89.4 0.21 (0.07) 36.1 103.3 

Low (1 ng/mL) 1.1 (0.09) 7.9 111.4 1.1 (0.08) 7.4 100.5 

Mid (20 ng/mL) 22.8 (2.9) 12.9 114.1 23.2 (2.7) 11.8 104.3 

High (50 ng/mL) 45.7 (3.8) 8.3 91.5 49.0 (1.8) 3.8 96.8 

Patient sample 17.8 (0.97) 5.5  18.1 (1.0) 5.6  

 

Table 4-4 Summary table of precision and accuracy data, demonstrating acceptable intra-assay precision and accuracy to limits 

of 0.2 ng/mL. Inter-assay precision became acceptable at low point (1 ng/ mL) as defined U.S. FDA guidance (USFDA, 2001). 

SD, standard deviation; R, relative; LLOQ, lower limit of quantitation.  
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Initial run After 24 hours in 

autosampler 

After 28 days 

stored at -20 °C 

Relative 

response 

17.1 ng/mL 17.2 ng/mL  100.3% 

17.9 ng/mL  16.8 ng/mL 93.9% 

Table 4-5 Calculated concentration of tamsulosin in patient sample, 

demonstrating acceptable stability at 10 °C for 24 hours (in the autosampler) 

and at -20 °C for 28 days (in the freezer).  

 

4.5 Method application 

Analysis was performed as per the method described. For validation 

purposes the method was applied to samples from men who had received 

treatment (n=3), where concentrations of 16.7 – 36.1 ng/mL were quantified 

using 100 µL serum. These were within the quantitation limits of the assay. 

In serum obtained from men who had not received tamsulosin treatment 

(n=3), analyte was not detected (Figure 4.5). Results from clinical samples are 

presented in Chapter 5.4.3.2.  

 



 

 
Chapter 4: Measurement of tamsulosin via LC-MS/MS  195 
 

 

 

Figure 4.5 Application of method to serum from patient enriched with internal 

standard, d9-finasteride (10 ng/mL). For validation, method was applied to 

serum from patients on tamsulosin (n=3), and patients not on tamsulosin (n=3) 

with representative chromatograms shown. A. Demonstrates tamsulosin was not 

detected in serum from a patient not receiving tamsulosin. B. Demonstrates 

tamsulosin was detected in serum from a patient on treatment with 0.4 mg 

monitored released tamsulosin daily for 90 days, corresponding to a 

concentration of 26.2 ng/mL. cps, counts per second.     

Tamsulosin  
m/z 409 → 228  

d9-Finasteride  
m/z 382 → 318 
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4.6 Discussion 

The method developed is suitable for use for measurement of tamsulosin 

from human serum, and, in comparison to many other described methods, 

offers distinct advantages in terms of sample volume required (100 µL), limit 

of detection (0.13 ng/mL), ease of sample preparation and excellent analyte 

recovery (99.9%), a combination that has been missing from previous 

methods (Table 4-1). 

 

One of the challenges faced during development was achieving symmetrical 

chromatographic peaks, a common problem with basic analytes such as 

tamsulosin, which interact by ion-exchange with unprotected silanol groups. 

Tamsulosin has a secondary amine group with a pKa of 8.4 and problems 

with peak tailing has been encountered by other researchers (Ding et al., 

2002), typically requiring modification of the pH or buffering of the mobile 

phase. The addition of FA as a mobile phase modifier has been reported to be 

helpful (Ramakrishna et al., 2005a), aimed at reducing the pH less than 3 to 

ensure protonation of the silanol groups. However on our system basic 

rather than acidic modifiers were found to give a larger peak area for 

tamsulosin, while acidic modifiers yielded poor peak shape and impeded 

selectivity and resolution.  
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Before optimising the mobile phase, stationary phases with differing 

selectivity were compared, including PFP and C18 phase columns. PFP 

stationary phase can be useful with analytes containing aromatic rings, such 

as tamsulosin, given their ability to interact by π-π or dipole-dipole 

interactions. However with tamsulosin, the C18 phase provided the most 

consistent intensity of peak area and the most symmetrical peak shape when 

compared to other columns. A consistent finding was that alteration of 

gradient did not significantly improve the extent of peak tailing but, rather it 

was selection of the column that made the greatest difference. Overall, of the 

columns tested, the Ascentis Express demonstrated the best peak shapes and 

resolution, possibly reflecting the nature of its end-capping and was taken 

forward for further method development. Column temperature was 

optimised to 40 °C, seen as an improvement in peak shape.    

 

Using the Ascentis column, trials of several aqueous mobile phases 

demonstrated the superiority of buffering with ammonium acetate in peak 

shape and area of both analyte and internal standard. This achieved a pH of 

7.38 at which approx. 90% of tamsulosin would be ionised, enhancing the 

intensity of mass spectrometric response. Varying concentrations of 

ammonium acetate showed 2 mM (pH 7.38) to be the optimum in terms of 

analyte peak area, while still retaining consistency in chromatographic 

response. Higher concentrations of ammonium acetate (achieving a pH of  
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6.6-6.9 at which tamsulosin would be expected to be close to 100% ionised) 

instead worsened peak areas, possibly due to the formation of ammonium 

adducts and associated ion suppression. Inconsistency in retention time was 

seen with lower (1 mM, 0.5 mM) concentrations, suggesting this was 

insufficient buffering capacity to overcome the silanol interactions. The 

addition of the stronger base triethylamine (TEA) has been reported to 

reduce peak tailing (Ding et al., 2002), the principle for this approach being 

that the strong base competes with the more weakly basic analyte for 

interactions with silanols. However when it was tested as a modifier on our 

system this did not improve peak tailing.  

 

Under the final conditions selected, a total run-time of 6 minutes allowed 

high sample throughput. While shorter run-times of 2-3 minutes are 

described with isocratic methods (Matsushima et al., 1997, Ramakrishna et 

al., 2005a, Qi et al., 2004), when attempted on our system, these isocratic 

methods resulted in broad and tailing peaks, with decreased selectivity these 

(Schellinger and Carr, 2006). A shorter run time with gradient elution was 

not possible due to incomplete column re-equilibration.  

 

Extraction methods published largely utilise traditional solid-phase (SPE) 

and liquid-liquid extraction (LLE) processes. Several extraction methods 

were compared during method development including LLE, supported 
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liquid, and SPE. Without modifying the pH of samples prior to extraction 

there was unacceptably high variability in replicate sample response with all 

approaches, probably a reflection of tamsulosin being partially ionised at 

neutral pH. As in other publications, a notable feature is the need for pre-

extraction pH modification with basic modifiers such as NaHCO3 (Ding et 

al., 2002, Matsushima et al., 1997), Na2CO3 (Qi et al., 2004, Macek et al., 2004) 

or NaOH (Ramakrishna et al., 2005a). LLE was taken forward with pH 

modification. A number of basic (ammonium acetate, ammonium hydroxide, 

sodium bicarbonate, sodium hydroxide) modifiers were tested in order to 

stabilise analyte extraction efficiency via LLE; the strongest base tested, with 

a pH of 10.9, ammonium hydroxide provided the best response in terms of 

peak areas and most consistent response with acceptable RSDs between 

replicate samples for both analyte and internal standard. Several extracting 

solvents were compared including ethyl acetate and hexane which gave poor 

and inconsistent recovery, diethyl ether and dichloromethane which gave 

consistent but very poor recovery. Following method optimisation (solvent 

type, proportions, multiples of extraction), excellent recovery and consistent 

responses were achieved with a liquid-liquid extraction with 20 volumes 

MTBE, to 1 volume sample, following mixing with 0.1 M ammonium 

hydroxide solution.   
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The ideal internal standard behaves in a similar fashion to the analyte 

throughout the extraction and analytical process. In the absence of a 

commercially available deuterated internal standard, structurally similar 

compounds (trichlormethiazide, ketoconazole and phthalylsulfathiazole) 

were explored as potential internal standards. Trichlormethiazide 

quantitation has been described with tamsulosin as internal standard due to 

structural similarities (Ramakrishna et al., 2005b), and both ketoconazole and 

phthalylsulfathiazole also share structural similarities with tamsulosin. 

However, while extraction efficiency of trichlormethiazide was reproducible, 

extraction of ketoconazole and phthalylsulfathiazole required pre-extraction 

pH modification that differed to conditions suitable for tamsulosin. In 

addition, none of these compounds behaved in a manner similar to 

tamsulosin in the mass spectrometer with very poor ionisation efficiency in 

positive ESI mode. Indeed most potential internal standards tested were well 

suited to ionisation in negative mode; however negative ionisation efficiency 

of tamsulosin was unsuitable for expected clinically-relevant concentrations. 

While switching between positive and negative ionisation modes is possible, 

this approach was not pursued. The internal standard ultimately selected 

was deuterated finasteride, which had been synthesised for use in the assay 

described in Chapter 3. While lacking in structural similarities to tamsulosin, 

d9-finasteride was well suited as an internal standard due to its very similar 

behaviour throughout the analytical process including extraction, ionisation 
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and detection. As tamsulosin is primarily used in treatment of BPH, where it 

is frequently co-prescribed with finasteride, it was important not to use 

unlabelled finasteride as internal standard. Analyte and internal standard are 

well resolved by chromatography, separated by mass, and the use of both 

quantifier and qualifier ions added further confirmation of specificity. While 

not optimised in the method described, due to its suitability for use with d9-

finasteride, results suggest this method may be easily adapted to also 

measure finasteride. This would be particularly useful in other clinical 

studies in BPH where finasteride and tamsulosin are often used in different 

treatment groups, or administered as combination therapy. 

  

Analyte specificity was ensured through use of LC-MS/MS analytical 

technique, together with monitoring of both quantifier and qualifier mass 

transitions. Metabolites of tamsulosin have different molecular weights to 

tamsulosin (Taguchi et al., 1997), and would therefore generate different 

precursor ions and mass transitions from their parent drug. 

 

The method developed was suitable for measurement of tamsulosin from 

human serum, and, in comparison to many other described methods, offers 

distinct advantages in terms of sample volume required (100 µL), limit of 

detection (0.13 ng/mL), ease of sample preparation and excellent analyte 

recovery (99.9%), a combination that has been missing from previous 
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methods. The method was validated and conformed to internationally 

accepted standards. Expected concentration of tamsulosin fell within the 

linear range of the standard curve. Intra- and inter-day precision and 

accuracy were acceptable and stability testing demonstrated the assay to be 

applicable to normal laboratory practice. The described assay was 

successfully applied to samples taken from research volunteers taking 

tamsulosin.   
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5.1 Introduction 

5αRs catalyse reduction of a range of steroid hormones, including androgens, 

glucocorticoids, progesterones and mineralocorticoids (Russell and Wilson, 

1994). Metabolites are either more or less active than their parent steroid, and 

in some cases the activity of the metabolite remains uncertain. The best 

understood pathway of 5αR metabolism is the conversion of the androgen 

testosterone to its more potent metabolite, DHT. Inhibition of this pathway 

with 5αR inhibitors could conceivably have detrimental effects due to a 

decrease in DHT in tissues such as liver and adipose. A decrease in androgen 

action in liver, modeled through liver-specific genetic disruption of  AR in 

male mice, results in hepatic steatosis and insulin resistance following a high-

fat diet (Lin et al., 2008). Similarly, in adipose, male mice with fat-specific AR 

knockdown develop insulin resistance and later insulin deficiency and, when 

high-fat fed, this is further compounded by a susceptibility to increased 

visceral adiposity (McInnes et al., 2012).   

 

In addition to effects on androgen metabolism, 5αR inhibition may also 

adversely affect metabolic health by alterations in glucocorticoid metabolism. 

Global attenuation of tissue glucocorticoid regeneration is protective to 

metabolic health, as demonstrated following transgenic disruption of 

11HSD1 in murine models (Kotelevtsev et al., 1997, Morton et al., 2004) and 

use of 11HSD1 inhibitors in humans (Rosenstock et al., 2010). In addition, 
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tissue specific elevation in glucocorticoid concentrations in liver and adipose 

tissue are associated with features of the metabolic syndrome (Paterson et al., 

2004, Masuzaki et al., 2001). One of the cortisol inactivating enzymes, 

11βHSD2, when absent or deficient (Wilson et al., 2001), when inhibited  by 

liquorice (Stewart et al., 1987), or in knockout mouse models (Kotelevtsev et 

al., 1999) shows predisposition to cortisol-induced hypertension. 

Overexpression of adipose 11βHSD2 in a murine model is protective against 

the metabolic syndrome (Kershaw et al., 2005). Upon this background, it 

follows therefore that other enzymes, such as 5Rs, regulating glucocorticoid 

concentrations in tissues including liver or adipose may also influence 

metabolic health. Specifically, impaired inactivation of glucocorticoids by 

5αRs may induce accumulation of glucocorticoids in tissues with adverse 

metabolic consequences. 

 

Preclinical data support this concept. In contrast to humans where both 

isozymes are expressed in liver, rats have only 5αR1 expressed in hepatic 

tissues, and mice express predominantly 5R1 (Table 1-1). Male mice null for 

5αR1 (5αR -/-; (Mahendroo et al., 1996)), when fed a ‘western’ (high fat, high 

sugar) diet developed obesity and hepatic steatosis, in addition to both 

fasting and post-glucose hyperinsulinaemia (Livingstone et al., 2008). A 

study in obese Zucker rats treated with finasteride (which, in contrast to 

humans, inhibits both 5αR isozymes in the rat (Azzolina et al., 1997)) 
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demonstrated a propensity towards fatty liver and impaired glucose 

tolerance (Livingstone et al., 2009a). However there is a dearth of studies of 

metabolism in man following 5R inhibition, with existing reports restricted 

to measures of fasting glucose (Amory et al., 2007). A key limitation in 

literature to date was the lack of a randomised trial in humans with detailed 

dynamic assessment of insulin sensitivity in response to 5αR inhibition.  

 

Inhibitors of 5αR have been developed for the treatment of disorders such as 

benign prostatic hyperplasia, where reduced conversion from testosterone to 

the more potent androgen DHT reduces prostate size and thus improves 

obstructive urinary symptoms. Finasteride inhibits 5αR2 alone, while 

dutasteride is a dual isozyme inhibitor. While not their therapeutic intent, 

drugs inhibiting 5αR could also have consequences for other steroid 

metabolic pathways, including glucocorticoids. Slower glucocorticoid 

metabolism could, in theory, lead to an elevation in intra-tissue cortisol 

concentrations at sites where these enzymes are expressed, and importantly 

for this thesis liver and adipose. Since elevation of intra-tissue cortisol 

concentrations in other contexts is associated with features of the metabolic 

syndrome, particularly dyslipidaemia, obesity and insulin resistance, it 

follows that pharmacological inhibition of 5αR in man may lead to clinically 

significant adverse metabolic effects.  
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Isozymes of 5αR differ in their tissue distribution and this also varies 

between species; broadly 5αR1 is primarily expressed in metabolic tissues 

such as liver and 5αR2 is primarily expressed in reproductive tissues such as 

prostate (Table 1-1), with some 5R2 also expressed in human liver. Given 

the observed differences in tissue distribution, it was hypothesised that 

metabolic dysfunction would be observed to a greater degree following 

inhibition of 5αR1 rather than 5αR2. In practice, since sole 5R1 inhibitors are 

not available, the adverse effects might be manifest to a greater degree when 

both isozymes of 5αR are inhibited (with dutasteride), compared to 

inhibition of 5αR2 alone (with finasteride). Human 5αR2 deficiency is not 

described to have associated adverse metabolic consequences, however in 

the rare cases where a decrease in 5α reduction of cortisol was noted (Fisher 

et al., 1978), the metabolic consequences are not described. While a mouse 

model with genetic disruption of 5αR1 is widely used (Mahendroo et al., 

1996), 5αR1 deficiency is not a known clinical entity in humans. Therefore 

pharmacological inhibition with dutasteride is currently the only means of 

investigating the consequences of 5αR1 inhibition in humans.   
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5.2 Hypothesis and Aims 

5.2.1 Hypothesis 

The principal hypothesis investigated was: 

Inhibition of 5-reductases causes, or exacerbates, features of the 

metabolic syndrome, particularly insulin resistance. This effect may be 

mediated by increased glucocorticoid action in metabolic tissues.  

An additional arm of the study investigated the effects of inhibition of 5Rs 

on HPA axis function. The background and hypothesis for this further work 

are presented in Chapter 6, but the study design is shown in its entirety in 

this chapter. 

 

5.2.2 Aims 

The aims of the study were to:  

a) Establish whether pharmacological inhibition of 5αR in humans 

has an adverse effect on insulin sensitivity, resulting in alterations 

of glucose and lipid homeostasis.  

b) Establish whether metabolic sequelae of 5αR inhibition are more 

pronounced with inhibition of 5αR1 and 5αR2 (with dutasteride), 

compared to inhibition of 5αR2 alone (with finasteride).  
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5.3 Methods 

This section details the clinical methods used, initially describing the study 

design (Sections 5.3.1, 5.3.2, and 5.3.3), followed by each stage of the clinical 

study protocol (Section 5.3.4) and finally detailing clinical and analytical 

methods utilised in the study (Sections 5.3.5 to 5.3.8). Laboratory methods 

developed in support of this study are described in Chapters 3 and 4, and 

general laboratory methods used are described in Chapter 2.   

 

5.3.1 Study design  

Study design was that of a prospective, double-blind, randomised controlled 

study, with three treatment arms (dutasteride, finasteride, tamsulosin).   

 

The study protocol included an initial screening visit (study day ‘A’), an 

assessment of metabolism (study day ‘B1’) and an assessment of HPA axis 

function (study day ‘C1’). Volunteers were then randomised to treatment 

with one of three arms – dutasteride (a dual 5αR1 and 5αR2 inhibitor), 

finasteride (a 5αR2 inhibitor) and tamsulosin (an α1 adrenergic antagonist, 

used as control group). Treatment was for 3 months, with standard doses 

used in therapy of benign prostatic hyperplasia, after which volunteers 

returned for a repeat assessment of metabolism (study day ‘B2’) and HPA 
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axis function (study day ‘C2’), as well as an MRI scan for assessment of 

abdominal and hepatic fat.   

 

An overview of the initial study design is presented in Figure 5.1. 
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Patients recruited from nurse Urology clinics 

Day ‘A’: Screening Visit 

Day ‘B1’: Pre-treatment metabolic assessment 

(including adipose biopsy and clamp) 

24 hour urine and saliva collections 

Three months of treatment (double blind, randomised) with: 

Tamsulosin 0.4 mg daily (control), Dutasteride 0.5 mg daily, or 

Finasteride 5 mg daily. 

24 hour urine and saliva collections 

Day ‘B2’: Post-treatment metabolic assessment 

Urology clinic follow up 

Day ‘C1’: Pre-treatment testing of HPA axis           

(low dose dexamethasone and short Synacthen tests) 

 

Day ‘C2’: Post-treatment testing of HPA axis 

and MRI scan 

MRI liver/ abdominal fat  

 

Figure 5.1 Summary of initial study protocol. HPA, hypothalamic 

pituitary adrenal; MRI, magnetic resonance imaging 
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5.3.2 Power calculations, sample size and interim analysis 

This study was designed to enrol 99 men (33 in each arm of the study). 

Sample size calculations were performed using PS Power and Sample Size 

Program, version 3.0.14 (Dupont and Plummer, 1990). Ideally power 

calculations would be based on pilot data from a related study. However, a 

directly comparable study with paired population mean and variance data 

was unavailable at the time of planning, therefore calculations were based on 

mean (SD) glucose disposal rates during hyperinsulinaemia of 3.85 (0.88) 

mg/kg/min in a study 6 obese men treated with 7 days of carbenoxolone (a 

non-selective 11βHSD1 inhibitor) (Sandeep et al., 2005). The use of 

carbenoxolone did not alter insulin sensitivity in obese men studied. It was 

felt appropriate to use this study of obese men (rather than lean men) in the 

power calculations as the phenotype observed in animal models was in male 

mice on a high-fat diet with associated weight gain, therefore this was 

thought to be more comparable to the study planned. Using these data, to 

achieve 90% power to detect a 15% difference in glucose disposal rates to 

statistical significance (defined as p<0.05), a calculated sample size of 26 per 

group was required. A final group size of 33 per group was chosen, allowing 

for a > 20% dropout rate.   

 

A single planned interim analysis was conducted when approximately half 

of the planned volunteers had completed participation (n=38), as the initial 
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power calculations had not been based on paired data and therefore had 

possibly over-estimated the sample size required. Data analysed at the 

interim analysis were M values during hyperinsulinaemia in baseline and 

post-treatment clamps, with a p value of <0.016 (p<0.05/ 3 groups) deemed 

in advance to be sufficient for stopping the study early. Interim results 

demonstrated a decrease in insulin sensitivity with dutasteride treatment 

compared to both finasteride and tamsulosin treated groups, with p values of 

0.002 and 0.003 respectively. Based on these interim data, all volunteers 

enrolled in the study completed their participation, however no further 

recruitment took place and the study was stopped early. Data presented in 

this thesis are results from the final analysis only. There was no statistical 

adjustment made for the repeat assessment of the M value in the final 

analysis.  

 

5.3.3 Ethical and Service Approvals for Study 

The study was subject to peer review and supported by the Chief Scientist 

Office (CZB/4/642). Approvals from the Lothian Research Ethics Committee 

(09/S1101/33) and Research and Development (2009/W/END/01) office 

were obtained. Research support arrangements through the Western General 

Hospital (WGH) Urology service, Wellcome Trust Clinical Research Facility 

(E09732), laboratories at the WGH and the Royal Infirmary of Edinburgh 

(RIE), Scottish Brain Research Imaging Centre, RIE Radiopharmacy, WGH 
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Pharmacy, Tayside Pharmaceuticals (Dundee, UK) and the Scottish Primary 

Care Research Network (SPCRN) were obtained. The Medicines and 

Healthcare products Regulatory Agency (MHRA) confirmed that the study 

was not a Clinical Trial of an Investigational Medicinal Product, and 

therefore the study was conducted as a research study rather than a clinical 

trial, and did not have an assigned clinical trials number or a data 

monitoring committee. An internal independent advisor, Professor Jane E 

Norman (Centre for Reproductive Health, University of Edinburgh), 

provided informal advice during the implementation of the study. Dr 

Rebecca Reynolds (Endocrinology Unit, University of Edinburgh) was the 

internal independent contact for potential volunteers.  

 

5.3.4 Study protocol 

5.3.4.1 Inclusion and Exclusion Criteria 

Inclusion criteria were men aged 50 - 80 years with symptomatic BPH 

requiring medical therapy. This was later widened to include all men aged ≥ 

20 years (Study design and key amendments, Section 5.3.1), with healthy 

volunteers comprising the majority of participants studied, as presented in 

Section 5.4.4. Exclusion criteria were 5αR inhibitor use in previous 3 months, 

glucocorticoid use in previous 3 months, diabetes mellitus, impaired glucose 

tolerance, significant hepatic, renal or thyroid disease, hypogonadism, 
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warfarin therapy, body mass index ≥ 40 kg/m2 or any suspicion of urological 

malignancy.  

 

5.3.4.2 Recruitment 

In the initial study protocol, patients with diagnosed BPH were recruited 

from Urology clinics at the Western General Hospital, Edinburgh. Eligible 

and interested patients were given a patient information sheet to read, then 

phoned at a convenient time. If interested, they were invited to attend a 

screening visit.  

 

Due to difficulties with recruitment, the final study protocol was modified 

(Section 5.4.1) with the following key differences:  

 Recruitment was extended to also include both primary care patients 

and healthy volunteers.  

 Primary care recruitment was conducted with the assistance of the 

Scottish Primary Care Research Network (SPCRN). SPCRN 

identified and recruited practices, and if consenting, searched 

primary care databases and generated a list of potential 

participants whose names were reviewed by the GP before 

invitations were sent out. The candidate was responsible for 
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gaining appropriate approvals, compiling recruitment packs and 

all follow up of patients who responded.  

 Healthy volunteers were recruited by advertising in newspapers, 

online and on poster boards around Edinburgh (principally at 

University of Edinburgh sites) and participation followed the 

same study protocol, though without any urological assessment or 

follow up. 

 Age of eligibility was widened to include those ≥ 20 years. 

 Study days C1 and C2 were made optional.  

 Volunteer payments (in addition to travel expenses) were introduced 

from subject 6 onwards.   

 

5.3.4.3 Study day A 

Study day A, the screening visit, was scheduled at a convenient time of day 

and involved discussion of the study and review of the inclusion and 

exclusion criteria to ensure eligibility. If informed consent was obtained, 

participants were included in the study and a subject number was assigned 

at this stage. Clinical records were reviewed and, if not performed 

previously, a digital rectal examination was done (or organised through the 

patient’s general practitioner). Height (Section 5.3.5.2), weight (Section 

5.3.5.3), blood pressure and pulse (Section 5.3.5.1) were taken, along with 
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screening blood tests (full blood count, liver, kidney and thyroid function 

and random glucose, analysed as described in Chapter 2.14) collected by 

venepuncture from the antecubital fossa. Patients were asked to complete a 

24 hour urine collection (Section 5.3.5.8) and saliva samples (waking, 30 

minutes after waking, noon, 4pm, and bedtime) (Section 5.3.5.9) prior to the 

next study day.  

 

5.3.4.4 Study day B 

Study day B was designed to assess metabolism. Patients were asked to 

attend at 7:30 am, fasted from 10 pm the previous evening. Measurements for 

height, weight, systolic and diastolic blood pressure and pulse rate were 

repeated as per study day A. Hip and waist circumference were measured 

(Section 5.3.5.4) and bioimpedance measurements performed (Section 

5.3.5.5). Basal fasting blood samples were taken (Section 5.3.5.6.1). Biopsies of 

subcutaneous abdominal adipose were taken (Section 5.3.5.10). A 

euglycaemic hyperinsulinaemic clamp was then carried out (Section 5.3.5.6).  

 

5.3.4.5 Study day C 

Study day C was designed to assess the HPA axis. The evening prior to the 

visit, patients were asked to take 250 µg (EC50 dose; (Reynolds et al., 2001)) 

dexamethasone (Essential Generics, Surrey, UK) orally at 10 pm and then 

remain fasted and attend at 7:30 am the following morning. A 20 gauge 
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cannula was inserted in the antecubital fossa and half an hour later a blood 

sample was taken. All sampling was from the inserted cannula (with the 

initial 2 mL of blood discarded) and blood was collected in lithium heparin 

tubes. Synacthen (1 µg; EC50 dose; (Daidoh et al., 1995)) was administered IV, 

and flushed with normal saline (0.9%, 10 mL). Further sampling was 

performed at 20, 30, 40 and 60 minutes. All samples were used for 

measurement of plasma cortisol (Chapter 2.6) and in addition baseline 

samples were also used for measurement of dexamethasone and 

dexamethasone metabolites (Chapter 2.13).  

 

5.3.4.6 Treatment  

Volunteers were randomised to double-blind once-daily treatment with one 

of tamsulosin MR (0.4 mg daily), dutasteride (0.5 mg daily) or finasteride (5 

mg daily) for a period of 3 months (Section 5.3.6.1).  

 

5.3.4.7 Reassessment post treatment including repeat study days B 

and C 

At the end of the three month treatment period, participants were asked to 

return with a repeat 24 hour urine and saliva collection. Study days B and C 

were repeated in the same manner as pre-treatment tests. An MRI scan 

(Section 5.3.5.7) was performed in those without contra-indications to 
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scanning. Measurements were for intra-abdominal fat volume and proton  

spectroscopy to assess liver fat content. 

 

5.3.4.8 Assessment of compliance with treatment allocation 

Adequate compliance was deemed to be presence of drug in serum, 

measured by LC-MS/MS (Chapters 3 and 4). In addition, pills remaining 

were counted at the end of the study, and suppression of concentrations of 

5-reduced steroids in serum and urine (for the 5R inhibitors) was assessed, 

however these were not regarded as defining compliance.  

 

5.3.5 Clinical methods 

5.3.5.1 Measurement of systolic and diastolic blood pressure and pulse 

rate 

Systolic and diastolic blood pressure and pulse rate were measured after 

sitting for at least 10 minutes using a 705IT automatic blood pressure monitor 

(OMRON Healthcare, Hoofddorp, The Netherlands).   

 

5.3.5.2 Measurement of standing height 

Volunteers stood, without shoes, with feet parallel and head, shoulder blades 

and heels against the back of the wall mounted ruler. Measurement at the top 

of the head was recorded to the nearest 0.1 cm.  
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5.3.5.3 Measurement of weight 

With outdoor clothing, shoes and heavy items from pockets removed, 

volunteer weight was measured in kilograms on an electronic scale (Seca, 

Birmingham, UK) after the instrument was calibrated.  

 

5.3.5.4 Measurement of hip and waist circumference 

Waist circumference was measured in a horizontal line, level with the 

umbilicus, with the volunteer standing with their hands by their sides, using 

a non-extensible measuring tape (Lufkin executive W606P). In the same 

standing position, hip circumference was measured by wrapping the tape 

measure around the buttocks and measurement taken at the point of 

maximum circumference. Measurements were made to the nearest 0.1 cm. 

Waist: hip ratio (WHR) was calculated as the waist circumference divided by 

the hip circumference.  

 

5.3.5.5 Assessment of body fat  

Body fat in mass and percentage was measured by electrical bioimpedance 

using an OMRON BF306 Body Fat Monitor (OMRON Healthcare (UK) Ltd, 

Henfield, UK) All measurements were conducted in the morning and 

following an overnight fast, though water intake was not regulated or 

recorded. The monitor was pre-set with the volunteer’s height, weight, age 
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and gender. Manufacturer reported detectable range for body fat was 5 – 

50%, and validated for use in ages 10 – 80 years. If aged > 80 years, 

bioimpedance was performed with age entered as 80 years and no 

adjustment to data was made for this. Electrodes were hand-to-hand, with 

weak alternating current (50 kHz, 0.5 mA) applied. Volunteers stood with 

their feet apart and arms held out at 90º, with the palm of each hand placed 

firmly on both electrode handles with fingers wrapped around the handles.  

Readings for body fat in kg and % were given by the monitor and results 

were taken as the average of three consecutive readings.  

 

5.3.5.6 Hyperinsulinaemic euglycaemic clamp with deuterated glucose 

and glycerol tracers 

A hyperinsulinaemic euglycaemic clamp was conducted for assessment of 

insulin sensitivity (method summarised in Figure 5.2). Three cannulae were 

inserted – two for venous infusions and one contra-lateral hand vein cannula 

inserted retrogradely for sampling arterialised blood during the clamp. The 

hand veins were 'arterialised' by external heating (Dreamland, Wirral, UK) 

throughout the clamp. The initial phase of the clamp was administration 

(Braun Infusomat® Space pump) of stable isotope tracers (Section 5.3.6.3). An 

initial priming bolus (over 1 minute) was administered (d2-glucose 17 

µmol/kg; d5-glycerol 1.6 µmol/kg) to decrease time required to reach steady 

state. A tracer infusion was then commenced (d2-glucose 0.22 µmol/kg/min; 
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d5-glycerol 0.11 µmol/kg/min) and continued throughout the clamp. The 

second phase (90 - 180 minutes) consisted of low-dose Actrapid® insulin 

infusion (10 mU/m2/min - for inhibition of lipolysis and assessment of 

hepatic glucose output), with parallel 20% dextrose infusion adjusted to 

maintain euglycaemia. The third phase (180 - 270 minutes) consisted of high-

dose Actrapid® insulin infusion (40 mU/m2/min – for assessment of 

peripheral glucose uptake), again with 20% dextrose infusion adjusted to 

maintain euglycaemia.  Four steady state plasma samples were taken over a 

20 minute period at the end of each phase. Glucose levels were clamped 

throughout at 4.5 - 5.5 mmol/L, as measured in whole blood from 

arterialised sample by glucometer (Accu-Check® Advantage, Roche, 

Germany). 

 

5.3.5.6.1 Blood sampling during study day B 

Sampling of fasting baseline blood was immediately following insertion of a 

20 gauge anterograde intravenous cannula, subsequently used for infusions. 

Samples were used for measurement of: glucose (Chapter 2.14), insulin 

(Chapter 2.14), C-peptide (Chapter 2.14), androgens and 5αR inhibitor drugs 

(Chapter 3), tamsulosin (Chapter 4), DHEAS (Chapter 2.5), cortisol (Chapter 

2.6), CBG (Chapter 2.7), adipokines (Chapter 2.9), SHBG (Chapter 2.14), and 

oestradiol (Chapter 2.14).  
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To obtain samples from arterialised hand vein cannula during clamps, the 

saline infusion keeping the cannula patent was discontinued, approximately 

2 mL of blood/saline was removed and discarded, and the sample was then 

taken before the infusion of saline was resumed. Arterialised plasma samples 

were used for measurement of: glucose levels by glucometer during clamp 

(Section 5.3.5.6), and for later measurement of d2-glucose, glycerol and d5-

glycerol (Chapter 2.11), insulin (Chapter 2.3) and NEFAs (Chapter 2.8).  

 

 

Figure 5.2 Schematic of hyperinsulinaemic euglycaemic clamp, consisting of 

three 90 minute phases. Deuterated tracers were given throughout clamp, with 

insulin administered in second (low dose insulin) and third (high dose insulin) 

phases of the clamp. 20% Dextrose was co-administered with insulin to 

maintain euglycaemia. Arrows represent sampling timepoints. BGL, blood 

glucose level.  
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5.3.5.7 Magnetic resonance imaging  

Volunteers without contra-indications to scanning underwent magnetic 

resonance imaging (MRI) for intra-abdominal visceral and subcutaneous fat 

volumes, proton spectroscopy for liver fat measurements and structural 

images for clinical reporting. Scans were performed on a GE Signa Horizon 

1.5T HDxt clinical scanner (General Electric, Milwaukee, USA) equipped 

with a self-shielding gradient set (33 mT m-1 maximum gradient strength) 

and manufacturer supplied Torso Array coil.  

 

5.3.5.7.1 Visceral and subcutaneous abdominal adipose 

Images for abdominal visceral and subcutaneous fat volumes were acquired 

in 10 mm slices with Iterative Decomposition of water and fat with Echo 

Asymmetry and Least-squares estimation (IDEAL) sequence, an imaging 

application designed for optimised fat quantitation.  

 

Acquired samples were anonymised prior to interpretation. Measurements 

for abdominal fat were made with sliceOmatic version 4.3 (TomoVision, 

Magog, Quebec, Canada) software. Areas identified as either subcutaneous 

or visceral were identified by colour coding, and quantified with the 

programme software. All scans were analysed in 5 slices, with the central 

slice located at the L4/5 level. For comparison, data were analysed as both 

single slices at L4/5 and in 5-slice groups centred at L4/5. There was a 
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maximum difference of 2.7% in measured fat content and the two measures 

did not differ significantly, therefore single slice measures were utilised in 

data analysis.   

 

Volume of adipose was expressed as estimated mass by taking into account 

the density of adipose tissue. The density assumed for results presented was 

0.92 g/mL.  

 

Intra-rater reproducibility was assessed by repeated (n=2, different days) 

measurement of all parameters on 6 scans, independently anonymised and 

randomly selected.  Average coefficient of variation was calculated (standard 

deviation /mean * 100), and accepted if < 10% for each of visceral fat, 

subcutaneous fat, or abdominal volume. Acceptable results were obtained 

with mean CV of 6.9% for visceral fat, 2.2% for subcutaneous fat and 0.3% for 

abdominal volume.  

 

5.3.5.7.2 Liver 1H magnetic resonance spectroscopy  

Single voxel proton MR spectroscopy was performed for assessment of 

hepatic fat, using the body coil of the same scanner, using a point-resolved 

spectroscopy sequence (PRESS), with water suppression. The voxel was 

positioned using structural T2 images obtained during breath hold 

(inspiration). Voxel size was 10 mm3 and was demarcated by 6 saturation 
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bands (anterior, posterior, superior, inferior, left and right) reviewed in axial, 

coronal and sagittal planes. The voxel was positioned within the liver, 

avoiding the edge of the liver and major vessels. An example of voxel 

placement is shown in Figure 5.3. Spectra were acquired during free 

breathing, with echo time (TE) 40 ms and relaxation time (TR) 5000 ms.   

 

 

Figure 5.3 Representative axial image of voxel placement for MR spectroscopy, 

utilised for quantitation of fat in human liver. The voxel was 10 mm
3
 in size and 

was demarcated by saturation bands reviewed in axial, coronal and sagittal 

planes. The voxel was positioned over the liver in an area as devoid of vascular 

structures as possible.  
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Post-processing and quantification of MRS data was performed in jMRUI  

(Naressi et al., 2001a, Naressi et al., 2001b) using a nonlinear least-squares 

algorithm (AMARES, (Vanhamme et al., 1997)) with Gaussian line shapes to 

model each spectral peak of interest (e.g., water at 4.7 ppm, methylene fat at 

1.3 ppm). Fat fraction was subsequently defined as the ratio of the area under 

the fat peak to the combined areas under the water and fat peaks: 

 

 

Scans with a large fat fraction (> 20%) had all data manually reviewed and 

confirmed as technically reliable prior to inclusion.  

 

5.3.5.7.3 Images for clinical reporting 

To comply with ethical requirements, additional structural images (T2 liver) 

were acquired for clinical reporting by a radiologist checking for incidental 

findings, and all results were conveyed to the patient’s general practitioner.  

These images were not analysed as part of the study.  

 

5.3.5.8 Urine collection 

Volunteers were asked to collect 24 hour urine collections at home. Urine 

was collected from the second void after waking for a 24 hour period in a 

non-acidified collection bottle. Total volume was recorded and samples were 
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processed and stored as described in Section 5.3.7. Samples were used for 

measurement of urinary androgens and glucocorticoids, as described in 

Chapter 2.12.  

 

5.3.5.9 Saliva collection 

Volunteers were asked to complete a collection of 5 saliva samples during the 

day (waking, 30 minutes after waking, noon, 4 pm, and bedtime) using 

Salivette® collection tubes (Sarstedt, Sarstedt, Germany). Collections were 

separated from meals and other potential contaminants (e.g. toothpaste, 

cigarettes). Samples were processed and stored as described in Section 5.3.7. 

Samples were used for measurement of salivary cortisol, as described in 

Chapter  2.4.  

 

5.3.5.10 Biopsy of subcutaneous abdominal fat 

Local anaesthetic (2% Lignocaine, Hameln Pharmaceuticals, Gloucester, UK) 

was injected subcutaneously at a site lateral to, and directed towards, the 

umbilicus. A 14 gauge needle attached to a 30 mL syringe was inserted into 

subcutaneous adipose, the plunger of the syringe withdrawn to create a 

vacuum then held in place with a test tube (12 x 75 mm, Fisherbrand®, Fisher 

Scientific, Loughborough, UK) while a sample of adipose was obtained. 

Samples were washed (through Isopon™ aluminium mesh, DF Wishart, 

Edinburgh, UK) with DEPC water, then frozen immediately on dry ice before 
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storage (-80 ºC) for future analysis.  Three samples were obtained in the same 

manner. Fat biopsies were not collected if felt to be unsafe (due to very low 

amounts of subcutaneous abdominal fat). Samples were used for analysis of 

mRNA abundance of genes of interest (Chapter 2.10).  

 

5.3.6 Study medication and intravenous drug preparations 

5.3.6.1 Study medication randomisation and dispensing 

Volunteers were randomised to double-blind once-daily treatment with one 

of tamsulosin MR (0.4 mg daily, Synthon Hispania, Sant Boi de Llobregat, 

Spain), dutasteride (0.5 mg daily; Glaxo Smith Kline Pharmaceuticals 

(Poznań, Poland)) or finasteride (5 mg daily; Gedeon Richter (Budapest, 

Hungary)). Medication was dispensed in one bottle containing 100 capsules. 

 

Randomisation was performed independently of the investigation team, by 

Tayside Pharmaceuticals (Dundee, UK) through a computerised random 

number generator (http://www.randomization.com; reference seed 25371; 

created 09 December 2009). Randomisation method was fixed–size block 

randomisation (n=18 per block). No stratification or minimisation was used 

in the randomisation process. Allocation concealment was ensured by 

appropriate storage of the randomisation code (sealed envelope in locked 

http://www.randomization.com/
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storage) so neither study personnel conducting study visits, nor study 

participants, could predict group assignment prior to study enrolment. 

 

The study was double-blind, with both investigator and participant blinded 

to treatment allocation throughout the study period. All medications were 

blinded (by enclosing in a hard gelatin capsule and packing with Lactose Ph 

Eur) and stored in numbered but otherwise identical bottles. Monthly contact 

was made with volunteers, and they were given a wallet-sized card with 

routine contact details for the candidate and emergency contact details for 

on-call pharmacy.  

 

Patient volunteers were unblinded at the end of the study period (at the 

earliest this was after the clamp on visit ‘B2’) to allow decisions regarding 

ongoing care. Healthy volunteers were unblinded at either the interim or 

final analysis.  

 

5.3.6.2 Sodium chloride (0.9%) 

Sodium chloride (0.9%) (Baxter, Thetford, Norfolk, UK) was used as a diluent 

for infusions and flush for cannulae.  
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5.3.6.3 Stable isotope tracers: d2-glucose and d5-glycerol 

Deuterated tracers were from Cambridge Isotope Laboratories, Inc. 

(Andover, USA). Chemical and isotopic purity were assessed by the 

manufacturer, and tracers were certified to be manufactured via a chemical 

route and therefore without risk of Transmissible Spongiform 

Encephalopathies.  

 

a) 6, 6- [2H]2-glucose (d2-glucose): ≥ 98% purity as determined by HPLC 

and ≥ 99% isotopic enrichment as determined by GC-MS. 

b) 1, 1, 2, 3, 3 – [2H]5-glycerol (d5-glycerol): ≥ 98% purity as determined 

by HPLC and ≥ 99% isotopic enrichment as determined by GC-MS. 

 

Tracers were prepared in sterile solutions by the Radiopharmacy (Royal 

Infirmary of Edinburgh, Edinburgh, UK), as follows: 

 

a) d2-glucose: 2.11 g / 6 mL, to give concentration of 350 mg/mL 

b) d5-glycerol: 380 mg/ 9.5 mL, to give concentration of 40 mg/mL 

Solutions were stored (-40 °C) for a maximum of 8 weeks.  

 

Solutions were defrosted and infusions prepared in the clinical research 

facility on the morning of each study.  
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Drug for infusion: 

d5-Glycerol (7.5 mL, 300 mg) was added to sodium chloride (0.9%, 489.3 mL) 

to give a volume of 496.8 mL. d2-Glucose (3.2 mL, 1.12 g) was added to make 

up to total of 500 mL. Final concentrations were: d5-glycerol 300 mg/ 500 mL 

and d2-glucose 1.12 g/ 500 mL. Infusion was administered as described in 

Section 5.3.5.6 .  

 

Drug for bolus: 

d5-Glycerol (0.5 mL, 20 mg) was added to sodium chloride (0.9%, 19.5 mL) to 

give a concentration of 1 mg/mL. d2-Glucose (1 mL, 350 mg) was added to 

sodium chloride (0.9%, 19 mL) to give a concentration of 17.5 mg/mL. 

Boluses were administered prior to infusion as described in Section 5.3.5.6.   

 

5.3.6.4 Insulin 

The infusion was prepared from 100 IU/ mL vial of Actrapid® insulin 

(Actrapid®, Novo Nordisk, West Sussex, UK). Actrapid (0.3 mL, 30 IU) was 

added to 0.9% sodium chloride (100 mL) to give a final concentration of 0.3 

IU/mL, and was then infused as described in Section 5.3.5.6.    

  

5.3.6.5 20% Dextrose 

Dextrose infusion was dextrose (20%, w/v) (Baxter, Thetford, Norfolk, UK) 

containing 200 g anhydrous dextrose per 1000 mL water.  
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5.3.6.6 Synacthen 

Bolus for intravenous administration was prepared from 250 µg/mL vial of 

Tetracosactide (Alliance Pharmaceuticals Ltd., Chippenham, Wiltshire, UK; 

Tetracosactide is referred to as Synacthen throughout this thesis,). Synacthen 

(1 mL) was added to 0.9% sodium chloride (49 mL) to give a concentration of 

5 µg/mL.  Synacthen (1 µg as 0.2 mL of 5 µg/mL) was added to 0.9% sodium 

chloride (0.8 mL) to give a final concentration of 1 µg/mL, and was 

administered immediately, as described in Section 5.3.4.5.  

 

5.3.7 Sample collection tubes and sample processing 

All blood tubes used were S-Monovette® tubes (serum gel 7.5 mL or 4.9 mL 

to collect serum, lithium heparin 5.5 mL or 2.7 mL to collect plasma, EDTA 

2.7 mL to collect whole blood, fluoride gel 2.7 mL for glucose) from Sarstedt 

(Sarstedt, Germany).  

 

Samples not sent directly to NHS Lothian laboratories were processed on-site 

at the WTCRF following collection as follows, and stored for future analysis.  

 

Equipment used was: 

a) Sigma 4K15 Centrifuge (Münich, Germany) 

b) Micromail II scales (Salter Brecknell, Smethwick, UK) 
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All blood samples collected were prepared by centrifugation (1912 g, 10 

minutes, 4 ºC) and collected plasma/ serum frozen (-80 ºC) for later analysis.  

 

The volumes of the 24 hour urine collections were measured, and 6 aliquots 

(~20 mL each) frozen and stored (-40 ºC) for later measurement of 

glucocorticoid and androgen metabolites (Chapter 2.12).   

 

Saliva was collected by centrifugation of the collection tubes (1912 g, 5 

minutes, 4 ºC) and frozen (-40 ºC) until analysis at a later date for salivary 

glucocorticoid concentrations (Chapter 2.4).  



 

Chapter 5: The effects of inhibition of 5α-reductases on metabolic health 
235 

 

5.3.8 Data analysis 

5.3.8.1 Body mass index 

Body mass index (BMI) was calculated as: 

 

 

5.3.8.2 Body surface area 

Body surface area (BSA) was calculated according to the Mosteller method 

(Mosteller, 1987) with the equation: 

 

 

5.3.8.3 Homeostatic model assessment of insulin resistance (HOMA-IR) 

HOMA-IR was calculated based on the original description (Matthews et al., 

1985) with the equation: 

 

where a higher value is indicative of lower insulin sensitivity. 
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5.3.8.4 Quantitative insulin sensitivity check index (QUICKI) 

QUICKI was calculated as originally described (Katz et al., 2000) with the 

equation: 

 

where a higher value is indicative of greater insulin sensitivity.  

 

5.3.8.5 M value 

In relation to the hyperinsulinaemic euglycaemic clamp, the mean steady 

state infusion rate of glucose (‘M value’) was calculated as the average 

infusion rate during the sampling period of 15 minutes at the end of the high 

dose insulin phase (+255 to +270 minutes) of the clamp.  

 

5.3.8.6 Glucose and glycerol tracer kinetics 

In order to calculate tracer kinetics during the hyperinsulinaemic 

euglycaemic clamp the following equations were used:  

 

At steady state:  

(Equation 1.2.6.7.1) 
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And:  

(Equation 1.2.6.7.2) 

 

 

 

Therefore: 

(Equation 1.2.6.7.3) 

 

 

 

This equation was used to calculate the endogenous production of glucose at 

baseline (without insulin infusion) during the first phase of the clamp.  

 

However, during the next two phases of the clamp (low dose insulin, high 

dose insulin) glucose was also administered IV as part of the clamp (to 

maintain euglycaemia during insulin infusion), therefore: 

(Equation 1.2.6.7.4) 
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It follows that: 

(Equation 1.2.6.7.5) 

 

 

This was equivalent to the rate of disposal of glucose.  

 

To calculate the endogenous production of glucose, the equation used was: 

(Equation 1.2.6.7.6) 

 

 

 

For both glucose and d2 glucose, the contribution of the mass + 0 isotope to 

the total amount is 92.5%, and the contribution of the mass + 2 isotope is 

1.1%. Appropriate corrections were applied to adjust both the infused 

glucose and d2 glucose amounts.  

  

 

 

 



 

Chapter 5: The effects of inhibition of 5α-reductases on metabolic health 
239 

 

To calculate the rate of appearance of glycerol the following equations were 

used: 

 

At steady state: 

(Equation 1.2.6.7.7) 

 

 

And: 

(Equation 1.2.6.7.8) 

 

 

 

Therefore, as  glycerol was not being infused, the equation used was: 

(Equation 1.2.6.7.9) 

 

 

For both glucose and glycerol kinetics, equivalent ionisation of both tracer 

and tracee was ensured by monitoring of enrichment curves, therefore the 

ratio of peak areas was deemed a robust assessment.  
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5.3.8.7 Statistical methods 

Statistical analysis was performed using SPSS for Windows software 

package, version 19 (IBM, Portsmouth, UK). Data analysed were of the 46 

volunteers who completed and were deemed compliant with the study 

treatment protocol (as defined in Section 5.3.4.8). Data are presented as mean 

(standard deviation, SD) unless otherwise stated. Comparisons are presented 

as mean (95% confidence interval), together with test of statistical 

significance. ANalysis of COVAriance (ANCOVA) is usually considered the 

ideal statistical method for randomised studies with pre- and post- 

intervention measures (Vickers and Altman, 2001). In order to use an 

ANCOVA as the statistical approach, it is important that the ANCOVA 

model fits the data. The key assumptions which need to be met are: a normal 

distribution, linear regression (a linear relationship between the post-

treatment and pre-treatment values), homogeneity of variance (similar 

scatter of individual data points around regression lines for each treatment 

group) and homogeneity of regression lines (similar, parallel, regression 

slopes for each treatment group). The latter (homogeneity of regression lines) 

is a key assumption in this model. In the present study while the ANCOVA 

was explored, it was not suitable for use, as the primary and many secondary 

endpoints in the study did not meet necessary assumptions, in particular 

regression lines were not parallel between treatment groups, invalidating 

this model. Expert statistical advice was received from Professor Gordon D 
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Murray (Centre for Population Health Sciences, University of Edinburgh) 

who advised that it would be inappropriate to pursue using an ANCOVA 

when the analytical assumptions are not met, and suggested changing of the 

statistical methodology to the simpler but still valid and robust method using 

analysis of change from baseline. While a repeated-measures ANOVA is 

used by some in such study designs, this was not felt to be appropriate as 

assumptions for this were not met including differences in group sizes, as 

well as a lack of sphericity (equal variance in the differences between 

treatment groups) in some endpoints. Analysis as change from baseline with 

post-hoc testing takes into account repeated measures and allows pairwise 

comparisons between groups.  

 

The final statistical method selected for use and presented in this thesis was 

comparison between treatment groups by ANalysis Of VAriance (ANOVA) 

on the change from baseline in each treatment group, unless stated otherwise 

in the text. Where ANOVA was significant (p < 0.05), further post-hoc testing 

was performed with a Least Significant Difference (LSD) test to allow 

pairwise comparisons. Data was tested for normality of distribution by visual 

assessment of histograms. Homogeneity of variance was tested by Levene’s 

test, and accepted if result was non-significant (p > 0.05). If needed and if 

appropriate, data transformation was tested by log, square root, square, and 

reciprocal, and the method selected was that which resulted in a normal 
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distribution. If assumptions were not met then non-parametric testing was 

used (Kruskal-Wallis test). For MRI scans, results were analysed as above 

though only for the post-treatment measure as there was no baseline 

measure. 

 

Statistical significance was taken at the 5% level. Where values are missing 

these are indicated and not imputed. Nor was there additional adjustment 

made for multiple comparisons. For statistical analysis, values below the 

detection limit were considered to be one third of the limit of detection for 

the assay. 
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5.4 Results 

5.4.1 Study design and key amendments 

In the first 9 months recruitment into the study from Urology clinics was 

poor, with only 2 patients enrolled (plus two withdrawals on medical 

grounds, Section 5.4.3.3). Review of recruitment revealed this was largely 

due to low numbers of patients seen in clinic, and also the majority of 

patients being ineligible for, or declining participation for reasons including 

the time commitment involved in the study or a reluctance to change 

medication.  

 

In order to address poor recruitment rates, during the next 7 months, a series 

of changes were made to the original protocol. Attempts were made to 

address concerns expressed by some patients with respect to time 

commitments required by making study day C optional, and potential loss of 

income due to attendance at study visits by introducing volunteer payments. 

Further efforts were made to improve access to Urology patients seen in 

clinics, and also extend recruitment to patients seen in primary care. Due to 

ongoing poor recruitment, recruitment of healthy volunteers was 

commenced.    
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5.4.2 Recruitment rates  

Recruitment improved with the implementation of changes described above, 

though still lagged significantly behind the original targets. Recruitment 

from the Urology Clinic slowed further after 1 year when other avenues of 

recruitment were prioritised. In total, 39 primary care practices were invited, 

3 practices agreed to assist, and a total of 37 patients were invited, of which 

30 were suitable for inclusion, and 7 agreed to participate. Healthy volunteer 

recruitment was primarily via advertising and later also by word of mouth. 

Overall response and recruitment rates are summarised in Figure 5.4.   
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544 Clinic 

patients 

reviewed 

reviewed 

37 Primary 

care patients 

invited 

invited 

Healthy 

volunteer 

advertising 

255 Information sheets requested or sent 

95 Yes 160 No  

58 Attend 

screening 

7 Not consented/ 

Ineligible 

51 Consented 

44 Ineligible / 

Unable to participate 

4 Did not 

complete study 

47 Completed 

study 

46 Included in final analysis 

Figure 5.4 CONSORT diagram of overall recruitment rates. ‘Yes’ indicates an 

interest in participation, ‘No’ indicates either an unfavourable response or no 

response.  Two of the 4 volunteers who did not complete the study were 

assigned a study number following informed consent but did not participate 

further. CONSORT, consolidated standards of reporting trials (Moher et al., 

2012). 
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5.4.3 Compliance and study participation 

5.4.3.1 Pill count 

Pills missed (by pill count) were, on average, 4.1% (dutasteride), 3.7% 

(finasteride), and 3.2% (tamsulosin).  

 

5.4.3.2 Serum drug concentrations   

Dutasteride and finasteride were only detected in volunteers prescribed the 

medication, and neither was detected in those in the tamsulosin group. 

Dutasteride was not detected in serum of one subject in the dutasteride 

group, suggesting non-compliance with his assigned medication. In addition 

his serum DHT was not suppressed, nor his urinary steroids ratios 

(described for compliant subjects in Section 5.4.5) altered as expected with 

5αR inhibitor treatment. This volunteer was therefore excluded from 

subsequent study analyses.  Amongst other volunteers in the dutasteride 

group, serum levels detected were between 3.0 – 28.5 ng/mL, in line with 

expected concentrations (Chapter 3).  

 

All subjects in the finasteride group had detectable drug in serum, in the 

range 2.0 – 64.0 ng/mL, in line with expected concentrations (Chapter 3).  
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Tamsulosin was not detected in any volunteers who were not prescribed the 

drug in the study but was detected in serum from the six patients who were 

receiving this drug prior to randomisation into the study (range 2.8 – 12.9 

ng/mL). In samples taken at the end of the study, tamsulosin was detected in 

all patients who were in the tamsulosin group, and also the patient requiring 

rescue tamsulosin treatment (Section 5.4.3.3), with an average serum drug 

level of 8.3 ng/mL (range 1.7 – 15.2 ng/mL), in line with expected 

concentrations (Chapter 4).    

 

5.4.3.3 Study participation 

Of the 51 men who consented to participation, 4 did not complete the study. 

One volunteer was taken out of the study due to persistent subclinical 

hypothyroidism on biochemical screening, due to concerns this may impact 

on study outcomes. One volunteer receiving finasteride withdrew from the 

study due to the development of urinary retention and impotence early in 

the study period. A further two volunteers did not return for study visits 

following screening due to the development of unrelated illness  and 

subsequent inability to negotiate further time away from study and 

employment. Of the 47 volunteers who completed the study, 46 were 

included in the final analysis. As detailed above (Section 5.4.3.2) one 

volunteer (in the dutasteride group) had no detectable dutasteride in serum, 

therefore was excluded from the analysis. Measurement of body fat was not 
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possible in one volunteer (in the dutasteride group), due to amount of body 

fat being below the sensitivity of the bioimpedance instrument (< 5% body 

fat).  

 

One volunteer (from the finasteride group) did not attend for visits C1 or C2, 

therefore analysis of dynamic testing of the HPA axis was performed with 45 

volunteers (Chapter 6).  

 

One BPH patient developed intolerable symptoms upon cessation of his 

usual tamsulosin at the start of the study period; he was able to complete the 

study with partial unblinding and administration of unblinded tamsulosin 

MR 0.4 mg daily along with the blinded study medication (which was 

confirmed by the independent study advisor not to be tamsulosin in order to 

prevent over-medication). Adverse effects and outcomes are summarised in 

Table 5-1.  
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Volunteer 

type 

Nature of adverse event 

(severity) 

Outcome 

Patient Subclinical hypothyroidism on 

biochemical screening  

Withdrawn  

Patient Urinary retention and 

impotence (severe) 

Withdrew  

Healthy Dizziness and diarrhoea (mild) Continued 

Healthy Diarrhoea (mild) Discontinued tablets for 3 

weeks, then recommenced 

with no further problems 

Healthy Impotence (mild) Continued 

Patient Worsening of BPH symptoms 

(moderate) 

Continued 

Patient Worsening of BPH symptoms 

(severe) 

Continued with rescue 

tamsulosin 

Patient Recurrence of chronic leg pain 

(mild) 

Discontinued tablets for 2 

weeks, then recommenced 

with no further problems 

Table 5-1 Summary of reported adverse events during study. The two subjects who 

temporarily discontinued tablets went on to complete at least 90 days of treatment 

before follow up visits were completed.  Severity of symptoms is as reported by the 

volunteer, not as defined by the Good Clinical Practice International Clinical Trial 

Harmonisation directives.    
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The study protocol specified 3 months of medication prior to follow-up 

visits. The average and range of days in the study is summarised by group in 

Table 5-2. The individual in the dutasteride group who had 111 and 112 days 

at visits B2 and C2 respectively had intermittently missed pills through the 

study therefore leaving him with additional days on medication past the 100 

pills given to each volunteer.  

 

 

  

Dutasteride Finasteride Tamsulosin 

N 16 16 14 

Days at 
visit B2 

Average 94.8 91.6 92.2 

Range 91 - 111 86 - 99 87 - 97 

N 16 15 14 

Days at 
Visit C2 

Average 97.6 93.5 95.1 

Range 93 - 112 87 - 101 89 - 100 

Table 5-2 Length of time participants were on prescribed study medication, 

indicating average, minimum and maximum by group. N, number.  
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5.4.4 Volunteer characteristics at baseline 

Volunteers were randomised to one of three treatment groups. Key 

characteristics of participants at baseline are summarised in Table 5-3.  
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 Dutasteride Finasteride Tamsulosin Difference 

N  16 16 14  

Age 35.3 (14.6) 40.3 (19.2) 49.4 (18.4) p=0.12 

BPH patients (N) 2 4 5 N/A 

BMI (kg/m2) 25.3 (4.41) 26.8 (3.82) 25.5 (2.76) p=0.49 

WHR 0.90 (0.08) 0.89 (0.07) 0.93 (0.06) p=0.39 

SBP (mmHg) 131.0 (11.43) 136.4 (14.91) 138.8 (18.26) p=0.35 

DBP (mmHg) 77.6 (9.96) 78.4 (11.19) 81.3 (8.85) p=0.58 

Body fat (kg) 16.5 (8.70)   (N=15) 18.9 (6.97) 20.1 (5.94) p=0.40 

Body fat (%) 19.8 (8.49)   (N=15) 22.1 (6.62) 24.7 (5.99) p=0.19 

Glucose (mmol/ L) 4.96 (0.49) 4.98 (0.50) 5.14 (0.37) p=0.54 

Insulin (pmol/L) 58.8 (23.79)  54.1 (17.85) 63.2 (32.97)  p=0.62 

C-peptide 

(pmol/L) 

539 (156.9) (N=15) 539.4 (172.9) 612.9 (295.7) p=0.57 

HOMA-IR 1.89 (0.79) 1.73 (0.63) 2.19 (1.14) p=0.54 

Total C (mmol/L) 4.41 (0.64) 4.87 (1.01) 5.20 (0.95) p=0.06 

TG+ (mmol/L) 1.25 (0.6) 1.21 (0.7) 1.35 (0.7) p=0.83+ 

Table 5-3 Key characteristics of study participants at baseline. Data are mean (SD). 

Blood tests presented were all fasting samples. In a randomised study any differences 

at baseline are recognised to occur by chance. When assessed by one-way ANOVA 

there were no differences between groups at baseline. 
+
Raw data is presented, 

however was log transformed for statistical analysis. N, number; BMI, body mass 

index; WHR, waist: hip ratio; S, systolic; D, diastolic; BP, blood pressure; HOMA-

IR, homeostatic model assessment of insulin resistance; C, cholesterol; TG, 

triglycerides.  
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With the inclusion of healthy volunteers all groups were, on average, 

younger than most BPH patients, however as an indicator of whole body 5αR 

activity at baseline, the serum DHT: T ratio did not correlate with age, as 

seen in Figure 5.5.  

 

 

Figure 5.5 No correlation was observed between baseline serum DHT 

(dihydrotestosterone): T (testosterone) ratio with age, calculated with Pearson’s 

correlation.  
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In addition to the study drug, several volunteers were receiving other 

prescribed medications prior to commencing participation in the study. 

These are summarised in Table 5-4. There were no alterations to medications 

or medication doses during the study period. Of note, the volunteer on 

thyroxine was clinically and biochemically euthyroid for several years, and 

thyroid function was normal on biochemical testing at the screening visit.  
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Indication Class Drug Dutasteride 

group 

Finasteride 

group 

Tamsulosin 

group 

Benign prostatic 
hyperplasia  

α Blocker Tamsulosin A D F, G, H, I 

α Blocker Indoramin  E  

Anti-muscarinic Tolterodine   F 

Anti-muscarinic Solifenacin A   

Dyslipidaemia Lipid lowering drug Simvastatin B E J, K 

Hypertension Thiazide diuretic Bendroflumethiazide B   

ARB Losartan   J 

Primary MI prevention Anti-platelet  Aspirin C  J 

Dyspepsia PPI Lansoprazole   L 

Hypothyroidism Thyroid hormone Thyroxine   I 

Chronic back pain µ Opiod receptor 
agonist 

Tramadol (prn)   K 

Mild COPD β agonist inhaler 
(short-acting) 

Salbutamol (prn)   K 

Table 5-4 Medications at baseline, taken by participants in each group, with matching letters representing the same participant. 

ARB, angiotensin II receptor blocker; MI, myocardial infarction; PPI, proton pump inhibitor; prn, pro re nata (as needed); 

COPD, chronic obstructive pulmonary disease.  
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5.4.5 Pharmacodynamic responses to 5αR inhibitors 

5.4.5.1 Circulating steroids 

Serum androgen concentrations before and after drug treatment are 

summarised in Table 5-5.   

 

There was a decrease from baseline in serum DHT concentrations, to 

approximately the same degree with both dutasteride and finasteride, and in 

many volunteers DHT was still quantifiable post treatment. There were 5 

volunteers in the dutasteride group and 3 volunteers in the finasteride group 

in whom DHT was not detectable post treatment. As expected, DHT 

concentrations did not change with tamsulosin treatment. There was no 

significant change in testosterone with both 5αR inhibitors.  
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 Dutasteride 

 

Finasteride 

 

Tamsulosin 

 

∆ Dutasteride   

vs. ∆ Tamsulosin 

Mean (95% CI) 

∆ Finasteride    

vs. ∆ Tamsulosin 

Mean (95% CI) 

∆ Dutasteride     

vs. ∆ Finasteride 

Mean (95% CI) 

N 16 16 14    

T 

nmol/L 

Pre  25.4 (8.91) 20.7 (8.81) 21.2 (8.48) Difference between groups: p=0.22  

Post  30.4 (12.80) 23.9 (7.93) 22.9 (9.48) 

Change  + 5.1 + 3.7 + 1.7 

DHT 

nmol/L 

Pre  2.9 (1.56) 2.1 (1.20) 2.0 (1.27) Difference between groups: p=0.02 

Post  1.8 (1.65) 1.0 (0.64) 1.7 (1.07) -0.9 (-1.5; -0.2) 

p=0.01 

-0.8 (-1.5; -0.2) 

p=0.01 

-0.0 (-0.6; 0.6) 

p=0.99 Change  - 1.2 -1.1 -0.3 

Table 5-5 Serum testosterone (T) concentrations were unchanged, however serum dihydrotestosterone (DHT) was significantly 

decreased following three months of dutasteride or finasteride. Data are mean (SD). Change from baseline compared between 

groups by one-way ANOVA, followed by LSD post-hoc tests where significant. N, number; , treatment.  
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5.4.5.2 Urinary steroids 

Changes in urinary steroids, pertinent to pharmacodynamic responses to the 

drugs, are shown in Table 5-6 and Table 5-7. Other urinary steroid results, 

relating to HPA axis responses, are shown and discussed further in Chapter 

6. Urinary 5α-reduced metabolites of both cortisol and androstenedione were 

significantly decreased following treatment with both dutasteride and 

finasteride. The decrease in αTHF with dutasteride and finasteride was also 

reflected in associated changes in the βTHF/αTHF and F/αTHF ratios. 

Androgen metabolites changed with both 5αR inhibitors. Compared to 

baseline, there was an expected decrease in androsterone (α) and there was a 

significant increase in the aetiocholanolone (β)/androsterone (α) ratio. There 

were not marked differences in extent of change in 5-reduced metabolites 

between the dutasteride and finasteride groups, except in the increase in the 

aetiocholanolone/ androsterone ratio which was greater with dutasteride 

treatment.   
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 Dutasteride Finasteride Tamsulosin 
∆ D vs. ∆ T 

Mean (95% CI)  

∆ F vs. ∆ T 

Mean (95% CI)  

∆ D vs. ∆ F 

Mean (95% CI) 

N 16 16 14    

Andro 

(α) 

µg/day 

Pre  1806 (699.2) 2373 (1737.1) 2116 (1297.1) Difference between groups: p<0.001 

Post  121 (73.0) 397 (310.0) 2036 (1258.5) -1605 (-2456; -754) 

p<0.001 

-1896 (-2747;-1045) 

p<0.001 

291 (-1113; 531) 

p=0.48 Change  -1684 -1975 -79 

Aetio 

(β) 

µg/day 

Pre  817 (403.4) 805 (604.5) 861 (484.6) Difference between groups: p<0.001† 

Post  2461 (1350.5) 1710 (1002.9) 1029 (658.8) p<0.001 p=0.01 p=0.28 

Change  +1643 +905 +168 

5αTHF 

µg/day 

Pre  1664 (1006.9) 1858 (1424.3) 1786 (1123.3) Difference between groups: p<0.001 

Post  32 (36.2) 51 (53.6) 1773 (1153.9) -1620 (-2422; -817) 

p<0.001 

-1794 (-2597; -992) 

p<0.001 

174 (-601; 950) 

p=0.65 Change  -1633 -1807 -13 

5βTHF 

µg/day 

Pre  1724 (511.5) 1670 (649.2) 1793 (508.3)  

Difference between groups: p=0.96 Post  1718 (521.3) 1683 (506.9) 1742 (615.9) 

Change  -6 +14 -52 

Table 5-6 Urinary androgen and glucocorticoid metabolites. There was a significant decrease in 5αTHF and androsterone 

following 5αR inhibition, together with a significant increase in aetiocholanolone (Aetio). Data are mean (SD). Change from 

baseline compared between groups by one-way ANOVA, with LSD post-hoc tests where significant, or †Kruskal Wallis test with 

pairwise comparisons. D, dutasteride; F, finasteride; T, tamsulosin; N, number; , treatment; Andro, androsterone; THF, 

tetrahydrocortisol.  
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 Dutasteride Finasteride Tamsulosin 
∆ D vs. ∆ T 

Mean (95% CI)  

∆ F vs. ∆ T 

Mean (95% CI)  

∆ D vs. ∆ F 

Mean (95% CI) 

N 16 16 14    

G
lu

co
co

rt
ic

o
id

s 
βTHF/  

αTHF 

Pre  1.39 (0.78) 1.21 (0.73) 1.30 (0.67) Difference between groups: p<0.001† 

Post  96.20 (66.72) 55.69 (33.36) 1.37 (0.90) p<0.001 p<0.001 p=0.65 

Change  +94.81 +54.48 +0.07 

F/ αTHF Pre  0.10 (0.10) 0.10 (0.05) 0.12 (0.11) Difference between groups: p<0.001† 

Post  6.12 (3.68) 4.22 (2.33) 0.13 (0.12) p<0.001 p<0.001 p=0.88 

Change  +6.01 +4.11 +0.01 

F/ βTHF Pre  0.08 (0.05) 0.09 (0.04) 0.09 (0.05)  

Difference between groups: p=0.67 Post  0.08 (0.04) 0.08 (0.04) 0.09 (0.04) 

Change  +0 -0.01 0 

A
n

d
ro

g
e
n

s Aetio (β) / 

Andro (α) 

 

Pre  0.45 (0.18) 0.36 (0.20) 0.43 (0.14) Difference between groups: p<0.001†  

Post  21.82 (9.73) 8.26 (15.55) 0.85 (1.43) p<0.001 p=0.01 p=0.01 

Change  +21.37 +7.89 +0.43 

Table 5-7 Indices of pathways of A-ring reduction of glucocorticoids and androgens by 5αR were decreased relative to 5βR 

following three months of either dutasteride or finasteride. Data are mean (SD). Change from baseline compared between 

groups by one-way ANOVA (F/βTHF), or 
†
Kruskal Wallis test with pairwise comparisons. D, dutasteride; F, finasteride; T, 

tamsulosin; N, number; , treatment; THF, tetrahydrocortisol F, cortisol; Aetio, aetiocholanolone; Andro; androsterone. 
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5.4.6 Effects of 5αR inhibition on insulin sensitivity 

5.4.6.1 Insulin sensitivity in the fasted state 

Under fasting conditions, glucose was unchanged by treatment; however 

there was a trend towards an increase in insulin, and a significant increase in 

C-peptide in the dutasteride group (Table 5-8). HbA1c was not different. 

Measures calculated from glucose and insulin are summarised in Table 5-9. 

Here it is seen that HOMA-IR increased significantly from baseline with 

dutasteride only, while there was no difference in the QUICKI measure.  
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 Dutasteride Finasteride Tamsulosin ∆ D  vs. ∆ T 

Mean (95% CI) 

∆ F vs. ∆ T 

Mean (95% CI) 

∆ D vs. ∆ F 

Mean (95% CI) 

N 16 16 14  

Glucose 

mmol/L 

Pre  4.96 (0.49) 4.98 (0.50) 5.14 (0.37) Difference between groups: p=0.34 

Post  5.09 (0.53) 4.93 (0.38) 5.06 (0.38) 

Change  + 0.13 - 0.05 - 0.08 

HbA1c 

nmol/mol 

Pre  35.2 (4.18) 35.1 (2.64) 36.2 (3.07) Difference between groups: p=0.62† 

Post  35.6 (4.00) 35.9 (2.29) 36.6 (3.32) 

Change  + 0.4 + 0.9 + 0.4 

Insulin 

pmol/L 

Pre  58.8 (23.80) 54.1 (17.85) 63.1 (33.01) Difference between groups: p=0.07 

Post  68.8 (30.01) 57.7 (19.13) 59.3 (33.06) 

Change  + 10.0 +0.6 -3.9 

 N 15 16 14 Difference between groups: p=0.04 

C-peptide 

pmol/L 

Pre  539 (156.9) 539 (172.9) 613 (295.7) 100 (14; 187) 

p=0.02 

11 (-74; 97) 

p=0.79 

89 (5; 173) 

p=0.04 Post  615 (171.2) 526 (165.6) 588 (269.5) 

Change  + 76 - 13 - 25 

Table 5-8 Three months of treatment with dutasteride (D) significantly increased fasting C-peptide, with a trend towards an 

increase in fasting insulin. There was no difference in fasting glucose or haemoglobin A1c (HbA1c) between groups. Data are 

mean (SD), change from baseline compared between groups by one way ANOVA, with LSD post-hoc tests where significant, 

other than HbA1c which was analysed by †Kruskal Wallis test. F, finasteride, T, tamsulosin; N, number; , treatment.   
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 Dutasteride 

 

Finasteride 

 

Tamsulosin 

 

∆ Dutasteride   

vs. ∆ Tamsulosin 

Mean (95% CI) 

∆ Finasteride    

vs. ∆ Tamsulosin 

Mean (95% CI) 

∆ Dutasteride     

vs. ∆ Finasteride 

Mean (95% CI) 

N 16 16 14    

HOMA-IR 

 

Pre  1.89 (0.79) 1.73 (0.63) 2.09 (1.17) Difference between groups: p=0.03 

Post  2.28 (1.06) 1.83 (0.65) 1.95 (1.19) 0.53 (0.13; 0.93) 

p=0.01 

0.24 (-0.16; 0.63) 

p=0.23 

0.29 (-0.09; 0.68) 

p=0.13 Change  + 0.39 + 0.10 - 0.14 

QUICKI Pre  0.36 (0.03) 0.36 (0.02) 0.35 (0.03)  

Difference between groups: p=0.11 Post  0.35 (0.04) 0.35 (0.02) 0.35 (0.03) 

Change  - 0.007 - 0.003 - 0.004 

Table 5-9 HOMA-IR (Homeostatic model assessment of insulin resistance) increased significantly following three months of 

treatment with dutasteride. QUICKI (Quantitative insulin sensitivity check index) was unaltered. Data are mean (SD). Change 

from baseline compared between groups by one-way ANOVA, followed by LSD post-hoc tests where significant. N, number; ,

treatment.   
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5.4.6.2 Glucose disposal, glucose production and lipolysis during a 

hyperinsulinaemic euglycaemic clamp 

5.4.6.2.1 Glucose concentrations during clamp 

The clamp glucose target of 4.5 – 5.5 mmol/L was successfully achieved, as 

shown in Figure 5.6.   
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Figure 5.6 Plasma glucose concentrations (mmol/L) during hyperinsulinaemic phases of clamps conducted before (B1) or after 

(B2) three months of treatment with dutasteride, finasteride or tamsulosin; target was 4.5-5.5 mmol/L and this was successfully 

achieved. Data are mean, error bars indicate standard deviation. 

Low-dose insulin 

(10 mU/m2/min) 

High-dose insulin 

(40 mU/m2/min) 
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5.4.6.2.2 Tracer: tracee ratios (TTRs) for d2-glucose: glucose  

TTRs are shown in Figure 5.7. d2-Glucose: glucose ratios achieved steady 

state in each phase of the clamp. Relative standard deviations between 

samples in each phase ranged from 0.4 – 3.8%. TTR increased between 

baseline and the end of the tracer only infusion period. There was no 

difference in TTR at the end of low dose insulin. TTR decreased with high 

dose insulin as glucose uptake was stimulated and glucose infusion 

increased.  
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Figure 5.7 d2-Glucose: glucose tracer: tracee ratios during hyperinsulinaemic euglycaemic clamps, before (B1) and after (B2) 

three months of dutasteride, finasteride or tamsulosin. Data are mean, error bars indicate standard deviation. 
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5.4.6.2.3 Insulin concentrations during clamp 

Insulin concentrations at baseline were presented in Section 5.4.6.1. Insulin 

concentrations during the clamp are summarised in Table 5-10.  

 

During the first phase of the clamp when d2-glucose and d5-glycerol were 

administered, insulin concentrations were increased post-treatment in the 

dutasteride group only, compared to control.  

 

Differences in insulin concentrations following both low-dose and high-dose 

insulin infusion were not different between treatment groups.  
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Plasma 
insulin 

 
 

Dutasteride 

 

Finasteride 

 

Tamsulosin 

 

∆ Dutasteride   

vs. ∆ Tamsulosin 

Mean (95% CI) 

∆ Finasteride    

vs. ∆ Tamsulosin 

Mean (95% CI) 

∆ Dutasteride     

vs. ∆ Finasteride 

Mean (95% CI)  

N 16 16 14    

Tracer only  

(pre-insulin 

infusion) 

Pre  31.5 (13.11) 35.6 (12.39) 36.9 (19.74) Difference between groups: p=0.03 

Post  37.1 (18.11) 34.6 (11.10) 30.8 (11.18) 11.7 (3.2; 20.3) 

p=0.008 

5.1 (-3.5; 13.6) 

p=0.24 

6.6 (-1.6; 14.9) 

p=0.11 Change  + 5.6 - 1.0 - 6.1 

Low dose 

insulin 

infusion 

Pre  85.8 (35.00) 83.8 (23.24) 82.1 (25.89)  

Difference between groups: p=0.84 Post  91.1 (39.49) 83.1 (23.25) 81.5 (22.71) 

Change  + 5.4 - 0.8 - 0.6 

 N 15 16 14  

High dose 

insulin 

infusion 

Pre  306.7 (72.73) 295.3 (53.34) 258.7 (57.55)  

Difference between groups: p=0.51 Post  326.2 (56.08) 303.3 (76.24) 291.8 (56.59) 

Change  + 20.3 + 8.0 + 33.0 

Table 5-10 Plasma insulin concentrations (pmol/L) following tracer (d2-glucose and d5-glycerol) only phase of clamp increased 

following 3 months of treatment with dutasteride. Insulin concentrations following low dose (10 mU/m
2
/min) or high dose (40 

mU/m
2
/min) phases of the clamp did not differ between groups. Data are mean (SD), and comparisons by one-way ANOVA of 

change from baseline, with LSD post-hoc testing where significant. N, number; , treatment.  
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5.4.6.2.4 Endogenous glucose production  

There were no differences in fasting plasma glucose concentrations, and 

these data were presented in Section 5.4.6.1.  Endogenous glucose production 

(EGP) at baseline and with low-dose insulin is summarised in Table 5-11, 

demonstrating no differences between treatment groups.  

 
 
EGP 

 Dutasteride Finasteride Tamsulosin Difference 

N 16 16 14  

Post-tracer 

µmol/kg/min 

 

Pre  7.24 (1.50) 7.91 (1.11) 7.38 (1.66) p=0.10 

Post  7.13 (1.26) 7.71 (0.97) 7.74 (1.34) 

Change  -0.11 -0.20 +0.36 

Low-dose 

insulin 

µmol/kg/min 

Pre  3.95 (3.32) 4.47 (2.22) 5.02 (1.90) p=0.77 

Post  4.24 (2.16) 4.23 (2.47) 4.93 (2.25) 

Change  +0.29 -0.24 -0.09 

Post-tracer 

µmol/kgFFM

/min 

Pre  9.03 (2.06) 10.23 (1.78) 9.83 (2.17) p=0.24 

Post  9.10 (2.20) 10.02 (1.82) 10.21 (1.76) 

Change  +0.07 -0.21 +0.38 

Low-dose 

insulin 

µmol/kgFFM

/min 

Pre  5.10 (3.95) 5.80 (3.10) 6.67 (2.39) p=0.72 

Post  5.54 (3.08) 5.54 (3.44) 6.56 (2.96) 

Change  +0.44 -0.25 -0.11 

Table 5-11 Endogenous glucose production (EGP) during first two phases of 

hyperinsulinaemic euglycaemic clamp did not change with three months of 

dutasteride, finasteride or tamsulosin. EGP presented were calculated following 90 

minutes of tracer infusion (d2-glucose and d5-glycerol), and following low-dose (10 

mU/m
2
/min) insulin infusion; effect of tracers was evident with p<0.001 for change 

in d2-glucose:glucose ratio from baseline to low-dose insulin, and effect of insulin 

was evident with p<0.001 for change in insulin concentration from pre-insulin to 

low-dose insulin. Data are mean (SD). Change from baseline compared between 

groups by one-way ANOVA. N, number; , treatment; FFM, fat-free mass. 
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High dose insulin was administered to assess peripheral glucose uptake. 

There may be, however, some remaining hepatic glucose output during this 

phase. Although d2-glucose could be detected in all subjects, in 36/92 clamps 

apparent negative values were obtained for EGP at high dose insulin, 

confirming suppression of hepatic glucose output particularly in very insulin 

sensitive volunteers. This did however mean calculations to quantify EGP 

during high dose insulin were unreliable, and only peripheral glucose 

uptake was formally measured and these results are shown below in Sections 

5.4.6.2.5 and 5.4.6.2.6.  

 

5.4.6.2.5 Glucose infusion rates during high dose insulin (M value) 

There was a decrease from baseline in the M value in the dutasteride group 

compared to both the finasteride and tamsulosin groups. There was no 

difference between the finasteride and tamsulosin groups.  

 

M values are shown in Table 5-12, demonstrating that the inferred decrease 

in insulin sensitivity with dutasteride compared to the other two groups 

persists when calculated by weight or by fat-free mass, which is important 

given the increase in fat mass seen in this group (Section 5.4.8.2). Individual 

changes in M value are shown in Figure 5.8.  It can be seen that overall those 
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on dutasteride require less glucose to maintain euglycaemia, whereas those 

on finasteride and tamsulosin require more.  

 

Subtle variations in glucose concentrations achieved during clamps are 

inevitable, as shown in Section 5.4.6.2.1. The values included in the final 

analysis are those without adjustment for glucose concentration, however 

when data were adjusted to allow for slight variations in glucose 

concentrations during clamp (by using the ratio of glucose infusion rate/ 

glucose concentration, rather than the infusion rate alone), changes 

demonstrated remained (data not shown).    
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M value 

 Dutasteride 

 

Finasteride 

 

Tamsulosin 

 

∆ Dutasteride   

vs. ∆ Tamsulosin 

Mean (95% CI) 

∆ Finasteride    

vs. ∆ Tamsulosin 

Mean (95% CI) 

∆ Dutasteride     

vs. ∆ Finasteride 

Mean (95% CI) 

N 15 16 14    

mL/hr Pre  151.6 (50.5) 142.1 (62.8) 97.6 (43.2) Difference between groups: p=0.003 

Post  130.6 (60.0) 167.9 (80.4) 123.3 (52.0) -46.7 (-77.1; -16.3) 

p=0.003 

+ 0.1 (-29.8; 30.1) 

p=0.99 

-46.8 (-76.2;-17.4) 

p=0.003 Change  - 21.00 + 25.83 + 25.71 

µmol/kg/ 

min 

Pre  37.7 (14.8) 31.6 (14.0) 23.3 (12.8) Difference between groups: p=0.003 

Post  32.4 (17.1) 37.5 (16.6) 29.7 (15.8) -11.6 (-18.9; -4.3) 

p=0.003 

-0.5 (-7.7; 6.6) 

p=0.88 

-11.1 (-18.2; -4.0) 

p=0.003 Change  - 5.27 + 5.83 + 6.36 

µmol/ 

kgFFM/min 

Pre  45.2 (15.3) 40.0 (16.3) 30.7 (15.7) Difference between groups: p=0.002 

Post  39.0 (18.5) 47.8 (20.5) 38.3 (17.7) -13.8 (-22.6; -4.9) 

p=0.002 

0.2 (-8.5; 8.9) 

p=0.96 

-14.0 (-22.5; -5.5) 

p=0.002 Change  - 6.17 + 7.82 + 7.59 

Table 5-12 M value (mean steady state glucose infusion rate) during high-dose (40 mU/m
2
/min) insulin infusion phase of the clamp, 

significantly decreased after 3 months of treatment with dutasteride, compared to both finasteride and tamsulosin. M value shown in 

mL/hr (infusion as given), as µmol/kg/min (adjusted for body weight), and as µmol/kgFFM/min (adjusted for fat mass). Data are 

mean (SD) and change from baseline is compared between groups by one-way ANOVA followed by LSD post-hoc tests. N, number; 

, treatment; FFM, fat-free mass.     
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Figure 5.8 M values (mean steady state glucose infusion rate) during high dose insulin infusion (40 mU/ m
2
/ minute), with value 

calculated as average glucose infusion rate between timepoints +255 to +270 minutes. Results presented from before and after 

three months of dutasteride, finasteride or tamsulosin. Increased (or unchanged) and decreased glucose infusion rates required 

at follow-up clamp indicated by solid and interrupted lines respectively. Crosses indicate average value for each group.  
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5.4.6.2.6 Glucose rate of disposal (Rd glucose) during high dose insulin  

 

Rd glucose can be derived from the M value and TTR, allowing for the rate 

of glucose infusion and any residual hepatic glucose output remaining. As 

shown in Table 5-13, results were essentially identical to the M value, with a 

decrease from baseline in Rd glucose following dutasteride treatment. 

 



 

 
 
Chapter 5: The effects of inhibition of 5α-reductases on metabolic health 

  276 
 

 

 
 
 
 
Rd glucose 

 Dutasteride 

 

Finasteride 

 

Tamsulosin 

 

∆ Dutasteride   

vs. ∆ Tamsulosin 

Mean (95% CI) 

∆ Finasteride    

vs. ∆ Tamsulosin 

Mean (95% CI) 

∆ Dutasteride     

vs. ∆ Finasteride 

Mean (95% CI) 

N 15 16 14    

µmol/ 

kg/min 

Pre  34.8 (13.3) 29.3 (13.0) 21.6 (11.9) Difference between groups: p=0.003 

Post  30.0 (4.1) 34.7 (3.8) 27.5 (14.6) -10.7 (-17.5; -4.0) 

p=0.003 

-0.5 (-7.2; 6.2) 

p=0.88 

-10.2 (-16.8; -3.7) 

p=0.003 Change  - 4.9 + 5.4 + 5.9 

µmol/ 

kgFFM/min 

Pre  41.9 (13.7) 37.0 (15.1) 28.4 (14.5) Difference between groups: p=0.002 

Post  36.1 (17.1) 44.2 (19.0) 35.4 (16.4) -12.7 (-20.9; -4.5) 

p=0.003 

0.2 (-7.8; 8.3) 

p=0.95 

-12.9 (-20.8; -5.0) 

p=0.002 Change  - 5.7 + 7.2 + 7.0 

Table 5-13 Rate of disposal (Rd) of glucose during high dose insulin decreased significantly following three months of dutasteride, 

compared to both finasteride and tamsulosin. Results were the same when expressed per kg fat-free mass (FFM). Effect of tracers was 

evident with p<0.001 for decrease in d2-glucose:glucose ratio from low to high dose insulin, and effect of insulin was evident with 

p<0.001 for change in insulin concentration from low to high dose insulin. Data are mean (SD), and change from baseline compared 

between groups by one-way ANOVA with LSD post-hoc tests. N, number; , treatment.  
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5.4.6.2.7 Tracer: Tracee Ratios (TTRs) for d5-glycerol: glycerol 

d5-Glycerol: glycerol TTRs are demonstrated in Figure 5.9.  In comparison to 

glucose tracer kinetics there was increased variability in d5-glycerol: glycerol 

TTRs, largely due to difficulty in accurately quantifying d5-glycerol at low 

concentrations. Despite these analytical issues however, relative standard 

deviation at each steady state phase ranged from 1.2 – 11.7%, and the 

majority were below 5%.  

 

TTRs increased from zero at baseline, following commencement of tracer 

infusion.  There was an increase in TTR between baseline and the end of low 

dose insulin, and further with high dose insulin during the final phase of the 

clamp.  
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Figure 5.9 d5-Glycerol: glycerol tracer: tracee ratios during hyperinsulinaemic euglycaemic clamp, before (B1) and after (B2) 

three months of dutasteride, finasteride or tamsulosin. Data are mean, error bars indicate standard deviation.  
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5.4.6.2.8 Glycerol concentrations during clamp 

Glycerol concentrations were suppressed in response to low-dose insulin  

and further in response to high dose insulin, reflecting inhibition of lipolysis 

by insulin, as shown in Figure 5.10. However the changes in glycerol 

concentration following treatment were not different between groups, as 

shown in Table 5-14.   
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Figure 5.10 Plasma glycerol concentrations were suppressed during hyperinsulinaemic euglycaemic clamps. Bars and p values 

indicate difference between phases of the clamp, calculated for each group by paired t-tests comparing mean values for each 

phase. Data are mean; error bars indicate 95% confidence interval. B1, before treatment; B2, after treatment.  

p < 0.001 

p < 0.05 

p 0.019 to 0.334 

0.09 
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Plasma 
glycerol  

 Dutasteride 

 

Finasteride 

 

Tamsulosin 

 

Difference 

between 

groups 

N 16 16 14  

Fasting Pre  48.4 (21.11) 50.4 (28.98) 53.6 (35.55) p=0.10 

Post  67.9 (73.44) 47.7 (27.94) 42.3 (20.1) 

Change  +19.5 -2.7 -11.3 

Post-tracer Pre  41.2 (20.12) 42.8 (18.95) 42.3 (23.66) p=0.28 

Post  45.7 (25.27) 38.4 (18.72) 38.2 (16.00) 

Change  +4.5 -4.4 -4.0 

Low dose 

insulin 

Pre  18.0 (10.48) 17.4 (12.27) 22.6 (24.93) p=0.17 

Post  22.4 (15.85) 16.0 (11.95) 16.0 (9.64) 

Change  +4.4 -1.5 -6.7 

 N 15 16 14  

High dose 

insulin 

Pre  14.7 (10.68) 10.6 (9.57) 15.0 (20.81) p=0.21 

Post  13.1 (11.13) 8.9 (8.54) 6.9 (7.40) 

Change  -1.8 -1.7 -8.1 

Table 5-14 Plasma glycerol concentrations (µmol/L) during hyperinsulinaemic 

euglycaemic clamps did not differ following three months of either dutasteride, 

finasteride or tamsulosin. Glycerol concentrations are from fasting samples, 

following tracer infusion only (average of +75 to +90 minutes), following low 

dose insulin (average of +165 to +180 minutes) and following high dose insulin 

(average of +255 to +270 minutes). Data are mean (SD) and change from 

baseline compared between groups by one-way ANOVA. N, number; ,

treatment. 
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5.4.6.2.9 Glycerol kinetics 

There were no differences between treatment groups in the rate of 

appearance (Ra) of glycerol, either at baseline following infusion of tracer 

only, or following low dose insulin infusion intended for suppression of 

lipolysis, although there was considerable heterogeneity in response to 

treatment.  
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Ra glycerol 

 Dutasteride 

 

Finasteride 

 

Tamsulosin 

 

Difference 

between 

groups 

N 16 16 14  

Post-tracer 

µmol/kg/min 

Pre  2.02 (1.04) 1.80 (0.87) 2.35 (1.12) p=0.78 

Post  2.14 (1.08) 1.76 (0.44) 2.29 (1.07) 

Change  + 0.12 - 0.04 - 0.05 

Low-dose 

insulin 

µmol/kg/min 

Pre  1.00 (0.56) 1.02 (0.54) 1.49 (1.03) p=0.27 

Post  1.07 (0.47) 1.00 (0.51) 1.21 (0.31) 

Change  + 0.08 - 0.02 - 0.28 

Post-tracer 

µmol/kgFFM/

min 

Pre  2.54 (1.35) 2.32 (1.11) 3.14 (1.46) p=0.60 

Post  2.78 (1.66) 2.27 (0.64) 3.04 (1.47) 

Change  + 0.24 - 0.04 - 0.09 

Low-dose 

insulin 

µmol/kgFFM/

min 

Pre  1.23 (0.60) 1.32 (0.72) 1.99 (1.33) p=0.16 

Post  1.39 (0.69) 1.30 (0.67) 1.60 (0.41) 

Change  + 0.16 - 0.02 - 0.39 

Table 5-15 Rate of appearance (Ra) of glycerol during hyperinsulinaemic 

euglycaemic clamps did not change after three months of dutasteride, finasteride or 

tamsulosin. Ra glycerol calculated following 90 minutes of tracer infusion (d2-

glucose and d5-glycerol), and following low-dose (10 mU/m
2
/min) insulin infusion. 

Effect of tracers was evident with p<0.001 for change in d5-glycerol:glycerol ratio 

from baseline to low-dose insulin, and effect of insulin was evident with p<0.001 for 

change in insulin concentration from pre-insulin to low-dose insulin. Results 

presented both per kg and per kg fat-free mass (FFM). Data are mean (SD); change 

from baseline is compared between groups by one-way ANOVA.  N, number; ,

treatment. 
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5.4.6.2.10 Non-esterified fatty acids (NEFAs) 

NEFAs were suppressed with low-dose insulin infusion in all groups, with 

results shown in Figure 5.11. However, there was less suppression of NEFAs 

with low-dose insulin infusion following three months of dutasteride 

treatment. Changes in fasting NEFAs and at the end of the tracer only 

infusion period were not significantly different. Results are summarised in 

Table 5-16.  
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Figure 5.11 Plasma non-esterified fatty acid (NEFA) concentrations at baseline, following infusion of deuterated (d2-glucose and 

d5-glycerol) tracers, and following low dose (10 mU/m
2
/min) insulin infusion. NEFA concentrations suppressed with insulin 

infusion compared to pre-insulin concentrations (p<0.001 by paired t-tests).  

d2-Glucose and d5-glycerol 

(Pre-insulin) 

Low dose insulin  

(10 mU/m2/min) 
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NEFAs 

 
Dutasteride 

 

Finasteride 

 

Tamsulosin 

 

∆ Dutasteride   

vs. ∆ Tamsulosin 

Mean (95% CI) 

∆ Finasteride    

vs. ∆ Tamsulosin 

Mean (95% CI) 

∆ Dutasteride     

vs. ∆ Finasteride 

Mean (95% CI)  

N 16 16 14    

Fasting 

µM 

Pre  485.1 (212.59) 443.9 (219.10) 649.4 (267.30)  

Difference between groups: p=0.37 Post  523.8 (278.72) 493.1 (175.35) 580.2 (382.73) 

Change  +38.7 +49.2 -69.2 

Post-

tracer 

µM 

Pre  484.2 (209.82) 479.6 (233.41) 628.9 (223.76)  

Difference between groups: p=0.46 Post  520.1 (206.62) 497.5 (253.38) 577.2 (199.31) 

Change  +35.9 +17.9 -51.7 

Low 

dose 

insulin 

µM 

Pre  184.9 (111.62) 193.4 (131.70) 295.1 (210.35) Difference between groups: p=0.041 

Post  245.2 (146.37) 189.7(134.22) 214.1 (82.83) 141.4 (32.7; 250.1) 

p=0.01 

77.3 (-31.4; 186.0) 

p=0.16 

64.0 (-41.0; 169.0) 

p=0.23 Change  +60.3 -3.7 -81.0 

Table 5-16 Plasma non-esterified fatty acids (NEFAs) were significantly less suppressed with low-dose insulin infusion following 

3 months of dutasteride versus tamsulosin. Concentrations were measured prior to the clamp (“fasting”), at the end of the tracer 

(d2-glucose and d5-glycerol, “post-tracer”) infusion, and at the end of 90 minutes of low-dose insulin infusion. Data are mean 

(SD) and change from baseline compared between groups by one-way ANOVA with LSD posthoc tests where significant. N, 

number; , treatment. 
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5.4.7 Effect of 5αR inhibition on blood pressure and heart 

rate  

Following three months of treatment, there were no differences in blood 

pressure or heart rate, as shown in Table 5-17. Of note, the control group 

tamsulosin (an α blocker) did not have any significant effect on these 

parameters.  

 

 Dutasteride 

 

Finasteride 

 

Tamsulosin 

 

Difference 

between 

groups 

N 16 16 14  

SBP 

mmHg 

 

Pre  131.0 (11.43) 136.4 (14.91) 138.8 (18.26) p=0.56 

Post  134.6 (15.98) 140.4 (9.77) 137.6 (15.22) 

Change  + 3.6 + 4 - 1.2  

DBP 

mmHg 

Pre  77.6 (9.96) 78.4 (11.19) 81.3 (8.85) p=0.60 

Post  81.5 (10.03) 80.4 (6.24) 82.2 (9.17) 

Change  + 3.9 + 2 + 0.9 

HR 

bpm 

Pre  72 (11.3) 65 (9.4) 74 (16.5) p=0.70 

Post  70 (11.1) 66 (6.1) 73 (14.9) 

Change  - 2 + 0.9 - 0.3  

Table 5-17 Three months of either dutasteride, finasteride or tamsulosin did not 

change systolic blood pressure (SBP), diastolic blood pressure (DBP) or heart 

rate (HR). Data are mean (SD), and change from baseline is compared between 

groups by one way ANOVA. N, number; , treatment; bpm, beats per minute.  
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5.4.8 Effect of 5αR inhibition on anthropometric 

measurements and body composition  

5.4.8.1 Weight, BMI and WHR 

There were no significant differences in body weight, BMI or WHR, as 

shown in Table 5-18.    

 

 Dutasteride 

 

Finasteride 

 

Tamsulosin 

 

Difference 

between 

groups  

N 16 16 14  

Weight 

kg 

Pre  77.4 (13.18) 83.8 (14.10) 80.5 (10.41) p=0.17 

Post  78.3 (12.32) 83.2 (13.49) 80.5 (11.03) 

Change  + 0.9 - 0.6 0 

BMI 

kg/m2 

Pre  25.3 (4.41) 26.8 (3.82) 25.5 (2.76) p=0.14 

Post  25.6 (4.30) 26.6 (3.47) 25.6 (3.19) 

Change  + 0.3 - 0.2 + 0.1 

WHR Pre  0.90 (0.08) 0.89 (0.07) 0.93 (0.06) p=0.96 

Post  0.90 (0.06) 0.90 (0.06) 0.93 (0.05) 

Change  0 + 0.1 0 

Table 5-18 There was no change in weight, body mass index (BMI) or waist: hip 

ratio (WHR) following three months of dutasteride, finasteride or tamsulosin. 

Data are mean (SD), and change from baseline is compared between groups by 

one way ANOVA. N, number; , treatment. 
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5.4.8.2 Body fat 

Results demonstrate an increase in body fat with dutasteride treatment, 

compared to tamsulosin, and a trend towards an increase when compared to 

finasteride. These changes were seen with both absolute (kg) measurements, 

as well as proportional (%) measurements. Data are shown in Table 5-19.  



 

 
 
Chapter 5: The effects of inhibition of 5α-reductases on metabolic health 

  290 
 

 

 Dutasteride 

 

Finasteride 

 

Tamsulosin 

 

∆ Dutasteride   

vs. ∆ Tamsulosin 

Mean (95% CI) 

∆ Finasteride    

vs. ∆ Tamsulosin 

Mean (95% CI) 

∆ Dutasteride     

vs. ∆ Finasteride 

Mean (95% CI)  

N 16 16 14    

Body fat 

kg 

Pre  16.5 (8.70) 18.9 (6.97) 20.1 (5.94) Difference between groups: p=0.048 

Post  17.8 (8.52) 18.7 (6.39) 19.6 (6.82) 1.7 (0.3; 3.2) 

p=0.02 

0.4 (-1.1; 1.8) 

p=0.63 

1.4 (-0.04; 2.8) 

p=0.06 Change  + 1.3 - 0.2 - 0.5 

Body fat 

% 

Pre  19.8 (8.49) 22.1 (6.62) 24.7 (5.99) Difference between groups: p=0.02 

Post  21.5 (8.36) 22.3 (6.79) 24.0 (6.87) 2.4 (0.7; 4.0) 

p=0.006 

0.9 (-0.7; 2.6) 

p=0.27 

1.4 (-0.2; 3.0) 

p=0.08 Change  + 1.7 + 0.2 - 0.8 

Table 5-19 Body fat (assessed by electrical bioimpedance) increased following three months of treatment with dutasteride. Data 

are mean (SD). Change from baseline compared between groups by LSD post-hoc tests following a statistically significant one-

way ANOVA. N, number; , treatment. 
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5.4.8.3 Fat distribution 

5.4.8.3.1 Abdominal visceral and subcutaneous adipose quantified by MRI 

Results from the 40 structural scans performed are summarised in Table 5-20. 

The increase in body fat with dutasteride treatment (Section 5.4.8.2) was not 

accompanied by an increase in either visceral or subcutaneous abdominal 

adipose on MRI. There was also no change in the ratio of visceral to 

subcutaneous fat. In the absence of a baseline measure, relationships between 

abdominal fat and other potentially relevant covariates (including weight, 

BMI, body fat, WHR) were explored, with no significant differences in any 

measure. 

 Dutasteride Finasteride Tamsulosin Difference 

between groups 

N 13 16 11  

VF (kg) 0.09 (0.04) 0.07 (0.04) 0.10 (0.05) p=0.16 

SCF (kg) 0.22 (0.10) 0.21 (0.10) 0.20 (0.08) p=0.85 

AV (kg) 0.56 (0.15) 0.55 (0.12) 0.55 (0.12) p=0.98 

VF (%) 15.9 (4.4)  12.3 (5.8) 17.0 (7.0) p=0.09 

SCF (%) 37.8 (9.9) 35.9 (11.4) 35.4 (7.9) p=0.81 

VF:SCF 0.45 (0.18) 0.39 (0.22) 0.50 (0.21) p=0.40 

Table 5-20 The amounts of visceral fat (VF), subcutaneous fat (SCF) and 

abdominal volume (AV) measured by magnetic resonance imaging at L4/5 level 

after three months of treatment with dutasteride, finasteride or tamsulosin were 

not different between groups. The ratio of VF:SCF also did not differ between 

groups. Data are mean (SD) and groups compared by one-way ANOVA. N, 

number.  
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5.4.8.3.2 Hepatic fat content quantified by 1H Spectroscopy 

Hepatic fat measurement by proton spectroscopy was limited by technical 

problems in 3 scans where data were unable to be processed, therefore a total 

of 37 scans were included in spectroscopy analysis (dutasteride, N=13; 

finasteride, N=15; tamsulosin N=9). Representative spectra demonstrating 

low fat fraction and high fat fraction are shown in Figure 5.12 and Figure 5.13 

respectively.  

 

Liver spectroscopy results were not normally distributed. Log 

transformation normalised data however failed on homogeneity of variance, 

and other transformations tested did not normalise data. Therefore results 

were analysed by Kruskal-Wallis test. Median (inter-quartile ranges) values 

were:  dutasteride 9.4% (3.59; 23.57), finasteride 4.7% (1.31; 43.20) and 

tamsulosin 3.4% (1.78; 9.16), and the wide variation in fat fraction results are 

evident in Figure 5.14. There were no statistically significant differences 

between treatment groups (p=0.22). There was no baseline measure and 

relationships between fat fraction, and other potentially relevant covariates 

(including weight, BMI, body fat, waist circumference, WHR, triglycerides) 

were not linear, therefore an ANCOVA was not appropriate. Adjustment for 

these variables by using the fat fraction divided by the variable showed that 

the data were not significantly different. 
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Figure 5.12 Magnetic resonance spectroscopy spectra from subject with low fat 

fraction, calculated as < 1%. ppm, parts per million. 

 

 

 

Figure 5.13 Magnetic resonance spectroscopy spectra from subject with high fat 

fraction, calculated as 27%. ppm, parts per million. 
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Figure 5.14 Box plot of hepatic fat fractions measured by 
1
H spectroscopy 

following three months of dutasteride, finasteride or tamsulosin.  
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5.4.9 Effect of 5αR inhibition on serum adipokine and 

cytokine concentrations  

The increase in body fat with dutasteride (Section 5.4.8.2) was not associated 

with an increase in serum adipokines (leptin, adiponectin or resistin), or 

cytokines (MCP-1 or IL-8), as summarised in Table 5-21. Results adjusted for 

fat mass did not alter these findings (data not shown).   

 

There was marked variation both within and between groups in leptin 

concentrations; therefore although leptin appears to increase from baseline 

with dutasteride, this was not statistically significant. Technical difficulties 

with the adiponectin and resistin assay and instrument led to many results 

(especially for adiponectin) having RSDs which were greater than the 

manufacturer recommended cut-off of 22%. Findings were not altered when 

data were considered with and without samples with high RSDs (data not 

shown). MCP-1 did not change with any treatment, although there was a 

trend towards an increase in serum IL-8 with finasteride.  
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Table 5-21 Serum leptin, adiponectin, resistin, MCP-1, and IL-8 concentrations 

did not change following three months of either dutasteride, finasteride or 

tamsulosin. Data are mean (SD). Change from baseline was compared between 

groups; leptin by 
†
Kruskal-Wallis test and all others by one-way ANOVA. N, 

number; , treatment; Adipo, adiponectin; MCP-1, monocyte chemoattractant 

protein 1; IL-8, interleukin 8. 

 Dutasteride 

 

Finasteride 

 

Tamsulosin 

 

Difference 

between 

groups 

N 16 16 14  

Metabolic adipokines 

Leptin 

pg/mL 

Pre  5865 (6990) 3459 (1844) 6106 (7107) p=0.32† 

Post  6921 (6259) 3487 (2015) 6398 (7677) 

Change  + 1056 + 27 + 293 

Adipo 

µg/mL 

 

Pre  13.4 (8.0) 13.7 (5.8) 16.4 (16.2) p=0.93 

Post  14.7 (6.4) 14.6 (7.5) 16.7 (9.6) 

Change  + 1.3  + 0.9  + 0.3  

Inflammatory adipokines and cytokines 

Resistin 

ng/mL 

 

Pre  23.7 (10.7) 23.3 (11.4) 27.0 (11.4) p=0.50 

Post  24.0 (9.6) 23.6 (7.0) 29.9 (13.2) 

Change  + 0.4  + 0.2 + 2.9  

MCP-1 

pg/mL 

 

Pre  237 (72.4) 189 (69.6) 274 (110.0) p=0.33 

Post  238 (83.3) 197 (85.9) 249 (106.9) 

Change  +1 +8 -25 

IL-8 

pg/mL 

Pre  5.6 (3.5) 6.0 (4.7) 7.3 (1.7) p=0.08 

Post  5.6 (3.6) 6.3 (3.8) 6.2 (1.7) 

Change  0 +0.3 -1.1 
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5.4.10 Effect of 5αR inhibition on metabolic and 

inflammatory gene transcription in subcutaneous 

adipose   

39 of the 46 volunteers had fat biopsies taken before and after treatment, and 

these were all included in the analysis. All samples had acceptable RNA 

quality following electrophoretic analysis and were taken forward to reverse 

transcription and quantitative RT-PCR.  

 

Of the genes tested, only SRD5A2 and AKR1C2 were unable to be reliably 

measured by RTPCR and were therefore not included in the analysis. Error 

and efficiency results from all transcripts measured are shown in Table 5-22.  
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Gene Error Eff. 

ACACA: Acetyl-Coenzyme A carboxylase α isoform 1 0.0138 1.974 

PLIN2: Adipocyte differentiation-related protein (Perilipin 2) 0.0250 1.987 

ADIPOQ: Adiponectin 0.0315 1.987 

AR: Androgen receptor 0.0226 1.725 

CYP19A1: Aromatase 0.0759 1.938 

DGAT2: Diacylglycerol O-acyltransferase homolog 2      0.0249 1.952 

ESR1: Estrogen receptor α 0.0253 1.781 

ESR2: Estrogen receptor β 0.0178 1.941 

FASN: Fatty acid synthase  0.0176 1.932 

GPD2: Glycerol-3-phosphate dehydrogenase 2 (mitochondrial) 0.0375 1.939 

GR: Glucorticoid receptor 0.0170 1.794 

LIPE: Hormone sensitive lipase  0.0299 1.865 

LEP: Leptin 0.0418 2.001 

LPL: Lipoprotein lipase  0.0125 1.906 

HSD11B1: 11β-Hydroxysteroid dehydrogenase type 1 (11βHSD1) 0.0132 1.882 

GPAM: Glycerol-3-phosphate acyltransferase 1 (mitochondrial) 0.0120 1.782 

MCP1: Monocyte chemotactic protein 1  0.0113 1.894 

PPARG: Peroxisome proliferator-activated receptor γ (PPARγ) 0.0163 1.701 

PPARGC1A: PPARγ coactivator 1α 0.0411 2.025 

SRD5A1: 5α-Reductase type 1 (5αR1) 0.0139 1.965 

SREBF1: Sterol regulatory element binding transcription factor 1  0.0236 2.201 

SREBF2: Sterol regulatory element-binding transcription factor 2 0.0287 1.823 

UCP 2: Uncoupling protein 2  0.0237 1.858 

PPIA: Peptidylprolyl isomerase A (cyclophilin A) 0.0093 1.856 

RPL32: Ribosomal protein L32 0.0177 2.084 

TBP: TATA-binding protein  0.0091 1.845 

GAPDH: Glyceraldehyde-3-phosphate dehydrogenase 0.0242 1.922 

Table 5-22 Error and efficiency (Eff.) results from all genes tested. Error was 

acceptable if <0.05, and efficiency if between 1.7 – 2.2; all genes except 

aromatase met these criteria.  
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It was noted that all housekeeping genes tested, and indeed most genes 

tested, increased in abundance following tamsulosin treatment. The 

explanation for this finding is unclear. Although not ideal, given this was a 

consistent finding, it was felt appropriate to combine the best three 

housekeeping genes (PPIA, TBP, GAPDH), as the use of these would 

normalise gene results from transcripts of interest and still allow 

comparisons to be made.  

 

Results are summarised in Table 5-23, Table 5-24 and Table 5-25. AR was the 

only gene to change significantly upon treatment, with mRNA abundance 

decreased from baseline in both dutasteride and finasteride treated groups, 

compared to tamsulosin, demonstrated in Figure 5.15. As seen, abundance of 

AR transcript in dutasteride and finasteride treated groups did not differ 

from each other. While abundance of other transcripts did not change with 

treatment, it is recognised that many genes quantified are not solely 

transcriptionally regulated, therefore non-transcriptional changes would not 

be detected here.  
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 Dutasteride Finasteride Tamsulosin Difference 

N 13 14 12  

Genes transcribing enzymes for steroid hormone synthesis and metabolism 

SRD5A1 
(5αR1) 

Pre  0.28 (0.09) 0.28 (0.09) 0.30 (0.11) p=0.47 

Post  0.29 (0.08) 0.24 (0.10) 0.31 (0.11) 

Change  + 0.01 - 0.04 + 0.01 

HSD11B1 
(11βHSD1) 

Pre  0.44 (0.29) 0.35 (0.22) 0.52 (0.55) p=0.58† 

Post  0.28 (0.25) 0.23 (0.12) 0.27 (0.31) 

Change  - 0.16 - 0.12 - 0.25 

CYP19A1* 
(Aromatase) 

Pre  0.26 (0.25) 0.33 (0.25) 0.24 (0.19) p=0.998 

Post  0.22 (0.21) 0.29 (0.24) 0.21 (0.13) 

Change  - 0.04 - 0.03 - 0.04 

Genes transcribing steroid hormone receptors 

AR Pre  0.34 (0.19) 0.31 (0.12) 0.22 (0.11) p=0.045 

Post  0.22 (0.13) 0.23 (0.11) 0.26 (0.17) 

Change  - 0.12 - 0.08 + 0.04 

GR Pre  0.35 (0.17) 0.34 (0.18) 0.26 (0.12) p=0.62 

Post  0.34 (0.11) 0.31 (0.14) 0.27 (0.11) 

Change  - 0.01 - 0.03 + 0.02 

ESR1 
(ERα) 

 

Pre  0.32 (0.13) 0.40 (0.23) 0.32 (0.12) p=0.40 

 Post  0.26 (0.15) 0.32 (0.19) 0.32 (0.15) 

Change  - 0.06 - 0.07 - 0.00 

ESR2 
(ERβ) 

 

Pre  0.32 (0.14) 0.35 (0.13) 0.32 (0.14) p=0.86 

Post  0.32 (0.22) 0.31 (0.16) 0.29 (0.12) 

Change  - 0.01 - 0.03 - 0.04 

Table 5-23 Androgen receptor (AR) transcript decreased in abundance following 

5αR inhibition (details in text and in Figure 5.15). There were no other differences 

in transcript ratios shown from subcutaneous abdominal adipose biopsies before 

and after three months of dutasteride, finasteride or tamsulosin. Change from 

baseline compared between groups by one-way ANOVA. *Standard curve for 

CYP19A1 had high error (0.0759). 
† 

Analysed by Kruskal-Wallis test. N, number; 

, treatment. 
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 Dutasteride Finasteride Tamsulosin Difference  

N 13 14 12  

Genes transcribing proteins involved in lipogenesis and lipolysis 

ACACA 
(Acetyl CoA 

carboxylase) 

Pre  0.20 (0.11) 0.27 (0.16) 0.21 (0.08) p=0.28† 

Post  0.25 (0.20) 0.24 (0.16) 0.26 (0.16) 

Change  + 0.05 - 0.03 + 0.05 

UCP2 
(Uncoupling 

protein 2) 

Pre  0.25 (0.17) 0.24 (0.13) 0.24 (0.14) p=0.65 

Post  0.29 (0.28) 0.27 (0.14) 0.23 (0.09) 

Change  + 0.04 + 0.03 - 0.00 

FASN 
(Fatty acid 

synthase) 

Pre  0.29 (0.15) 0.39 (0.28) 0.25 (0.17) p=0.17† 

Post  0.30 (0.23) 0.28 (0.22) 0.43 (0.47) 

Change  + 0.01 - 0.11 + 0.17 

LIPE 
(Hormone 

sensitive lipase) 

Pre  0.36 (0.37) 0.44 (0.31) 0.33 (0.18) p=0.62† 

Post  0.24 (0.15) 0.34 (0.13) 0.32 (0.20) 

Change  - 0.12 - 0.10 - 0.02 

PLIN2 
(Perilipin) 

Pre  0.30 (0.16) 0.32 (0.16) 0.33 (0.17) p=0.97 

Post  0.22 (0.13) 0.25 (0.11) 0.26 (0.13) 

Change  - 0.08 - 0.07 - 0.07 

PPARG 
(PPARγ) 

Pre  0.46 (0.21) 0.49 (0.17) 0.45 (0.18) p=0.61 

Post  0.40 (0.20) 0.46 (0.16) 0.48 (0.31) 

Change  - 0.07 - 0.04 + 0.02 

PPARGC1A 
(PPARγ, 

coactivator 1α) 

Pre  0.43 (0.46) 0.38 (0.20) 0.26 (0.09) p=0.33† 

Post  0.19 (0.08) 0.34 (0.19) 0.25 (0.18) 

Change  - 0.24 - 0.03 - 0.01 

GPD2 
(G3P 

dehydrogenase) 

Pre  0.33 (0.12) 0.30 (0.11) 0.31 (0.09) p=0.36 

Post  0.38 (0.13) 0.28 (0.09) 0.35 (0.11) 

Change  + 0.04 - 0.02 + 0.03 

Table 5-24 There were no differences in transcript levels shown, from 

subcutaneous abdominal adipose biopsies before and after three months of 

dutasteride, finasteride or tamsulosin. Change from baseline compared between 

groups by one-way ANOVA. 
† 

Analysed by Kruskal-Wallis test. N, number; ,

treatment.  
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 Dutasteride Finasteride Tamsulosin Difference  

N 13 14 12  

Genes transcribing adipokines 

LEP 
(Leptin) 

Pre  0.19 (0.13) 0.19 (0.07) 0.18 (0.14) p=0.37 

Post  0.17 (0.12) 0.12 (0.07) 0.17 (0.15) 

Change  - 0.03 - 0.07 - 0.01 

ADIPOQ 
(Adiponectin) 

Pre  0.35 (0.12) 0.40 (0.16) 0.26 (0.12) p=0.10 

Post  0.32 (0.23) 0.30 (0.16) 0.34 (0.22) 

Change  - 0.03 - 0.10 + 0.08 

MCP1 Pre  0.39 (0.20) 0.40 (0.27) 0.48 (0.07) p=0.47 

Post  0.29 (0.14) 0.39 (0.30) 0.34 (0.22) 

Change  - 0.10 - 0.01 - 0.14 

Genes transcribing proteins involved in lipid and sterol homeostasis 

DGAT2 Pre  0.22 (0.20) 0.31 (0.20) 0.18 (0.08) p=0.12 

Post  0.29 (0.23) 0.24 (0.24) 0.32 (0.32) 

Change  + 0.07 - 0.07 0.14  

SREBF1 Pre  0.16 (0.14) 0.18 (0.12) 0.13 (0.06) p=0.28† 

Post  0.17 (0.21) 0.26 (0.29) 0.24 (0.21) 

Change  + 0.01 + 0.08 + 0.11 

SREBF2 Pre  0.37 (0.15) 0.44 (0.21) 0.36 (0.15) p=0.27 

Post  0.44 (0.17) 0.40 (0.31) 0.44 (0.27) 

Change  + 0.07 - 0.04 + 0.08 

LPL 
(Lipoprotein 

lipase) 

Pre  0.32 (0.16) 0.30 (0.10) 0.30 (0.11) p=0.39 

Post  0.25 (0.15) 0.23 (0.11) 0.31 (0.19) 

Change  - 0.07 - 0.06 + 0.01 

GPAM 
(G3P acyl-

transferase) 

Pre  0.33 (0.20) 0.28 (0.13) 0.25 (0.13) p=0.62† 

Post  0.32 (0.22) 0.22 (0.11) 0.27 (0.24) 

Change  - 0.01 - 0.05 + 0.02 

Table 5-25 There were no differences in transcript levels shown, from 

subcutaneous abdominal adipose biopsies before and after three months of 

dutasteride, finasteride or tamsulosin. Change from baseline compared between 

groups by one-way ANOVA. 
† 

Analysed by Kruskal-Wallis test. N, number; ,

treatment.   
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Figure 5.15 Abundance of transcript of gene encoding the androgen receptor 

(AR) in subcutaneous abdominal adipose before (B1) and after (B2) three 

months of dutasteride, finasteride or tamsulosin. Abundance decreased 

following 5αR inhibition. Shown are B1 and B2 means, as well as the change 

from baseline. Error bars indicate 95% confidence intervals (CI). Pairwise 

comparisons by one-way ANOVA with LSD post-hoc show mean (95% CI) 

changes of: dutasteride versus tamsulosin -0.15 (-0.28; -0.03), p=0.02; finasteride 

versus tamsulosin -0.12 (-0.25; 0.00), p=0.06 and dutasteride versus finasteride -

0.03 (-0.16; 0.09), p=0.58. 

 

 

 

 

p=0.018 

p=0.580 p=0.056 
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5.4.11 Effect of 5αR inhibition on circulating lipids 

Other than a trend (p=0.08) towards an increase in fasting total cholesterol 

with finasteride, there were no significant differences between groups. 

Results are summarised in Table 5-26.  

 Dutasteride Finasteride Tamsulosin Difference 

between 

groups 

N 16 16 14  

Total C 

mmol/L 

Pre  4.41 (0.64) 4.87 (1.01) 5.20 (0.95) p=0.08 

Post  4.34 (0.78) 4.98 (1.04) 4.93 (1.03) 

Change  - 0.07 + 0.11 - 0.27 

HDL-C 

mmol/L 

Pre  1.29 (0.36) 1.28 (0.27) 1.38 (0.65) p=0.47 

Post  1.27 (0.29) 1.28 (0.24) 1.25 (0.34) 

Change  - 0.02 0 - 0.13 

LDL-C 

mmol/L 

Pre  2.55 (0.64) 3.03 (1.05) 3.21 (0.76) p=0.43 

Post  2.57 (0.73) 3.14 (1.02) 3.12 (0.93) 

Change  + 0.02 + 0.11 - 0.09 

TG 

mmol/L 

Pre  1.25 (0.55) 1.21 (0.69) 1.35 (0.74) p=0.38 

Post  1.10 (0.70) 1.24 (0.65) 1.23 (0.65) 

Change  - 0.15 + 0.04 - 0.12 

Total C: 

HDL  

ratio 

Pre  3.69 (1.17) 3.98 (1.31) 4.25 (1.29) p=0.69 

Post  3.67 (1.20) 4.08 (1.25) 4.19 (1.36) 

Change  - 0.02 + 0.10 - 0.06 

Table 5-26 Fasting serum lipids did not change following three months of 

dutasteride, finasteride or tamsulosin. Data are mean (SD), and change from 

baseline is compared between groups by one way ANOVA. N, number; ,

treatment; C, cholesterol; HDL, high density lipoprotein; LDL, low density 

lipoprotein; TG, triglycerides.   
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5.4.12 Effect of 5αR inhibition on serum liver function 

tests (LFTs) 

Results from  LFTs are summarised in Table 5-27. Alkaline phosphatase 

(ALP) increased from baseline with finasteride and this was statistically 

significant versus tamsulosin only, with a mean difference of 6.8 U/L (1.58; 

12.04), p=0.01. There were no other differences between groups. Albumin 

results are presented in Section 5.4.13. 
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 Dutasteride 

 

Finasteride 

 

Tamsulosin 

 

Difference 

between 

groups 

N 16 16 14  

Bilirubin 

µmol/L 
(3 – 16) 

Pre  13.1 (6.77) 12.7 (5.55) 13.2 (10.47) p=0.63 

Post  10.4 (3.98) 12.4 (5.11) 11.9 (5.79) 

Change  - 2.7 - 0.3 - 1.3 

ALT 

U/L 
(10 – 50) 

Pre  30.0 (13.72) 28.4 (13.05) 28.6 (16.41) p=0.66 

Post  25.8 (8.72) 28.3 (17.28) 25.4 (10.65) 

Change  - 4.2 - 0.1 - 3.2 

ALP 

U/L 
(40 – 125) 

Pre  60.9 (16.81) 72.8 (9.97) 79.3 (20.36) p=0.04 

Post  58.5 (15.25) 74.1 (12.23) 73.8 (20.51) 

Change  - 2.4 + 1.6 - 5.5 

N 15 16 12  

AST 

U/L 
(10 – 45) 

Pre  26.9 (7.11) 25.6 (4.72) 28.4 (12.77) p=0.07 

Post  21.9 (6.49) 27.9 (12.80) 20.6 (5.45) 

Change  - 5.0 + 2.3 - 7.8 

GGT 

U/L 
(5 – 55) 

Pre  22.9 (15.17) 20.1 (11.56) 29.3 (26.23) p=0.30 

Post  27.2 (15.64) 24.3 (12.39) 26.8 (23.46) 

Change  + 4.3 + 4.2 - 2.5 

AST: ALT 

ratio 

Pre  1.0 (0.36) 1.0 (0.32) 1.1 (0.32) p=0.73† 

Post  0.9 (0.27) 1.2 (0.99) 1.0 (0.32) 

Change  - 0.1 + 0.2 - 0.10 

Table 5-27 Other than alkaline phosphatase (ALP, details in text), serum liver 

function tests did not change following three months of dutasteride, finasteride or 

tamsulosin. Data are mean (SD), and change from baseline is compared between 

groups by one way ANOVA, except AST/ALT ratio compared by 
†
Kruskal Wallis 

test. N, number; , treatment; ALT, alanine transaminase; AST, aspartate 

transaminase; GGT, γ glutamyl transpeptidase. Laboratory normal ranges are 

indicated beneath the name of the test.     
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5.4.13 Effect of 5αR inhibition on circulating oestradiol, 

cortisol and steroid hormone binding proteins  

There was a trend (p=0.07) towards an increase in serum oestradiol following 

5αR inhibition. There was no change in plasma cortisol concentrations, or in 

the serum binding proteins, albumin, sex hormone binding globulin (SHBG) 

or corticosteroid binding globulin (CBG). Results are summarised below in 

Table 5-28.  
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 Dutasteride Finasteride Tamsulosin 
Difference 

between 

groups 

N 16 16 14  

Steroid hormones 

Cortisol 

nmol/L 

Pre  788.5 (236.68) 768.7 (203.49) 817.9 (201.33) p=0.88 

Post  692.1 (186.20) 688.8 (172.89) 757.3 (157.28) 

Change  - 96.4 - 79.9 - 60.6 

E2 

pmol/L 

Pre  81.8 (31.51) 69.2 (29.76) 73.4 (35.17) p=0.07† 

Post  126.7 (67.79) 94.0 (32.01) 80.8 (40.75) 

Change  +44.9 +24.8 +7.4 

Binding proteins 

SHBG 

nmol/L 

Pre  27.9 (9.01) 24.4 (8.74) 31.1 (11.23) p=0.25 

Post  27.1 (10.37) 25.1 (9.06) 33.4 (16.02) 

Change  - 0.8 + 0.7 + 2.3 

CBG 

nmol/L 

Pre  988 (172.2) 936 (126.0) 959 (127.4) p=0.75† 

Post  966 (168.2) 905 (211.6) 929 (156.5) 

Change  -22 -31 -31 

N 15 16 12  

Alb 

g/L 

Pre  41.6 (3.07) 43.2 (3.78) 41.2 (4.08) p=0.26  

Post  38.8 (3.41) 39.9 (2.17) 39.7 (2.46) 

Change  - 2.8 - 3.3 - 1.5 

Table 5-28 There was a trend towards an increase in oestradiol (E2) following 

5αR inhibition. Plasma cortisol concentrations did not change, nor did sex 

hormone binding globulin (SHBG), corticosteroid binding globulin or albumin 

(Alb). Data are mean (SD) before and after three months of dutasteride, 

finasteride or tamsulosin. Change in baseline compared between groups by one-

way ANOVA, other than E2 and CBG compared by 
†
Kruskal-Wallis test. N, 

number; , treatment.       
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5.5 Discussion 

This chapter has presented a double blind randomised controlled study 

designed to investigate the metabolic consequences of 5αR inhibition in a 

population of adult men; an area largely neglected in published literature. 

The principal hypotheses related to the concept that by inhibiting 5αR1 in 

metabolic tissues, a resulting elevation in local cortisol concentrations would 

be adverse for metabolic health. Dynamic tests of insulin and glucose 

homeostasis showed a clear decrease in insulin sensitivity following three 

months of treatment with the dual 5αR1 and 5αR2 inhibitor dutasteride, 

versus both the 5αR2 selective inhibitor finasteride and the control group 

tamsulosin, with data suggestive of impaired peripheral glucose uptake. In 

addition, body composition was altered with an increase in body fat in the 

dutasteride group only.  

 

A key objective in this study was to utilise an appropriately powered 

randomised study design in order to establish causality (Roberts and 

Torgerson, 1998). In the context of 5αR inhibitors there have been studies 

investigating some aspects of metabolism (Andriole and Kirby, 2003, Hong et 

al., 2010), however there was a lack of a well-designed randomised study, 

including both finasteride and dutasteride, that incorporated sensitive 

measures of insulin sensitivity. Due to the long half life of dutasteride (5 
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weeks, (Gravas and Oelke, 2010)), a cross-over study was not possible, and 

so a parallel group randomised controlled design was selected. The block 

randomisation method had 18 subjects per block; an adequate block size to 

prevent allocations being deciphered, whilst also used to ensure an even 

number of participants in each treatment arm. However, as the study was 

stopped early treatment groups were slightly unequal in size, though within 

the recommended acceptable difference of less than half the block size (in 

this case, 9) (Altman and Dore, 1990). Every effort was made to ensure that 

potentially important variables (e.g. using the same glucometer) were kept 

consistent throughout the study. An additional positive feature of the study 

design was conducting pre- and post-drug study visits in parallel, so factors 

such as season or medication batches would not differentially affect study 

groups.   

 

By chance, the three groups in this study appeared to differ at baseline in 

several measures including age, body fat and insulin sensitivity, with the 

tamsulosin group in poorer health. In order to ensure that age and metabolic 

characteristics were approximately equal at baseline, an alternate 

randomisation method which may have been considered would be 

‘minimisation’ (Treasure and MacRae, 1998), with volunteers randomised 

according to their insulin sensitivity at baseline. In practice, this would have 
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entailed determination of the baseline clamp M value (or a surrogate 

measure such as fasting glucose) and randomisation performed at that stage. 

Minimisation may have been particularly advantageous in interpretation of 

post-study MRI results. As the original study protocol included people in a 

narrower age range (presumably with less heterogeneity in insulin 

sensitivity), this was not predicted to be an issue at the time of study 

planning, however in future studies this approach should be considered.  

 

Recruitment was one of the main challenges encountered and necessitated 

review of study design. Temporarily pursued in parallel was a cross-

sectional study with metabolic measures conducted with patients already on 

5αR inhibitors; an important consideration given 34% of patients reviewed in 

BPH clinics were already on 5αR inhibitors. However cross-sectional studies 

do not minimise confounders by randomisation and are unable to establish 

causation; given the aims of the study this was not ideal.   

 

Instead several steps were taken to improve recruitment rates and retain the 

randomised study protocol. Key factors contributing to poor recruitment 

were the small number of eligible patients attending urology clinics and most 

eligible participants declining participation. Attempts to widen recruitment 

access within secondary care were unsuccessful: St John’s hospital in 
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Livingston due to reluctance from clinic staff, and the Borders General 

Hospital in Melrose due to distance from Edinburgh and low numbers of 

BPH patients seen. BPH is a chronic disease with the vast majority of patients 

cared for by GPs; therefore recruitment was widened to include primary 

care. Patients approached were those with diagnosed BPH on alpha blockers, 

who did not meet any of the exclusion criteria. While ~400,000 prescriptions 

for tamsulosin are dispensed in Scotland annually (Scotland, 2011), regional 

information is not publicly available. In addition, details of co-prescribing or 

presence of co-morbidities are not collated on a community basis. The nature 

of this study (i.e. a lack of immediate results pertaining to targets disorders 

in primary care) meant it proved less attractive for GP practices to invest 

time and resource, and recruitment of both practices and patients was 

difficult. However, despite multiple issues, primary care proved a valuable 

recruitment avenue, providing 15% of volunteers who completed the study. 

The need for study volunteers to be BPH patients was not an absolute 

requirement, but the study was initially designed in this manner as it was 

seen as potentially more acceptable to volunteers to take medication for a 

disease requiring treatment. However, in the end recruitment of healthy 

volunteers was the main amendment which increased volunteer numbers.  
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A single interim analysis was conducted to ensure the initial sample size 

calculation was not an over-estimation, and the study was stopped early 

based on these results. The M value was chosen as a surrogate for the 

primary endpoint, glucose disposal, as results from tracer kinetics were not 

available at the time. At the final analysis it was seen that results from the M 

value were almost identical to those of Rd glucose, confirming that this was 

an appropriate selection. The statistical approach to dealing with the interim 

analysis was to stop the study with p<0.016 (taken from 0.05/3 groups) at 

interim analysis, and to make no further adjustment at the final analysis. 

Interim data was analysed by the study team, as the study was conducted 

without an independent data monitoring committee (DMC), a practice 

recommended for studies with the described endpoints and duration (Grant 

et al., 2005). While there would be an argument for independent 

investigators to conduct an interim data analysis even in small studies such 

as this, final results were in keeping with interim data, alleviating any 

concerns about a potential “regression to the truth” with attenuation of 

treatment effect that can be seen following some interim analyses (Pocock 

and White, 1999).  

 

Recruitment of healthy volunteers resulted in the inclusion of many 

volunteers much younger than those typically affected by BPH, and 
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importantly a great proportion of leaner subjects. Arguably this could 

influence the physiological effects of the medications, and hence diminish the 

power of the study. β Cell function declines with age (Ma et al., 2009, Fritsche 

et al., 2002), however age-related decline in insulin sensitivity may largely be 

due to changes in body composition, in particular an increase in body fat, 

rather than age per se (Basu et al., 2003, Boden et al., 1993, Ferrannini et al., 

1996). In rodent models, animals with increased body weight were more 

susceptible to the metabolic effects of 5αR disruption or inhibition 

(Livingstone et al., 2008, Livingstone et al., 2009a); making the results for 

dutasteride in this human study perhaps even more striking.  In addition to 

metabolism, it was important to establish whether 5αR abundance changes 

with age. On a population basis, the serum DHT: testosterone (T) ratio 

remains steady from age 20 onwards (Starka et al., 2009), and indeed in the 

present study also there was no significant correlation between age and the 

DHT:T ratio.  

 

One participant, a BPH patient previously on tamsulosin, required rescue 

medication due to intolerable symptoms upon cessation of tamsulosin at the 

commencement of the study. Although there are several potential statistical 

methods for dealing with this (White et al., 2001), no statistical adjustment 

was made in this study as medications used were not being studied for their 
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intended therapeutic effects, symptoms were not related to any study 

endpoints, and tamsulosin was the control group and therefore assumed not 

to affect study endpoints.   

 

An important consideration in this study was selection of the control group. 

An active treatment was selected rather than placebo, as the original study 

design included only BPH patients requiring medical therapy. With the 

inclusion of healthy volunteers, the study was kept as the original design 

randomising participants to one of tamsulosin, dutasteride or finasteride. 

Although utilised as a control, tamsulosin, a selective α1A and α1D 

antagonist, could potentially act at extra-prostatic α1 receptors, with 

principal considerations in this study being the potential effects of 

tamsulosin on metabolism.  

 

Effects of tamsulosin on insulin sensitivity are not well described. In the 

present study peripheral insulin sensitivity improved in the tamsulosin 

group, so while in vitro α1 activation increases glucose uptake in muscle cells 

(Hutchinson and Bengtsson, 2005), the lack of reports on in vivo effects of 

tamsulosin on muscle insulin sensitivity mean it is uncertain but unlikely 

that tamsulosin would have directly impacted on muscle metabolism and 

insulin sensitivity in this study.  While α1 receptors are expressed in adipose 



 

 
 
Chapter 5: The effects of inhibition of 5α-reductases on metabolic health 
  316 
 

 

(Kershaw and Flier, 2004), in vivo microdialysis studies in healthy men 

suggest sympathetic effects on adipose are primarily mediated via β rather 

than α receptors (Boschmann et al., 2002). While slight improvements in 

insulin sensitivity may result from α blockade in diabetic patients (Pasanisi et 

al., 1999, McCarty, 2004), studies use α blockers other than tamsulosin so are 

not directly comparable. Conversely, there are three case reports in known 

type 2 diabetics of hyperglycaemia upon commencement of  tamsulosin 

treatment (Borgsteede et al., 2010), however there are many potential 

confounders in these cases, and certainly in our (non-diabetic) volunteers 

there was no evidence of hyperglycaemia. In the present study most 

transcripts quantified from subcutaneous adipose biopsies increased with 

tamsulosin. The reason for this is not clear. It may reflect an interaction of 

tamsulosin with RNA stability or the function of other aspects of the assay; 

without formal assessment it is not possible to confirm the reason.   

 

Tamsulosin is unlikely to have affected hepatic physiology in this study as its 

effects are not mediated through α1B receptors (Lepor, 2007), which are the 

α1 receptors present in rat liver (Piascik and Perez, 2001), though expression 

of α1 receptor isozymes in human liver is not described. Tamsulosin did not 

affect blood pressure or heart rate; an important observation as α1A and α1D 

receptors are present in human myocardium and coronary arteries 
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respectively (Jensen et al., 2009), and are also expressed in large and medium 

size arteries (in rat) (Piascik and Perez, 2001).  

 

Knowing that 5αR inhibitors take several (usually up to 6) months to give 

clinically noticeable effects, an alternative study design may have been 

considered, with the use of open-label tamsulosin where necessary, and the 

randomisation to one of placebo, dutasteride, or finasteride.  This would 

have reflected clinical practice as usually 5αR inhibitors are not given as first 

line treatment, not just due to their relatively high cost, but also because most 

patients require immediate therapeutic benefit from α blockade before 

combination with 5αR if symptoms persist. In hindsight, especially given 

that 35 out of the 46 volunteers included in the final analysis were healthy 

volunteers, the ideal study design would have utilised a placebo as control 

rather than tamsulosin.  

 

In this study there was an observed improvement in insulin sensitivity with 

both tamsulosin and finasteride. This was possibly due to the ‘Hawthorne 

effect’ (Sedgwick, 2012), a component of the classically described placebo 

effect, and describes the beneficial response which may occur as a result of 

participation in research. This is distinct from any effect from the actual drug 

or intervention administered as part of a study, and rather describes changes 
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in behaviour as a result of being observed or assessed. Anecdotally from 

participants this appeared to be the case for most and this remains a possible 

explanation. However, within group changes were not addressed in this 

study, as the study question was not whether groups changed from baseline, 

but rather the comparative change between groups.  

 

With improved recruitment the study was able to progress and go on to 

address its aims. Insulin sensitivity was the primary endpoint assessed using 

the gold standard measure, a hyperinsulinaemic euglycaemic clamp 

(Defronzo et al., 1979). Additional measures included fasting plasma glucose, 

insulin and C-peptide concentrations.  

 

Fasting glucose did not differ following treatment, and this was in keeping 

with previous literature (Amory et al., 2007). However it is well recognised 

that a fasting glucose alone is a very crude index of insulin sensitivity, and 

indeed this was seen in this study also. The use of a hyperinsulinaemic 

euglycaemic clamp (Defronzo et al., 1979) allowed detailed assessment of 

insulin sensitivity and, through combination with deuterated glucose and 

glycerol tracers, allowed investigation of hepatic and peripheral insulin 

sensitivity. Deuterated glucose was selected as the tracer, as it cannot be 

recycled within the gluconeogenic pathway, unlike 13C labeled tracers where 
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lactate can be reintroduced into glucose synthesis, resulting in an 

underestimation of glucose turnover (Choukem and Gautier, 2008). The 

addition of deuteriums at carbon 6 of the glucose molecule ensured non-

recycling, thus providing the most accurate estimation of endogenous 

glucose production (Coggan, 1999). Deuterated glycerol was used to 

establish insulin sensitivity of adipose tissue. With no re-uptake of glycerol 

into adipocytes, this was selected as an appropriate marker of lipolysis. The 

choice and position of label is not thought to be important with glycerol as it 

is with glucose, and as d5-glycerol does not influence glycerol physiology 

(Matthews et al., 1991), it was an appropriate choice for tracer molecule.  

 

Compared to both finasteride and tamsulosin, results from 

hyperinsulinaemic euglycaemic clamps demonstrate a clear decrease in 

insulin sensitivity with dutasteride.  Glucose disposal was ~14% lower after 

three months of dutasteride. Research into clinically significant changes in 

glucose disposal has primarily been conducted in trials of oral anti-diabetic 

agents. Glucose disposal is increased by 13% with metformin (Inzucchi et al., 

1998), 35% by the sulphonylurea gliclazide (Vestergaard et al., 1995) and 20-

32% with pioglitazone (Miyazaki et al., 2002). There were no diabetic subjects 

included in the present study; therefore insulin infusion rates used were 
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lower. However results suggest the decrease in glucose disposal with 

dutasteride treatment may be clinically relevant. 

 

While there was an overall decrease in insulin sensitivity with dutasteride, 

the absence of any significant change in EGP during low dose insulin 

suggests that hepatic insulin sensitivity was preserved following 5αR 

inhibition. Human liver expresses both 5αR1 and 5αR2 (Russell and Wilson, 

1994), and is thought to be the main site of cortisol metabolism by 5αR. 5αR 

mRNA abundance in liver is increased in morbidly obese patients and shows 

a positive correlation with fasting serum insulin concentrations (Baudrand et 

al., 2011). Unfortunately (and surprisingly) Baudrand et al. (Baudrand et al., 

2011) made no mention of which 5αR isozyme was quantified. The relative 

importance of 5αR1 and 5αR2 in human liver is not described. As seen, 5αR 

inhibition led to a convincing alteration of THF/αTHF ratios; however this 

change was seen in both dutasteride and finasteride. While the decrease in 

αTHF was greater with dutasteride, the marked change with finasteride 

implies that if liver is the main contributor to cortisol 5α reduction, both 

5αR1 and 5αR2 must play important roles in this process. It is then perhaps 

not surprising that the reduction in insulin sensitivity seen with dutasteride 

only was not able to be localised to the liver as one would have expected 

finasteride to have exerted at least some of this effect. It may be that the liver 
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reaches a “threshold” of intra-tissue cortisol after which metabolic effects are 

seen, but there is no evidence to support this at this stage. Alternatively 5R1 

and 5R2 may be expressed in different cell-types within the liver, but as yet 

that is unknown. A further possibility is that there may be a non-linear 

relationship between hepatic 5αR inhibition and urinary αTHF excretion, 

with a greater accumulation of cortisol in liver with dutasteride treatment 

compared to finasteride which is not apparent in urinary ratios. There is no 

evidence for this in the present context, however proof-of-principle has been 

demonstrated previously when the decrease in hepatic conversion of 

cortisone to cortisol with increasing doses of 11βHSD1 inhibitor often does 

not have a linear relationship with urinary THF concentrations (unpublished 

data, Professor Brian R Walker).  

 

Hepatic insulin sensitivity was preserved when assessed by glucose kinetics, 

however hepatic steatosis was also investigated as this was a pathological 

feature in 5αR1 -/- mice (Livingstone et al., 2009a, Livingstone et al., 2008).  

Subtle and early changes in liver fat content are difficult to assess in humans, 

however the use of 1H spectroscopy (Qayyum, 2009) offered the most 

sensitive investigative tool. Results demonstrate marked heterogeneity in 

liver fat fraction and no significant differences between treatment groups. In 

terms of potential peripheral markers of hepatic steatosis, the increase seen in 
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ALP with finasteride would not be considered clinically significant. While an 

isolated increase in ALP can be seen in fatty liver (Pantsari and Harrison, 

2006) ALP levels were much higher (~ 140 U/L vs. ~ 70 U/L) than in the 

present study, and incremental change in response to any intervention was 

not examined, therefore their findings cannot be extrapolated to this study. 

Transaminases are potential markers of fatty liver disease (Paschos and 

Paletas, 2009) but similarly to ALP they do not appear to be useful in 

examination of a small incremental change in healthy volunteers, and indeed 

no changes were seen in this study. 

 

Body fat increased with dutasteride treatment, though this was not 

accompanied by measurable changes in either abdominal fat distribution or 

glycerol tracer kinetics. There was however a decrease in insulin-mediated 

lipolysis suppression seen as a decrease in NEFA suppression with low-dose 

insulin infusion during the clamp. The lack of significant change in Ra 

glycerol and glycerol concentrations may simply reflect difficulties with 

variability in the analytical method, or biological variability between 

volunteers. A potential limitation in assessment of transcript abundance in 

adipose was that adipose sampled was subcutaneous not visceral. With 

evidence of whole body alterations in adipose insulin sensitivity 

(demonstrated by changes in NEFA suppression) but no definitive evidence 
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of alterations in subcutaneous adipose physiology, it may be that effects of 

5αR1 inhibition have greater consequence in visceral rather than 

subcutaneous adipose. 

 

Subcutaneous and visceral abdominal fat mass did not differ between 

groups. While MRI scanning with the IDEAL sequence (optimised for water 

and fat separation) (Costa et al., 2008) was utilised, this may still have 

limitations in detecting small changes in abdominal fat content, particularly 

if there was not a disproportionate increase in one depot (subcutaneous or 

visceral) over another. Results were not different whether assessed by single 

slice at L4/5, or via 5 slices centred on L4/5. Single slice scanning has 

important resource implications and L4/5 is traditionally considered the 

landmark of choice (Ross et al., 1992). However several studies suggest 

scanning at L2/3 or L3 may show greater correlation with total abdominal fat 

content (Demerath et al., 2007, Han et al., 1997, Abate et al., 1997); the use of a 

more cranial level in future studies may result in more accurate quantitation 

and a reduction in sample size required (Demerath et al., 2007). An 

additional limitation in this study was MRI scanning post-treatment only 

due to financial and service constraints; attempts to co-vary for the lack of a 

baseline measure were unsuccessful.  
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Abundance of transcripts of genes regulating lipid metabolism in 

subcutaneous adipose did not differ. While studies with paired visceral and 

subcutaneous adipose sampling demonstrate subcutaneous samples to 

provide a reliable indicator of metabolic disease (Klimcakova et al., 2011), 

this may not be the case in studies such as this where a relatively small 

number of transcripts were measured. Factors influencing depot-specific 

adipose deposition are complex, however subcutaneous transcripts including 

DGAT and SREBP1c increase in men with the greatest accumulation of 

visceral fat following 56 days of overfeeding (Alligier et al., 2013). These 

transcripts were not different in the present study, however while Alligier et 

al. only saw a 0.7% increase in body fat %, they did see a significant increase 

in waist circumference, so perhaps overfeeding leads to a different pattern of 

fat distribution than 5αR1 inhibition.   

 

Although body fat was increased with dutasteride, food intake and activity 

levels were not assessed, therefore it is unknown whether these factors were 

altered. A question that was addressed was whether, either as cause or effect, 

adipokines were altered in subcutaneous adipose and in serum. Associations 

with metabolic disease have been described with several adipokines, 

including leptin (Galletti et al., 2007, Galletti et al., 2012), adiponectin (Arita 

et al., 1999, Lee et al., 2009), resistin (Reilly et al., 2005, Piestrzeniewicz et al., 
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2008), MCP-1 (Kim et al., 2006) and IL-8 (Kim et al., 2006), hence these were 

selected for quantitation in serum.  

 

There was no change in serum leptin concentrations nor any change in leptin 

mRNA abundance in subcutaneous adipose; indicating leptin is unlikely to 

be mediating the increase in body fat. Adiponectin has an inverse association 

with obesity and metabolic disease, however no such change was seen in this 

study, suggesting changes are not mediated by changes in adiponectin. The 

lack of change in serum resistin, MCP-1 and IL-8, and unaltered MCP-1 

mRNA abundance in subcutaneous adipose again suggest that metabolic 

changes following dutasteride treatment are likely not associated with 

inflammatory changes in adipose tissue.  

 

Glucose disposal at high dose insulin reflects both any residual hepatic 

glucose production as well as disposal into peripheral tissues.  In this study 

36/92 (39%) of clamps had a negative calculated endogenous glucose 

production during high-dose insulin infusion; a result seen when high rates 

of glucose infusion are required to maintain euglycaemia and likely reflects 

complete suppression of EGP. The negative values may arise due to 

incomplete equilibration between the rapidly infused dextrose and the pre-

existing tracer (Finegood et al., 1988). One strategy to correct this is through 
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the addition of d2-glucose to the 20% dextrose infused during 

hyperinsulinaemia (Finegood et al., 1987); an approach which should be 

considered in future studies particularly where healthy (often very insulin 

sensitive) volunteers are studied.   

 

The decrease in glucose disposal during high dose insulin was entirely 

reminiscent of changes in the M value, indicating that hepatic glucose output 

was adequately suppressed and glucose disposal was matched by the 

infusion rates given. This is indicative of predominantly peripheral insulin 

resistance. Adding further weight to this finding was that in order to 

maintain euglycaemia following tracer only infusion, those on dutasteride 

were hyperinsulinaemic and skeletal muscle is known to be the primary 

insulin-sensitive site of post-prandial glucose uptake (DeFronzo and 

Tripathy, 2009). The weight-adjusted doses were between 32-59 g d2-glucose 

during the 90 minute period; amounts approximately equivalent to the 0.5 

g/kg dose administered in an IV glucose tolerance test (IVGTT) (Bingley et 

al., 1992), though given continuously rather than as a bolus. A maximum 

IVGTT dose is usually 35 g, however effects on insulin concentrations 

plateau at ~ 20 g of glucose (Bingley et al., 1992) therefore variations in 

amount in the current study would be unlikely to have a material difference 

in insulin response. Further confirmation of peripheral insulin resistance was 
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the expected pancreatic response with increases in fasting C-peptide, 

HOMA-IR and a trend towards an increase in insulin concentrations.    

 

The finding of a predominantly muscle rather than hepatic phenotype was 

unexpected given the background animal data which demonstrated hepatic 

insulin resistance and fatty liver in 5αR1 knockout mice and 

pharmacologically treated Zucker rats (Livingstone et al., 2008, Livingstone 

et al., 2009a). Skeletal muscle biopsies were therefore not included in the 

study design, nor was skeletal muscle 1H spectroscopy, so it is unknown 

whether direct indicators of aberrant glucose physiology or lipid 

accumulation within skeletal muscle may be present in those treated with 

dutasteride. 

 

Skeletal muscle insulin resistance is thought to be the initial pathology 

preceding the development of type 2 diabetes (DeFronzo and Tripathy, 

2009). In response to high carbohydrate meals, young insulin resistant 

compared to insulin sensitive men (matched for age, weight, BMI and 

activity levels) demonstrate significantly impaired muscle glycogen synthesis 

and divergence of carbohydrate substrate towards hepatic lipogenesis and 

triglyceride synthesis (Petersen et al., 2007). This was in the absence of 

changes in visceral fat or plasma adipokine concentrations (Petersen et al., 
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2007). Their findings suggested impaired muscle insulin sensitivity preceded 

hepatic and visceral adipose insulin resistance, and increased susceptibility 

has been demonstrated in the elderly (Flannery et al., 2012). Furthermore, the 

effects of skeletal muscle insulin resistance on hepatic lipogenesis are, at least 

in part, reversed with exercise (Rabol et al., 2011). In the present study there 

was no change in fasting triglycerides, and muscle glycogen synthesis was 

not assessed. It is possible however that the skeletal muscle insulin resistance 

demonstrated may have preceded changes in hepatic insulin sensitivity with 

a longer duration of dutasteride treatment.  

 

Muscle insulin sensitivity has not been reported in 5αR models, though it is 

possible that this was also present but not studied. An alternate possibility is 

that there may be important inter-species differences in the early 

pathophysiology and development of the metabolic syndrome. In rats, 

hepatic insulin resistance is seen prior to muscle insulin resistance in 

response to high fat feeding (Kraegen et al., 1991).  The sequence of tissue-

specific effects in the development of insulin resistance in response to 5αR 

genetic manipulation or pharmacological inhibition is not understood at 

present and is the subject of ongoing research.  
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Determining the mechanism behind the decrease in skeletal muscle insulin 

sensitivity with dutasteride treatment principally involves determining the 

site of pathology (whether localised within muscle or a paracrine effect), and 

determining which steroid hormone(s) may be mediating these effects.  

Expression and importance of 5αR in skeletal muscle is not as well studied as 

other tissue types. 5αR1 mRNA and protein (Pollanen et al., 2011, Yarrow et 

al., 2012) are present in human skeletal muscle, though in vitro activity was 

not detected (Thigpen et al., 1993). There are low levels of 5αR2 mRNA 

expression (Pollanen et al., 2011) but not protein or activity (Thigpen et al., 

1993). 5αR3 protein is also present in human skeletal muscle (Godoy et al., 

2011, Yarrow et al., 2012).  

 

The presence of 5αR protein in muscle does not necessarily mean it plays an 

important role in normal physiology. Muscle biopsies from people with 

neuromuscular disorders (n=24) and controls (n=7) had no detectable 5αR 

activity, though did have evidence of DHT metabolism by 3αHSD 

(Stuerenburg and Schoser, 1999). Others have reported detectable, but likely 

(in comparison to adipose) negligible conversion of testosterone to DHT in 

vivo (Longcope and Fineberg, 1985). Whether the post-exercise increase in 

muscle 5αR1 mRNA abundance in rats (Aizawa et al., 2010) is mirrored 

following exercise in humans is not known.   
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The role of 5αR in muscle in the metabolism of other 5αR substrates, 

including glucocorticoids, is unknown, but these steroids play well 

established roles in regulating muscle insulin sensitivity. Given the lack of 

consistent evidence to date of the importance of 5αR in muscle with respect 

to androgen metabolism, it is possible that other substrates are of greater 

importance.  

 

With potentially little 5αR activity in skeletal muscle, effects seen may be 

paracrine due to signalling molecules, such as adipokines or changes in other 

steroid hormones. Skeletal muscle itself produces chemokines including 

MCP-1 and IL-8 (Wei et al., 2008, Pedersen and Akerstroem, 2007, Boyd et al., 

2006). While these were measured as ‘adipokines’ in the present study, of 

course circulating concentrations could reflect muscle synthesis as well. With 

no changes demonstrated, it is likely that chemokines and inflammatory 

changes within muscle are not mediating the effects seen, and rather steroid 

hormones may be playing a greater role, and this is discussed further below.  

 

Decreased adipose insulin sensitivity following dutasteride treatment, with 

an increase in circulating NEFAs, could itself result in a decrease in skeletal 

muscle insulin resistance. Insulin action in muscle is not impeded directly by 

NEFAs, rather they are converted first to intramyocellular triglycerides (seen 
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to increase on 1H spectroscopy) then to long chain acyl CoA which impairs 

insulin signaling (Boden et al., 2001). In addition, other triglyceride 

metabolites such as diacylglycerol and ceramide may also impair insulin 

sensitivity in skeletal muscle, through mechanisms which may include an 

increase in serine phosphorylation of IRS-1 (DeFronzo and Tripathy, 2009). 

Circulating NEFAs and intramyocellular ectopic fat accumulation have a 

strong negative correlation with peripheral glucose uptake in lean (Krssak et 

al., 1999) and obese (Sinha et al., 2002) non-diabetics. In addition, NEFAs are 

also associated with a decrease in muscle glycogen synthesis (Griffin et al., 

1999, Phillips et al., 1996). A seemingly paradoxical increase in 

intramyocellular lipid in athletes (Goodpaster et al., 2001) is thought to serve 

as an energy source for exercise, but in others excess free fatty acids in the 

circulation are stored as lipid in muscle and drive insulin resistance. While 

correlation of muscle lipid with insulin sensitivity is extensively described, 

causation is yet to be established, and while an interesting possible 

mechanism of action in the present study, it is unclear how likely this 

possibility may be.  

 

The primary site of the decrease in insulin sensitivity with dutasteride 

treatment appears to be peripheral, with evidence of impaired insulin 

sensitivity in both adipose and skeletal muscle. Mediators and mechanisms 
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underpinning the changes seen are difficult (and likely impossible) to 

establish completely, however key likely mediators are glucocorticoids 

and/or sex hormones. In the study presented here, it is not possible to dissect 

these changes although this may be investigated further in animal models. In 

rodents gonadectomy may be utilised as a means of excluding (or at least 

diminishing) androgen-mediated effects, while adrenalectomy can be used to 

exclude effects of endogenous glucocorticoids. While very useful research 

tools, these approaches do have limitations: gonadectomy exposes the animal 

to less testosterone and not just less DHT (therefore cannot directly be 

extrapolated to studies of 5αR inhibition), and with adrenalectomy loss of 

mineralocorticoid and adrenal medullary hormones may confound 

interpretation. Despite these limitations however, results in castrated Zucker 

rats treated with 5aR inhibitors demonstrated persistence of the insulin 

resistance phenotype, along with steatosis even after gonadectomy; this 

suggested that effects were glucocorticoid mediated (Livingstone et al., 

2009a). Finasteride in rodents is a dual 5αR1 and 5αR2 inhibitor, and rat liver 

only expresses 5αR1 (Normington and Russell, 1992). Therefore hepatic 

effects of finasteride in rodents are likely to be the result of 5αR1 inhibition.  

 

In the present human study surrogate markers of androgen, glucocorticoid 

and oestrogen function were used in an effort to gain insight into the 
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mechanisms underpinning the metabolic effects seen. Measurement of 

steroid hormone concentrations and urinary metabolites demonstrated that 

both 5αR inhibitors had no effect on circulating cortisol, however did have 

similar effects in reducing serum DHT, as well as 5α glucocorticoid and 

androgen metabolites in urine. Testosterone did not increase significantly, 

however there was a trend towards an increase in oestradiol in the 

dutasteride group.   

 

The hormones mediating the metabolic effects seen with dutasteride 

treatment are likely to be either androgens or glucocorticoids. A decrease in 

serum DHT was seen with 5αR inhibition, and this may contribute to a 

phenotype of skeletal muscle insulin resistance. In cultured skeletal muscle 

cells from rat the addition of testosterone and DHEA increases GLUT4 

expression and translocation, and this process is inhibited with finasteride 

(Sato et al., 2008); demonstrating a DHT-dependent mechanism of action. As 

finasteride in rodents is a dual 5αR1 and 5αR2 inhibitor, this would be 

comparable to dutasteride in humans. In vivo, severe hypogonadism 

(testosterone  <8 nmol/L) is associated with insulin resistance (Tajar et al., 

2012), however the implications of an isolated decrease in DHT are not 

known.  
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While decreased circulating DHT may contribute to the peripheral insulin 

resistance seen with dutasteride, the main difficulty with this concept is the 

similarity in degree of serum DHT inhibition with both 5αR inhibitors. 

Results demonstrated neither the extent of DHT suppression, nor the 

distinction between finasteride and dutasteride expected. DHT 

concentrations seen at baseline were within normal ranges described by LC-

MS/MS methods, and as expected lower than (relatively non-specific) RIA 

methods (Shiraishi et al., 2008), supporting the use of this analytical assay. 

DHT concentrations were expected to be suppressed by ~70% with 

finasteride and ~95% with dutasteride, by 4 weeks of treatment, analysed by 

GC-MS (Clark et al., 2004). In contrast to what was expected given the limits 

of quantitation in the present assay (Chapter 4), DHT was quantifiable in 

most volunteers even after 5αR inhibition, both dutasteride and finasteride 

suppressed DHT by approximately 50%, and perhaps more importantly, 

they did not differ from each other. While study tablets were blinded with an 

external coating, other studies use a similar approach. Extraction method and 

efficiency were not described by Clark et al. (Clark et al., 2004), and 95% 

confidence intervals were not able to be calculated from data presented. In 

another study (Wurzel et al., 2007), three months of dutasteride treatment 

decreased serum DHT concentrations  by 77.5% compared to placebo (95% 

CI:  of 55.4 – 100%); however they did not do a parallel assessment with 



 

 
 
Chapter 5: The effects of inhibition of 5α-reductases on metabolic health 
  335 
 

 

finasteride treatment, but this does demonstrate differences and variability in 

response to dutasteride, and results in the present study would be more 

comparable to these findings. It could perhaps be argued that Clark et al. 

(Clark et al., 2004) studied 5αR inhibition only in BPH patients, and although 

the prostate contributes little DHT to the circulation normally (Toorians et 

al., 2003), with larger prostates and potentially greater prostatic contribution 

to circulating DHT this may render BPH patients more sensitive to the effects 

of 5αR inhibition. It is difficult to pin down the exact reason for the 

unexpected similarity in androgen effects between dutasteride and 

finasteride seen in this study, though this implies that a reduction in 

circulating DHT was likely not the mechanism behind the marked 

differences in metabolic consequences.   

 

The decrease in AR transcript expression in subcutaneous adipose biopsies is 

likely a consequence of reduced signaling by DHT, and this supports the 

efficacy of the 5αR inhibitors administered and suggests they accessed 

adipose. DHT is known to upregulate adipose AR protein in vitro 

(Dieudonne et al., 1998), however down-regulation of AR in response to a 

decrease in DHT has not been described. While a decrease in androgen 

action in adipose is associated with insulin resistance (McInnes et al., 2012), 

the decrease in AR in the present study was seen with both dutasteride and 
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finasteride, suggesting that this is not related to which isozyme of 5αR is 

targeted and that down-regulation of androgen action in adipose is not 

mediating the metabolic differences seen. AR is present in skeletal muscle 

(Sinha-Hikim et al., 2004), however whether this is altered with 5αR 

inhibition is unknown.   

  

There was no change in SHBG concentrations seen as a result of 5αR 

inhibition with either dutasteride or finasteride, which might have led to 

different delivery of bioavailable steroid, and this is keeping with previous 

studies (Jaffe et al., 1994, Iranmanesh and Veldhuis, 2005). Together with an 

unchanged albumin, the lack of effect on SHBG suggests that androgen 

metabolic clearance was unaltered (Petra et al., 1985), and therefore unlikely 

to account for metabolic effects seen.  

 

There was no change in circulating cortisol concentrations following 

dutasteride treatment (due to adaptation by the HPA axis, Chapter 6), 

therefore any glucocorticoid mediated effect on muscle would need to be 

either via an increase in cortisol within muscle, or effects on other tissues 

which then signal to decrease muscle insulin sensitivity. Excess tissue 

glucocorticoids are recognised to affect muscle insulin sensitivity. In primary 

culture, dexamethasone pre-treatment decreases insulin-mediated glucose 
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uptake (Gathercole et al., 2007), whereas in rat skeletal muscle 

glucocorticoids do not affect insulin receptor number or function (Block and 

Buse, 1989) but do impede GLUT4 translocation (Dimitriadis et al., 1997). 

Increased GRα expression in human skeletal muscle cells is associated with 

the metabolic syndrome (Whorwood et al., 2002). GRα expression in 

subcutaneous adipose was unchanged in the present study, however any 

changes in transcript abundance in skeletal muscle are unknown. Urinary 

glucocorticoid metabolites following treatment suggest a reasonable degree 

of 5αR metabolism of cortisol is mediated by 5αR2, presumably hepatic 

5αR2. Therefore, if metabolic changes seen are related to cortisol metabolism, 

this is perhaps indicative of a ‘threshold’ of 5αR inhibition which goes on to 

cause metabolic derangement or alternatively cell-specific gene expression in 

the liver. It is otherwise difficult to explain why relatively small changes in 

glucocorticoid metabolite excretion between the two groups could account 

for such differing results in insulin sensitivity.  

 

Finally the possible consequences of 5αR1 inhibition on oestradiol signalling 

was considered. In the present study, there was a trend towards an increase 

in oestradiol with dutasteride, but not finasteride. This may reflect increased 

metabolism of testosterone by aromatase in the context of 5αR inhibition. 

Another possible mechanism is that 5α-reduced androgens are thought to be 
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natural aromatase inhibitors (Iqbal et al., 1983), therefore the decrease seen in 

DHT with 5αR inhibition may increase aromatase activity. Previous literature 

is mixed in reports of effects of 5αR inhibition on oestradiol concentrations. 

Dutasteride in combination with testosterone increases oestradiol after both 3 

and 6 months of treatment (Page et al., 2011a), however a similar effect was 

seen with testosterone alone, therefore in this case may simply reflect 

additional aromatase substrate. After a year of either dutasteride or 

finasteride, there is no change in circulating oestradiol concentrations 

(Amory et al., 2007), so it is unclear whether the increase seen in the present 

study is perhaps a transient phenomenon.  

 

Increased oestradiol following dutasteride treatment may mediate some of 

the metabolic changes seen in this study. Higher endogenous oestradiol 

concentrations in men are associated with an increased risk of developing 

diabetes, independent of degree of adiposity (Vikan et al., 2010, Phillips et al., 

2003). Paradoxically, in hypogonadal obese patients with type 2 diabetes 

oestradiol concentrations are decreased (Dhindsa et al., 2011). As with 

glucocorticoids, it appears with oestradiol also that any aberration from the 

norm is associated with metabolic disease, rather than change in one 

direction only. While associations have been reported, causation between 

oestrogens and metabolic disease in men are not clear, therefore their 
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possible role in this study remain unconfirmed. An important factor in 

interpretation of all oestradiol concentrations (including in the present study) 

is that the analytical method employed is almost always an immunoassay. 

There is some way to go before difficulties in measuring oestrogens via mass 

spectrometry are overcome, but perhaps this would aid in establishing the 

exact effects of 5αR inhibitors on circulating oestradiol concentrations.  

 

This chapter has focused on the roles of 5αR1 and 5αR2, and the 

consequences of inhibiting these isozymes. However these are not the only 

isozymes of 5αR; there is at least one other, identified as 5αR3 (Uemura et al., 

2008). At this stage, little is known about this isozyme and its importance in 

vivo. While the hypothesis in the present study was that the differential 

effects seen between dutasteride and finasteride therapy were mediated by 

their differential effects on 5αR1, it is also possible that changes seen are in 

fact (in part or wholly) mediated by 5αR3, or another as yet unidentified 

isozyme. With widespread distribution, particularly in liver, kidney, skeletal 

muscle, prostate and skin (Godoy et al., 2011), 5αR3 may play an important 

role in steroid hormone metabolism. The expression of 5αR3 in adipose is not 

known. Dutasteride is a known 5αR3 inhibitor (Mohler et al., 2011), though 

details of inhibition are not described. Finasteride is not thought to inhibit 

5αR3 (Mohler et al., 2011). Deciphering the role of 5αR3 in the study findings 
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presented would be an interesting avenue of further research, though 

considerable work is yet to be done to establish the importance of 5αR3, the 

role of 5αR3 in androgen and glucocorticoid metabolism (5αR3 metabolism 

of glucocorticoids has not yet been described), and the actions of the 5αR 

inhibitors (at clinical doses) against this isozyme.  

 

In conclusion, this chapter has described a double-blind randomised 

controlled study investigating the metabolic consequences of 5αR inhibition 

in men. Challenges, most notably poor recruitment, were overcome and the 

study was completed with 46 men included in the final analysis. Results 

demonstrate a clear decrease in insulin sensitivity and increase in body fat 

following three months of dutasteride treatment. The lack of such changes 

with finasteride implies that changes are likely mediated by 5αR1. The 

decrease in insulin sensitivity appeared most likely to be originating from 

skeletal muscle. Deciphering the exact mechanisms for these results are 

subject of ongoing work, however it has been clearly demonstrated for the 

first time in a human population that inhibition of 5αR with dutasteride 

increases body fat and impairs insulin sensitivity. These findings may have 

important implications for patients prescribed long-term dutasteride for 

benign prostatic hyperplasia.  
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6.1 Introduction 

The HPA axis regulates circulating cortisol concentrations, and adaptation of 

the axis in response to negative feedback allows an appropriate physiological 

response to stress. However, subtle alterations in the HPA axis, whether up-

regulation or down-regulation, have been associated with presence of, or 

predisposition to a number of disease processes. Dysregulation of the HPA 

axis is associated with stress and psychiatric disease (McEwen, 1998, Bradley 

and Dinan, 2010). Impaired glucocorticoid clearance is associated with down-

regulation of the HPA axis in chronic liver disease (McNeilly et al., 2010). 

Activation of the HPA axis may be insufficient for patient needs during 

critical illness (Arafah, 2006). The metabolic syndrome has been associated 

with relatively elevated circulating cortisol concentrations and potential HPA 

axis impairment (Phillips et al., 1998, Phillips et al., 2000, Bjorntorp et al., 

1999).   

 

Alterations in glucocorticoid regulation may influence the HPA axis 

peripherally, and also directly at sites of HPA axis feedback. Enzymes 

regulating tissue glucocorticoid concentrations include 11βHSDs (Walker 

and Andrew, 2006) and 5αRs (Russell and Wilson, 1994). Changes in 

glucocorticoid clearance by 5αR have been associated with HPA axis 

dysfunction in metabolic disease. Increased activity of 5αR is associated with 

obesity and polycystic ovarian syndrome (Vassiliadi et al., 2009, Andrew et 
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al., 1998, Reynolds et al., 2001, Rask et al., 2002). The increased 5αR activity 

seen in PCOS has been hypothesised to feedback and drive increased ACTH 

and subsequent normalisation of circulating cortisol, and an associated 

increase in adrenal androgen synthesis (Stewart et al., 1990, Vassiliadi et al., 

2009). In obesity increased 5αR activity may be a compensatory response 

which results in maintenance of hepatic insulin sensitivity.  

 

5αRs are widely distributed in sites which may directly or indirectly affect 

the HPA axis. In humans, 5αR1 mRNA and enzyme activity have been 

detected in hypothalamus (Thigpen et al., 1993), though not in pituitary 

(Russell and Wilson, 1994, Thigpen et al., 1993). In the human adrenal no 

5αR1 mRNA was detected, however in conditions optimised for 5αR1, low 

levels of activity were present (Thigpen et al., 1993). In contrast, 5αR2 is not 

known to be expressed in human hypothalamus, pituitary or adrenal 

(Thigpen et al., 1993). In addition, both 5αR1 and 5αR2 are widely expressed 

in metabolic and reproductive tissues respectively, and both isozymes are 

expressed in liver (Russell and Wilson, 1994). In rodents, which are often 

used as model systems, there is 5αR1 mRNA and protein in hypothalamus, 

pituitary and adrenal, while 5αR2 activity has been detected in 

hypothalamus and pituitary, both 5αR2 mRNA and activity are detected in 

the adrenal (summarised in Table 1-1).   
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In principle, a peripheral decrease in 5αR activity would decrease 

glucocorticoid clearance, however the tendency for cortisol to rise in the 

circulation would be fully compensated for by a functioning HPA axis. 

However, with 5αR also expressed in the brain, a decrease in 5αR activity in 

the brain could increase cortisol concentrations at HPA feedback sites, which 

may alter the set point of the HPA axis and hence cause a sustained 

reduction in plasma cortisol concentrations. As is seen with adrenocortical 

atrophy following pituitary disease (Reimondo et al., 2008), a compensatory 

downregulation of the HPA axis following 5αR inhibition, and associated 

decreased cortisol clearance, may lead to decreased adrenocortical 

responsiveness to ACTH and potentially hinder the stress response. Given 

the expression pattern of the 5αR isozymes it was hypothesised that 5αR2 

inhibition with finasteride may have some effect on the HPA axis, however 

dual 5αR1 and 5αR2 inhibition with dutasteride would likely have a greater 

effect. Findings in animal models support the hypothesis: in 

adrenalectomised 5αR1 -/- mice clearance of infused corticosterone is 

impaired and corticosterone responses to ACTH or to stress are reduced 

(unpublished).   

 

In humans, studies of the effects of finasteride on the HPA axis show no 

effect on basal cortisol concentrations (Rittmaster et al., 1994, Lewis et al., 

1997, Uygur et al., 1998), while response to ACTH (250 µg) has been shown 
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to be unaffected by some (Rittmaster et al., 1994), but decreased by others 

(Fruzzetti et al., 1994).  The effects of dutasteride on the HPA axis are 

unknown.  

 

Given the lack of randomised studies with dynamic testing of the HPA axis 

in response to both finasteride and dutasteride, this study was undertaken. 

The study described in Chapter 5 was designed principally to investigate the 

effect of 5αR inhibitors on metabolism and as a secondary endpoint, effects 

of 5αR inhibition on the HPA axis were also investigated.  
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6.1.1 Hypothesis and Aims 

6.1.1.1 Hypothesis 

Pharmacological inhibition of 5αRs in the periphery impairs glucocorticoid 

clearance, enhances negative feedback and hence causes relative adrenal 

insufficiency.  

 

Pharmacological inhibition of 5αRs in HPA negative feedback sites enhances 

negative feedback and lowers circulating cortisol concentrations.  

 

The extent of HPA axis dysfunction, both peripherally and centrally, is 

greater when both isozymes of 5R are inhibited than 5αR2 alone. 

  

6.1.1.2 Aims 

Establish whether pharmacological inhibition of 5αR leads to dysregulation 

of the HPA axis in men.  

 

Establish whether there are differing effects between the effects of finasteride 

(a 5αR2 inhibitor) and dutasteride (a dual 5αR1 and 5αR2 inhibitor).  
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6.2 Methods 

This study was conducted as per the methods described in Chapter 5.  

Aspects of the study relevant to the HPA axis will be briefly summarised 

here also.  

 

6.2.1 Study design 

Study design was a double-blind randomised controlled study, as described 

in Chapter 5.3.1.  

 

6.2.2 Study protocol 

The study protocol is described in detail in Chapter 5.3.4.   

 

6.2.2.1 Study day A  

This was the screening visit, as described in Chapter  5.3.4.3.  

 

6.2.2.2 Study day B  

Basal measures of the HPA axis were conducted on this visit.  

 

Volunteers returned 24 hour urine collections (described in Chapter 5.3.5.8, 

processing described in Chapter 5.3.7) and saliva collections (collection 

described in Chapter 5.3.5.9, processing described in Chapter 5.3.7).  
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Fasting samples were taken at ~ 8 am; these were plasma for analysis of 

cortisol, and serum for analysis of DHEAS and androstenedione. Samples 

were collected as described in Chapter 5.3.5.6.1, and processed as described 

in Chapter 5.3.7.      

 

6.2.2.3 Study day C 

This study visit involved dynamic testing of the HPA axis.  

 

6.2.2.3.1 Low dose dexamethasone suppression test 

The evening prior to the visit, patients were asked to take dexamethasone 

(250 µg) orally at 10 pm and then remain fasted overnight and attend at 7:30 

am the following morning. A 20 gauge cannula was inserted in the 

antecubital fossa and half an hour later a blood sample was taken for 

measurement of plasma cortisol.   

 

6.2.2.3.2 Low dose short Synacthen test 

Following sampling for the dexamethasone suppression test, Synacthen (1 

µg, prepared as described in Chapter 5.3.6.6) was administered IV, and 

flushed with normal saline (0.9%, 10 mL). Sampling for plasma cortisol 

concentrations was performed at 20, 30, 40 and 60 minutes after Synacthen 

was given.  
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Samples during visit C were collected as described in Chapter 5.3.4.5. 

 

6.2.2.4 Treatment  

Volunteers were randomised to three months of dutasteride, finasteride or 

tamsulosin, as described in Chapter 5.3.4.6.  

 

6.2.2.5 Reassessment post treatment with repeat study days B and C 

Repeat visits B and C, including repeat urine and saliva collections, were 

conducted following the treatment phase of the study. 

 

6.2.3 Sample processing 

Samples were processed as described in Chapter 5.3.7 . 

 

6.2.4 Data analysis 

Statistical methods were as described in Chapter 5.3.8.7.  In addition, the Sign 

test was used to compare time to peak cortisol following Synacthen 

administration.  
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Plasma free cortisol was calculated using Coolens’ equation (Coolens et al., 

1987): 

 

where U is unbound (free) cortisol (µmol/L); K is the affinity of CBG for 

cortisol at 37 °C; N is the ratio of albumin bound to free cortisol (the 

conventional value of 1.74 was used); G is plasma CBG level (µmol/L); and C 

is plasma cortisol level (µmol/L).  

 

The following equations were used for analysis of urinary steroids: 

Equation 1.2.4.1 

 

 

Equation 1.2.4.2 

 

 

Equation 1.2.4.3 
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Equation 1.2.4.4 

 

 

Ulick’s A ring reductase quotients (Ulick et al., 1992) (relative 5α- and 5β- 

reduction of cortisol): 

Equation 1.2.4.5 

 

Equation 1.2.4.6 

 

 

Balance of 5αR and 5βR in glucocorticoid metabolism: 

Equation 1.2.4.6 

 

 

Balance of 5αR and 5βR in androgen metabolism:   

Equation 1.2.4.7  
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6.3 Results 

All 46 men included in the final analysis provided samples for measurement 

of hormones in urine, saliva, and morning plasma/serum. 45 Men 

participated in dynamic testing of the HPA axis.  

 

6.3.1 Effects of 5αR inhibition on daily production of 

glucocorticoids and androgens   

Daily production rates of glucocorticoids and androgens were assessed by 

their amounts in 24 hour urine collections.  

 

Changes in urinary glucocorticoids are shown in Table 6-1. There was a trend 

(p=0.06) towards a decrease from baseline in amounts of total glucocorticoids 

following 5αR inhibition. A decrease from baseline in the amount of αTHF 

with both dutasteride and finasteride was seen, without a compensatory 

increase in 5-reduced metabolites.  

 

Changes in urinary androgens are shown in Table 6-2. Both 5R inhibitors 

suppressed production of androsterone, the 5-reduced metabolite of 

androstenedione. In contrast to glucocorticoid metabolism, with 5αR 

inhibition there was a compensatory increase in androgen metabolites 

formed by 5β-reduction (measured as an increase in aetiocholanolone) with 
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both 5αR inhibitors. There was a significant decrease in total androgens with 

finasteride only.  

 

Urinary steroid ratios reflecting A ring metabolism are shown in Table 6-3. 

Both glucocorticoids and androgens show a decrease in 5α- compared to 5β- 

metabolism, following 5αR inhibition. There was no change in the F/βTHF 

ratio.  

 

Indices of 11βHSD activity are shown in Table 6-4. There was no evidence of 

change in 11βHSD2 activity (F/E ratio). There was however a decrease in the 

index of global metabolism of cortisol by 11βHSDs, seen as a decrease in the 

(βTHF+αTHF)/THE ratio.   

 

. 
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 Dutasteride Finasteride Tamsulosin 
∆ Dutasteride  

vs. ∆ Tamsulosin 

Mean (95% CI)  

∆ Finasteride  

vs. ∆ Tamsulosin 

Mean (95% CI)  

∆ Dutasteride  

vs. ∆ Finasteride 

Mean (95% CI) 

N 16 16 14    

Total 

GC 

µg/day 

Pre  9166 (2486.7) 9522 (4145.7) 9194 (3007.5)  

Difference between groups: p=0.06 Post  7147 (2500.0) 6998 (2460.4) 9228 (3590.4) 

Change  -2019 -2524 +34 

 F 

µg/day 

Pre  118.73 (44.76) 143.94 (52.62) 143.36 (45.44)  

Difference between groups: p=0.71 Post  123.19 (44.11) 135.01 (54.40) 136.74 (39.35) 

Change  +4.47 -8.93 -6.61 

5αTHF 

µg/day 

Pre  1664 (1006.9) 1858 (1424.3) 1786 (1123.3) Difference between groups: p<0.001 

Post  32 (36.2) 51 (53.6) 1773 (1153.9) -1620 (-2422; -817) 

p<0.001 

-1794 (-2597; -992) 

p<0.001 

174 (-601; 950) 

p=0.65 Change  -1633 -1807 -13.0 

5βTHF 

µg/day 

Pre  1724 (511.5) 1670 (649.2) 1793 (508.3)  

Difference between groups: p=0.96 Post  1718 (521.3) 1683 (506.9) 1742 (615.9) 

Change  -6 +14 -52 

Table 6-1 There was a significant decrease in 5αTHF, and a trend towards a decrease in total urinary glucocorticoids 

(αTHF+βTHF+THE) following 5αR inhibition. Dutasteride and finasteride did not differ from each other. Data are mean (SD). 

Change from baseline compared between groups by one-way ANOVA, with LSD post-hoc tests where significant. N, number; GC, 

glucocorticoids; , treatment; F, cortisol; THF, tetrahydrocortisol; THE, tetrahydrocortisone.   
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 Dutasteride Finasteride Tamsulosin 
∆ Dutasteride  

vs. ∆ Tamsulosin 

Mean (95% CI)  

∆ Finasteride  

vs. ∆ Tamsulosin 

Mean (95% CI)  

∆ Dutasteride  

vs. ∆ Finasteride 

Mean (95% CI) 

N 16 16 14    

Total 

Androgens 

µg/day 

Pre  2623 (1029.9) 3178 (2168.8) 2977 (1731.0) Difference between groups: p=0.03  

Post  2582 (1388.3) 2107 (1263.5) 3065 (1649.5) -130 (-1085; 825) 

p=0.79 

-1159 (-2114; -204) 

p=0.02 

1029 (107; 1952) 

p=0.03 Change  -41 -1071 +89 

Aetio (β) 

µg/day 

Pre  817 (403.4) 805 (604.5) 861 (484.6) Difference between groups: p<0.001† 

Post  2461 (1350.5) 1710 (1002.9) 1029 (658.8) p<0.001 p=0.01 p=0.28 

Change  +1643 +905 +168 

Andro (α) 

µg/day 

Pre  1806 (699.2) 2373 (1737.1) 2116 (1297.1) Difference between groups: p<0.001 

Post  121 (73.0) 397 (310.0) 2036 (1258.5) -1605 (-2456;-754) 

p<0.001 

-1896 (-2747;-1045) 

p<0.001 

291 (-1113; 531) 

p=0.48 Change  -1684 -1975 -79 

Table 6-2 Finasteride decreased total androgen metabolites after three months of treatment. Both dutasteride and finasteride caused 

a significant decrease in 5-reduced, and increase in 5β-reduced androgen metabolites. Data are mean (SD). Change from baseline 

compared between groups by one-way ANOVA, with LSD post-hoc tests where significant. N, number; , treatment; Aetio, 

Aetiocholanolone; Andro, androsterone.  
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 Dutasteride Finasteride Tamsulosin 
∆ D vs. ∆ T 

Mean (95% CI)  

∆ F vs. ∆ T 

Mean (95% CI)  

∆ D vs. ∆ F 

Mean (95% CI) 

N 16 16 14    

G
lu

co
co

rt
ic

o
id

s 
βTHF/  

αTHF 

Pre  1.39 (0.78) 1.21 (0.73) 1.30 (0.67) Difference between groups: p<0.001† 

Post  96.20 (66.72) 55.69 (33.36) 1.37 (0.90) p<0.001 p<0.001 p=0.65 

Change  +94.81 +54.48 +0.07 

F/ αTHF Pre  0.10 (0.10) 0.10 (0.05) 0.12 (0.11) Difference between groups: p<0.001† 

Post  6.12 (3.68) 4.22 (2.33) 0.13 (0.12) p<0.001 p<0.001 p=0.88 

Change  +6.01 +4.11 +0.01 

F/ βTHF Pre  0.08 (0.05) 0.09 (0.04) 0.09 (0.05)  

Difference between groups: p=0.67 Post  0.08 (0.04) 0.08 (0.04) 0.09 (0.04) 

Change  +0 -0.01 0 

A
n

d
ro

g
e
n

s Aetio (β) / 

Andro (α) 

 

Pre  0.45 (0.18) 0.36 (0.20) 0.43 (0.14) Difference between groups: p<0.001†  

Post  21.82 (9.73) 8.26 (15.55) 0.85 (1.43) p<0.001 p=0.01 p=0.01 

Change  +21.37 +7.89 +0.43 

Table 6-3 Indices of pathways of A-ring reduction of glucocorticoids and androgens by 5αR decreased relative to 5βR following 

three months of either dutasteride (D) or finasteride (F). Data are mean (SD). Change from baseline compared between groups 

by one-way ANOVA (F/βTHF), or 
†
Kruskal Wallis test with pairwise comparisons. T, tamsulosin; N, number; THF, 

tetrahydrocortisol; , treatment; F, cortisol; Aetio, aetiocholanolone; Andro; androsterone.  
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 Dutasteride Finasteride Tamsulosin 
∆ Dutasteride  

vs. ∆ Tamsulosin 

Mean (95% CI)  

∆ Finasteride  

vs. ∆ Tamsulosin 

Mean (95% CI)  

∆ Dutasteride  

vs. ∆ Finasteride 

Mean (95% CI) 

N 16 16 14    

11β HSD activity measured as ratio of (βTHF + αTHF) / THE 

Pre  0.63 (0.27) 0.67 (0.38) 0.66 (0.23) Difference between groups: p=0.001 

Post  0.35 (0.10) 0.36 (0.16) 0.65 (0.26) -0.28 (-0.44; -0.11) 

p=0.001 

-0.30 (-0.47; 0.14) 

p=0.001 

0.02 (-0.14; 0.18) 

p=0.77 Change  -0.29 -0.31 -0.01 

11β HSD 2 activity measured as ratio of F/E 

Pre  1.18 (0.35) 1.50 (0.62) 1.37 (0.31)  

p=0.15 Post  1.37 (0.51) 1.30 (0.26) 1.34 (0.23) 

Change  +0.19 -0.19 -0.03 

Table 6-4 Urinary glucocorticoid metabolite ratios reflecting activity of 11β-hydroxysteroid dehydrogenase (HSD) enzymes, 

showing a significant decrease in the index of global 11βHSD activity ((βTHF + αTHF) / THE) following 5αR inhibition, but no 

change in the index of 11βHSD2 (F/E) activity. Data are mean (SD). Change from baseline compared between groups by one-

way ANOVA and LSD posthoc tests where significant. N, number; THF, tetrahydrocortisol; THE, tetrahydrocortisone; ,

treatment; F, cortisol; E, cortisone.   
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6.3.2 Effects of 5αR inhibition on circulating concentrations 

of adrenal steroids  

Androstenedione concentrations in serum increased from baseline with 

dutasteride, compared to both finasteride and tamsulosin. There were no 

significant differences between treatment groups in DHEAS or basal cortisol 

concentrations. Results are summarised in Table 6-5.  

  

The pattern of salivary cortisol through the day also did not differ between 

treatment groups, as seen in Figure 6.1. CBG and calculated free plasma 

cortisol concentrations also did not change, as summarised in Table 6-6.   
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 Dutasteride 

 

Finasteride 

 

Tamsulosin 

 

∆ Dutasteride   

vs. ∆ Tamsulosin 

Mean (95% CI) 

∆ Finasteride    

vs. ∆ Tamsulosin 

Mean (95% CI) 

∆ Dutasteride     

vs. ∆ Finasteride 

Mean (95% CI) 

N 16 16 14    

AND 

nmol/L 

Pre  3.3 (1.07) 2.9 (1.07) 3.4 (1.78) Difference between groups: p=0.002 

Post  5.0 (1.72) 3.5 (1.25) 3.9 (2.02) 1.3 (0.5; 2.0) 

p=0.002 

0.0 (-0.8; 0.8) 

p=0.93 

1.2 (0.5; 2.0) 

p=0.002 Change  + 1.7 + 0.5 + 0.5 

DHEAS 

µmol/L 

Pre  0.9 (0.38) 0.8 (0.54) 0.7 (0.43)  

Difference between groups: p=0.20 Post  0.8 (0.33) 0.7 (0.47) 0.8 (0.57) 

Change  - 0.1 - 0.1 + 0.1 

Cortisol 

nmol/L 

Pre  788.5 (236.68) 768.7 (203.49) 817.9 (201.33)  

Difference between groups: p=0.88 Post  692.1 (186.20) 688.8 (172.89) 757.3 (157.28) 

Change  - 96.4 - 79.9 - 60.6 

Table 6-5 There was an increase in serum androstenedione (AND) with dutasteride treatment, but no change in serum 

dehydroepiandrosterone sulphate (DHEAS) or plasma cortisol. Samples are all fasting morning samples. Data are mean (SD). 

Change from baseline compared between groups by one-way ANOVA, followed by LSD post-hoc tests where significant. N, 

number; , treatment.  
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Figure 6.1 Salivary cortisol levels through the day before (open shapes) and after (filled shapes) three months of dutasteride, 

finasteride or tamsulosin; levels and pattern through the day did not differ in response to treatment. Samples collected at 

waking, 30 minutes after waking (“30 min”), 12pm, 4pm, and bedtime. Data points are mean; error bars indicate 95% 

confidence intervals.   
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 Dutasteride 

 

Finasteride 

 

Tamsulosin 

 

Difference 

between 

groups 

N 16 16 14  

CBG 

nmol/L 

Pre  988 (172.2) 936 (126.0) 959 (127.4) p=0.75† 

Post  966 (168.2) 905 (211.6) 929 (156.5) 

Change  -22 -31 -31 

Plasma 

free 

cortisol 

nmol/L 

Pre  60.1 (23.19) 65.9 (33.18) 69.3 (24.47) p=0.41 

Post  49.4 (23.26) 57.7 (33.74) 65.9 (35.58) 

Change  -10.7 -8.2 -3.4 

Table 6-6 Plasma corticosteroid binding globulin (CBG) and plasma free 

cortisol (calculated by Coolens’ equation, details in text) did not differ following 

three months of dutasteride, finasteride or tamsulosin. Data are mean (SD) and 

change from baseline compared between groups by 
†
Kruskal Wallis test for 

CBG, and by one-way ANOVA for free cortisol. N, number; , treatment. 
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6.3.3 Effects of 5αR inhibition on HPA axis responses to 

suppression and stimulation 

Plasma dexamethasone and principal dexamethasone metabolite 

concentrations were quantified to ascertain whether drug treatment 

influenced dexamethasone metabolism, prior to interpretation of 

dexamethasone suppression testing. Changes from baseline did not differ  

between treatment groups, as shown in Table 6-7.  

 

 Dutasteride 

 

Finasteride 

 

Tamsulosin 

 

Difference 

between 

groups 

N 16 15 14  

Dex 

ng/mL 

Pre  1.1 (0.60) 0.8 (0.23) 1.1 (0.30) p=0.39 

Post  0.9 (0.27) 0.9 (0.37) 1.0 (0.38) 

Change  -0.2 +0.1 -0.1 

6-OH Dex 

ng/mL 

Pre  1.3 (0.62) 1.0 (0.34) 1.1 (0.37) p=0.21 

Post  1.0 (0.31) 1.1 (0.55) 1.0 (0.36) 

Change  -0.3 +0.1 -0.1 

11-DH 

Dex 

ng/mL 

Pre  0.3 (0.16) 0.2 (0.09) 0.2 (0.17) p=0.17 

Post  0.2 (0.12) 0.3 (0.31) 0.2 (0.13) 

Change  -0.0 +0.1 0 

Table 6-7 Dexamethasone metabolism was unaltered by drug treatment. Plasma 

dexamethasone (Dex), 6-hydroxy dexamethasone (6-OH Dex) and 11-dehydroxy 

dexamethasone (11-DH Dex) concentrations prior to and following three months 

of dutasteride, finasteride or tamsulosin. N, number; , treatment. 
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Dexamethasone suppression achieved ~ 45 – 48% suppression from morning 

cortisol concentrations. In response to dexamethasone suppression there was 

wide inter-individual variation in suppressed plasma cortisol concentrations 

and no statistically significant differences were seen, as summarised in Table 

6-8.  Expressing this data as a percentage of morning plasma cortisol 

concentrations (fasting samples without overnight dexamethasone 

suppression) also did not show any difference (data not shown).  

 

Peak cortisol concentrations following Synacthen (post-dexamethasone 

suppression test) were just in excess of values obtained for unstimulated 

morning cortisol concentrations, and area under the curve during short 

Synacthen test did not differ between groups, seen in Table 6-8. The pattern 

of response to Synacthen is demonstrated in Figure 6.2.   

 

Time to reach peak cortisol level following Synacthen administration was 

later following 5αR inhibition. As seen in Figure 6.3, most volunteers in the 

tamsulosin group reached peak plasma cortisol at the same time-point after 

three months of treatment. In contrast, those on 5αR inhibitors had a greater 

proportion of subjects who took longer to reach peak cortisol concentration. 

On Sign Test, the overall change between groups was p<0.001, with change 

from baseline by group: dutasteride p=0.02; finasteride p=0.13; tamsulosin 

p=0.25.   
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 Dutasteride 

 

Finasteride 

 

Tamsulosin 

 

Difference 

between 

groups 

N 16 15 14  

Cortisol following low dose dexamethasone suppression test 

Pre  356.6 (238.79) 383.6 (190.33) 368.7 (258.73) p=0.43 

Post  326.2 (260.94) 257.9 (154.10) 366.4 (205.00) 

Change  - 30.5 - 125.8 - 2.2 

Peak cortisol during low dose short Synacthen test 

Pre  868.1 (156.03) 889.9 (232.62) 852.4 (190.68) p=0.25 

Post  842.4 (160.00) 783.1 (110.75) 849.5 (204.47) 

Change  - 25.7 - 106.8 - 2.9 

Area under the curve during short Synacthen test 

Pre  42197 (9095.4) 42552 (10098.4) 42301 (10609.7) p=0.52 

Post  41840 (9048.0) 39906 (9874.9) 412623 (10564.0) 

Change  - 357 - 2646 - 1039 

Table 6-8 Circulating plasma cortisol concentrations (nmol/L) were not 

significantly different following dexamethasone suppression or Synacthen 

stimulation following three months of either dutasteride, finasteride or 

tamsulosin. Area under the curve (nM.minute) of cortisol concentrations during 

short Synacthen test also did not differ between treatment groups. Data are 

mean (SD). Change from baseline compared between groups by one-way 

ANOVA. N, number; , treatment.   
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Figure 6.2 Peak cortisol concentrations (p=0.25) and area under the curve (p=0.52) during low-dose (1 µg) short Synacthen test 

did not differ between groups. Time 0 minutes is the (dexamethasone suppressed) pre-Synacthen value, with Synacthen (IV, 1 

µg) administered immediately after. Plasma cortisol was then measured at 20, 30, 40 and 60 minutes post-dose. Open shapes 

with interrupted lines are before (study day C1) and filled shapes with solid lines are after (study day C2) three months of 

dutasteride, finasteride or tamsulosin. Data points are mean; error bars indicate 95% confidence intervals; change from 

baseline was compared between groups by one-way ANOVA.     
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Figure 6.3 The time (minutes) to reach peak plasma cortisol following 

administration of Synacthen (1 µg, IV) was significantly later (p=0.02 on Sign 

test) in the dutasteride group. Data represent the change in time (post-treatment 

– pre-treatment), and each symbol represents a single volunteer.  
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6.4 Discussion 

This chapter has presented investigation of the effects of 5αR inhibition on 

the HPA axis, studied as a secondary endpoint in a double-blind randomised 

controlled study, with 46 men. Both dual isozyme inhibition with dutasteride 

and 5αR2 inhibition with finasteride decreased 5αR metabolism of cortisol 

and the HPA axis was able to compensate for this decrease in cortisol 

clearance to maintain normal cortisol concentrations in plasma and saliva. 

No changes in response to suppression of the HPA axis by dexamethasone 

were seen, however subtle changes in response to stimulation were 

indicative of minor adrenal insufficiency. Serum androstenedione was 

increased with dutasteride only, and androgen metabolism by 5βR was 

increased as a compensatory response to 5αR inhibition with both 

dutasteride and finasteride.      

 

As anticipated, 5α-reduction of glucocorticoids was significantly inhibited by 

dutasteride and finasteride. It was possible that other metabolic routes may 

have compensated for inhibition of 5αR; however the products of 

metabolism of glucocorticoids by 5βR were unaltered, in line with a lack of 

change in cortisol as its substrate. In contrast, the conventional index of 

11βHSD activity was decreased, and in the absence of a change in 11βHSD2 

activity this implies a decrease in 11βHSD1 activity and is indicative of 

impaired cortisol regeneration. While this is plausible as a means to 
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compensate for impaired clearance, this index must be interpreted with 

caution. Given the equation for calculation of 11βHSD activity is highly 

dependent on 5αTHF, this may be influenced purely as a result of the 

decrease in 5αR activity, as has been suggested when a similar change was 

seen with finasteride treatment (Christakoudi et al., 2003). Indeed, if 11βHSD 

activity is inferred from βTHF/THE then there was no difference between 

groups (data not shown). However 11βHSD1 activity may indeed decrease 

with 5αR inhibition, perhaps as a compensatory protective down-regulation 

to attenuate the proposed increase in local glucocorticoid amounts upon 5R 

inhibition (Pelletier et al., 2007). While 5αR knockout mice had no change in 

liver 11βHSD1 transcript or protein (unpublished), there may be species 

differences between rodents and humans. End product inhibition due to 

cortisol accumulation is unlikely to be a contributing factor as 11βHSD1 in 

human liver microsomes is not thought subject to this (up to 20 x 

physiological concentrations) (Diederich et al., 2000).   

 

Overall, accompanying impaired metabolism by 5R, there was a trend to 

suppress total amounts of urinary glucocorticoids, indicative of a decrease in 

daily production rates, with both 5αR inhibitors. This finding supports the 

hypothesis that compensation by the HPA axis to down-regulate synthesis 

occurs in response to impaired clearance. The degree of decrease in urinary 

5αTHF and total glucocorticoids was not significantly different between 
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dutasteride and finasteride, and indeed inhibition of 5αR2 alone appeared to 

achieve ~97% suppression of 5αTHF. Finasteride in vivo is only thought to 

effectively inhibit 5αR2, not 5αR1, with Km values of <0.1 nM and 52 

respectively (Aggarwal et al., 2010), therefore these findings are believed 

reflective of 5αR2 inhibition. This suggests that 5αR2 makes a highly 

significant contribution to cortisol metabolism. Presumably this is reflective 

of 5αR2 in the liver which is the primary site of cortisol metabolism by 5-

reductase (Gold, 1961), although enzyme expressed in other peripheral sites 

may also be involved. Interestingly, in 2 patients with 5αR2 deficiency a 

similar decrease in cortisol 5α urinary metabolites has also been described, 

though a quantitative description was not published (Fisher et al., 1978).    

 

As with 5R1-/- mice under basal conditions, this suppression of 

glucocorticoid synthesis allowed the HPA axis to compensate for decreased 

5αR-mediated clearance and to maintain plasma cortisol concentrations 

within the normal range. Measures of basal, unstressed cortisol, obtained by 

sampling saliva across the day and specifically at the evening nadir, were 

unchanged. Cortisol circulates in blood bound to albumin and corticosteroid 

binding globulin (CBG) and measurements in saliva, a filtered fluid not 

allowing passage of proteins, allows for assessment of the free bioavailable 

portion. This was thought especially important at study planning, since with 

decreased hepatic clearance of cortisol, it was possible that hepatic CBG 
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synthesis could be decreased (Cole et al., 1999), making assessment of total 

circulating cortisol potentially misleading; circulating free cortisol may have 

increased, without affecting the total amount. Salivary cortisol levels did not 

differ between groups, indicating that (at least with this duration of 

treatment) CBG was unlikely to have been affected (Vining et al., 1983), and 

this was indeed corroborated by measurement of CBG and calculation of 

plasma free cortisol.  

 

Salivary cortisol also provides a complementary non-invasive measure of the 

diurnal profile of free cortisol (Kirschbaum and Hellhammer, 1994). The 

pattern of salivary cortisol did not differ between groups in this study, and in 

particular there was no ‘flattening’ of the saliva curve, as has been reported 

in obesity, suggesting morning cortisol concentrations were not lower and 

evening cortisol concentrations were not disproportionately higher 

(Rosmond et al., 1998) following 5αR inhibition, despite metabolic changes in 

the group receiving dutasteride. 

 

Differences in morning plasma cortisol concentrations were not seen between 

groups. In conjunction with this finding, there was also no difference in the 

so-called “cortisol awakening response” (Pruessner et al., 1997), measured as 

the increment rise between waking to 30 minutes after waking, a measure 

thought to reflect adrenal stimulation in which an increase has been 
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associated with the metabolic syndrome by some (Bengtsson et al., 2010) but 

not others (DeSantis et al., 2011). Notably the main difference seen here is in 

a lower morning cortisol level compared to healthy controls, and then a 

greater proportional rise after waking (Bengtsson et al., 2010).  

 

Dynamic testing of the HPA axis did not reveal marked differences between 

treatment groups, indicating that 5αR inhibition did not impair response to 

stimulation of the axis to any great degree. A short Synacthen (1 µg) test was 

executed at doses chosen to elicit EC50 responses, rather than maximal 

responses which would result from conventional doses (250 µg) (Reynolds et 

al., 2001, Daidoh et al., 1995, Dickstein et al., 1991). Despite only using a low 

dose, it can be seen that peak cortisol levels were ~850 nmol/L, which is 

considerably higher than peak concentrations of ~400 nmol/L reported 

elsewhere (Reynolds et al., 2001, Dickstein et al., 1991). However 

immunoassays differ considerably (Cohen et al., 2006), and a clearer picture 

is provided when interpreting these findings in conjunction with the basal 

morning cortisol levels; while cortisol levels following Synacthen look ‘high’, 

it can be seen that the basal morning cortisol levels are similar, supporting 

that the aim of the test in stimulating sub-maximal response was likely 

achieved. In addition, comparison to the dexamethasone suppressed plasma 

cortisol concentrations shows an approximately two-fold increase upon 

Synacthen stimulation, in keeping with others (Reynolds et al., 2001). The 
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time to peak cortisol during the short Synacthen test was delayed in those on 

dutasteride, with finasteride following a similar pattern, though this was not 

significant. This is reflective a delayed adrenal response to stimulation 

(Reynolds et al., 2001), and supports the hypothesis of a down-regulated 

HPA axis, though not to a great degree.  

 

The preservation of a relatively normal response following 5αR inhibition 

differed from the response seen in 5αR -/- mice, where the ability to mount a 

corticosterone response to restraint stress was substantially attenuated 

(Livingstone et al., 2010). The lack of difference seen in the present study 

may simply reflect an under-powered study, as assessment of the HPA axis 

was a secondary endpoint. However in the mice disruption of 5R1 slowed 

clearance by greater than 50% (unpublished), whereas in humans the effect 

of even dual 5R inhibition only attenuated glucocorticoid production by 

~20%. Therefore mice may be more dependent on this metabolic pathway, 

and in humans it may be necessary to inhibit either 5-reduction, both A-ring 

reductases or 11βHSD2 to induce adrenal insufficiency. In addition the 

treatment duration of 3 months may not have been sufficient to clearly 

demonstrate such a phenotype. The responses to dynamic testing in Zucker 

rats treated with finasteride for 1 month (where inhibition of 5αR1 would be 

less pronounced than in 5αR -/- mice) showed no change in response to 
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restraint, (unpublished), and this could perhaps be considered a more 

comparable model to the human study. 

 

With expression of 5αR in the brain (Table 1-1, Introduction) there is 

potential for 5αR inhibitors to have a central effect on the HPA axis, however 

there was no evidence for this in the present study. Had glucocorticoids 

accumulated centrally then cortisol concentrations would be expected to fall, 

however this was not seen. If GR levels had exhibited some degree of 

autoregulation (Rupprecht et al., 1991) to adjust to increased glucocorticoid 

concentrations, this would have manifest in the dexamethasone suppression 

test with decreased suppression of plasma cortisol, and once again there was 

no evidence for this.   

 

In contrast to normal circulating cortisol concentrations, serum 

androstenedione was increased with dutasteride only, likely a reflection of 

substrate accumulation following 5αR inhibition, which was more marked 

with the more efficacious drug. Androstenedione is a known substrate for 

5αR in both normal and BPH-affected human prostate (Weisser and Krieg, 

1997), with a Km value of 1.7 µM compared to 3.6 µM for testosterone 

(Andersson and Russell, 1990). Finasteride inhibits equally well the 5α-

reduction of both androstenedione and testosterone (Weisser and Krieg, 

1998); the activity of dutasteride in inhibiting androstenedione is not 
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described, though is likely to be equal if not more effective than finasteride. 

The post-treatment androstenedione concentrations in the dutasteride group 

were just slightly in excess of the reference range reported by some (Kushnir 

et al., 2010a), and well within those used in the NHS laboratories in 

Edinburgh (NHSLothian, 2011-2013). This finding is also in agreement with 

previous studies; one month of finasteride does not increase androstenedione 

(Rittmaster et al., 1994), and concentrations in two patients with 5αR2 

deficiency were surprisingly slightly lower than unaffected men (Fisher et al., 

1978). In contrast, as seen here, with 3-6 months of dutasteride treatment (co-

administered with testosterone) there is a significant increase in 

androstenedione, which was more marked than seen with testosterone 

administration alone (Page et al., 2011a). 

 

Dutasteride and finasteride both exhibited similar effects on urinary 

androgen metabolites, which are largely a reflection of adrenal androgen 

synthesis (Weykamp et al., 1989, Finken et al., 1999) and this corroborates 

less forward drive to synthesis by the HPA axis. An expected decline in the 

5α metabolite androsterone was seen with both dutasteride and finasteride 

and there was a compensatory increase in androgen metabolism by 5βR. 

Compensation was unable to compensate fully for those treated with 

dutasteride, leaving a residual increase in serum androstenedione. An 

additional contributing factor may be that while cortisol is closely regulated 



 

Chapter 6: The effects of inhibition of 5αRs on the HPA axis  375 
 

 

by the HPA axis (Jacobson, 2005), regulation of androstenedione synthesis is 

not so tightly controlled (Takizawa et al., 2010), therefore rather than 

suppression of its synthesis, increased metabolism by 5βR may be the 

preferred clearance route. Androstenedione has a lower Km (4.85 µM) than 

cortisol (11 µM) for 5βR metabolism (Okuda and Okuda, 1984), and this may 

explain the increase in 5βR metabolism of androgens but not glucocorticoids. 

As NADPH is cofactor for both enzymes (Frederiksen and Wilson, 1971, 

Berseus and Bjorkhem, 1967, Kondo et al., 1994), with a decrease in 5αR 

activity there could in theory be an increase in cofactor availability for 5βR. 

This is unlikely however as 5αR is predominantly microsomal (Russell and 

Wilson, 1994) and 5βR is thought to be predominantly cytosolic, though has 

been reported in all sub-cellular fractions (Iyer et al., 1990).  

 

While total androgen urinary metabolites were decreased with finasteride, 

the decrease in 5αR metabolism was largely balanced by the increase in 5βR 

metabolism with dutasteride. This presumably reflects less need for 5βR 

compensation following finasteride treatment, however may also reflect a 

degree of 5βR inhibition with finasteride (Drury et al., 2009).  

 

The increase in serum androstenedione may reflect an increase in adrenal 

steroidogenesis, though notably an increase in DHEAS (which is not a 

known substrate of 5αR) was not seen. While modulated by the HPA axis, 
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adrenal androgens do not always show the same pattern of secretion (and 

therefore probably regulation) as cortisol (McKenna and Cunningham, 1991, 

Bornstein and Chrousos, 1999). Other effectors of adrenal androgen synthesis 

are, however, less well understood. Insulin in vitro (Kramer et al., 1990) and 

free fatty acids in vivo (Mai et al., 2006) have been reported to selectively 

stimulate adrenocortical androgen rather than glucocorticoid release; making 

it possible that the hyperinsulinaemia seen in the dutasteride group (Chapter 

5.4.6.1) may by contributing to the increased androstenedione concentrations. 

An increase in sensitivity to ACTH  in androgen synthesising cells has been 

reported in  PCOS patients (Azziz et al., 1998), though in contrast in men 

cortisol may be more sensitive than androstenedione to Synacthen infusion 

(Parker et al., 1996). Overall differing sensitivity of adrenocortical cells has 

not been studied in detail in men and at present it is unknown whether this 

played any role in the findings seen.  

 

While principal feedback to the HPA axis is from glucocorticoids (Jacobson, 

2005), androgens and oestrogens may also play a role; an important 

consideration given that following 5αR inhibition circulating 

androstenedione was increased, DHT decreased (Chapter 5.4.5.1), and there 

was a trend towards an increase in oestradiol (Chapter 5.4.13). Normally 

testosterone (Viau and Meaney, 1996) and DHT (Lund et al., 2006) both 

modulate the HPA axis, with a net effect to decrease circulating 



 

Chapter 6: The effects of inhibition of 5αRs on the HPA axis  377 
 

 

glucocorticoids. Effects of DHT are also thought to be mediated by its (ERβ 

ligand) metabolite, 3β-diol, which also has an inhibitory effect (Handa et al., 

2011), and in theory would also decrease following 5αR inhibition. 

Androstenedione is not thought to play an important role in HPA feedback 

in men. Therefore the usual inhibitory effect exerted by DHT would be 

attenuated in the context of 5αR inhibition, and in turn increase adrenal 

steroidogenesis; the opposite of what was observed, and likely a reflection of 

the greater role of cortisol in HPA feedback than DHT.  Similarly oestradiol 

is thought to cause a hyper-responsive HPA axis (Kirschbaum et al., 1996), 

therefore in this setting the trend towards an increase in oestradiol is more 

likely to be an effect of 5αR inhibition, rather than a cause of HPA axis 

dysfunction. 

 

In conclusion, this chapter has described the effects of 5αR inhibition on the 

HPA axis in men. There was a significant decrease in cortisol metabolism by 

5αR with both dutasteride and finasteride. There were subtle signs of adrenal 

insufficiency following Synacthen stimulation, however there was 

preservation of normal circulating cortisol concentrations and the HPA axis 

was able to compensate for the effects of 5αR inhibition. A reduction in 5αR 

metabolism of androgens was compensated for by an increase in 5βR activity 

following both 5αR inhibitors, however incomplete compensation with 

dutasteride resulted in a residual increase in circulating androstenedione 
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concentrations. This study has demonstrated the first reported detailed 

measure in a human population of HPA axis function with both finasteride 

and dutasteride, and demonstrates differential adaptation of the HPA axis to 

glucocorticoids and androgens following inhibition of 5αR.  
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The aim of this thesis was to address the paucity of knowledge regarding the 

metabolic effects of 5αR inhibition in man. The central hypothesis was that, 

due to expression in metabolic tissues where androgen and glucocorticoid 

homeostasis are affected, inhibition of 5αR1 with dutasteride would be 

detrimental to metabolic health. A double-blind randomised controlled study 

was conducted, with 46 men studied prior to and following three months of 

treatment with dutasteride (dual inhibitor of 5αR1 and 5αR2), finasteride 

(5αR2 inhibitor) or tamsulosin (α blocker, control group). 5αR inhibition with 

dutasteride, but not finasteride, resulted in a significant decrease in 

peripheral insulin sensitivity and increase in body fat. In addition, there was 

evidence of subtle dysregulation of the HPA axis with both 5αR inhibitors.   

 

Excess tissue glucocorticoid is associated with features of the metabolic 

syndrome (Walker, 2001). One of the rate-limiting steps in glucocorticoid 

degradation is catalysed by 5αR (Shamim et al., 2000, Baudrand et al., 2011), 

therefore in theory, inhibition of 5αR1 may lead to an accumulation of 

cortisol in metabolic tissues. The two best characterised isozymes of 5αR 

differ in their tissue distribution: 5αR2 is predominantly expressed in the 

reproductive tract and liver (Russell and Wilson, 1994, Shirakawa et al., 

2004), while 5αR1 is expressed in metabolic tissues including liver and 

adipose (Russell and Wilson, 1994, Wake et al., 2007). Well known for 

catalysing the conversion of the androgen testosterone to the more potent 
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dihydrotestosterone, 5αRs are inhibited in the treatment of androgen target 

tissue disorders, most notably benign prostatic hyperplasia (Aggarwal et al., 

2010). However, 5αR inhibition may also affect other substrates of 5αR, 

including glucocorticoids.  

 

Research in animal models has demonstrated that mice with genetic 

disruption of 5αR1 develop glucose intolerance and fatty liver, particularly 

when metabolically challenged with a high fat diet and female mice are more 

susceptible (Livingstone et al., 2008, Livingstone et al., 2009a). These results 

were recapitulated with pharmacological inhibition of 5αR1 and 5αR2 in 

obese Zucker rats (Livingstone et al., 2009a) and these findings are not 

androgen dependent, in that they persist in castrated animals. In humans, 

previous studies of metabolic effects of 5αR inhibition have been limited to 

measures of fasting glucose (Amory et al., 2007).  

 

This thesis has described the implementation of a double-blind randomised 

controlled clinical study, together with validation and application of novel 

supporting assays. Three months of treatment with dutasteride significantly 

impaired insulin sensitivity, decreasing glucose disposal by 5.7 

µmol/kgFFM/min (~14%) during high-dose insulin infusion. This was 

suggestive of a peripheral insulin resistance, and together with changes in 
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other surrogates of peripheral insulin sensitivity, skeletal muscle and adipose 

were implicated as the primary sites of impaired insulin action.  

 

Given the clear differences between dutasteride and both finasteride and 

control, steps to determine the mechanism were a key focus of the work 

presented; though as yet an exact mechanism remains elusive. It is implied in 

study findings that the metabolic effects of dutasteride must lie in the 

inhibition of 5αR1, as similar findings were not seen with finasteride. 

Circulating DHT and cortisol concentrations did not differ between groups, 

therefore could not account for this difference. Oestradiol had a trend 

towards increasing following 5αR inhibition, and rose more so with 

dutasteride. This remains a possible mediator, as both ERα and ERβ mRNA 

and protein are expressed in human skeletal muscle (Wiik et al., 2009). 

However, while oestrogens are associated with metabolic disease (Vikan et 

al., 2010, Phillips et al., 2003), the mechanism behind which they may impair 

skeletal muscle insulin sensitivity in men is not understood. Oestrogen 

effects on glucose homeostasis are thought to be mediated predominantly via 

ERα (Foryst-Ludwig and Kintscher, 2010), and if this is case then the 

probable decrease in the ERβ ligand 3β-diol (a DHT metabolite) with 5αR 

inhibition would likely not contribute to the phenotype seen. Future 

development of mass spectrometry based assays may provide a more reliable 

indicator of oestrogen concentrations, and given previous reports of normal 
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oestradiol concentrations following a year of treatment (Amory et al., 2007) 

the possibility remains that this was a transient feature. Inhibition of 5αR3 

(Godoy et al., 2011, Uemura et al., 2008) in this study was not specifically 

studied; however with increasing knowledge about this isozyme future 

studies may explore this possibility.  

 

Tissue accumulation of glucocorticoids was the underpinning mechanism 

thought responsible, however while liver is the primary site of glucocorticoid 

metabolism (Gold, 1961), there was no evidence of a hepatic insulin 

resistance phenotype with dutasteride. Indeed, the importance of both 5αR1 

and 5αR2 in hepatic glucocorticoid metabolism was demonstrated in this 

study with similar inhibition of 5αTHF seen with both inhibitor drugs. Tracer 

kinetics indicated hepatic insulin sensitivity was preserved, and there was no 

evidence of fatty liver on post-treatment 1H spectroscopy. There are of course 

inherent limitations in human studies, and it may be that fatty liver seen in 

animal models (Livingstone et al., 2008, Livingstone et al., 2009a) was not 

apparent with a short duration of treatment, that a post-study only measure 

of liver fat was not sufficiently sensitive to distinguish groups, or that 

impairment of hepatic insulin sensitivity is not a feature of human 5αR 

inhibition. It is also reasonable to consider that the early pathogenesis of the 

metabolic syndrome may differ between rodents and humans. 
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Body composition was altered with increased body fat in those on 

dutasteride only, and a degree of adipose insulin resistance was evident with 

less suppression of plasma NEFA levels following low-dose insulin infusion. 

However there was no change in the circulating adipokines or chemokines 

quantified, nor any alterations in gene transcript abundance to indicate 

metabolic or inflammatory changes in subcutaneous adipose. The increase in 

body fat was unable to be localised to a specific abdominal depot on MRI. In 

future studies, if resources permit and necessary technological advances are 

achieved, novel imaging techniques such as positron emission tomography 

(PET) scanning (Ng et al., 2012) may provide valuable non-invasive measures 

of glucose metabolism, enabling physiological assessment of both 

subcutaneous and visceral adipose.  

 

Local metabolism of steroids by 5αR1 within muscle, or the deposition of 

ectopic fat are possible mediators of metabolic effects seen in this study. 

Muscle biopsies and muscle spectroscopy were not performed in this study; 

therefore the deposition of fat or alteration in glucose metabolism post 

dutasteride treatment is unknown. Further ongoing work is in determination 

of relative expression of 5αR isozymes in metabolic tissues of interest in both 

rodent and human. However, as has been demonstrated previously 

(Stuerenburg and Schoser, 1999) 5αR mRNA and protein expression may not 

translate to detectable activity. In order to further our understanding, the use 
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of arterio-venous sampling across a muscle bed may give some insight 

regarding muscle 5αR activity, in particular whether cortisol is metabolised 

by muscle 5αR. Muscle androgen metabolism could be further investigated 

with the use of deuterated testosterone tracers (Vierhapper et al., 1997, Wang 

et al., 2004b). In addition, a further valuable mechanistic investigation may 

be a cross-sectional clinical study with muscle spectroscopy performed in 

patients on dutasteride and finasteride compared to healthy controls, in 

particular looking for evidence of increased triglyceride in muscle, and/or 

muscle biopsies taken to assess for glycogen synthesis.  

 

Metabolic dysfunction is associated with impairments of the HPA axis 

(Pasquali et al., 2006), and vice versa (Rosmond et al., 1998). The clear 

metabolic changes induced by dutasteride treatment, together with 

expression of 5αR in sites potentially modulating the HPA axis (Thigpen et 

al., 1993, Russell and Wilson, 1994), may have altered function of the HPA 

axis. Investigated as a secondary endpoint in this study, there was a clear 

decrease in 5αR metabolism of both glucocorticoids and androgens, together 

with evidence of compensation. For glucocorticoids, compensation was by 

down-regulation of the HPA axis with decreased glucocorticoid production 

and maintenance of a normal circulating cortisol concentration. Androgens 

compensated largely by increasing metabolism by 5βR, with a residual 

increase in serum androstenedione with dutasteride, evidence of substrate 
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accumulation. Pituitary response to dexamethasone suppression was normal; 

however there was evidence of a delayed peak cortisol response with adrenal 

Synacthen stimulation suggesting a degree of adrenal insufficiency. Overall, 

testing of the HPA axis revealed an ability to compensate for 5αR inhibition 

maintaining normal circulating cortisol concentrations. This observation 

naturally lends itself to the question of whether tissue glucocorticoid 

concentrations were also normalised. It is impossible to definitely establish 

this in this setting, however given ongoing metabolic abnormalities 

potentially driven by cortisol accumulation this is suggestive of a continuing 

elevation in tissue glucocorticoid concentrations. The use of deuterated 

cortisol tracers (Hughes et al., 2010) may in future provide more detailed 

information about peripheral tissue-specific glucocorticoid turnover 

following 5αR inhibition.  

 

The study presented sampled a subset of men, consisting mostly of healthy 

volunteers. As with all studies, sample groups cannot reflect the entire 

population and this must be considered before extrapolation of results to 

individual patients or communities. It could however be hypothesised that 

with declining β cell function (Ma et al., 2009) and increased body fat (Boden 

et al., 1993), older men would be more susceptible to metabolic consequences 

of 5αR inhibition than seen in the present study; rendering these results even 

more relevant to the ‘typical’ BPH patient. The probable association of BPH 
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with the metabolic syndrome (Moul and McVary, 2010, Parsons et al., 2006) 

and long-term prescription of 5αR inhibitors to patients with additional 

predispositions to metabolic disease can only make these data even more 

clinically relevant.  

 

The common usage of these medications also makes the work in this thesis 

potentially widely clinically applicable. Annually in Britain there are 

~500,000 dutasteride, ~2.3 million finasteride, ~4.7 million tamsulosin, and 

~70,000 combined dutasteride/ tamsulosin prescriptions dispensed (Wales, 

2011) (England, 2011) (Scotland, 2011). In men, finasteride is licensed for use 

in BPH and androgenic alopecia, and in women it is licensed for treatment of 

hirsutism. Dutasteride is licensed for use in BPH only, as are the combined 

dutasteride/ tamsulosin preparations. Given the adverse metabolic 

consequences of 5αR inhibition with dutasteride presented here, and the lack 

of evidence to suggest dutasteride is a more effective treatment (Andriole 

and Kirby, 2003, Nickel et al., 2011), it may be that finasteride should be the 

preferred drug in BPH. One consideration however is that finasteride is not 

available in a pre-prepared combination with an alpha blocker, meaning this 

approach may be less acceptable to patients needing combination treatment.  

 

Despite the demonstrated impairment of insulin sensitivity, there are select 

clinical scenarios where dutasteride may still be the preferred 5αR inhibitor: 
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treatment of castration-resistant prostate cancer (CRPC), prostate cancer 

prevention, and prevention of complications from BPH. Dutasteride is 

possibly more effective than finasteride in lowering prostatic DHT 

concentrations (van der Sluis et al., 2012), but perhaps of greater importance 

the majority of prostate cancers express predominantly 5αR1 and the most 

commonly utilised prostate cancer cell line, LNCaP, expresses only 5αR1 and 

not 5αR2 (Negri-Cesi et al., 1998). Conversely, dutasteride may also have 

deleterious effects and in CRPC has been shown promote androstenedione 

metabolism to testosterone with its own AR agonist effects (Chang et al., 

2011). In addition, glucocorticoids (both endogenous and synthetic) are 

agonists for a mutated high-affinity cortisol-cortisone responsive AR seen in 

CRPC (Zhao et al., 2000, Chang et al., 2001). The balance between these 

factors, and the clinical importance and implications of dutasteride in these 

conditions are still being established, however if proven beneficial then a 

decrease in insulin sensitivity would clearly be of diminished relative 

importance in such patients.  

 

This thesis has focused on the effects of 5αR inhibition in men. Healthy 

women could not be studied in a similar manner as dutasteride is not 

licensed for use in women and risks to a male foetus if volunteers conceived 

during (or soon after) the study would be unacceptable. However, with high 

expression of 5αR1 in non-genital skin (Eicheler et al., 1995), any proposed 
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use of dutasteride in hirsutism treatment, for example in PCOS, may be 

affected by results in this thesis as PCOS itself is associated with insulin 

resistance (Amato et al., 2006). 5αR isozyme distribution is not thought to 

differ between men and women, therefore it could be expected that 

finasteride in women would not induce insulin resistance, though all that is 

known to date is that fasting glucose levels do not change (Moghetti et al., 

2000). The metabolic effects of sex steroids, and changes in sex steroids, are 

manifest in a gender-specific manner (Wu and von Eckardstein, 2003), and 

what effect dutasteride may have on sex steroids in women is unknown, 

though in 5αR -/- mice females were more susceptible to metabolic disease 

than males (Livingstone et al., 2008).   

 

Dutasteride induces peripheral insulin resistance, and insulin resistance is of 

key prognostic importance. As demonstrated in a landmark study in a Pima 

Indian population (Lillioja et al., 1993), insulin resistance (independently of 

obesity) was a significant risk factor for the development of type 2 diabetes 

after 5 years of follow-up. In addition, skeletal muscle insulin resistance, the 

primary feature seen with dutasteride treatment, is thought to be the key 

antecedent to future diabetes (DeFronzo and Tripathy, 2009). Therefore 

findings presented of increased insulin resistance with only 3 months of 

dutasteride therapy naturally beg the question of the potential long-term 

implications of dutasteride treatment. An approach to this question would be 
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to conduct a retrospective analysis of the incidence of diabetes in patients 

taking dutasteride compared to finasteride or tamsulosin; data which (in 

contrast to detailed measures of insulin sensitivity) would be more readily 

available in population health databases. In addition, the progression or 

complications of metabolic disease may be more apparent in patients with 

diabetes treated with dutasteride. Both of these studies are now underway.  

 

In conclusion, this thesis has presented the first detailed study in humans 

comparing the metabolic effects of inhibiting 5αR2 with finasteride, to the 

effects of dual isozyme inhibition with dutasteride. There was a significant 

and likely clinically relevant decrease in peripheral insulin sensitivity and 

increase in body fat with dutasteride. In addition, testing of the HPA axis 

revealed subtle dysregulation with both 5αR inhibitors, though 

compensation for this was evident. The work presented in this thesis has 

highlighted a novel determinant of metabolic health with potentially 

important implications for BPH patients, and results lead now to further 

exciting avenues of potential research, particularly in exploring mechanisms 

underpinning the metabolic consequences of dutasteride treatment.  



 

References 
391 

 

Chapter 8: References 
 

2009. Guide to Receptors and Channels (GRAC), 4th Edition. Br J Pharmacol, 158 

Suppl 1, S1-254. 

ABATE, N., GARG, A., COLEMAN, R., GRUNDY, S. M. & PESHOCK, R. M. 

1997. Prediction of total subcutaneous abdominal, intraperitoneal, and 

retroperitoneal adipose tissue masses in men by a single axial magnetic 

resonance imaging slice. American Journal of Clinical Nutrition, 65. 

ABULHAJJ, Y. J. & KIANG, D. T. 1982. Metabolism of testosterone by GR mouse 

mammary tumors. Cancer Research, 42, 3510-3513. 

ADAMS, M., MEIJER, O. C., WANG, J. A., BHARGAVA, A. & PEARCE, D. 

2003. Homodimerization of the glucocorticoid receptor is not essential for 

response element binding: Activation of the phenylethanolamine N-

methyltransferase gene by dimerization-defective mutants. Molecular 

Endocrinology, 17, 2583-2592. 

AGGARWAL, S., THAREJA, S., VERMA, A., BHARDWAJ, T. R. & KUMAR, M. 

2010. An overview on 5alpha-reductase inhibitors. Steroids, 75, 109-53. 

AGIS-BALBOA, R. C., PINNA, G., ZHUBI, A., MALOKU, E., VELDIC, M., 

COSTA, E. & GUIDOTTI, A. 2006. Characterization of brain neurons that 

express enzymes mediating neurosteroid biosynthesis. Proceedings of the 

National Academy of Sciences of the United States of America, 103, 14602-

14607. 

AGUILERA, R., CHAPMAN, T. E., PEREIRA, H., OLIVEIRA, G. C., ILLANES, 

R. P., FERNANDES, T. F., AZEVEDO, D. A. & NETO, F. A. 2009. Drug 

testing data from the 2007 Pan American Games: delta13C values of urinary 

androsterone, etiocholanolone and androstanediols determined by 

GC/C/IRMS. Journal of Steroid Biochemistry and Molecular Biology, 115, 

107-14. 

AIZAWA, K., IEMITSU, M., MAEDA, S., OTSUKI, T., SATO, K., USHIDA, T., 

MESAKI, N. & AKIMOTO, T. 2010. Acute exercise activates local bioactive 

androgen metabolism in skeletal muscle. Steroids, 75, 219-223. 

ALLAN, C. A., STRAUSS, B. J. G., BURGER, H. G., FORBES, E. A. & 

MCLACHLAN, R. I. 2008. Testosterone therapy prevents gain in visceral 

adipose tissue and loss of skeletal muscle in nonobese aging men. Journal of 

Clinical Endocrinology & Metabolism, 93, 139-146. 

ALLIGIER, M., GABERT, L., MEUGNIER, E., LAMBERT-PORCHERON, S., 

CHANSEAUME, E., PILLEUL, F., DEBARD, C., SAUVINET, V., MORIO, 

B., VIDAL-PUIG, A., VIDAL, H. & LAVILLE, M. 2013. Visceral fat 

accumulation during lipid overfeeding is related to subcutaneous adipose 

tissue characteristics in healthy men. Journal of Clinical Endocrinology & 

Metabolism. 

ALTMAN, D. G. & DORE, C. J. 1990. Randomization and base-line comparisons in 

clinical trials. Lancet, 335. 

AMATO, M. C., GALLUZZO, A., MERLINO, S., MATTINA, A., RICHIUSA, P., 

CRISCIMANNA, A. & GIORDANO, C. 2006. Lower insulin sensitivity 



 

References 
392 

 

differentiates hirsute from non-hirsute Sicilian women with polycystic ovary 

syndrome. European Journal of Endocrinology, 155. 

AMORY, J. K., ANAWALT, B. D., MATSUMOTO, A. M., PAGE, S. T., 

BREMNER, W. J., WANG, C., SWERDLOFF, R. S. & CLARK, R. V. 2008. 

The effect of 5 alpha-reductase inhibition with dutasteride and finasteride on 

bone mineral density, serum lipoproteins, hemoglobin, prostate specific 

antigen and sexual function in healthy young men. Journal of Urology, 179, 

2333-2338. 

AMORY, J. K., WANG, C., SWERDLOFF, R. S., ANAWALT, B. D., 

MATSUMOTO, A. M., BREMNER, W. J., WALKER, S. E., HABERER, L. 

J. & CLARK, R. V. 2007. The effect of 5 alpha reductase inhibition with 

dutasteride and finasteride on semen parameters and serum hormones in 

healthy men. Journal of Clinical Endocrinology & Metabolism, 92, 1659-

1665. 

ANAGNOSTIS, P., ATHYROS, V. G., TZIOMALOS, K., KARAGIANNIS, A. & 

MIKHAILIDIS, D. P. 2009. The pathogenetic role of cortisol in the 

metabolic syndrome: a hypothesis. Journal of Clinical Endocrinology & 

Metabolism, 94, 2692-2701. 

ANDERSSON, S., BERMAN, D. M., JENKINS, E. P. & RUSSELL, D. W. 1991. 

Deletion of steroid 5 alpha-reductase 2 gene in male pseudohermaphroditism. 

Nature, 354, 159-61. 

ANDERSSON, S. & RUSSELL, D. W. 1990. Structural and biochemical properties 

of cloned and expressed human and rat steroid 5 alpha-reductases. 

Proceedings of the National Academy of Sciences of the United States of 

America, 87, 3640-4. 

ANDREW, R., PHILLIPS, D. I. & WALKER, B. R. 1998. Obesity and gender 

influence cortisol secretion and metabolism in man. Journal of Clinical 

Endocrinology & Metabolism, 83, 1806-9. 

ANDREW, R., SMITH, K., JONES, G. C. & WALKER, B. R. 2002. Distinguishing 

the activities of 11 beta-hydroxysteroid dehydrogenases in vivo using 

isotopically labeled cortisol. Journal of Clinical Endocrinology & 

Metabolism, 87, 277-285. 

ANDREWS, R. C. & WALKER, B. R. 1999. Glucocorticoids and insulin resistance: 

old hormones, new targets. Clin Sci (Lond), 96, 513-23. 

ANDRIOLE, G. L. & KIRBY, R. 2003. Safety and tolerability of the dual 5alpha-

reductase inhibitor dutasteride in the treatment of benign prostatic 

hyperplasia. Eur Urol, 44, 82-8. 

ANTUNA-PUENTE, B., DISSE, E., RABASA-LHORET, R., LAVILLE, M., 

CAPEAU, J. & BASTARD, J. P. 2011. How can we measure insulin 

sensitivity/resistance? Diabetes & Metabolism, 37, 179-188. 

ARAFAH, B. M. 2006. Review: Hypothalamic pituitary adrenal function during 

critical illness: Limitations of current assessment methods. Journal of 

Clinical Endocrinology & Metabolism, 91, 3725-3745. 

ARANEO, B. A., DOWELL, T., DIEGEL, M. & DAYNES, R. A. 1991. 

Dihydrotestosterone exerts a depressive influence on the production of 

interleukin-4 (IL-4), IL-5, and gamma-inteferon, but not IL-2 by activated 

murine T-cells. Blood, 78, 688-699. 



 

References 
393 

 

ARITA, Y., KIHARA, S., OUCHI, N., TAKAHASHI, M., MAEDA, K., 

MIYAGAWA, J., HOTTA, K., SHIMOMURA, I., NAKAMURA, T., 

MIYAOKA, K., KURIYAMA, H., NISHIDA, M., YAMASHITA, S., 

OKUBO, K., MATSUBARA, K., MURAGUCHI, M., OHMOTO, Y., 

FUNAHASHI, T. & MATSUZAWA, Y. 1999. Paradoxical decrease of an 

adipose-specific protein, adiponectin, in obesity. Biochemical and 

Biophysical Research Communications, 257. 

ARRIZA, J. L., WEINBERGER, C., CERELLI, G., GLASER, T. M., HANDELIN, 

B. L., HOUSMAN, D. E. & EVANS, R. M. 1987. Cloning of human 

mineralocorticoid receptor complementary DNA: structural and functional 

kinship with the glucocorticoid receptor. Science, 237, 268-75. 

ASIF, A. R., STEFFGEN, J., METTEN, M., GRUNEWALD, R. W., MULLER, G. 

A., BAHN, A., BURCKHARDT, G. & HAGOS, Y. 2005. Presence of 

organic anion transporters 3 (OAT3) and 4 (OAT4) in human adrenocortical 

cells. Pflugers Archiv-European Journal of Physiology, 450, 88-95. 

ASKEW, E. B., GAMPE, R. T., STANLEY, T. B., FAGGART, J. L. & WILSON, E. 

M. 2007. Modulation of androgen receptor activation function 2 by 

testosterone and dihydrotestosterone. Journal of Biological Chemistry, 282, 

25801-25816. 

AUCHUS, R. J. 2009. Non-traditional metabolic pathways of adrenal steroids. 

Reviews in Endocrine & Metabolic Disorders, 10, 27-32. 

AZZIZ, R., BLACK, V., HINES, G. A., FOX, L. M. & BOOTS, L. R. 1998. Adrenal 

androgen excess in the polycystic ovary syndrome: Sensitivity and 

responsivity of the hypothalamic-pituitary-adrenal axis. Journal of Clinical 

Endocrinology & Metabolism, 83, 2317-2323. 

AZZOLINA, B., ELLSWORTH, K., ANDERSSON, S., GEISSLER, W., BULL, H. 

G. & HARRIS, G. S. 1997. Inhibition of rat alpha-reductases by finasteride: 

evidence for isozyme differences in the mechanism of inhibition. Journal of 

Steroid Biochemistry and Molecular Biology, 61, 55-64. 

BACKSTROM, T., ANDERSSON, A., BAIRD, D. T. & SELSTAM, G. 1986. The 

human corpus luteum secretes 5 alpha-pregnane-3,20-dione. Acta Endocrinol 

(Copenh), 111, 116-21. 

BARAT, P., LIVINGSTONE, D. E. W., ELFERINK, C. M. C., MCDONNELL, C. 

R., WALKER, B. R. & ANDREW, R. 2007. Effects of gonadectomy on 

glucocorticoid metabolism in obese Zucker rats. Endocrinology, 148, 4836-

4843. 

BARNES, P. J. 2010. Mechanisms and resistance in glucocorticoid control of 

inflammation. Journal of Steroid Biochemistry and Molecular Biology, 120, 

76-85. 

BARRETT KE, B. S., BOITANO S, BROOKS HL 2010. Ganong's Review of 

Medical Physiology, McGraw-Hill. 

BARTSCH, G., RITTMASTER, R. S. & KLOCKER, H. 2002. Dihydrotestosterone 

and the concept of 5alpha-reductase inhibition in human benign prostatic 

hyperplasia. World J Urol, 19, 413-25. 

BASU, R., BREDA, E., OBERG, A. L., POWELL, C. C., DALLA MAN, C., BASU, 

A., VITTONE, J. L., KLEE, G. G., ARORA, P., JENSEN, M. D., 

TOFFOLO, G., COBELLI, C. & RIZZA, R. A. 2003. Mechanisms of the 



 

References 
394 

 

age-associated deterioration in glucose tolerance - Contribution of alterations 

in insulin secretion, action, and clearance. Diabetes, 52. 

BASU, R., SINGH, R. J., BASU, A., CHITTILAPILLY, E. G., JOHNSON, C. M., 

TOFFOLO, G., COBELLI, C. & RIZZA, R. A. 2004. Splanchnic cortisol 

production occurs in humans - Evidence for conversion of cortisone to 

cortisol via the 11-beta hydroxysteroid dehydrogenase (11 beta-HSD) type 1 

pathway. Diabetes, 53, 2051-2059. 

BAUDRAND, R., CARVAJAL, C. A., RIQUELME, A., MORALES, M., SOLIS, 

N., PIZARRO, M., ESCALONA, A., BOZA, C., PEREZ, G., DOMINGUEZ, 

A., ARRESE, M. & FARDELLA, C. E. 2010. Overexpression of 11 beta-

Hydroxysteroid Dehydrogenase Type 1 in Hepatic and Visceral Adipose 

Tissue is Associated with Metabolic Disorders in Morbidly Obese Patients. 

Obesity Surgery, 20, 77-83. 

BAUDRAND, R., MIGUEL DOMINGUEZ, J., CARVAJAL, C. A., RIQUELME, 

A., CAMPINO, C., MACCHIAVELLO, S., BOZINOVIC, M., MORALES, 

M., PIZARRO, M., SOLIS, N., ESCALONA, A., BOZA, C., ARRESE, M. & 

FARDELLA, C. E. 2011. Overexpression of hepatic 5 alpha-reductase and 11 

beta-hydroxysteroid dehydrogenase type 1 in visceral adipose tissue is 

associated with hyperinsulinemia in morbidly obese patients. Metabolism-

Clinical and Experimental, 60, 1775-1780. 

BAUMAN, D. R., STECKELBROECK, S., PEEHL, D. M. & PENNING, T. M. 

2006. Transcript profiling of the androgen signal in normal prostate, benign 

prostatic hyperplasia, and prostate cancer. Endocrinology, 147, 5806-5816. 

BAYRAM, F., MUDERRIS, II, GUVEN, M. & KELESTIMUR, F. K. 2002. 

Comparison of high-dose finasteride (5 mg/day) versus low-dose finasteride 

(2.5 mg/day) in the treatment of hirsutism. European Journal of 

Endocrinology, 147, 467-471. 

BELANGER, A., PELLETIER, G., LABRIE, F., BARBIER, O. & CHOUINARD, 

S. 2003. Inactivation of androgens by UDP-glucuronosyltransferase enzymes 

in humans. Trends in Endocrinology and Metabolism, 14, 473-479. 

BENGTSSON, I., LISSNER, L., LJUNG, T., ROSENGREN, A., THELLE, D. & 

WAHRBORG, P. 2010. The cortisol awakening response and the metabolic 

syndrome in a population-based sample of middle-aged men and women. 

Metabolism-Clinical and Experimental, 59, 1012-1019. 

BENNETT, N. C., GARDINER, R. A., HOOPER, J. D., JOHNSON, D. W. & 

GOBE, G. C. 2010. Molecular cell biology of androgen receptor signalling. 

International Journal of Biochemistry & Cell Biology, 42, 813-827. 

BERGTHORSDOTTIR, R., LEONSSON-ZACHRISSON, M., ODEN, A. & 

JOHANNSSON, G. 2006. Premature mortality in patients with Addison's 

disease: A population-based study. Journal of Clinical Endocrinology & 

Metabolism, 91, 4849-4853. 

BERMAN, J. R., ALMEIDA, F. G., JOLIN, J., PAZ, S., CHAUDHURI, G. & 

GONZALEZ-CADAVID, N. F. 2003. Correlation of androgen receptors, 

aromatase, and 5-alpha reductase in the human vagina with menopausal 

status. Fertility and Sterility, 79, 925-931. 

BERSEUS, O. & BJORKHEM, I. 1967. Enzymatic conversion of a delta 4-3-

ketosteroid into a 3 alpha-hydroxy-5 beta steroid - mechanism and 



 

References 
395 

 

sterochemistry of hydrogen transfer from NADPH. European Journal of 

Biochemistry, 2, 503-&. 

BEST, R. & WALKER, B. R. 1997. Additional value of measurement of urinary 

cortisone and unconjugated cortisol metabolites in assessing the activity of 11 

beta-hydroxysteroid dehydrogenase in vivo. Clinical Endocrinology (Oxf), 

47, 231-6. 

BINGLEY, P. J., COLMAN, P., EISENBARTH, G. S., JACKSON, R. A., 

MCCULLOCH, D. K., RILEY, W. J. & GALE, E. A. M. 1992. 

Standardization of IVGTT to predict IDDM. Diabetes Care, 15. 

BINI, V., FRAU, R., COLLU, M., PABA, S., DEVOTO, P., MARROSU, F. & 

BORTOLATO, M. 2009. Blockade of 5-alpha reductase reduces compulsive 

behaviors in mice. European Neuropsychopharmacology, 19, S296-S297. 

BJORNTORP, P., HOLM, G. & ROSMOND, R. 1999. Hypothalamic arousal, 

insulin resistance and Type 2 diabetes mellitus. Diabetic Medicine, 16, 373-

383. 

BLOCK, N. E. & BUSE, M. G. 1989. Effects of hypercortisolemia and diabetes on 

skeletal muscle insulin receptor function in vitro and in vivo. American 

Journal of Physiology, 256, E39-E48. 

BLOM, M. J., WASSINK, M. G., VAN WIJK, F., EDERVEEN, A. G. H., 

KLOOSTERBOER, H. J., VERHOEVEN, C. H. J., LAMBERT, J. G. D. & 

GOOS, H. J. T. 2001. Metabolism of norethisterone and norethisterone 

derivatives in rat uterus, vagina, and aorta. Drug Metabolism and Disposition, 

29, 976-982. 

BLOUIN, K., RICHARD, C., BELANGER, C., DUPONT, P., DARIS, M., 

LABERGE, P., LUU-THE, V. & TCHERNOF, A. 2003. Local androgen 

inactivation in abdominal visceral adipose tissue. Journal of Clinical 

Endocrinology & Metabolism, 88, 5944-5950. 

BLUMBERG, B., SABBAGH, W., JR., JUGUILON, H., BOLADO, J., JR., VAN 

METER, C. M., ONG, E. S. & EVANS, R. M. 1998. SXR, a novel steroid 

and xenobiotic-sensing nuclear receptor. Genes Dev, 12, 3195-205. 

BODEN, G., CHEN, X. H., DESANTIS, R. A. & KENDRICK, Z. 1993. Effects of 

age and body fat on insulin resistance in healthy men. Diabetes Care, 16. 

BODEN, G., LEBED, B., SCHATZ, M., HOMKO, C. & LEMIEUX, S. 2001. 

Effects of acute changes of plasma free fatty acids on intramyocellular fat 

content and insulin resistance in healthy subjects. Diabetes, 50, 1612-1617. 

BOER, H., MEIJER, C., DIJCK-BROUWER, J. D., KEMA, I. P., LEFRANDT, J. 

D., ZWART, N., BOEZEN, H. M., SMIT, A. J. & GIETEMA, J. A. 

Association of single nucleotide polymorphism (SNP) in the 5 alpha 

reductase gene (SRD5A2) with increased prevalence of the metabolic 

syndrome in chemotherapy treated testicular cancer (TC) survivors.  2011 

American Society of Clinical Oncology Annual Conference, 2011 Chicago, 

Illinois, USA. Journal of Clinical Oncology, Abstract 4564. 

BORGSTEEDE, S., BRUGGEMAN, R., HOEFNAGEL, R., HUISKES, M. & VAN 

PUIJENBROEK, E. 2010. Tamsulosin and hyperglycaemia in patients with 

diabetes. Netherlands Journal of Medicine, 68. 

BORLAK, J., SCHULTE, I. & THUM, T. 2004. Androgen metabolism in thymus of 

fetal and adult rats. Drug Metabolism and Disposition, 32, 675-679. 



 

References 
396 

 

BORNSTEIN, S. R. & CHROUSOS, G. P. 1999. Adrenocorticotropin (ACTH)- and 

non-ACTH-mediated regulation of the adrenal cortex: Neural and immune 

inputs. Journal of Clinical Endocrinology & Metabolism, 84, 1729-1736. 

BORSKI, R. J. 2000. Nongenomic membrane actions of glucocorticoids in 

vertebrates. Trends in Endocrinology and Metabolism, 11, 427-436. 

BORTOLATO, M., FRAU, R., ORRU, M., BOUROV, Y., MARROSU, F., 

MEREU, G., DEVOTO, P. & GESSA, G. L. 2008. Antipsychotic-like 

properties of 5-alpha-reductase inhibitors. Neuropsychopharmacology, 33, 

3146-56. 

BOSCHMANN, M., KRUPP, G., LUFT, F. C., KLAUS, S. & JORDAN, J. 2002. In 

vivo response to alpha(1)-adrenoreceptor stimulation in human white adipose 

tissue. Obesity Research, 10. 

BOUDREAU, N., LACHANCE, S., LEVESQUE, A., MASSE, R., PELLETIER, N. 

& SAVARD, C. Relative instability of deuterated internal standard under 

different pH conditions and according to deuterium atoms location.  

American Association of Pharmaceutical Scientists Annual Meeting and 

Exposition, 2009. 

BOURGHARDT, J., WILHELMSON, A. S. K., ALEXANDERSON, C., DE 

GENDT, K., VERHOEVEN, G., KRETTEK, A., OHLSSON, C. & 

TIVESTEN, A. 2010. Androgen receptor-dependent and independent 

atheroprotection by testosterone in male mice. Endocrinology, 151, 5428-37. 

BOYD, J. H., DIVANGAHI, M., YAHIAOUI, L., GVOZDIC, D., QURESHI, S. & 

PETROF, B. J. 2006. Toll-like receptors differentially regulate CC and CXC 

chemokines in skeletal muscle via NF-kappa B and calcineurin. Infection and 

Immunity, 74, 6829-6838. 

BRADLEY, A. J. & DINAN, T. G. 2010. A systematic review of hypothalamic-

pituitary-adrenal axis function in schizophrenia: implications for mortality. 

Journal of Psychopharmacology, 24, 91-118. 

BRANDT, M. & LEVY, M. A. 1989. 3-Beta-hydroxy-delta-5-steroid 

dehydrogenase/ 3-keto-delta-5-steroid isomerase from bovine adrenals - 

mechanism of inhibition by 3-oxo-4-aza steroids and kinetic mechanism of 

the dehydrogenase. Biochemistry, 28, 140-148. 

BREM, A. S. 2001. Insights into glucocorticoid-associated hypertension. American 

Journal of Kidney Diseases, 37, 1-10. 

BRINTON, R. D., THOMPSON, R. F., FOY, M. R., BAUDRY, M., WANG, J., 

FINCH, C. E., MORGAN, T. E., PIKE, C. J., MACK, W. J., STANCZYK, F. 

Z. & NILSEN, J. 2008. Progesterone receptors: form and function in brain. 

Front Neuroendocrinol, 29, 313-39. 

BRODSKY, I. G., BALAGOPAL, P. & NAIR, K. S. 1996. Effects of testosterone 

replacement on muscle mass and muscle protein synthesis in hypogonadal 

men - A Clinical research center study. Journal of Clinical Endocrinology & 

Metabolism, 81, 3469-3475. 

BRUCHOVSKY, N. & WILSON, J. D. 1968a. The conversion of testosterone to 5-

alpha-androstan-17-beta-ol-3-one by rat prostate in vivo and in vitro. Journal 

of Biological Chemistry, 243, 2012-21. 

BRUCHOVSKY, N. & WILSON, J. D. 1968b. The intranuclear binding of 

testosterone and 5-alpha-androstan-17-beta-ol-3-one by rat prostate. Journal 

of Biological Chemistry, 243, 5953-60. 



 

References 
397 

 

BRUN, E. M., TORRES, A., VENTURA, R., PUCHADES, R. & MAQUIEIRA, A. 

2010. Enzyme-linked immunosorbent assays for doping control of 5 alpha-

reductase inhibitors finasteride and dutasteride. Analytica Chimica Acta, 671, 

70-79. 

BUSH, I. E. & MAHESH, V. B. 1959. Metabolism of 11-oxygenated steroids. 1. 

Influence of the A/B ring junction on the reduction of 11-oxo groups. 

Biochem J, 71, 705-17. 

BUTENANDT, A. & HANISCH, G. 1935. Testosterone. Conversion of 

dehydroandrosterone in androstenediol and testosterone; A way to represent 

the testosterone of cholesterol. Hoppe-Seylers Zeitschrift Fur Physiologische 

Chemie, 237, 89-97. 

CATAPANO, A. L., REINER, Z., DE BACKER, G., GRAHAM, I., TASKINEN, 

M.-R., WIKLUND, O., AGEWALL, S., ALEGRIA, E., CHAPMAN, M. J., 

DURRINGTON, P., ERDINE, S., HALCOX, J., HOBBS, R., KJEKSHUS, 

J., FILARDI, P. P., RICCARDI, G., STOREY, R. F. & WOOD, D. 2011. 

ESC/EAS Guidelines for the management of dyslipidaemias The Task Force 

for the management of dyslipidaemias of the European Society of Cardiology 

(ESC) and the European Atherosclerosis Society (EAS). Atherosclerosis, 217, 

3-46. 

CHAN, S. W. C. & LEATHEM, J. H. 1975. Placental steroidogenesis in rat - 

progesterone production by tissue of basal zone. Endocrinology, 96, 298-303. 

CHANG, C. Y., WALTHER, P. J. & MCDONNELL, D. P. 2001. Glucocorticoids 

manifest androgenic activity in a cell line derived from a metastatic prostate 

cancer. Cancer Research, 61. 

CHANG, K. H., LI, R., PAPARI-ZAREEI, M., WATUMULL, L., ZHAO, Y. D., 

AUCHUS, R. J. & SHARIFI, N. 2011. Dihydrotestosterone synthesis 

bypasses testosterone to drive castration-resistant prostate cancer. 

Proceedings of the National Academy of Sciences of the United States of 

America, 108, 13728-13733. 

CHANTILIS, S., DOMBROSKI, R., SHACKLETON, C. H., CASEY, M. L. & 

MACDONALD, P. C. 1996. Metabolism of 5 alpha-dihydroprogesterone in 

women and men: 3 beta- and 3 alpha-,6 alpha-dihydroxy-5 alpha-pregnan-20-

ones are major urinary metabolites. Journal of Clinical Endocrinology & 

Metabolism, 81, 3644-9. 

CHAVEZ-ENG, C. M., CONSTANZER, M. L. & MATUSZEWSKI, B. K. 2002. 

High-performance liquid chromatographic-tandem mass spectrometric 

evaluation and determination of stable isotope labeled analogs of rofecoxib in 

human plasma samples from oral bioavailability studies. Journal of 

Chromatography B-Analytical Technologies in the Biomedical and Life 

Sciences, 767. 

CHEN, X., GARDNER, E. R., PRICE, D. K. & FIGG, W. D. 2008. Development 

and validation of an LC-MS assay for finasteride and its application to 

prostate cancer prevention trial sample analysis. J Chromatogr Sci, 46, 356-

61. 

CHOI, C.-I., LEE, H.-I., BAE, J.-W., LEE, Y.-J., BYEON, J.-Y., JANG, C.-G. & 

LEE, S.-Y. 2012. Determination of tamsulosin in human plasma by liquid 

chromatography/tandem mass spectrometry and its application to a 



 

References 
398 

 

pharmacokinetic study. Journal of Chromatography B-Analytical 

Technologies in the Biomedical and Life Sciences, 909, 65-69. 

CHOUKEM, S. P. & GAUTIER, J. F. 2008. How to measure hepatic insulin 

resistance? Diabetes Metab, 34, 664-73. 

CHRISTAKOUDI, S., DEACON, A., PETERS, T. & TAYLOR, N. 2003. Urinary 

steroid hormone metabolites in patients with porphyrias. British Endocrine 

Societies. Glasgow: Endocrine Abstracts. 

CLARK, R. V., HERMANN, D. J., CUNNINGHAM, G. R., WILSON, T. H., 

MORRILL, B. B. & HOBBS, S. 2004. Marked suppression of 

dihydrotestosterone in men with benign prostatic hyperplasia by dutasteride, 

a dual 5 alpha-reductase inhibitor. Journal of Clinical Endocrinology & 

Metabolism, 89, 2179-2184. 

COGGAN, A. R. 1999. Use of stable isotopes to study carbohydrate and fat 

metabolism at the whole-body level. Proceedings of the Nutrition Society, 58, 

953-961. 

COHEN, J., WARD, G., PRINS, J., JONES, M. & VENKATESH, B. 2006. 

Variability of cortisol assays can confound the diagnosis of adrenal 

insufficiency in the critically ill population. Intensive Care Medicine, 32, 

1901-1905. 

COLAO, A., PIVONELLO, R., SPIEZIA, S., FAGGIANO, A., FERONE, D., 

FILIPPELLA, M., MARZULLO, P., CERBONE, G., SICILIANI, M. & 

LOMBARDI, G. 1999. Persistence of increased cardiovascular risk in 

patients with Cushing's disease after five years of successful cure. Journal of 

Clinical Endocrinology & Metabolism, 84, 2664-2672. 

COLBY, H. D. & KITAY, J. I. 1972. Effects of gonadal hormones on adrenocortical 

secretion of 5-alpha-reduced metabolites of corticosterone in rat. 

Endocrinology, 91, 1523-1527. 

COLE, T. J., HARRIS, H. J., HOONG, I., SOLOMON, N., SMITH, R., 

KROZOWSKI, Z. & FULLERTON, M. J. 1999. The glucocorticoid receptor 

is essential for maintaining basal and dexamethasone-induced repression of 

the murine corticosteroid-binding globulin gene. Molecular and Cellular 

Endocrinology, 154, 29-36. 

CONSTANZER, M. L., CHAVEZ, C. M. & MATUSZEWSKI, B. K. 1994. 

Picogram determination of finasteride in human plasma and semen by high-

performance liquid chromatography with atmospheric-pressure chemical-

ionization tandem mass spectrometry. Journal of Chromatography B - 

Analytical Technologies in the Biomedical and Life Sciences, 658, 281-7. 

COOLENS, J. L., VANBAELEN, H. & HEYNS, W. 1987. Clinical use of unbound 

plasma cortisol as calculated from total cortisol and corticosteroid binding 

globulin. Journal of Steroid Biochemistry and Molecular Biology, 26, 197-

202. 

COPPACK, S. W., JENSEN, M. D. & MILES, J. M. 1994. In-vivo regulation of 

lipolysis in humans. Journal of Lipid Research, 35, 177-193. 

CORNIER, M.-A., DABELEA, D., HERNANDEZ, T. L., LINDSTROM, R. C., 

STEIG, A. J., STOB, N. R., VAN PELT, R. E., WANG, H. & ECKEL, R. H. 

2008. The Metabolic Syndrome. Endocrine Reviews, 29, 777-822. 

COSTA, D. N., PEDROSA, I., MCKENZIE, C., REEDER, S. B. & ROFSKY, N. M. 

2008. Body MRI using IDEAL. American Journal of Roentgenology, 190. 



 

References 
399 

 

COVAULT, J. 2012. Subjective and Physiological Effects of Alcohol: Role of 

Genetic Variation and Adrenal Hormones [Online]. University of 

Connecticut Health Center Available: http://clinicaltrialsfeeds.org/clinical-

trials/show/NCT00734656 [Accessed 21 April 2012]. 

CUNHA, G. R., ALARID, E. T., TURNER, T., DONJACOUR, A. A., BOUTIN, E. 

L. & FOSTER, B. A. 1992. Normal and abnormal development of the male 

urogenital tract - Role of androgens, mesenchymal epithelial interactions and 

growth factors. Journal of Andrology, 13, 465-475. 

CUNNINGHAM, G. R. 1996. Overview of androgens on the normal and abnormal 

prostate. Pharmacology, Biology, and Clinical Applications of Androgens, 

79-93. 

DAIDOH, H., MORITA, H., MUNE, T., MURAYAMA, M., HANAFUSA, J., NI, 

H., SHIBATA, H. & YASUDA, K. 1995. Responses of plasma 

adrenocortical steroids to low dose ACTH in normal subjects. Clinical 

Endocrinology (Oxf), 43, 311-5. 

DE BOSSCHER, K. 2010. Selective Glucocorticoid Receptor modulators. Journal of 

Steroid Biochemistry and Molecular Biology, 120, 96-104. 

DE BOSSCHER, K. & HAEGEMAN, G. 2009. Minireview: latest perspectives on 

antiinflammatory actions of glucocorticoids. Molecular Endocrinology, 23, 

281-91. 

DE MENEZES, F. G., RIBEIRO, W., IFA, D. R., DE MORAES, M. E., DE 

MORAES, M. O. & DE NUCCI, G. 2001. Bioequivalence study of 

finasteride. Determination in human plasma by high-pressure liquid 

chromatography coupled to tandem mass spectrometry. 

Arzneimittelforschung, 51, 145-50. 

DEFRONZO, R. A., TOBIN, J. D. & ANDRES, R. 1979. Glucose clamp technique - 

method for quantifying insulin-secretion and resistance. American Journal of 

Physiology, 237, E214-E223. 

DEFRONZO, R. A. & TRIPATHY, D. 2009. Skeletal muscle insulin resistance is 

the primary defect in type 2 diabetes. Diabetes Care, 32. 

DEHERTOGH, R., HOET, J. J., MATERAZZI, F. & EKKA, E. 1964. The fate of 

1,2-3H Cortexolone in man. Acta Endocrinol (Copenh), 47, 165-76. 

DELARMINAT, M. A., HINRICHSEN, M. J., SCORTICATI, C., GHIRLANDA, J. 

M., BLAQUIER, J. A. & CALANDRA, R. S. 1980. Uptake and metabolism 

of androgen by the human epididymis invitro. Journal of Reproduction and 

Fertility, 59, 397-402. 

DEMERATH, E. W., SHEN, W., LEE, M., CHOH, A. C., CZERWINSKI, S. A., 

SIERVOGEL, R. M. & TOWNE, B. 2007. Approximation of total visceral 

adipose tissue with a single magnetic resonance image. American Journal of 

Clinical Nutrition, 85, 362-368. 

DENTI, L., PASOLINI, G., CORTELLINI, P., SANFELICI, L., BENEDETTI, R., 

CECCHETTI, A., FERRETTI, S., BRUSCHIERI, L., ABLONDI, F. & 

VALENTI, G. 2000. Changes in HDL-cholesterol and lipoprotein Lp(a) after 

6-month treatment with finasteride in males affected by benign prostatic 

hyperplasia (BPH). Atherosclerosis, 152, 159-66. 

DESANTIS, A. S., DIEZROUX, A. V., HAJAT, A., GOLDEN, S. H., JENNY, N. 

S., SANCHEZ, B. N., SHEA, S. & SEEMAN, T. E. 2011. Associations of 

salivary cortisol levels with metabolic syndrome and its components: the 

http://clinicaltrialsfeeds.org/clinical-trials/show/NCT00734656
http://clinicaltrialsfeeds.org/clinical-trials/show/NCT00734656


 

References 
400 

 

multi-ethnic study of atherosclerosis. Journal of Clinical Endocrinology & 

Metabolism, 96, 3483-3492. 

DHINDSA, S., FURLANETTO, R., VORA, M., GHANIM, H., CHAUDHURI, A. 

& DANDONA, P. 2011. Low estradiol concentrations in men with subnormal 

testosterone concentrations and type 2 diabetes. Diabetes Care, 34. 

DICKSTEIN, G., SHECHNER, C., NICHOLSON, W. E., ROSNER, I., SHEN-

ORR, Z., ADAWI, F. & LAHAV, M. 1991. Adrenocorticotropin stimulation 

test: effects of basal cortisol level, time of day, and suggested new sensitive 

low dose test. Journal of Clinical Endocrinology & Metabolism, 72, 773-8. 

DIEDERICH, S., GROSSMANN, C., HANKE, B., QUINKLER, M., HERRMANN, 

M., BAHR, V. & OELKERS, W. 2000. In the search for specific inhibitors of 

human 11 beta-hydroxysteroid-dehydrogenases (11 beta-HSDs): 

chenodeoxycholic acid selectively inhibits 11 beta-HSD-I. European Journal 

of Endocrinology, 142, 200-207. 

DIEUDONNE, M. N., PECQUERY, R., BOUMEDIENE, A., LENEVEU, M. C. & 

GIUDICELLI, Y. 1998. Androgen receptors in human preadipocytes and 

adipocytes: regional specificities and regulation by sex steroids. American 

Journal of Physiology-Cell Physiology, 274, C1645-C1652. 

DIMITRIADIS, G., LEIGHTON, B., PARRYBILLINGS, M., SASSON, S., 

YOUNG, M., KRAUSE, U., BEVAN, S., PIVA, T., WEGENER, G. & 

NEWSHOLME, E. A. 1997. Effects of glucocorticoid excess on the 

sensitivity of glucose transport and metabolism to insulin in rat skeletal 

muscle. Biochemical Journal, 321, 707-712. 

DING, L., LI, L., TAO, P., YANG, J. & ZHANG, Z. 2002. Quantitation of 

tamsulosin in human plasma by liquid chromatography-electrospray 

ionization mass spectrometry. Journal of Chromatography B - Analytical 

Technologies in the Biomedical and Life Sciences, 767, 75-81. 

DOHLE, G. R., SMIT, M. & WEBER, R. F. A. 2003. Androgens and male fertility. 

World Journal of Urology, 21, 341-345. 

DOMBROSKI, R. A., CASEY, M. L. & MACDONALD, P. C. 1993. The metabolic 

disposition of plasma 5 alpha-dihydroprogesterone (5 alpha-pregnane-3,20-

dione) in women and men. Journal of Clinical Endocrinology & Metabolism, 

77, 944-8. 

DOMBROSKI, R. A., CASEY, M. L. & MACDONALD, P. C. 1997. 5-Alpha-

dihydroprogesterone formation in human placenta from 5alpha-pregnan-

3beta/alpha-ol-20-ones and 5-pregnan-3beta-yl-20-one sulfate. Journal of 

Steroid Biochemistry and Molecular Biology, 63, 155-63. 

DONG, E., MATSUMOTO, K., UZUNOVA, V., SUGAYA, I., TAKAHATA, H., 

NOMURA, H., WATANABE, H., COSTA, E. & GUIDOTTI, A. 2001. Brain 

5 alpha-dihydroprogesterone and allopregnanolone synthesis in a mouse 

model of protracted social isolation. Proceedings of the National Academy of 

Sciences of the United States of America, 98, 2849-2854. 

DRAKE, A. J., LIVINGSTONE, D. E. W., ANDREW, R., SECKL, J. R., 

MORTON, N. M. & WALKER, B. R. 2005. Reduced adipose glucocorticoid 

reactivation and increased hepatic glucocorticoid clearance as an early 

adaptation to high-fat feeding in Wistar rats. Endocrinology, 146, 913-919. 

DROUIN, J., TRIFIRO, M. A., PLANTE, R. K., NEMER, M., ERIKSSON, P. & 

WRANGE, O. 1989. Glucocorticoid receptor binding to a specific DNA 



 

References 
401 

 

sequence is required for hormone-dependent repression of pro-

opiomelanocortin gene transcription. Mol Cell Biol, 9, 5305-14. 

DRURY, J. E., DI COSTANZO, L., PENNING, T. M. & CHRISTIANSON, D. W. 

2009. Inhibition of human steroid 5 beta-reductase (AKR1D1) by finasteride 

and structure of the enzyme-inhibitor complex. Journal of Biological 

Chemistry, 284, 19786-19790. 

DUBE, J. Y., NGOTHI, N. H. & TREMBLAY, R. R. 1975. Testosterone 5 alpha 

reductase in rat skin homogenates - measurement in skin at various 

anatomical sites in males and females. Endocrinology, 96, 235-237. 

DUPONT, W. D. & PLUMMER, W. D. 1990. Power and sample size calculations - 

a review and computer program. Controlled Clinical Trials, 11. 

DUPUY, G. M., BOULANGER, P., ROBERTS, K. D., BLEAU, G. & 

CHAPDELAINE, A. 1979. Metabolism of sex steroids in the human and 

canine vas deferens. Endocrinology, 104, 1553-1558. 

EDWARDS, C. R., STEWART, P. M., BURT, D., BRETT, L., MCINTYRE, M. A., 

SUTANTO, W. S., DE KLOET, E. R. & MONDER, C. 1988. Localisation of 

11 beta-hydroxysteroid dehydrogenase--tissue specific protector of the 

mineralocorticoid receptor. Lancet, 2, 986-9. 

EICHELER, W., DREHER, M., HOFFMANN, R., HAPPLE, R. & AUMULLER, G. 

1995. Immunohistochemical evidence for differential distribution of 5-alpha-

reductase isozymes in human skin. British Journal of Dermatology, 133, 371-

376. 

EICHELER, W., HAPPLE, R. & HOFFMANN, R. 1998. 5 alpha-reductase activity 

in the human hair follicle concentrates in the dermal papilla. Archives of 

Dermatological Research, 290, 126-132. 

EIKNES, K. B., STENSTAD, P. & LOFTHUS, R. 1983. Metabolism invitro of 

testosterone (T) to 17-beta-hydroxy-5-alpha-androstane-3-one (DHT) and 5-

alpha-androstane-3-alpha, 17-beta-diol (3-alpha) by the 800-g supernatant 

fraction of ileum from rats. Journal of Steroid Biochemistry and Molecular 

Biology, 19, 683-686. 

EL KIHEL, L. 2012. Oxidative metabolism of dehydroepiandrosterone (DHEA) and 

biologically active oxygenated metabolites of DHEA and epiandrosterone 

(EpiA) - Recent reports. Steroids, 77, 10-26. 

ELLIS, J. A., PANAGIOTOPOULOS, S., AKDENIZ, A., JERUMS, G. & 

HARRAP, S. B. 2005. Androgenic correlates of genetic variation in the gene 

encoding 5 alpha-reductase type 1. Journal of Human Genetics, 50, 534-537. 

ENGLAND. 2011. England prescribing statistics [Online]. England: The 

Information Centre for Health and Social Care, National Health 

Service Available: http://www.ic.nhs.uk/statistics-and-data-

collections/primary-care/prescriptions/prescription-cost-analysis-england--

2011 [Accessed 14 August 2012]. 

ESCOBAR-MORREALE, H. F., CARMINA, E., DEWAILLY, D., GAMBINERI, 

A., KELESTIMUR, F., MOGHETTI, P., PUGEAT, M., QIAO, J., 

WIJEYARATNE, C. N., WITCHEL, S. F. & NORMAN, R. J. 2012. 

Epidemiology, diagnosis and management of hirsutism: a consensus 

statement by the Androgen Excess and Polycystic Ovary Syndrome Society. 

Human Reproduction Update, 18, 146-170. 

http://www.ic.nhs.uk/statistics-and-data-collections/primary-care/prescriptions/prescription-cost-analysis-england--2011
http://www.ic.nhs.uk/statistics-and-data-collections/primary-care/prescriptions/prescription-cost-analysis-england--2011
http://www.ic.nhs.uk/statistics-and-data-collections/primary-care/prescriptions/prescription-cost-analysis-england--2011


 

References 
402 

 

ETXABE, J. & VAZQUEZ, J. A. 1994. Morbidity and mortality in Cushings disease 

- an epidemiological approach. Clinical Endocrinology (Oxf), 40, 479-484. 

FERRANNINI, E., VICHI, S., BECKNIELSEN, H., LAAKSO, M., PAOLISSO, G. 

& SMITH, U. 1996. Insulin action and age. Diabetes, 45. 

FINEGOOD, D. T., BERGMAN, R. N. & VRANIC, M. 1987. Estimation of 

endogenous glucose production during hyperinsulinemic euglycemic glucose 

clamps - Comparison of unlabeled and labeled exogenous glucose infusates. 

Diabetes, 36. 

FINEGOOD, D. T., BERGMAN, R. N. & VRANIC, M. 1988. Modeling error and 

apparent isotope discrimination confound estimation of endogenous glucose 

production during euglyemic glucose clamps. Diabetes, 37, 1025-1034. 

FINKEN, M. J. J., ANDREWS, R. C., ANDREW, R. & WALKER, B. R. 1999. 

Cortisol metabolism in healthy young adults: Sexual dimorphism in activities 

of A-ring reductases, but not 11 beta-hydroxysteroid dehydrogenases. 

Journal of Clinical Endocrinology & Metabolism, 84, 3316-3321. 

FISHER, L. K., KOGUT, M. D., MOORE, R. J., GOEBELSMANN, U., 

WEITZMAN, J. J., ISAACS, H., JR., GRIFFIN, J. E. & WILSON, J. D. 

1978. Clinical, endocrinological, and enzymatic characterization of two 

patients with 5 alpha-reductase deficiency: evidence that a single enzyme is 

responsible for the 5 alpha-reduction of cortisol and testosterone. Journal of 

Clinical Endocrinology & Metabolism, 47, 653-64. 

FLANNERY, C., DUFOUR, S., RABOL, R., SHULMAN, G. I. & PETERSEN, K. 

F. 2012. Skeletal muscle insulin resistance promotes increased hepatic de 

novo lipogenesis, hyperlipidemia, and hepatic steatosis in the elderly. 

Diabetes, 61, 2711-2717. 

FORADORI, C. D., WEISER, M. J. & HANDA, R. J. 2008. Non-genomic actions of 

androgens. Frontiers in Neuroendocrinology, 29, 169-181. 

FORCHIELLI, E., BROWN-GRANT, K. & DORFMAN, R. I. 1958. Steroid delta 4-

hydrogenases of rat liver. Proc Soc Exp Biol Med, 99, 594-6. 

FORCHIELLI, E., ROSENKRANTZ, H. & DORFMAN, R. I. 1955. Metabolism of 

11-deoxycortisol in vitro. Journal of Biological Chemistry, 215, 713-22. 

FORYST-LUDWIG, A. & KINTSCHER, U. 2010. Metabolic impact of estrogen 

signalling through ERalpha and ERbeta. Journal of Steroid Biochemistry and 

Molecular Biology, 122, 74-81. 

FRANCIOSI, M., KOFF, W. J. & RHODEN, E. L. 2007. Correlation between the 

total volume, transitional zone volume of the prostate, transitional prostate 

zone index and lower urinary tract symptoms (LUTS). International Urology 

and Nephrology, 39, 871-877. 

FRASER, R., INGRAM, M. C., ANDERSON, N. H., MORRISON, C., DAVIES, E. 

& CONNELL, J. M. C. 1999. Cortisol effects on body mass, blood pressure, 

and cholesterol in the general population. Hypertension, 33, 1364-1368. 

FREDERIKSEN, D. W. & WILSON, J. D. 1971. Partial characterization of the 

nuclear reduced nicotinamide adenine dinucleotide phosphate: delta 4-3-

ketosteroid 5 alpha-oxidoreductase of rat prostate. Journal of Biological 

Chemistry, 246, 2584-93. 

FREEMAN, E. R., BLOOM, D. A. & MCGUIRE, E. J. 2001. A brief history of 

testosterone. J Urol, 165, 371-3. 



 

References 
403 

 

FRITSCHE, A., MADAUS, A., STEFAN, N., TSCHRITTER, O., MAERKER, E., 

TEIGELER, A., HARING, H. & STUMVOLL, M. 2002. Relationships 

among age, proinsulin conversion, and beta-cell function in nondiabetic 

humans. Diabetes, 51. 

FRUZZETTI, F., DE LORENZO, D., PARRINI, D. & RICCI, C. 1994. Effects of 

finasteride, a 5 alpha-reductase inhibitor, on circulating androgens and 

gonadotropin secretion in hirsute women. Journal of Clinical Endocrinology 

& Metabolism, 79, 831-5. 

FRYE, S. V. 2006. Discovery and clinical development of dutasteride, a potent dual 

5 alpha-reductase inhibitor. Current Topics in Medicinal Chemistry, 6, 405-

421. 

FUNDER, J. W. 2005. Mineralocorticoid receptors: distribution and activation. 

Heart Fail Rev, 10, 15-22. 

FUNDER, J. W., PEARCE, P. T., SMITH, R. & SMITH, A. I. 1988. 

Mineralocorticoid action: target tissue specificity is enzyme, not receptor, 

mediated. Science, 242, 583-5. 

GALLETTI, F., BARBATO, A., VERSIERO, M., IACONE, R., RUSSO, O., 

BARBA, G., SIANI, A., CAPPUCCIO, F. P., FARINARO, E., DELLA 

VALLE, E. & STRAZZULLO, P. 2007. Circulating leptin levels predict the 

development of metabolic syndrome in middle-aged men: an 8-year follow-

up study. Journal of Hypertension, 25. 

GALLETTI, F., D'ELIA, L., DE PALMA, D., RUSSO, O., BARBA, G., SIANI, A., 

MILLER, M. A., CAPPUCCIO, F. P., ROSSI, G., ZAMPA, G. & 

STRAZZULLO, P. 2012. Hyperleptinemia is associated with hypertension, 

systemic inflammation and insulin resistance in overweight but not in normal 

weight men. Nutrition Metabolism and Cardiovascular Diseases, 22. 

GATHERCOLE, L. L., BUJALSKA, I. J., STEWART, P. M. & TOMLINSON, J. 

W. 2007. Glucocorticoid modulation of insulin signaling in human 

subcutaneous adipose tissue. Journal of Clinical Endocrinology & 

Metabolism, 92, 4332-4339. 

GELMANN, E. P. 2002. Molecular biology of the androgen receptor. Journal of 

Clinical Oncology, 20, 3001-3015. 

GEORGE, F. W. 1993. Postnatal expression of high rates of 5-alpha-reductase in the 

female rat urogenital tract. Journal of Developmental Physiology, 19, 187-

191. 

GEORGE, F. W. & PETERSON, K. G. 1988. 5 alpha-Dihydrotestosterone formation 

is necessary for embryogenesis of the rat prostate. Endocrinology, 122, 1159-

64. 

GIORDANO, R., PICU, A., MARINAZZO, E., D'ANGELO, V., BERARDELLI, R., 

KARAMOUZIS, I., FORNO, D., ZINNA, D., MACCARIO, M., GHIGO, E. 

& ARVAT, E. 2011. Metabolic and cardiovascular outcomes in patients with 

Cushing's syndrome of different aetiologies during active disease and 1 year 

after remission. Clinical Endocrinology (Oxf), 75, 354-360. 

GLAXOSMITHKLINE 2008. Avodart Dutasteride. United Kingdom: 

GlaxoSmithKline. 

GOBINET, J., POUJOL, N. & SULTAN, C. 2002. Molecular action of androgens. 

Mol Cell Endocrinol, 198, 15-24. 



 

References 
404 

 

GODOY, A., KAWINSKI, E., LI, Y., OKA, D., ALEXIEV, B., AZZOUNI, F., 

TITUS, M. A. & MOHLER, J. L. 2011. 5 alpha-Reductase type 3 expression 

in human benign and malignant tissues: A comparative analysis during 

prostate cancer progression. Prostate, 71, 1033-1046. 

GOLD, N. I. 1961. Partial characterization of metabolites of cortisol-4-C14 in dog. 2. 

Totally hepatectomized dog. Journal of Biological Chemistry, 236, 1930-&. 

GOLDENBERG, L., SO, A., FLESHNER, N., RENDON, R., DRACHENBERG, D. 

& ELHILALI, M. 2009. The role of 5-alpha reductase inhibitors in prostate 

pathophysiology: Is there an additional advantage to inhibition of type 1 

isoenzyme? Cuaj-Canadian Urological Association Journal, 3, S109-S114. 

GOMES, N., PUDAGE, A., JOSHI, S., VAIDYA, V., PAREKH, S. & 

TAMHANKAR, A. 2009. Rapid and sensitive LC–MS–MS method for the 

simultaneous estimation of alfuzosin and dutasteride in human plasma. 

Chromatographia, 69, 9-18. 

GOODARZI, M. O., SHAH, N. A., ANTOINE, H. J., PALL, M., GUO, X. Q. & 

AZZIZ, R. 2006. Variants in the 5 alpha-reductase type 1 and type 2 genes 

are associated with polycystic ovary syndrome and the severity of hirsutism 

in affected women. Journal of Clinical Endocrinology & Metabolism, 91, 

4085-4091. 

GOODPASTER, B. H., HE, J., WATKINS, S. & KELLEY, D. E. 2001. Skeletal 

muscle lipid content and insulin resistance: Evidence for a paradox in 

endurance-trained athletes. Journal of Clinical Endocrinology & Metabolism, 

86, 5755-5761. 

GORSLINE, J., HARNIK, M., TRESCO, P. & MORRIS, D. 1986. 

Hypertensinogenic activities of ring A-reduced metabolites of aldosterone. 

Hypertension, 8, 187-190. 

GRANT, A. M., ALTMAN, D. G., BABIKER, A. B., CAMPBELL, M. K., 

CLEMENS, F. J., DARBYSHIRE, J. H., ELBOURNE, D. R., MCLEER, S. 

K., PARMAR, M. K. B., POCOCK, S. J., SPIEGELHALTER, D. J., SYDES, 

M. R., WALKER, A. E., WALLACE, S. A. & GRP, D. S. 2005. Issues in 

data monitoring and interim analysis of trials. Health Technology Assessment, 

9, 1-+. 

GRAVAS, S. & OELKE, M. 2010. Current status of 5 alpha-reductase inhibitors in 

the management of lower urinary tract symptoms and BPH. World Journal of 

Urology, 28, 9-15. 

GRAVERSEN, D., VESTERGAARD, P., STOCHHOLM, K., GRAVHOLT, C. H. 

& JORGENSEN, J. O. L. 2012. Mortality in Cushing's syndrome: A 

systematic review and meta-analysis. European Journal of Internal Medicine, 

23, 278-282. 

GRIFFIN, M. E., MARCUCCI, M. J., CLINE, G. W., BELL, K., BARUCCI, N., 

LEE, D., GOODYEAR, L. J., KRAEGEN, E. W., WHITE, M. F. & 

SHULMAN, G. I. 1999. Free fatty acid-induced insulin resistance is 

associated with activation of protein kinase C theta and alterations in the 

insulin signaling cascade. Diabetes, 48, 1270-1274. 

GUARNA, A., DANZA, G., BARTOLUCCI, G., MARRUCCI, A., DINI, S. & 

SERIO, M. 1995. Synthesis of 5,6,6-[2H3]finasteride and quantitative 

determination of finasteride in human plasma at picogram level by an 



 

References 
405 

 

isotope-dilution mass spectrometric method. Journal of Chromatography B - 

Analytical Technologies in the Biomedical and Life Sciences, 674, 197-204. 

GUESS, H. A., ARRIGHI, H. M., METTER, E. J. & FOZARD, J. L. 1990. 

Cumulative prevalence of prostatism matches the autopsy prevalence of 

benign prostatic hyperplasia. Prostate, 17, 241-246. 

GUO, F.-Q., HUANG, L.-F., WONG, K. P., DAI, Y.-H., LI, Y.-W., LIANG, Y.-Z., 

HUANG, K.-L., ZHONG, K.-J. & WU, M.-J. 2007. A rapid, simple, specific 

liquid chromatographic-electrospray mass spectrometry method for the 

determination of finasteride in human plasma and its application to 

pharmacokinetic study. J Pharm Biomed Anal, 43, 1507-13. 

HAENDLER, B. & CLEVE, A. 2012. Recent developments in antiandrogens and 

selective androgen receptor modulators. Molecular and Cellular 

Endocrinology, 352, 79-91. 

HAMMARSTEN, J. & PEEKER, R. 2011. Urological aspects of the metabolic 

syndrome. Nature Reviews Urology, 8, 483-494. 

HAMMER, F., DRESCHER, D. G., SCHNEIDER, S. B., QUINKLER, M., 

STEWART, P. M., ALLOLIO, B. & ARLT, W. 2005. Sex steroid 

metabolism in human peripheral blood mononuclear cells changes with 

aging. Journal of Clinical Endocrinology & Metabolism, 90, 6283-6289. 

HAN, T. S., KELLY, I. E., WALSH, K., GREENE, R. M. E. & LEAN, M. E. J. 

1997. Relationship between volumes and areas from single transverse scans 

of intra-abdominal fat measured by magnetic resonance imaging. 

International Journal of Obesity, 21. 

HANDA, R. J., PAK, T. R., KUDWA, A. E., LUND, T. D. & HINDS, L. 2008. An 

alternate pathway for androgen regulation of brain function: activation of 

estrogen receptor beta by the metabolite of dihydrotestosterone, 5alpha-

androstane-3beta,17beta-diol. Horm Behav, 53, 741-52. 

HANDA, R. J., SHARMA, D. & UHT, R. 2011. A role for the androgen metabolite, 

5alpha androstane 3beta, 17beta diol (3beta-diol) in the regulation of the 

hypothalamo-pituitary-adrenal axis. Frontiers in Endocrinology, 2, 65-65. 

HANSON, R. W. & RESHEF, L. 1997. Regulation of phosphoenolpyruvate 

carboxykinase (GTP) gene. Annual Review of Biochemistry, 66, 581-611. 

HARIHARAN, M., NAGA, S., VANNOORD, T. & KINDT, E. K. 1992. 

Simultaneous assay of corticosterone and cortisol in plasma by reversed-

phase liquid chromatography. Clinical Chemistry, 38, 346-52. 

HARNO, E. W., A 2010. Will treating diabetes with 11beta HSD-1 inhibitors affect 

the HPA axis? Trends Endocrinol Metab, 21, 619-627. 

HARWOOD, D. T. & HANDELSMAN, D. J. 2009. Development and validation of 

a sensitive liquid chromatography-tandem mass spectrometry assay to 

simultaneously measure androgens and estrogens in serum without 

derivatization. Clin Chim Acta, 409, 78-84. 

HAUSER, K. F., MACLUSKY, N. J. & TORANALLERAND, C. D. 1987. 

Androgen action in fetal mouse spinal cord cultures - metabolic and 

morphological aspects. Brain Research, 406, 62-72. 

HESHMATI, H. M., RIGGS, B. L., BURRITT, M. F., MCALISTER, C. A., 

WOLLAN, P. & KHOSLA, S. 1998. Effects of the circadian variation in 

serum cortisol on markers of bone turnover and calcium homeostasis in 



 

References 
406 

 

normal postmenopausal women. Journal of Clinical Endocrinology & 

Metabolism, 83, 751-756. 

HINDS, T. D., RAMAKRISHNAN, S., CASH, H. A., STECHSCHULTE, L. A., 

HEINRICH, G., NAJJAR, S. M. & SANCHEZ, E. R. 2010. Discovery of 

glucocorticoid receptor-beta in mice with a role in metabolism. Molecular 

Endocrinology, 24, 1715-1727. 

HONG, S. K., MIN, G. E., HA, S. B., DOO, S. H., KANG, M. Y., PARK, H. J., 

YOON, C. Y., JEONG, S. J., BYUN, S. S. & LEE, S. E. 2010. Effect of the 

dual 5α-reductase inhibitor, dutasteride, on serum testosterone and body mass 

index in men with benign prostatic hyperplasia. BJU International, 105, 970-

974. 

HOSHIRO, M., OHNO, Y., MASAKI, H., IWASE, H. & AOKI, N. 2006. 

Comprehensive study of urinary cortisol metabolites in hyperthyroid and 

hypothyroid patients. Clinical Endocrinology (Oxf), 64, 37-45. 

HOUSTON, B., CHISHOLM, G. D. & HABIB, F. K. 1987. A kinetic analysis of the 

5-alpha reductases from human prostate and liver. Steroids, 49, 355-370. 

HUGHES, K. A., REYNOLDS, R. M., ANDREW, R., CRITCHLEY, H. O. D. & 

WALKER, B. R. 2010. Glucocorticoids Turn Over Slowly in Human 

Adipose Tissue in Vivo. Journal of Clinical Endocrinology & Metabolism, 

95, 4696-4702. 

HUGHES, K. A., WEBSTER, S. P. & WALKER, B. R. 2008. 11-Beta-

hydroxysteroid dehydrogenase type 1 (11beta-HSD1) inhibitors in type 2 

diabetes mellitus and obesity. Expert Opin Investig Drugs, 17, 481-96. 

HUTCHINSON, D. S. & BENGTSSON, T. 2005. alpha(1A)-adrenoceptors activate 

glucose uptake in L6 muscle cells through a phospholipase C-, 

phosphatidylinositol-3 kinase-, and atypical protein kinase C-dependent 

pathway. Endocrinology, 146. 

IBRAHIM, M. M. 2010. Subcutaneous and visceral adipose tissue: structural and 

functional differences. Obesity Reviews, 11, 11-18. 

IMPERATO-MCGINLEY, J., GUERRERO, L., GAUTIER, T. & PETERSON, R. E. 

1974. Steroid 5alpha-reductase deficiency in man: an inherited form of male 

pseudohermaphroditism. Science, 186, 1213-5. 

IMPERATO-MCGINLEY, J., MILLER, M., WILSON, J. D., PETERSON, R. E., 

SHACKLETON, C. & GAJDUSEK, D. C. 1991. A cluster of male 

pseudohermaphrodites with 5-alpha-reductase deficiency in Papua New 

Guinea. Clinical Endocrinology (Oxf), 34, 293-298. 

IMPERATO-MCGINLEY, J., PETERSON, R. E., GAUTIER, T. & STURLA, E. 

1979. Androgens and the evolution of male gender identity among male 

pseudo-hermaphrodites with 5 alpha reductase deficiency. New England 

Journal of Medicine, 300, 1233-1237. 

INZUCCHI, S. E., MAGGS, D. G., SPOLLETT, G. R., PAGE, S. L., RIFE, F. S., 

WALTON, V. & SHULMAN, G. I. 1998. Efficacy and metabolic effects of 

metformin and troglitazone in type II diabetes mellitus. New England Journal 

of Medicine, 338, 867-872. 

IQBAL, M. J., GREENWAY, B., WILKINSON, M. L., JOHNSON, P. J. & 

WILLIAMS, R. 1983. Sex steroid enzymes, aromatase and 5 alpha reductase 

in the pancreas - a comparison of normal adult, fetal and malignant tissue. 

Clinical Science, 65. 



 

References 
407 

 

IRANMANESH, A. & VELDHUIS, J. D. 2005. Combined inhibition of types I and 

II 5 alpha-reductase selectively augments the basal (nonpulsatile) mode of 

testosterone secretion in young men. Journal of Clinical Endocrinology & 

Metabolism, 90. 

ISAACS, J. T. 1996. Role of androgens in normal and malignant growth of the 

prostate. Pharmacology, Biology, and Clinical Applications of Androgens, 

95-101. 

ISAACS, J. T., BRENDLER, C. B. & WALSH, P. C. 1983. Changes in the 

metabolism of dihydrotestosterone in the hyperplastic human prostate. 

Journal of Clinical Endocrinology & Metabolism, 56, 139-146. 

ISIDORI, A. M., KALTSAS, G. A., PERRY, L., BURRIN, J. M., BESSER, G. M. & 

MONSON, J. P. 2003. The effect of growth hormone replacement therapy on 

adrenal androgen secretion in adult onset hypopituitarism. Clinical 

Endocrinology (Oxf), 58, 601-611. 

ISMAIEL, O. A., HALQUIST, M. S., ELMAMLY, M. Y., SHALABY, A. & 

KARNES, H. T. 2008. Monitoring phospholipids for assessment of ion 

enhancement and ion suppression in ESI and APCI LC/MS/MS for 

chlorpheniramine in human plasma and the importance of multiple source 

matrix effect evaluations. Journal of Chromatography B-Analytical 

Technologies in the Biomedical and Life Sciences, 875, 333-343. 

ISSA, S., SCHNABEL, D., FEIX, M., WOLF, L., SCHAEFER, H. E., RUSSELL, 

D. W. & SCHWEIKERT, H. U. 2002. Human osteoblast-like cells express 

predominantly steroid 5 alpha-reductase type 1. Journal of Clinical 

Endocrinology & Metabolism, 87, 5401-5407. 

ITO, K., SUZUKI, T., AKAHIRA, J., MORIYA, T., KANEKO, C., 

UTSUNOMIYA, H., YAEGASHI, N., OKAMURA, K. & SASANO, H. 

2002. Expression of androgen receptor and 5 alpha-reductases in the human 

normal endometrium and its disorders. International Journal of Cancer, 99, 

652-657. 

ITO, T. & HORTON, R. 1971. The source of plasma dihydrotestosterone in man. J 

Clin Invest, 50, 1621-7. 

IYER, R. B., BINSTOCK, J. M., SCHWARTZ, I. S., GORDON, G. G., 

WEINSTEIN, B. I. & SOUTHREN, A. L. 1990. Human hepatic cortisol 

reductase activities - enzymatic properties and substrate specificities of 

cytosolic cortisol delta 4-5-beta reductase and dihydrocortisol-3 alpha-

oxidoreductase(s). Steroids, 55, 495-500. 

JACOBSON, L. 2005. Hypothalamic-pituitary-adrenocortical axis regulation. 

Endocrinology and Metabolism Clinics of North America, 34, 271-292. 

JAFFE, A., MATZKIN, H., GILAD, S. & STERN, N. 1994. Effect of 5 alpha 

reductase inhibition of sex homone binding globulin in elderly men. Hormone 

Research, 41. 

JAKIMIUK, A. J., WEITSMAN, S. R. & MAGOFFIN, D. A. 1999. 5 alpha-

reductase activity in women with polycystic ovary syndrome. Journal of 

Clinical Endocrinology & Metabolism, 84, 2414-2418. 

JAMIESON, A., WALLACE, A. M., ANDREW, R., NUNEZ, B. S., WALKER, B. 

R., FRASER, R., WHITE, P. C. & CONNELL, J. M. C. 1999. Apparent 

cortisone reductase deficiency: A functional defect in 11 beta-hydroxysteroid 



 

References 
408 

 

dehydrogenase type 1. Journal of Clinical Endocrinology & Metabolism, 84, 

3570-3574. 

JANTZEN, H. M., STRAHLE, U., GLOSS, B., STEWART, F., SCHMID, W., 

BOSHART, M., MIKSICEK, R. & SCHUTZ, G. 1987. Cooperativity of 

glucocorticoid response elements located far upstream of the tyrosine 

aminotransferase gene. Cell, 49, 29-38. 

JANZEN, N., SANDER, S., TERHARDT, M., PETER, M. & SANDER, J. 2008. 

Fast and direct quantification of adrenal steroids by tandem mass 

spectrometry in serum and dried blood spots. Journal of Chromatography B - 

Analytical Technologies in the Biomedical and Life Sciences, 861, 117-122. 

JEANFAUCHER, C., BERGER, M., GALLON, C., DETURCKHEIM, M., 

VEYSSIERE, G. & JEAN, C. 1986. Regional differences in the testosterone 

to dihydrotestosterone ratio in the epididymis and vas deferens of adult mice. 

Journal of Reproduction and Fertility, 76, 537-543. 

JENKINS, E. P., ANDERSSON, S., IMPERATO-MCGINLEY, J., WILSON, J. D. 

& RUSSELL, D. W. 1992. Genetic and pharmacological evidence for more 

than one human steroid 5 alpha-reductase. Journal of Clinical Investigation, 

89, 293-300. 

JENKINS, E. P., HSIEH, C. L., MILATOVICH, A., NORMINGTON, K., 

BERMAN, D. M., FRANCKE, U. & RUSSELL, D. W. 1991. 

Characterization and chromosomal mapping of a human steroid 5 alpha-

reductase gene and pseudogene and mapping of the mouse homologue. 

Genomics, 11, 1102-12. 

JENSEN, B. C., SWIGART, P. M., LADEN, M. E., DEMARCO, T., HOOPES, C. 

& SIMPSON, P. C. 2009. The Alpha-1D Is the Predominant Alpha-1-

Adrenergic Receptor Subtype in Human Epicardial Coronary Arteries. 

Journal of the American College of Cardiology, 54, 1137-1145. 

KALHORN, T. F., PAGE, S. T., HOWALD, W. N., MOSTAGHEL, E. A. & 

NELSON, P. S. 2007. Analysis of testosterone and dihydrotestosterone from 

biological fluids as the oxime derivatives using high-performance liquid 

chromatography/tandem mass spectrometry. Rapid Communications in Mass 

Spectrometry, 21. 

KANNEL, W. B. 1996. Blood pressure as a cardiovascular risk factor - Prevention 

and treatment. Jama-Journal of the American Medical Association, 275, 

1571-1576. 

KAROLCZAK, M., KUPPERS, E. & BEYER, C. 1998. Developmental expression 

and regulation of aromatase- and 5 alpha-reductase type I mRNA in the male 

and female mouse hypothalamus. Journal of Neuroendocrinology, 10, 267-

274. 

KARSSEN, A. M., MEIJER, O. C., VAN DER SANDT, I. C. J., LUCASSEN, P. J., 

DE LANGE, E. C. M., DE BOER, A. G. & DE KLOET, E. R. 2001. 

Multidrug resistance P-glycoprotein hampers the access of cortisol but not of 

corticosterone to mouse and human brain. Endocrinology, 142, 2686-2694. 

KATZ, A., NAMBI, S. S., MATHER, K., BARON, A. D., FOLLMANN, D. A., 

SULLIVAN, G. & QUON, M. J. 2000. Quantitative insulin sensitivity check 

index: A simple, accurate method for assessing insulin sensitivity in humans. 

Journal of Clinical Endocrinology & Metabolism, 85, 2402-2410. 



 

References 
409 

 

KAZUTOSHI, Y., LABRIE, F. & LUU-THE, V. Type 3 5-alpha-reductase is an 

ubiquitous enzyme highly expressed in the brain and strongly inhibited by 

finasteride and dutasteride.  13th International congress on hormonal steroids 

and hormones and cancer, 2008 Quebec. 107. 

KERSHAW, E. E. & FLIER, J. S. 2004. Adipose tissue as an endocrine organ. 

Journal of Clinical Endocrinology & Metabolism, 89, 2548-56. 

KERSHAW, E. E., MORTON, N. M., DHILLON, H., RAMAGE, L., SECKL, J. R. 

& FLIER, J. S. 2005. Adipocyte-specific glucocorticoid inactivation protects 

against diet-induced obesity. Diabetes, 54, 1023-1031. 

KESKI-RAHKONEN, P., PARSSINEN, A., LEPPANEN, E., MAURIALA, T., 

LEHTONEN, M. & AURIOLA, S. 2007. Determination of tamsulosin in 

human aqueous humor and serum by liquid chromatography-electrospray 

ionization tandem mass spectrometry. Journal of Pharmaceutical and 

Biomedical Analysis, 43, 606-612. 

KIM, C. S., PARK, H. S., KAWADA, T., KIM, J. H., LIM, D., HUBBARD, N. E., 

KWON, B. S., ERICKSON, K. L. & YU, R. 2006. Circulating levels of 

MCP-1 and IL-8 are elevated in human obese subjects and associated with 

obesity-related parameters. International Journal of Obesity, 30. 

KIMURA, Y., SUZUKI, T., KANEKO, C., DARNEL, A. D., AKAHIRA, J., 

EBINA, M., NUKIWA, T. & SASANO, H. 2003. Expression of androgen 

receptor and 5 alpha-reductase types 1 and 2 in early gestation fetal lung: a 

possible correlation with branching morphogenesis. Clinical Science, 105, 

709-713. 

KINO, T., SU, Y. A. & CHROUSOS, G. P. 2009. Human glucocorticoid receptor 

isoform beta: recent understanding of its potential implications in physiology 

and pathophysiology. Cell Mol Life Sci, 66, 3435-48. 

KIRSCHBAUM, C. & HELLHAMMER, D. H. 1994. Salivary cortisol in 

psychoneuroendocrine research - recent developments and applications. 

Psychoneuroendocrinology, 19. 

KIRSCHBAUM, C., SCHOMMER, N., FEDERENKO, I., GAAB, J., NEUMANN, 

O., OELLERS, M., ROHLEDER, N., UNTIEDT, A., HANKER, J., PIRKE, 

K. M. & HELLHAMMER, D. H. 1996. Short-term estradiol treatment 

enhances pituitary-adrenal axis and sympathetic responses to psychosocial 

stress in healthy young men. Journal of Clinical Endocrinology & 

Metabolism, 81. 

KIYOKAGE, E., TOIDA, K., SUZUKI-YAMAMOTO, T. & ISHIMURA, K. 2005. 

Localization of 5alpha-reductase in the rat main olfactory bulb. J Comp 

Neurol, 493, 381-95. 

KLIMCAKOVA, E., ROUSSEL, B., MARQUEZ-QUINONES, A., KOVACOVA, 

Z., KOVACIKOVA, M., COMBES, M., SIKLOVA-VITKOVA, M., 

HEJNOVA, J., SRAMKOVA, P., BOULOUMIE, A., VIGUERIE, N., 

STICH, V. & LANGIN, D. 2011. Worsening of obesity and metabolic status 

yields similar molecular adaptations in human subcutaneous and visceral 

adipose tissue: decreased metabolism and increased immune response. 

Journal of Clinical Endocrinology & Metabolism, 96, E73-E82. 

KLOTSMAN, M., WEINBERG, C. R., DAVIS, K., BINNIE, C. G. & 

HARTMANN, K. E. 2004. A case-based evaluation of SRD5A1, SRD5A2, 



 

References 
410 

 

AR, and ADRA1A as candidate genes for severity of BPH. 

Pharmacogenomics Journal, 4, 251-259. 

KONDO, K. H., KAI, M. H., SETOGUCHI, Y., EGGERTSEN, G., SJOBLOM, P., 

SETOGUCHI, T., OKUDA, K. I. & BJORKHEM, I. 1994. Cloning and 

expression of cDNA of human delta(4)-3-oxosteroid 5-beta-reductase and 

substrate specificity of the expressed enzyme. European Journal of 

Biochemistry, 219, 357-363. 

KOTELEVTSEV, Y., BROWN, R. W., FLEMING, S., KENYON, C., EDWARDS, 

C. R. W., SECKL, J. R. & MULLINS, A. J. 1999. Hypertension in mice 

lacking 11 beta-hydroxysteroid dehydrogenase type 2. Journal of Clinical 

Investigation, 103, 683-689. 

KOTELEVTSEV, Y., HOLMES, M. C., BURCHELL, A., HOUSTON, P. M., 

SCHMOLL, D., JAMIESON, P., BEST, R., BROWN, R., EDWARDS, C. 

R., SECKL, J. R. & MULLINS, J. J. 1997. 11beta-hydroxysteroid 

dehydrogenase type 1 knockout mice show attenuated glucocorticoid-

inducible responses and resist hyperglycemia on obesity or stress. 

Proceedings of the National Academy of Sciences of the United States of 

America, 94, 14924-9. 

KOZACI, D. L., CHERNAJOVSKY, Y. & CHIKANZA, I. C. 2007. The differential 

expression of corticosteroid receptor isoforms in corticosteroid-resistant and -

sensitive patients with rheumatoid arthritis. Rheumatology, 46, 579-585. 

KRAEGEN, E. W., CLARK, P. W., JENKINS, A. B., DALEY, E. A., CHISHOLM, 

D. J. & STORLIEN, L. H. 1991. Development of muscle insulin resistance 

after liver insulin resistance in high-fat fed rats. Diabetes, 40, 1397-1403. 

KRAMER, R. E., BUSTER, J. E. & ANDERSEN, R. N. 1990. Differential 

modulation of ACTH-stimulated cortisol and androstenedione secretion by 

insulin. Journal of Steroid Biochemistry and Molecular Biology, 36, 33-42. 

KRSSAK, M., PETERSEN, K. F., DRESNER, A., DIPIETRO, L., VOGEL, S. M., 

ROTHMAN, D. L., SHULMAN, G. I. & RODEN, M. 1999. Intramyocellular 

lipid concentrations are correlated with insulin sensitivity in humans: a H-1 

NMR spectroscopy study. Diabetologia, 42, 113-116. 

KULLE, A. E., RIEPE, F. G., MELCHIOR, D., HIORT, O. & HOLTERHUS, P. M. 

2010. A novel ultrapressure liquid chromatography tandem mass 

spectrometry method for the simultaneous determination of androstenedione, 

testosterone, and dihydrotestosterone in pediatric blood samples: age- and 

sex-specific reference data. Journal of Clinical Endocrinology & Metabolism, 

95, 2399-2409. 

KUPELIAN, V., MCVARY, K. T., BARRY, M. J., LINK, C. L., ROSEN, R. C., 

AIYER, L. P., MOLLON, P. & MCKINLAY, J. B. 2009. Association of C-

reactive protein and lower urinary tract symptoms in men and women: results 

from Boston Area Community Health survey. Urology, 73, 950-7. 

KUSHNIR, M. M., BLAMIRES, T., ROCKWOOD, A. L., ROBERTS, W. L., YUE, 

B. F., ERDOGAN, E., BUNKER, A. M. & MEIKLE, A. W. 2010a. Liquid 

chromatography-tandem mass spectrometry assay for androstenedione, 

dehydroepiandrosterone, and testosterone with pediatric and adult reference 

intervals. Clinical Chemistry, 56, 1138-1147. 



 

References 
411 

 

KUSHNIR, M. M., ROCKWOOD, A. L. & BERGQUIST, J. 2010b. Liquid 

chromatography tandem mass spectrometry applications in Endocrinology. 

Mass Spectrometry Reviews, 29. 

KUSHNIR, M. M., ROCKWOOD, A. L., ROBERTS, W. L., YUE, B., 

BERGQUIST, J. & MEIKLE, A. W. 2011. Liquid chromatography tandem 

mass spectrometry for analysis of steroids in clinical laboratories. Clinical 

Biochemistry, 44, 77-88. 

LABRIE, F., SUGIMOTO, Y., LUU-THE, V., SIMARD, J., LACHANCE, Y., 

BACHVAROV, D., LEBLANC, G., DUROCHER, F. & PAQUET, N. 1992. 

Structure of human type II 5 alpha-reductase gene. Endocrinology, 131, 

1571-3. 

LACKNER, C., DAUFELDT, S., WILDT, L. & ALLERA, A. 1998. Glucocorticoid-

recognizing and -effector sites in rat liver plasma membrane, kinetics of 

corticosterone uptake by isolated membrane vesicles. III. Specificity and 

stereospecificity. Journal of Steroid Biochemistry and Molecular Biology, 64, 

69-82. 

LAPLANTE, C., GIROUD, C. J. & STACHENKO, J. 1964. Lack of appreciable 17-

alpha-hydroxylase activity in the normal and regenerated rat adrenal cortex. 

Endocrinology, 75, 825-7. 

LARSEN, K., MELMED, POLONSKY (ed.) 2002. Williams Textbook of 

Endocrinology, Philadelphia: Saunders. 

LEE, J. M., KIM, S. R., YOO, S. J., HONG, O. K., SON, H. S. & CHANG, S. A. 

2009. The relationship between adipokines, metabolic parameters and insulin 

resistance in patients with metabolic syndrome and type 2 diabetes. Journal 

of International Medical Research, 37. 

LEGRAND, C., DOUSSET, B., TRONEL, H., BELLEVILLE, F. & NABET, P. 

1995. Measurement of plasma testosterone by gas chromatography-negative-

ion mass spectrometry using pentafluoropropionic derivatives. Journal of 

Chromatography B - Analytical Technologies in the Biomedical and Life 

Sciences, 663, 187-92. 

LEPHART, E. D. 1993a. Brain 5alpha-reductase: cellular, enzymatic, and molecular 

perspectives and implications for biological function. Mol Cell Neurosci, 4, 

473-84. 

LEPHART, E. D. 1993b. Pituitary and brain 5-alpha-reductase messenger RNA 

levels in control, castrated, and dihydrotestosterone-treated rats. Molecular 

and Cellular Neuroscience, 4, 526-531. 

LEPOR, H. 2007. Alpha blockers for the treatment of benign prostatic hyperplasia. 

Reviews in Urology, 9, 181-90. 

LEPOR, H. 2009. Pathophysiology of benign prostatic hyperplasia: insights from 

medical therapy for the disease. Reviews in Urology, 11, S9-S13. 

LEWIS, J. G., GEORGE, P. M. & ELDER, P. A. 1997. Plasma 

androsterone/epiandrosterone sulfates as markers of 5 alpha-reductase 

activity: effect of finasteride in normal men. Steroids, 62, 632-5. 

LEWIS-TUFFIN, L. J. & CIDLOWSKI, J. A. 2006. The physiology of human 

glucocorticoid receptor beta (hGRbeta) and glucocorticoid resistance. Ann N 

Y Acad Sci, 1069, 1-9. 



 

References 
412 

 

LEWIS-TUFFIN, L. J., JEWELL, C. M., BIENSTOCK, R. J., COLLINS, J. B. & 

CIDLOWSKI, J. A. 2007. Human glucocorticoid receptor beta binds RU-486 

and is transcriptionally active. Mol Cell Biol, 27, 2266-82. 

LI, X. D., BERTICS, P. J. & KARAVOLAS, H. J. 1997. Regional distribution of 

cytosolic and particulate 5 alpha-dihydroprogesterone 3 alpha-hydroxysteroid 

oxidoreductases in female rat brain. Journal of Steroid Biochemistry and 

Molecular Biology, 60, 311-318. 

LICEA-PEREZ, H., WANG, S., SZAPACS, M. E. & YANG, E. 2008. Development 

of a highly sensitive and selective UPLC/MS/MS method for the 

simultaneous determination of testosterone and 5 alpha-dihydrotestosterone 

in human serum to support testosterone replacement therapy for 

hypogonadism. Steroids, 73, 601-610. 

LILLIOJA, S., MOTT, D. M., SPRAUL, M., FERRARO, R., FOLEY, J. E., 

RAVUSSIN, E., KNOWLER, W. C., BENNETT, P. H. & BOGARDUS, C. 

1993. Insulin resistance and insulin secretory dysfunction as precursors of 

non-insulin dependent diabetes mellitus - prospective study of Pima Indians. 

New England Journal of Medicine, 329, 1988-1992. 

LIN, H.-Y., YU, I. C., WANG, R.-S., CHEN, Y.-T., LIU, N.-C., ALTUWAIJRI, S., 

HSU, C.-L., MA, W.-L., JOKINEN, J., SPARKS, J. D., YEH, S. & CHANG, 

C. 2008. Increased hepatic steatosis and insulin resistance in mice lacking 

hepatic androgen receptor. Hepatology, 47, 1924-1935. 

LIVINGSTONE, D., WALKER, B. & ANDREW, R. 2008. Increased susceptibility 

to liver fat accumulation and insulin  resistance, but not obesity induced by 

high fat diet, in  5alpha-reductase type 1 knock-out mice. 90th Annual 

Meeting of the Endocrine Society. San Francisco, USA. 

LIVINGSTONE, D., WALKER, B. & ANDREW, R. 2009a. Susceptibility to 

hyperinsulinaemia and fatty liver with loss of 5alpha reductase 1 occurs in 

rats and mice and is not androgen dependent. Society for Endocrinology BES. 

Harrogate, UK. 

LIVINGSTONE, D., YANG, C., DI ROLLO, E., KARA, M., MATTHEWS, J., 

CODRINGTON, L., KENYON, C., WALKER, B. & ANDREW, R. 2010. 

Transgenic disruption of 5alpha reductase 1 in mice results in a blunted stress 

response. Endocrine Abstracts. Manchester, UK. 

LIVINGSTONE, D. E., JONES, G. C., SMITH, K., JAMIESON, P. M., ANDREW, 

R., KENYON, C. J. & WALKER, B. R. 2000a. Understanding the role of 

glucocorticoids in obesity: tissue-specific alterations of corticosterone 

metabolism in obese Zucker rats. Endocrinology, 141, 560-3. 

LIVINGSTONE, D. E., KENYON, C. J. & WALKER, B. R. 2000b. Mechanisms of 

dysregulation of 11 beta-hydroxysteroid dehydrogenase type 1 in obese 

Zucker rats. J Endocrinol, 167, 533-9. 

LIVINGSTONE, D. E. W., GRASSICK, S. L., CURRIE, G. L., WALKER, B. R. & 

ANDREW, R. 2009b. Dysregulation of glucocorticoid metabolism in murine 

obesity: comparable effects of leptin resistance and deficiency. Journal of 

Endocrinology, 201, 211-8. 

LIVINGSTONE, D. E. W., MCINNES, K. J., WALKER, B. R. & ANDREW, R. 

2005. Increased A-ring reduction of glucocorticoids in obese Zucker rats: 

Effects of insulin sensitization. Obesity Research, 13, 1523-1526. 



 

References 
413 

 

LLOYD, R. V. 1979. Studies on the progesterone receptor content and steroid 

metabolism in normal and pathological human breast tissues. Journal of 

Clinical Endocrinology & Metabolism, 48, 585-593. 

LOFTHUS, R., MARTHINSEN, A. B. L. & EIKNES, K. B. 1984. Metabolism of 

testosterone to 17-beta-hydroxy-5-alpha-androstane-3-one and 5-alpha-

androstane-3-alpha, 17-beta-diol in alveolar macrophages from rat lung. 

Journal of Steroid Biochemistry and Molecular Biology, 20, 1243-1246. 

LONGCOPE, C. & FINEBERG, S. E. 1985. Production and metabolism of 

dihydrotestosterone in peripheral tissues. Journal of Steroid Biochemistry and 

Molecular Biology, 23, 415-419. 

LONSDALE, D., NYLEN, K. & MCINTYRE BURNHAM, W. 2006. The 

anticonvulsant effects of progesterone and its metabolites on amygdala-

kindled seizures in male rats. Brain Res, 1101, 110-6. 

LUND, T. D., HINDS, L. R. & HANDA, R. J. 2006. The androgen 5 alpha-

dihydrotestosterone and its metabolite 5 alpha-androstan-3 beta,17 beta-diol 

inhibit the hypothalamo pituitary-adrenal response to stress by acting through 

estrogen receptor beta-expressing neurons in the hypothalamus. Journal of 

Neuroscience, 26. 

LUNDGREN, M., BUREN, J., RUGE, T., MYRNAS, T. & ERIKSSON, J. W. 2004. 

Glucocorticoids down-regulate glucose uptake capacity and insulin-signaling 

proteins in omental but not subcutaneous human adipocytes. Journal of 

Clinical Endocrinology & Metabolism, 89, 2989-2997. 

LUU-THE, V., PELLETIER, G. & LABRIE, F. 2005. Quantitative appreciation of 

steroidogenic gene expression in mouse tissues: new roles for type 2 5a-

reductase, 20a-hydroxy steroid dehydrogenase and estrogen sulfotransferase. 

Journal of Steroid Biochemistry and Molecular Biology, 93, 269-276. 

LUUTHE, V., SUGIMOTO, Y., PUY, L., LABRIE, Y., SOLACHE, I. L., SINGH, 

M. & LABRIE, F. 1994. Characterization, expression, and 

immunohistochemical localization of 5-alpha-reductase in human skin. 

Journal of Investigative Dermatology, 102, 221-226. 

MA, X., BECKER, D., ARENA, V. C., VICINI, P. & GREENBAUM, C. 2009. The 

Effect of Age on Insulin Sensitivity and Insulin Secretion in First-Degree 

Relatives of Type 1 Diabetic Patients: A Population Analysis. Journal of 

Clinical Endocrinology & Metabolism, 94. 

MACDONALD, P., WU, F., OWEN, L. & KEEVIL, B. 2010. Determination of 

tandem mass spectrometry specific reference ranges for testosterone, 

androstenedione and DHEAS. Endocrine Abstracts, 21. 

MACEK, J., KLIMA, J. & PTACEK, P. 2004. Rapid determination of tamsulosin in 

human plasma by high-performance liquid chromatography using extraction 

with butyl acetate. Journal of Chromatography B - Analytical Technologies 

in the Biomedical and Life Sciences, 809, 307-11. 

MACFARLANE, D. P., FORBES, S. & WALKER, B. R. 2008. Glucocorticoids and 

fatty acid metabolism in humans: fuelling fat redistribution in the metabolic 

syndrome. Journal of Endocrinology, 197, 189-204. 

MACKENZIE, S. M., HUDA, S. S., SATTAR, N., FRASER, R., CONNELL, J. M. 

C. & DAVIES, E. 2008. Depot-specific steroidogenic gene transcription in 

human adipose tissue. Clinical Endocrinology (Oxf), 69, 848-854. 



 

References 
414 

 

MACLUSKY, N. J., CLARK, C. R., SHANABROUGH, M. & NAFTOLIN, F. 

1987. Metabolism and binding of androgens in the spinal cord of the rat. 

Brain Research, 422, 83-91. 

MAHENDROO, M., WILSON, J. D., RICHARDSON, J. A. & AUCHUS, R. J. 

2004. Steroid 5 alpha-reductase 1 promotes 5 alpha-androstane-3 alpha,17 

beta-diol synthesis in immature mouse testes by two pathways. Molecular 

and Cellular Endocrinology, 222, 113-120. 

MAHENDROO, M. S., CALA, K. M., HESS, D. L. & RUSSELL, D. W. 2001. 

Unexpected virilization in male mice lacking steroid 5 alpha-reductase 

enzymes. Endocrinology, 142, 4652-62. 

MAHENDROO, M. S., CALA, K. M., LANDRUM, D. P. & RUSSELL, D. W. 

1997. Fetal death in mice lacking 5alpha-reductase type 1 caused by estrogen 

excess. Molecular Endocrinology, 11, 917-27. 

MAHENDROO, M. S., CALA, K. M. & RUSSELL, D. W. 1996. 5 alpha-reduced 

androgens play a key role in murine parturition. Molecular Endocrinology, 

10, 380-92. 

MAHONY, M. C., SWANLUND, D. J., BILLETER, M., ROBERTS, K. P. & 

PRYOR, J. L. 1998. Regional distribution of 5 alpha-reductase type 1 and 

type 2 mRNA along the human epididymis. Fertility and Sterility, 69, 1116-

1121. 

MAHOUDEAU, J. A., BARDIN, C. W. & LIPSETT, M. B. 1971. Metabolic 

clearance rate and origin of plasma dihydrotestosterone in man and its 

conversion to 5 alpha-androstanediols. Journal of Clinical Investigation, 50, 

1338-&. 

MAI, K., BOBBERT, T., KULLMANN, V., ANDRES, J., ROCHLITZ, H., 

OSTERHOFF, M., WEICKERT, M. O., BAHR, V., MOHLIG, M., 

PFEIFFER, A. F. H., DIEDERICH, S. & SPRANGER, J. 2006. Free fatty 

acids increase androgen precursors in vivo. Journal of Clinical 

Endocrinology & Metabolism, 91, 1501-1507. 

MAKIN, H. L. J., GOWER, D. B. & KASAL, A. 2010. Structure and nomenclature 

of steroids. Steroid Analysis. Springer Netherlands. 

MAMMI, C., CALANCHINI, M., ANTELMI, A., CINTI, F., ROSANO, G. M. C., 

LENZI, A., CAPRIO, M. & FABBRI, A. 2012. Androgens and Adipose 

Tissue in Males: A Complex and Reciprocal Interplay. International Journal 

of Endocrinology, 8. 

MANCINI, T., KOLA, B., MANTERO, F., BOSCARO, M. & ARNALDI, G. 2004. 

High cardiovascular risk in patients with Cushing's syndrome according to 

1999 WHO/ISH guidelines. Clinical Endocrinology (Oxf), 61, 768-777. 

MARIHART, S., HARIK, M. & DJAVAN, B. 2005. Dutasteride: a review of current 

data on a novel dual inhibitor of 5alpha reductase. Reviews in Urology, 7, 

203-10. 

MARKS, L. S., MAZER, N. A., MOSTAGHEL, E., HESS, D. L., DOREY, F. J., 

EPSTEIN, J. I., VELTRI, R. W., MAKAROV, D. V., PARTIN, A. W., 

BOSTWICK, D. G., MACAIRAN, M. L. & NELSON, P. S. 2006. Effect of 

testosterone replacement therapy on prostate tissue in men with late-onset 

hypogonadism - A randomized controlled trial. Jama-Journal of the 

American Medical Association, 296, 2351-2361. 



 

References 
415 

 

MARKS, L. S., MOSTAGHEL, E. A. & NELSON, P. S. 2008. Prostate tissue 

androgens: History and current clinical relevance. Urology, 72, 247-254. 

MARTINEZ, P. E. 2012. Dutasteride to treat women with menstrually related mood 

disorders [Online]. National Institutes of Health Clinical Center. Available: 

http://clinicaltrials.gov/ct2/show/NCT00082043 [Accessed 21 April 2012]. 

MASUZAKI, H., PATERSON, J., SHINYAMA, H., MORTON, N. M., MULLINS, 

J. J., SECKL, J. R. & FLIER, J. S. 2001. A transgenic model of visceral 

obesity and the metabolic syndrome. Science, 294, 2166-70. 

MATSUSHIMA, H., TAKANUKI, K., KAMIMURA, H., WATANABE, T. & 

HIGUCHI, S. 1997. Highly sensitive method for the determination of 

tamsulosin hydrochloride in human plasma dialysate, plasma and urine by 

high-performance liquid chromatography electrospray tandem mass 

spectrometry. Journal of Chromatography B - Analytical Technologies in the 

Biomedical and Life Sciences, 695, 317-327. 

MATTHEWS, D. E., PESOLA, G. R. & KVETAN, V. 1991. Glycerol metabolism in 

humans - validation of 2H and 13C labeled tracers. Acta Diabetologica, 28, 

179-184. 

MATTHEWS, D. R., HOSKER, J. P., RUDENSKI, A. S., NAYLOR, B. A., 

TREACHER, D. F. & TURNER, R. C. 1985. Homeostasis model assessment 

- insulin resistance and beta cell function from fasting plasma glucose and 

insulin concentrations in man. Diabetologia, 28. 

MATUSZEWSKI, B. K., CONSTANZER, M. L. & CHAVEZ-ENG, C. M. 1998. 

Matrix effect in quantitative LC/MS/MS analyses of biological fluids: a 

method for determination of finasteride in human plasma at picogram per 

milliliter concentrations. Anal Chem, 70, 882-9. 

MCCARTY, M. F. 2004. Elevated sympathetic activity may promote insulin 

resistance syndrome by activating alpha-1 adrenergic receptors on adipocytes. 

Medical Hypotheses, 62. 

MCDERMOTT, M., S, L. & DJ, M. 1983. The metabolism of aldosterone in the 

kidney. J Steroid Biochem, 19, 1205-1211. 

MCEWEN, B. S. 1998. Protective and damaging effects of stress mediators. New 

England Journal of Medicine, 338, 171-179. 

MCEWEN, B. S., BIRON, C. A., BRUNSON, K. W., BULLOCH, K., 

CHAMBERS, W. H., DHABHAR, F. S., GOLDFARB, R. H., KITSON, R. 

P., MILLER, A. H., SPENCER, R. L. & WEISS, J. M. 1997. The role of 

adrenocorticoids as modulators of immune function in health and disease: 

Neural, endocrine and immune interactions. Brain Research Reviews, 23, 79-

133. 

MCGUIRE, J. S., HOLLIS, V. W. & TOMKINS, G. M. 1960. Some characteristics 

of the microsomal steroid reductases (5-alpha) of rat liver. Journal of 

Biological Chemistry, 235, 3112-3117. 

MCGUIRE, J. S. & TOMKINS, G. M. 1960. Heterogeneity of delta-4-3-ketosteroid 

reductases (5-alpha). Journal of Biological Chemistry, 235, 1634-1638. 

MCINNES, K. J., KENYON, C. J., CHAPMAN, K. E., LIVINGSTONE, D. E. W., 

MACDONALD, L. J., WALKER, B. R. & ANDREW, R. 2004. 5alpha-

reduced glucocorticoids, novel endogenous activators of the glucocorticoid 

receptor. Journal of Biological Chemistry, 279, 22908-12. 

http://clinicaltrials.gov/ct2/show/NCT00082043


 

References 
416 

 

MCINNES, K. J., SMITH, L. B., HUNGER, N. I., SAUNDERS, P. T. K., 

ANDREW, R. & WALKER, B. R. 2012. Deletion of the Androgen Receptor 

in Adipose Tissue in Male Mice Elevates Retinol Binding Protein 4 and 

Reveals Independent Effects on Visceral Fat Mass and on Glucose 

Homeostasis. Diabetes, 61. 

MCKENNA, T. J. & CUNNINGHAM, S. K. 1991. The control of adrenal androgen 

secretion. Journal of Endocrinology, 129, 1-3. 

MCNEAL, J. E. 1988. Normal histology of the prostate. Am J Surg Pathol, 12, 619-

33. 

MCNEILLY, A. D., MACFARLANE, D. P., O'FLAHERTY, E., LIVINGSTONE, 

D. E., MITIC, T., MCCONNELL, K. M., MCKENZIE, S. M., DAVIES, E., 

REYNOLDS, R. M., THIESSON, H. C., SKOTT, O., WALKER, B. R. & 

ANDREW, R. 2010. Bile acids modulate glucocorticoid metabolism and the 

hypothalamic-pituitary-adrenal axis in obstructive jaundice. Journal of 

Hepatology, 52, 705-711. 

MELCANGI, R. C., CELOTTI, F., BALLABIO, M., POLETTI, A., CASTANO, P. 

& MARTINI, L. 1988. Testosterone 5-alpha-reductase activity in the rat brain 

is highly concentrated in white matter structures and in purified myelin 

sheaths of axons. Journal of Steroid Biochemistry and Molecular Biology, 31, 

173-179. 

MELCANGI, R. C., CELOTTI, F., BALLABIO, M., POLETTI, A. & MARTINI, L. 

1990. Testosterone metabolism in peripheral nerves - presence of the 5-alpha-

reductase-3-alpha-hydroxysteroid-dehydrogenase enzymatic system in the 

sciatic nerve of adult and aged rats. Journal of Steroid Biochemistry and 

Molecular Biology, 35, 145-148. 

MELLA, J. M., PERRET, M. C., MANZOTTI, M., CATALANO, H. N. & 

GUYATT, G. 2010. Efficacy and Safety of Finasteride Therapy for 

Androgenetic Alopecia A Systematic Review. Archives of Dermatology, 146, 

1141-1150. 

MERCK 1998. Proscar Finasteride Tablets. In: MERCK & CO., I. (ed.). Whitehouse 

Station, NJ, USA. 

MILEWICH, L., GANT, N. F., SCHWARZ, B. E., CHEN, G. T. & MACDONALD, 

P. C. 1979. 5 alpha-Reductase activity in human placenta. Am J Obstet 

Gynecol, 133, 611-7. 

MILEWICH, L., KAIMAL, V. & JOHNSON, A. R. 1987. Steroid 5-alpha-reductase 

activity in endothelial cells from human umbilical cord vessels. Journal of 

Steroid Biochemistry and Molecular Biology, 26, 561-567. 

MILEWICH, L., KAIMAL, V. & TOEWS, G. B. 1983. Androstenedione 

metabolism in human alveolar macrophages. Journal of Clinical 

Endocrinology & Metabolism, 56, 920-924. 

MILEWICH, L., MENDONCA, B. B., ARNHOLD, I., WALLACE, A. M., 

DONALDSON, M. D., WILSON, J. D. & RUSSELL, D. W. 1995. Women 

with steroid 5 alpha-reductase 2 deficiency have normal concentrations of 

plasma 5 alpha-dihydroprogesterone during the luteal phase. Journal of 

Clinical Endocrinology & Metabolism, 80, 3136-9. 

MILJKOVIC, I., CAULEY, J. A., DRESSEN, A. S., GORDON, C. L., 

GOODPASTER, B. H., KULLER, L. H., BUNKER, C. H., PATRICK, A. L., 

WHEELER, V. W., ORWOLL, E. S. & ZMUDA, J. M. 2011. Bioactive 



 

References 
417 

 

androgens and glucuronidated androgen metabolites are associated with 

subcutaneous and ectopic skeletal muscle adiposity among older black men. 

Metabolism-Clinical and Experimental, 60, 1178-1185. 

MIRONE, V., FUSCO, F., VERZE, P., SCHULMAN, C., DEBRUYNE, F. & 

IMBIMBO, C. 2006. Androgens and benign prostatic hyperplasia. European 

Urology Supplements, 5, 410-417. 

MITAMURA, K., OGASAWARA, C., SHIOZAWA, A., TERAYAMA, E. & 

SHIMADA, K. 2005. Determination method for steroid 5 alpha-reductase 

activity using liquid chromatography/atmospheric pressure chemical 

ionization-mass spectrometry. Analytical Sciences, 21, 1241-1244. 

MIYAZAKI, Y., MAHANKALI, A., MATSUDA, M., MAHANKALI, S., 

HARDIES, J., CUSI, K., MANDARINO, L. J. & DEFRONZO, R. A. 2002. 

Effect of pioglitazone on abdominal fat distribution and insulin sensitivity in 

type 2 diabetic patients. Journal of Clinical Endocrinology & Metabolism, 

87, 2784-2791. 

MOGHETTI, P., TOSI, F., TOSTI, A., NEGRI, C., MISCIALI, C., PERRONE, F., 

CAPUTO, M., MUGGEO, M. & CASTELLO, R. 2000. Comparison of 

spironolactone, flutamide, and finasteride efficacy in the treatment of 

hirsutism: A randomized, double blind, placebo-controlled trial. Journal of 

Clinical Endocrinology & Metabolism, 85. 

MOHER, D., HOPEWELL, S., SCHULZ, K. F., MONTORI, V., GOTZSCHE, P. 

C., DEVEREAUX, P. J., ELBOURNE, D., EGGER, M. & ALTMAN, D. G. 

2012. CONSORT 2010 explanation and elaboration: Updated guidelines for 

reporting parallel group randomised trials. International Journal of Surgery, 

10, 28-55. 

MOHLER, J. L., TITUS, M. A. & WILSON, E. M. 2011. Potential prostate cancer 

drug target: bioactivation of androstanediol by conversion to 

dihydrotestosterone. Clinical Cancer Research, 17, 5844-5849. 

MONTORSI, F., HENKEL, T., GEBOERS, A., MIRONE, V., ARROSAGARAY, 

P., MORRILL, B. & BLACK, L. 2010. Effect of dutasteride, tamsulosin and 

the combination on patient-reported quality of life and treatment satisfaction 

in men with moderate-to-severe benign prostatic hyperplasia: 4-year data 

from the CombAT study. Int J Clin Pract, 64, 1042-51. 

MOORE, L. B., PARKS, D. J., JONES, S. A., BLEDSOE, R. K., CONSLER, T. G., 

STIMMEL, J. B., GOODWIN, B., LIDDLE, C., BLANCHARD, S. G., 

WILLSON, T. M., COLLINS, J. L. & KLIEWER, S. A. 2000. Orphan 

nuclear receptors constitutive androstane receptor and pregnane X receptor 

share xenobiotic and steroid ligands. Journal of Biological Chemistry, 275, 

15122-7. 

MORI, M., TOMINAGA, T. & TAMAOKI, B. I. 1978. Steroid metabolism in 

normal mammary gland and in dimethylbenanthracene-induced mammary 

tumor of rats. Endocrinology, 102, 1387-1397. 

MORIMOTO, I., ETO, S., INOUE, S., IZUMI, M., NAGATAKI, S., SAITO, Y. & 

HARA, T. 1991. DHT formation and degradation in cultured human skin 

fibroblasts - DHT accumulation in the genital skin. Journal of Steroid 

Biochemistry and Molecular Biology, 38, 227-232. 



 

References 
418 

 

MORTON, N. M. 2010. Obesity and corticosteroids: 11beta-hydroxysteroid type 1 

as a cause and therapeutic target in metabolic disease. Molecular and 

Cellular Endocrinology, 316, 154-64. 

MORTON, N. M., HOLMES, M. C., FIEVET, C., STAELS, B., TAILLEUX, A., 

MULLINS, J. J. & SECKL, J. R. 2001. Improved lipid and lipoprotein 

profile, hepatic insulin sensitivity, and glucose tolerance in 11 beta-

hydroxysteroid dehydrogenase type 1 null mice. Journal of Biological 

Chemistry, 276, 41293-41300. 

MORTON, N. M., PATERSON, J. M., MASUZAKI, H., HOLMES, M. C., 

STAELS, B., FIEVET, C., WALKER, B. R., FLIER, J. S., MULLINS, J. J. 

& SECKL, J. R. 2004. Novel adipose tissue-mediated resistance to diet-

induced visceral obesity in 11 beta-hydroxysteroid dehydrogenase type 1-

deficient mice. Diabetes, 53, 931-938. 

MOSTELLER, R. D. 1987. Simplified calculation of body surface area. New 

England Journal of Medicine, 317. 

MOUL, S. & MCVARY, K. T. 2010. Lower urinary tract symptoms, obesity and the 

metabolic syndrome. Current Opinion in Urology, 20, 7-12. 

MOWSZOWI.I & BARDIN, C. W. 1974. In vitro androgen metabolism in mouse 

kidney - high 3-keto-reductase (3 alpha-hydroxysteroid dehydrogenase) 

activity relative to 5 alpha-reductase. Steroids, 23, 793-807. 

MURRAY RK, G. D., RODWELL VW (ed.) 2006. Harper's Illustrated 

Biochemistry, USA: McGraw Hill. 

NACUSI, L. P. & TINDALL, D. J. 2011. Targeting 5 alpha-reductase for prostate 

cancer prevention and treatment. Nature Reviews Urology, 8, 378-384. 

NARESSI, A., COUTURIER, C., CASTANG, I., DE BEER, R. & GRAVERON-

DEMILLY, D. 2001a. Java-based graphical user interface for MRUI, a 

software package for quantitation of in vivo/medical magnetic resonance 

spectroscopy signals. Computers in Biology and Medicine, 31. 

NARESSI, A., COUTURIER, C., DEVOS, J. M., JANSSEN, M., MANGEAT, C., 

DE BEER, R. & GRAVERON-DEMILLY, D. 2001b. Java-based graphical 

user interface for the MRUI quantitation package. Magnetic Resonance 

Materials in Physics Biology and Medicine, 12. 

NEGRI-CESI, P., POLETTI, A., COLCIAGO, A., MAGNI, P., MARTINI, P. & 

MOTTA, M. 1998. Presence of 5 alpha-reductase isozymes and aromatase in 

human prostate cancer cells and in benign prostate hyperplastic tissue. 

Prostate, 34, 283-291. 

NG, J. M., AZUMA, K., KELLEY, C., PENCEK, R., RADIKOVA, Z., LAYMON, 

C., PRICE, J., GOODPASTER, B. H. & KELLEY, D. E. 2012. PET imaging 

reveals distinctive roles for different regional adipose tissue depots in 

systemic glucose metabolism in nonobese humans. American Journal of 

Physiology-Endocrinology and Metabolism, 303, E1134-E1141. 

NHSLOTHIAN 2011-2013. Biochemistry and Haematology. Version 5.2 ed. 

Edinburgh: Lothian University Hospitals Division, Department of Laboratory 

Medicine. 

NICKEL, J. C., GILLING, P., TAMMELA, T. L., MORRILL, B., WILSON, T. H. 

& RITTMASTER, R. S. 2011. Comparison of dutasteride and finasteride for 

treating benign prostatic hyperplasia: the Enlarged Prostate International 

Comparator Study (EPICS). Bju International, 108, 388-394. 



 

References 
419 

 

NICKEL, J. C., ROEHRBORN, C. G., O'LEARY, M. P., BOSTWICK, D. G., 

SOMERVILLE, M. C. & RITTMASTER, R. S. 2008. The relationship 

between prostate inflammation and lower urinary tract symptoms: 

examination of baseline data from the REDUCE trial. European Urology, 54, 

1379-1384. 

NICOLAIDES, N. C., GALATA, Z., KINO, T., CHROUSOS, G. P. & 

CHARMANDARI, E. 2010. The human glucocorticoid receptor: molecular 

basis of biologic function. Steroids, 75, 1-12. 

NIENSTEDT, W., AHOTUPA, M. & HIETANEN, E. 1980a. Metabolism of 

testosterone and androstenedione by human adult and fetal gastrointestinal 

tissues in vitro. Journal of Steroid Biochemistry, 13, 1421-5. 

NIENSTEDT, W., OJANOTKO, A. & TOIVONEN, H. 1980b. Metabolism of 

progesterone, 17-hydroxyprogesterone and deoxycorticosterone by human 

small intestine in vitro. Journal of Steroid Biochemistry, 13, 1417-20. 

NIU, Y., ALTUWAIJRI, S., LAI, K.-P., WU, C.-T., RICKE, W. A., MESSING, E. 

M., YAO, J., YEH, S. & CHANG, C. 2008a. Androgen receptor is a tumor 

suppressor and proliferator in prostate cancer. Proceedings of the National 

Academy of Sciences of the United States of America, 105, 12182-12187. 

NIU, Y., ALTUWAIJRI, S., YEH, S., LAI, K.-P., YU, S., CHUANG, K.-H., 

HUANG, S.-P., LARDY, H. & CHANG, C. 2008b. Targeting the stromal 

androgen receptor in primary prostate tumors at earlier stages. Proceedings of 

the National Academy of Sciences of the United States of America, 105, 

12188-12193. 

NIXON, M., UPRETI, R. & ANDREW, R. 2012. 5 alpha-Reduced glucocorticoids: a 

story of natural selection. Journal of Endocrinology, 212, 111-127. 

NORMINGTON, K. & RUSSELL, D. W. 1992. Tissue distribution and kinetic 

characteristics of rat steroid 5 alpha-reductase isozymes. Evidence for distinct 

physiological functions. Journal of Biological Chemistry, 267, 19548-54. 

NOWAK, F. V. 2002. Distribution and metabolism of 20 alpha-hydroxylated 

progestins in the female rat. Journal of Steroid Biochemistry and Molecular 

Biology, 80, 469-79. 

OKUDA, A. & OKUDA, K. 1984. Purification and characterization of delta-4-3-

ketosteroid 5-beta-reductase. Journal of Biological Chemistry, 259, 7519-

7524. 

PAGE, S. T., HIRANO, L., GILCHRIEST, J., DIGHE, M., AMORY, J. K., 

MARCK, B. T. & MATSUMOTO, A. M. 2011a. Dutasteride reduces 

prostate size and prostate specific antigen in older hypogonadal men with 

benign prostatic hyperplasia undergoing testosterone replacement therapy. 

Journal of Urology, 186, 191-197. 

PAGE, S. T., LIN, D. W., MOSTAGHEL, E. A., MARCK, B. T., WRIGHT, J. L., 

WU, J., AMORY, J. K., NELSON, P. S. & MATSUMOTO, A. M. 2011b. 

Dihydrotestosterone Administration Does Not Increase Intraprostatic 

Androgen Concentrations or Alter Prostate Androgen Action in Healthy Men: 

A Randomized-Controlled Trial. Journal of Clinical Endocrinology & 

Metabolism, 96, 430-437. 

PAK, T. R., CHUNG, W. C. J., HINDS, L. R. & HANDA, R. J. 2007. Estrogen 

receptor-beta mediates dihydrotestosterone-induced stimulation of the 



 

References 
420 

 

arginine vasopressin promoter in neuronal cells. Endocrinology, 148, 3371-

82. 

PANTSARI, M. W. & HARRISON, S. A. 2006. Nonalcoholic fatty liver disease 

presenting with an isolated elevated alkaline phosphatase. Journal of Clinical 

Gastroenterology, 40, 633-635. 

PARKER, C. R., JR., AZZIZ, R., POTTER, H. D. & BOOTS, L. R. 1996. Adrenal 

androgen production in response to adrenocorticotropin infusions in men. 

Endocrine Research, 22, 717-722. 

PARSONS, J. K., CARTER, H. B., PARTIN, A. W., WINDHAM, B. G., METTER, 

E. J., FERRUCCI, L., LANDIS, P. & PLATZ, E. A. 2006. Metabolic factors 

associated with benign prostatic hyperplasia. Journal of Clinical 

Endocrinology & Metabolism, 91, 2562-8. 

PARSONS, J. K. & KASHEFI, C. 2008. Physical activity, benign prostatic 

hyperplasia, and lower urinary tract symptoms. Eur Urol, 53, 1228-35. 

PASANISI, E., IMPERATORE, G., VACCARO, O., IOVINE, C. & FERRARA, L. 

A. 1999. Effects of a 3-month treatment with terazosin on fasting and 

postprandial glucose and lipid metabolism in type 2 diabetic patients with 

hypertension. Nutrition Metabolism and Cardiovascular Diseases, 9. 

PASCHOS, P. & PALETAS, K. 2009. Non alcoholic fatty liver disease and 

metabolic syndrome. Hippokratia, 13, 9-19. 

PASQUALI, R., VICENNATI, V., CACCIARI, M. & PAGOTTO, U. 2006. The 

hypothalamic-pituitary-adrenal axis activity in obesity and the metabolic 

syndrome. Stress, Obesity, and Metabolic Syndrome, 1083, 111-128. 

PATERSON, J. M., MORTON, N. M., FIEVET, C., KENYON, C. J., HOLMES, M. 

C., STAELS, B., SECKL, J. R. & MULLINS, J. J. 2004. Metabolic syndrome 

without obesity: Hepatic overexpression of 11 beta-hydroxysteroid 

dehydrogenase type 1 in transgenic mice. Proceedings of the National 

Academy of Sciences of the United States of America, 101, 7088-7093. 

PATTE-MENSAH, C., PENNING, T. M. & MENSAH-NYAGAN, A. G. 2004. 

Anatomical and cellular localization of neuroactive 5 alpha/3 alpha-reduced 

steroid-synthesizing enzymes in the spinal cord. Journal of Comparative 

Neurology, 477, 286-299. 

PEDERSEN, B. K. & AKERSTROEM, T. C. A. 2007. Role of myokines in exercise 

and metabolism. Journal of Applied Physiology, 103, 1093-1098. 

PELLETIER, G., LUU-THE, V. & LABRIE, F. 1994. Immunocytochemical 

localization of 5 alpha-reductase in rat brain. Molecular and Cellular 

Neuroscience, 5, 394-9. 

PELLETIER, G., LUU-THE, V., LI, S., BUJOLD, G. & LABRIE, F. 2007. 

Localization and glucocorticoid regulation of 11 beta-hydroxysteroid 

dehydrogenase type 1 mRNA in the male mouse forebrain. Neuroscience, 

145, 110-115. 

PENNING, T. M., BURCZYNSKI, M. E., JEZ, J. M., HUNG, C. F., LIN, H. K., 

MA, H. C., MOORE, M., PALACKAL, N. & RATNAM, K. 2000. Human 3 

alpha-hydroxysteroid dehydrogenase isoforms (AKR1C1-AKR1C4) of the 

aldo-keto reductase superfamily: functional plasticity and tissue distribution 

reveals roles in the inactivation and formation of male and female sex 

hormones. Biochemical Journal, 351, 67-77. 



 

References 
421 

 

PETERSEN, K. F., DUFOUR, S., SAVAGE, D. B., BILZ, S., SOLOMON, G., 

YONEMITSU, S., CLINE, G. W., BEFROY, D., ZEMANY, L., KAHN, B. 

B., PAPADEMETRIS, X., ROTHMAN, D. L. & SHULMAN, G. I. 2007. 

The role of skeletal muscle insulin resistance in the pathogenesis of the 

metabolic syndrome. Proceedings of the National Academy of Sciences of the 

United States of America, 104, 12587-12594. 

PETRA, P. H., STANCZYK, F. Z., NAMKUNG, P. C., FRITZ, M. A. & NOVY, M. 

J. 1985. Direct effect of sex steroid binding protein (SBP) of plasma on the 

metabolic clearance rate of testosterone in the rhesus macaque. Journal of 

Steroid Biochemistry and Molecular Biology, 22, 739-746. 

PHAPALE, P. B., LEE, H. W., LIM, M.-S., KIM, E.-H., KIM, S.-D., PARK, J., 

LEE, M., HWANG, S.-K. & YOON, Y.-R. 2010. Rapid determination of 

finasteride in human plasma by UPLC-MS/MS and its application to clinical 

pharmacokinetic study. Journal of Chromatography B - Analytical 

Technologies in the Biomedical and Life Sciences, 878, 1718-23. 

PHILLIPS, D. I., BARKER, D. J., FALL, C. H., SECKL, J. R., WHORWOOD, C. 

B., WOOD, P. J. & WALKER, B. R. 1998. Elevated plasma cortisol 

concentrations: a link between low birth weight and the insulin resistance 

syndrome? Journal of Clinical Endocrinology & Metabolism, 83, 757-60. 

PHILLIPS, D. I., WALKER, B. R., REYNOLDS, R. M., FLANAGAN, D. E., 

WOOD, P. J., OSMOND, C., BARKER, D. J. & WHORWOOD, C. B. 2000. 

Low birth weight predicts elevated plasma cortisol concentrations in adults 

from 3 populations. Hypertension, 35, 1301-6. 

PHILLIPS, D. I. W., CADDY, S., ILIC, V., FIELDING, B. A., FRAYN, K. N., 

BORTHWICK, A. C. & TAYLOR, R. 1996. Intramuscular triglyceride and 

muscle insulin sensitivity: Evidence for a relationship in nondiabetic subjects. 

Metabolism-Clinical and Experimental, 45, 947-950. 

PHILLIPS, G. B., JING, T. Y. & HEYMSFIELD, S. B. 2003. Relationships in men 

of sex hormones, insulin, adiposity, and risk factors for myocardial infarction. 

Metabolism-Clinical and Experimental, 52, 784-790. 

PIASCIK, M. T. & PEREZ, D. M. 2001. Alpha1-adrenergic receptors: new insights 

and directions. J Pharmacol Exp Ther, 298, 403-10. 

PIESTRZENIEWICZ, K., LUCZAK, K., KOMOROWSKI, J., MACIEJEWSKI, M., 

WIKA, J. J. & GOCH, J. H. 2008. Resistin increases with obesity and 

atherosclerotic risk factors in patients with myocardial infarction. 

Metabolism-Clinical and Experimental, 57. 

PINSKY, L., KAUFMAN, M., STRAISFELD, C., ZILAHI, B. & HALL, C. S. G. 

1978. 5 Alpha-reductase activity of genital and non-genital skin fibroblasts 

from patients with 5-alpha reductase deficiency, androgen insensitivity, or 

unknown forms of male pseudohermaphroditism. American Journal of 

Medical Genetics, 1, 407-416. 

PIPER, T., RIEMANN, P., OPFERMANN, G., MARECK, U., GEYER, H., 

VAJIALA, G., FLENKER, U. & SCHANZER, W. 2009. Determination of 

13C/12C ratios of urinary epitestosterone and its main metabolites 5alpha- 

and 5beta-androstane-3alpha, 17alpha-diol. Drug Test Anal, 1, 576-86. 

PIROG, E. C. & COLLINS, D. C. 1999. Metabolism of dihydrotestosterone in 

human liver: Importance of 3 alpha- and 3 beta-hydroxysteroid 



 

References 
422 

 

dehydrogenase. Journal of Clinical Endocrinology & Metabolism, 84, 3217-

3221. 

POCOCK, S. & WHITE, I. 1999. Trials stopped early: too good to be true? Lancet, 

353. 

POLLANEN, E., SIPILA, S., ALEN, M., RONKAINEN, P. H. A., ANKARBERG-

LINDGREN, C., PUOLAKKA, J., SUOMINEN, H., HAMALAINEN, E., 

TURPEINEN, U., KONTTINEN, Y. T. & KOVANEN, V. 2011. Differential 

influence of peripheral and systemic sex steroids on skeletal muscle quality in 

pre- and postmenopausal women. Aging Cell, 10, 650-660. 

POZZI, P., BENDOTTI, C., SIMEONI, S., PICCIONI, F., GUERINI, V., 

MARRON, T. U., MARTINI, L. & POLETTI, A. 2003. Androgen 5-alpha-

reductase type 2 is highly expressed and active in rat spinal cord motor 

neurones. Journal of Neuroendocrinology, 15, 882-887. 

PRATIS, K., O'DONNELL, L., OOI, G. T., MCLACHLAN, R. I. & ROBERTSON, 

D. M. 2000. Enzyme assay for 5 alpha-reductase Type 2 activity in the 

presence of 5 alpha-reductase Type I activity in rat testis. Journal of Steroid 

Biochemistry and Molecular Biology, 75, 75-82. 

PRICE, P., WASS, J. A. H., GRIFFIN, J. E., LESHIN, M., SAVAGE, M. O., 

LARGE, D. M., BULOCK, D. E., ANDERSON, D. C., WILSON, J. D. & 

BESSER, G. M. 1984. High-dose androgen therapy in male 

pseudohermaphroditism due to 5 alpha reductase deficiency and disorders of 

the androgen receptor. Journal of Clinical Investigation, 74, 1496-1508. 

PROVOST, P. R., BLOMQUIST, C. H., DROLET, R., FLAMAND, N. & 

TREMBLAY, Y. 2002. Androgen inactivation in human lung fibroblasts: 

Variations in levels of 17 beta-hydroxysteroid dehydrogenase type 2 and 5 

alpha-reductase activity compatible with androgen inactivation. Journal of 

Clinical Endocrinology & Metabolism, 87, 3883-3892. 

PROVOST, P. R. & TREMBLAY, Y. 2007. Mouse 3 alpha-hydroxy steroid 

dehydrogenase mRNA: A marker of lung maturity. Journal of Steroid 

Biochemistry and Molecular Biology, 103, 61-64. 

PRUESSNER, J. C., WOLF, O. T., HELLHAMMER, D. H., 

BUSKEKIRSCHBAUM, A., VONAUER, K., JOBST, S., KASPERS, F. & 

KIRSCHBAUM, C. 1997. Free cortisol levels after awakening: A reliable 

biological marker for the assessment of adrenocortical activity. Life Sciences, 

61, 2539-2549. 

PTACEK, P., MACEK, J. & KLIMA, J. 2000. Determination of finasteride in human 

plasma by liquid-liquid extraction and high-performance liquid 

chromatography. Journal of Chromatography B - Analytical Technologies in 

the Biomedical and Life Sciences, 738, 305-10. 

PURDY, R. H., MORROW, A. L., BLINN, J. R. & PAUL, S. M. 1990. Synthesis, 

metabolism, and pharmacological activity of 3 alpha-hydroxy steroids which 

potentiate GABA-receptor-mediated chloride ion uptake in rat cerebral 

cortical synaptoneurosomes. J Med Chem, 33, 1572-81. 

QAYYUM, A. 2009. MR spectroscopy of the liver: principles and clinical 

applications. Radiographics, 29, 1653-64. 

QI, M. L., WANG, P. & LIU, L. H. 2004. Determination of tamsulosin in dog 

plasma by liquid chromatography with atmospheric pressure chemical 



 

References 
423 

 

ionization tandem mass spectrometry. Journal of Chromatography B-

Analytical Technologies in the Biomedical and Life Sciences, 805, 7-11. 

RABOL, R., PETERSEN, K. F., DUFOUR, S., FLANNERY, C. & SHULMAN, G. 

I. 2011. Reversal of muscle insulin resistance with exercise reduces 

postprandial hepatic de novo lipogenesis in insulin resistant individuals. 

Proceedings of the National Academy of Sciences of the United States of 

America, 108, 13705-13709. 

RAMAKRISHNA, N. V. S., VISHWOTTAM, K. N., MANOJ, S., KOTESHWARA, 

M., WISHU, S. & VARMA, D. P. 2005a. Rapid, simple and highly sensitive 

LC-ESI-MS/MS method for the quantification of tamsulosin in human 

plasma. Biomedical Chromatography, 19, 709-719. 

RAMAKRISHNA, N. V. S., VISHWOTTAM, K. N., MANOJ, S., KOTESHWARA, 

M., WISHU, S. & VARMA, D. P. 2005b. Sensitive liquid chromatography-

tandem mass spectrometry method for quantification of hydrochlorothiazide 

in human plasma. Biomedical Chromatography, 19, 751-760. 

RAMAKRISHNA, N. V. S., VISHWOTTAM, K. N., PURAN, S., KOTESHWARA, 

M., MANOJ, S. & SANTOSH, M. 2004. Selective and rapid liquid 

chromatography-tandem mass spectrometry assay of dutasteride in human 

plasma. Journal of Chromatography B - Analytical Technologies in the 

Biomedical and Life Sciences, 809, 117-24. 

RANDALL, V. A., EBLING, F. J. & HARGREAVES, G. 1982. In vivo uptake and 

metabolism of testosterone by the skin and other tissues of the rat. Journal of 

Endocrinology, 93, 253-266. 

RASK, E., WALKER, B. R., SODERBERG, S., LIVINGSTONE, D. E. W., 

ELIASSON, M., JOHNSON, O., ANDREW, R. & OLSSON, T. 2002. 

Tissue-specific changes in peripheral cortisol metabolism in obese women: 

Increased adipose 11 beta-hydroxysteroid dehydrogenase type 1 activity. 

Journal of Clinical Endocrinology & Metabolism, 87, 3330-3336. 

RAZ, P., NASATZKY, E., BOYAN, B. D., ORNOY, A. & SCHWARTZ, Z. 2005. 

Sexual dimorphism of growth plate prehypertrophic and hypertrophic 

chondrocytes in response to testosterone requires metabolism to 

dihydrotestosterone (DHT) by steroid 5-alpha reductase type 1. Journal of 

Cellular Biochemistry, 95, 108-119. 

REAVEN, G. M. 1988. Role of insulin resistance in human disease. Diabetes, 37, 

1595-1607. 

REGO, J. L. D., SEONG, J. Y., BUREL, D., LEPRINCE, J., LUU-THE, V., 

TSUTSUI, K., TONON, M. C., PELLETIER, G. & VAUDRY, H. 2009. 

Neurosteroid biosynthesis: Enzymatic pathways and neuroendocrine 

regulation by neurotransmitters and neuropeptides. Frontiers in 

Neuroendocrinology, 30, 259-301. 

REILLY, M. P., LEHRKE, M., WOLFE, M. L., ROHATGI, A., LAZAR, M. A. & 

RADER, D. J. 2005. Resistin is an inflammatory marker of atherosclerosis in 

humans. Circulation, 111. 

REIMONDO, G., BOVIO, S., ALLASINO, B., TERZOLO, M. & ANGELI, A. 

2008. Secondary hypoadrenalism. Pituitary, 11, 147-154. 

REYNOLDS, R. M., WALKER, B. R., SYDDALL, H. E., ANDREW, R., WOOD, 

P. J., WHORWOOD, C. B. & PHILLIPS, D. I. 2001. Altered control of 



 

References 
424 

 

cortisol secretion in adult men with low birth weight and cardiovascular risk 

factors. Journal of Clinical Endocrinology & Metabolism, 86, 245-50. 

RHODEN, E. L. & MORGENTALER, A. 2004. Medical progress - Risks of 

testosterone-replacement therapy and recommendations for monitoring. New 

England Journal of Medicine, 350, 482-492. 

RITTMASTER, R. S., ANTONIAN, L., NEW, M. I. & STONER, E. 1994. Effect of 

finasteride on adrenal steroidogenesis in men. J Androl, 15, 298-301. 

ROBERGE, C., CARPENTIER, A. C., LANGLOIS, M. F., BAILLARGEON, J. P., 

ARDILOUZE, J. L., MAHEUX, P. & GALLO-PAYET, N. 2007. 

Adrenocortical dysregulation as a major player in insulin resistance and onset 

of obesity. American Journal of Physiology-Endocrinology and Metabolism, 

293, E1465-E1478. 

ROBERTS, C. & TORGERSON, D. 1998. Understanding controlled trials - 

Randomisation methods in controlled trials. British Medical Journal, 317. 

ROCHA, E. M., WICKHAM, L. A., DA SILVEIRA, L. A., KRENZER, K. L., YU, 

F. S., TODA, I., SULLIVAN, B. D. & SULLIVAN, D. A. 2000. 

Identification of androgen receptor protein and 5 alpha-reductase mRNA in 

human ocular tissues. British Journal of Ophthalmology, 84, 76-84. 

RODIN, A., THAKKAR, H., TAYLOR, N. & CLAYTON, R. 1994. 

Hyperandrogenism in polycystic ovary syndrome - evidence of dysregulation 

of 11beta-hydroxysteroid dehydrogenase. New England Journal of Medicine, 

330, 460-465. 

ROSENSTOCK, J., BANARER, S., FONSECA, V. A., INZUCCHI, S. E., SUN, W., 

YAO, W. Q., HOLLIS, G., FLORES, R., LEVY, R., WILLIAMS, W. V., 

SECKL, J. R., HUBER, R. & INVESTIGAT, I. P. 2010. The 11-beta-

hydroxysteroid dehydrogenase type 1 inhibitor INCB13739 improves 

hyperglycemia in patients with type 2 diabetes inadequately controlled by 

metformin monotherapy. Diabetes Care, 33, 1516-1522. 

ROSMOND, R., DALLMAN, M. F. & BJORNTORP, P. 1998. Stress-related 

cortisol secretion in men: Relationships with abdominal obesity and 

endocrine, metabolic and hemodynamic abnormalities. Journal of Clinical 

Endocrinology & Metabolism, 83. 

ROSS, R., LEGER, L., MORRIS, D., DEGUISE, J. & GUARDO, R. 1992. 

Quantification of adipose tissue by MRI - relationship with anthropometric 

variables. Journal of Applied Physiology, 72. 

RUPPRECHT, R., KORNHUBER, J., WODARZ, N., LUGAUER, J., GOBEL, C., 

HAACK, D., BECK, G., MULLER, O. A., RIEDERER, P. & BECKMANN, 

H. 1991. Disturbed glucocorticoid receptor autoregulation and corticotropin 

response to dexamethasone in depressives pretreated with metyrapone. 

Biological Psychiatry, 29, 1099-1109. 

RUSSELL, D. W. & WILSON, J. D. 1994. Steroid 5 alpha-reductase: two genes/two 

enzymes. Annu Rev Biochem, 63, 25-61. 

RUZICKA, L., GOLDBERG, M. W. & ROSENBERG, H. R. 1935. Sexual hormone 

X. Formation of 17-methyl-testosterone and other adrostene and androstane 

derivatives. Relationship between chemical composition and masculine 

hormone effects. Helvetica Chimica Acta, 18, 1487-1498. 

SAMY, T. S. A., KNOFERL, M. W., ZHENG, R., SCHWACHA, M. G., BLAND, 

K. I. & CHAUDRY, I. H. 2001. Divergent immune responses in male and 



 

References 
425 

 

female mice after trauma-hemorrhage: Dimorphic alterations in T 

lymphocyte steroidogenic enzyme activities. Endocrinology, 142, 3519-3529. 

SANDEEP, T. C., ANDREW, R., HOMER, N. Z. M., ANDREWS, R. C., SMITH, 

K. & WALKER, B. R. 2005. Increased in vivo regeneration of cortisol in 

adipose tissue in human obesity and effects of the 11 beta-hydroxysteroid 

dehydrogenase type 1 inhibitor carbenoxolone. Diabetes, 54, 872-879. 

SATO, K., IEMITSU, M., AIZAWA, K. & AJISAKA, R. 2008. Testosterone and 

DHEA activate the glucose metabolism-related signaling pathway in skeletal 

muscle. American Journal of Physiology-Endocrinology and Metabolism, 

294, E961-E968. 

SATO, T., SONODA, T., ITAMI, S. & TAKAYASU, S. 1998. Predominance of 

type I 5 alpha-reductase in apocrine sweat glands of patients with excessive 

or abnormal odour derived from apocrine sweat (osmidrosis). British Journal 

of Dermatology, 139, 806-810. 

SATTAR, N., MCCONNACHIE, A., SHAPER, A. G., BLAUW, G. J., BUCKLEY, 

B. M., DE CRAEN, A. J., FORD, I., FOROUHI, N. G., FREEMAN, D. J., 

JUKEMA, J. W., LENNON, L., MACFARLANE, P. W., MURPHY, M. B., 

PACKARD, C. J., STOTT, D. J., WESTENDORP, R. G., WHINCUP, P. H., 

SHEPHERD, J. & WANNAMETHEE, S. G. 2008. Can metabolic syndrome 

usefully predict cardiovascular disease and diabetes? Outcome data from two 

prospective studies. Lancet, 371, 1927-1935. 

SAWAYA, M. E. & PRICE, V. H. 1997. Different levels of 5 alpha-reductase type I 

and II, aromatase, and androgen receptor in hair follicles of women and men 

with androgenetic alopecia. Journal of Investigative Dermatology, 109, 296-

300. 

SCHACKE, H., DOCKE, W. D. & ASADULLAH, K. 2002. Mechanisms involved 

in the side effects of glucocorticoids. Pharmacol Ther, 96, 23-43. 

SCHALKEN, J. 2005. Androgen receptor mediated growth of prostate (cancer). 

European Urology Supplements, 4, 4-11. 

SCHELLINGER, A. P. & CARR, P. W. 2006. Isocratic and gradient elution 

chromatography: A comparison in terms of speed, retention reproducibility 

and quantitation. Journal of Chromatography A, 1109, 253-266. 

SCHNEIDER, J. J. 1952. Conversion of desoxycorticosterone to four allopregnane 

metabolites by rat liver in vitro. Journal of Biological Chemistry, 199, 235-

44. 

SCHNEIDER, J. J. & HORSTMANN, P. M. 1951. Effects of incubating 

desoxycorticosterone with various rat tissues. Journal of Biological 

Chemistry, 191, 327-38. 

SCHROEDER, E. T., VALLEJO, A. F., ZHENG, L., STEWART, Y., FLORES, C., 

NAKAO, S., MARTINEZ, C. & SATTLER, F. R. 2005. Six-week 

improvements in muscle mass and strength during androgen therapy in older 

men. Journals of Gerontology Series a-Biological Sciences and Medical 

Sciences, 60, 1586-1592. 

SCHROEDER, E. T., ZHENG, L., ONG, M. D., MARTINEZ, C., FLORES, C., 

STEWART, Y., AZEN, C. & SATTLER, F. R. 2004. Effects of androgen 

therapy on adipose tissue and metabolism in older men. Journal of Clinical 

Endocrinology & Metabolism, 89, 4863-4872. 



 

References 
426 

 

SCOTLAND. 2011. Scotland prescribing statistics [Online]. Scotland: Information 

Services Division, National Health Service, Scotland. Available: 

http://www.isdscotland.org/Health-Topics/Prescribing-and-

Medicines/Publications/data-tables.asp?id=727#727 [Accessed 14 August 

2012]. 

SEDGWICK, P. 2012. Statistical question The Hawthorne effect. British Medical 

Journal, 344. 

SEETHALAKSHMI, L., RODRIGUEZRIGAU, L. J. & STEINBERGER, A. 1982. 

Testosterone metabolism by proximal and distal regions of the vas deferens 

from immature and mature rats. Biology of Reproduction, 26, 584-590. 

SEKIHARA, H., ISLAND, D. P. & LIDDLE, G. W. 1978. New mineralocorticoids: 

5alpha-dihydroaldosterone and 5alpha-dihydro-11-deoxycorticosterone. 

Endocrinology, 103, 1450-2. 

SEKIHARA, H. & YAZAKI, Y. 1993. 5 alpha-Dihydro-11-deoxycorticosterone as a 

mineralocorticoid agonist and antagonist: evidence for a weak 

mineralocorticoid as an antagonist of potent mineralocorticoids. Journal of 

Steroid Biochemistry & Molecular Biology, 45, 235-8. 

SEO, Y. K., ZHU, B., JEON, T. I. & OSBORNE, T. F. 2009. Regulation of steroid 

5-alpha reductase type 2 (Srd5a2) by sterol regulatory element binding 

proteins and statin. Experimental Cell Research, 315, 3133-3139. 

SHAMIM, W., YOUSUFUDDIN, M., BAKHAI, A., COATS, A. J. S. & HONOUR, 

J. W. 2000. Gender differences in the urinary excretion rates of cortisol and 

androgen metabolites. Annals of Clinical Biochemistry, 37, 770-774. 

SHEFFIELD, J. W. & OSHAUGHNESSY, P. J. 1988. Testicular steroid metabolism 

during development in the normal and hypogonadal mouse. Journal of 

Endocrinology, 119, 257-264. 

SHIRAISHI, S., LEE, P. W. N., LEUNG, A., GOH, V. H. H., SWERDLOFF, R. S. 

& WANG, C. 2008. Simultaneous measurement of serum testosterone and 

dihydrotestosterone by liquid chromatography-tandem mass spectrometry. 

Clinical Chemistry, 54, 1855-63. 

SHIRAKAWA, T., OKADA, H., ACHARYA, B., ZHANG, Z. J., HINATA, N., 

WADA, Y., UJI, T., KAMIDONO, S. & GOTOH, A. 2004. Messenger RNA 

levels and enzyme activities of 5 alpha-reductase types 1 and 2 in human 

benign prostatic hyperplasia (BPH) tissue. Prostate, 58, 33-40. 

SIGN, S. I. G. N. 2007. Risk estimation and the prevention of cardiovascular 

disease: A national clinical guideline [Online]. 

http://www.sign.ac.uk/guidelines/fulltext/97/index.html: Scottish 

Intercollegiate Guidelines Network.  2012]. 

SIGNORELLI, S. S., BARRESI, V., MUSSO, N., ANZALDI, M., CROCE, E., 

FIORE, V. & CONDORELLI, D. F. 2008. Polymorphisms of steroid 5-alpha-

reductase type I (SRD5A1) gene are associated to peripheral arterial disease. 

Journal of Endocrinological Investigation, 31, 1092-1097. 

SINHA, R., DUFOUR, S., PETERSEN, K. F., LEBON, V., ENOKSSON, S., MA, 

Y. Z., SAVOYE, M., ROTHMAN, D. L., SHULMAN, G. I. & CAPRIO, S. 

2002. Assessment of skeletal muscle triglyceride content by H-1 nuclear 

magnetic resonance spectroscopy in lean and obese adolescents - 

Relationships to insulin sensitivity, total body fat, and central adiposity. 

Diabetes, 51, 1022-1027. 

http://www.isdscotland.org/Health-Topics/Prescribing-and-Medicines/Publications/data-tables.asp?id=727#727
http://www.isdscotland.org/Health-Topics/Prescribing-and-Medicines/Publications/data-tables.asp?id=727#727
http://www.sign.ac.uk/guidelines/fulltext/97/index.html:


 

References 
427 

 

SINHA-HIKIM, I., TAYLOR, W. E., GONZALEZ-CADAVID, N. F., ZHENG, W. 

& BHASIN, S. 2004. Androgen receptor in human skeletal muscle and 

cultured muscle satellite cells: Up-regulation by androgen treatment. Journal 

of Clinical Endocrinology & Metabolism, 89, 5245-5255. 

SOEISHI, Y., KOBORI, M., KOBAYASHI, S. I. & HIGUCHI, S. 1990. Sensitive 

method for the determination of amsulosin in human plasma using high-

performance liquid-chromatography with fluorescence detection. Journal of 

Chromatography B - Analytical Technologies in the Biomedical and Life 

Sciences, 533, 291-296. 

SOLDIN, S. J. & SOLDIN, O. P. 2009. Steroid Hormone Analysis by Tandem Mass 

Spectrometry. Clinical Chemistry, 55, 1061-1066. 

STAHN, C., LOEWENBERG, M., HOMMES, D. W. & BUTTGEREIT, F. 2007. 

Molecular mechanisms of glucocorticoid action and selective glucocorticoid 

receptor agonists. Molecular and Cellular Endocrinology, 275, 71-78. 

STARKA, L. 2003. Epitestosterone. Journal of Steroid Biochemistry and Molecular 

Biology, 87, 27-34. 

STARKA, L., POSPISILOVA, H. & HILL, M. 2009. Free testosterone and free 

dihydrotestosterone throughout the life span of men. Journal of Steroid 

Biochemistry and Molecular Biology, 116, 118-20. 

STECKELBROECK, S., JIN, Y., GOPISHETTY, S., OYESANMI, B. & PENNING, 

T. M. 2004. Human cytosolic 3 alpha-hydroxysteroid dehydrogenases of the 

aldo-keto reductase superfamily display significant 3 beta-hydroxysteroid 

dehydrogenase activity - Implications for steroid hormone metabolism and 

action. Journal of Biological Chemistry, 279, 10784-10795. 

STECKELBROECK, S., WATZKA, M., REICHELT, R., HANS, V. H. J., 

STOFFEL-WAGNER, B., HEIDRICH, D. D., SCHRAMM, J., 

BIDLINGMAIER, F. & KLINGMULLER, D. 2001. Characterization of the 

5 alpha-reductase-3 alpha-hydroxysteroid dehydrogenase complex in the 

human brain. Journal of Clinical Endocrinology & Metabolism, 86, 1324-

1331. 

STEWART, P. M., SHACKLETON, C. H., BEASTALL, G. H. & EDWARDS, C. 

R. 1990. 5 alpha-Reductase activity in polycystic ovary syndrome. Lancet, 

335, 431-3. 

STEWART, P. M., WALLACE, A. M., VALENTINO, R., BURT, D., 

SHACKLETON, C. H. L. & EDWARDS, C. R. W. 1987. Mineralocorticoid 

activity of licorice - 11-beta-hydroxysteroid dehydrogenase deficiency comes 

of age. Lancet, 2, 821-824. 

STIMSON, R. H., ANDERSSON, J., ANDREW, R., REDHEAD, D. N., KARPE, 

F., HAYES, P. C., OLSSON, T. & WALKER, B. R. 2009. Cortisol release 

from adipose tissue by 11beta-hydroxysteroid dehydrogenase type 1 in 

humans. Diabetes, 58, 46-53. 

STOFFEL-WAGNER, B., BEYENBURG, S., WATZKA, M., BLUMCKE, I., 

BAUER, J., SCHRAMM, J., BIDLINGMAIER, F. & ELGER, C. E. 2000. 

Expression of 5 alpha-reductase and 3 alpha-hydroxisteroid oxidoreductase in 

the hippocampus of patients with chronic temporal lobe epilepsy. Epilepsia, 

41, 140-147. 

STOFFEL-WAGNER, B., WATZKA, M., STECKELBROECK, S., WICKERT, L., 

SCHRAMM, J., ROMALO, G., KLINGMULLER, D. & SCHWEIKERT, H. 



 

References 
428 

 

U. 1998. Expression of 5alpha-reductase in the human temporal lobe of 

children and adults. Journal of Clinical Endocrinology & Metabolism, 83, 

3636-42. 

STOKVIS, E., ROSING, H. & BEIJNEN, J. H. 2005. Stable isotopically labeled 

internal standards in quantitative bioanalysis using liquid 

chromatography/mass spectrometry: necessity or not? Rapid Communications 

in Mass Spectrometry, 19, 401-407. 

STROMSTEDT, P. E., POELLINGER, L., GUSTAFSSON, J. A. & CARLSTEDT-

DUKE, J. 1991. The glucocorticoid receptor binds to a sequence overlapping 

the TATA box of the human osteocalcin promoter: a potential mechanism for 

negative regulation. Mol Cell Biol, 11, 3379-83. 

STUERENBURG, H. J. & SCHOSER, B. 1999. Influence of age on metabolism of 

testosterone, dihydrotestosterone, and 3-alpha-androstanediol in muscle 

biopsies from patients with neuromuscular diseases. Archives of Gerontology 

and Geriatrics, 29, 223-230. 

SUZUKI, T., DARNEL, A. D., AKAHIRA, J., ARIGA, N., OGAWA, S., 

KANEKO, C., TAKEYAMA, J., MORIYA, T. & SASANO, H. 2001. 5 

alpha-Reductases in human breast carcinoma: Possible modulator of in situ 

androgenic actions. Journal of Clinical Endocrinology & Metabolism, 86, 

2250-2257. 

TAGUCHI, K., SAITOH, M., SATO, S., ASANO, M. & MICHEL, M. C. 1997. 

Effects of tamsulosin metabolites at alpha-1 adrenoceptor subtypes. J 

Pharmacol Exp Ther, 280, 1-5. 

TAGUCHI, K., SCHAFERS, R. F. & MICHEL, M. C. 1998. Radioreceptor assay 

analysis of tamsulosin and terazosin pharmacokinetics. British Journal of 

Clinical Pharmacology, 45, 49-55. 

TAIEB, J., BENATTAR, C., BIRR, A. S. & LINDENBAUM, A. 2002. Limitations 

of steroid determination by direct immunoassay. Clinical Chemistry, 48, 583-

5. 

TAJAR, A., IT, H., TW, O. N., JD, F., SR, P., DM, L., G, B., S, B., FF, C., G, F., A, 

G., TS, H., K, K., F, L., ME, L., N, P., M, P., D, V., FC, W. & GROUP, T. E. 

2012. Characteristics of androgen deficiency in late-onset hypogonadism: 

results from the European Male Aging Study (EMAS). Journal of Clinical 

Endocrinology & Metabolism, 97, 1508-1516. 

TAKAYASU, S., WAKIMOTO, H., ITAMI, S. & SANO, S. 1980. Activity of 

testosterone 5-alpha-reductase in various tissues of human skin. Journal of 

Investigative Dermatology, 74, 187-191. 

TAKIZAWA, I., HARA, N., NISHIYAMA, T., ISAHAYA, E., HOSHII, T. & 

TAKAHASHI, K. 2010. Adrenocorticotropic hormone is involved in 

regulation of androgen synthesis in men receiving androgen deprivation 

therapy for localized prostate cancer. Journal of Urology, 184, 1971-1976. 

TAN, M. O., KARABIYIK, I., UYGUR, M. C., DIKER, Y. & EROL, D. 2003. 

Serum concentrations of sex hormones in men with severe lower urinary tract 

symptoms and benign prostatic hyperplasia. International Urology and 

Nephrology, 35, 357-363. 

TATE, J. & WARD, G. 2004. Interferences in immunoassay. The Clinical 

biochemist. Reviews / Australian Association of Clinical Biochemists, 25. 



 

References 
429 

 

THIELE, S., HOPPE, U., HOLTERHUS, P. M. & HIORT, O. 2005. Isoenzyme type 

1 of 5alpha-reductase is abundantly transcribed in normal human genital skin 

fibroblasts and may play an important role in masculinization of 5alpha-

reductase type 2 deficient males. European Journal of Endocrinology, 152, 

875-880. 

THIGPEN, A. E., SILVER, R. I., GUILEYARDO, J. M., CASEY, M. L., 

MCCONNELL, J. D. & RUSSELL, D. W. 1993. Tissue distribution and 

ontogeny of steroid 5 alpha-reductase isozyme expression. Journal of 

Clinical Investigation, 92, 903-10. 

TIAN, G. C. 1996. In vivo time-dependent inhibition of human steroid 5 alpha-

reductase by finasteride. Journal of Pharmaceutical Sciences, 85, 106-111. 

TOMLINSON, J. W., WALKER, E. A., BUJALSKA, I. J., DRAPER, N., LAVERY, 

G. G., COOPER, M. S., HEWISON, M. & STEWART, P. M. 2004. 11beta-

hydroxysteroid dehydrogenase type 1: a tissue-specific regulator of 

glucocorticoid response. Endocrine Reviews, 25, 831-66. 

TOORIANS, A., KELLEHER, S., GOOREN, L. J., JIMENEZ, M. & 

HANDELSMAN, D. J. 2003. Estimating the contribution of the prostate to 

blood dihydrotestosterone. Journal of Clinical Endocrinology & Metabolism, 

88, 5207-5211. 

TORRES, J. M. & ORTEGA, E. 2006. Steroid 5 alpha-reductase isozymes in the 

adult female rat brain: central role of dihydrotestosterone. Journal of 

Molecular Endocrinology, 36, 239-245. 

TREASURE, T. & MACRAE, K. D. 1998. Minimisation: the platinum standard for 

trials? Randomisation doesn't guarantee similarity of groups; minimisation 

does. British Medical Journal, 317. 

TSILCHOROZIDOU, T., HONOUR, J. W. & CONWAY, G. S. 2003. Altered 

cortisol metabolism in polycystic ovary syndrome: Insulin enhances 5 alpha-

reduction but not the elevated adrenal steroid production rates. Journal of 

Clinical Endocrinology & Metabolism, 88, 5907-5913. 

TURNER, R. T., BLEIBERG, B., COLVARD, D. S., KEETING, P. E., EVANS, G. 

& SPELSBERG, T. C. 1990. Failure of isolated rat tibial periosteal cells to 5-

alpha reduce testosterone to 5-alpha-dihydrotestosterone. Journal of Bone 

and Mineral Research, 5, 775-779. 

UEMURA, M., TAMURA, K., CHUNG, S., HONMA, S., OKUYAMA, A., 

NAKAMURA, Y. & NAKAGAWA, H. 2008. Novel 5 alpha-steroid 

reductase (SRD5A3, type-3) is overexpressed in hormone-refractory prostate 

cancer. Cancer Science, 99, 81-86. 

ULICK, S., TEDDE, R. & WANG, J. Z. 1992. Defective ring-A reduction of cortisol 

as the major metabolic error in the syndrome of apparent mineralocorticoid 

excess. Journal of Clinical Endocrinology & Metabolism, 74, 593-599. 

ULLIAN, M. E. 1999. The role of corticosteroids in the regulation of vascular tone. 

Cardiovascular Research, 41, 55-64. 

ULLRICH, P. M., LUTGENDORF, S. K. & KREDER, K. J. 2007. Physiologic 

reactivity to a laboratory stress task among men with benign prostatic 

hyperplasia. Urology, 70, 487-491. 

USFDA 2001. Guidance for industry: Bioanalytical method validation. In: 

ADMINISTRATION, U. S. F. A. D. (ed.). www.fda.gov. 

http://www.fda.gov/


 

References 
430 

 

UYGUR, M. C., ARIK, A. I., ALTUG, U. & EROL, D. 1998. Effects of the 5 alpha-

reductase inhibitor finasteride on serum levels of gonadal, adrenal, and 

hypophyseal hormones and its clinical significance: a prospective clinical 

study. Steroids, 63, 208-13. 

VAN DER LAAN, S. & MEIJER, O. C. 2008. Pharmacology of glucocorticoids: 

beyond receptors. Eur J Pharmacol, 585, 483-91. 

VAN DER SLUIS, T. M., MEULEMAN, E. J. H., VAN MOORSELAAR, R. J. A., 

BUI, H. N., BLANKENSTEIN, M. A., HEIJBOER, A. C. & VIS, A. N. 

2012. Intraprostatic testosterone and dihydrotestosterone. Part II: 

concentrations after androgen hormonal manipulation in men with benign 

prostatic hyperplasia and prostate cancer. Bju International, 109, 183-188. 

VAN RAALTE, D. H., BRANDS, M., VAN DER ZIJL, N. J., MUSKIET, M. H., 

POUWELS, P. J. W., ACKERMANS, M. T., SAUERWEIN, H. P., SERLIE, 

M. J. & DIAMANT, M. 2011. Low-dose glucocorticoid treatment affects 

multiple aspects of intermediary metabolism in healthy humans: a 

randomised controlled trial. Diabetologia, 54, 2103-2112. 

VAN SCHAFTINGEN, E. & GERIN, I. 2002. The glucose-6-phosphatase system. 

Biochemical Journal, 362, 513-532. 

VANDENPUT, L., MELLSTROM, D., LORENTZON, M., SWANSON, C., 

KARLSSON, M. K., BRANDBERG, J., LONN, L., ORWOLL, E., SMITH, 

U., LABRIE, F., LJUNGGREN, O., TIVESTEN, A. & OHLSSON, C. 2007. 

Androgens and glucuronidated androgen metabolites are associated with 

metabolic risk factors in men. Journal of Clinical Endocrinology & 

Metabolism, 92, 4130-4137. 

VANDERSCHUEREN, D., VANDENPUT, L., BOONEN, S., LINDBERG, M. K., 

BOUILLON, R. & OHLSSON, C. 2004. Androgens and bone. Endocrine 

Reviews, 25, 389-425. 

VANHAMME, L., VAN DEN BOOGAART, A. & VAN HUFFEL, S. 1997. 

Improved method for accurate and efficient quantification of MRS data with 

use of prior knowledge. Journal of Magnetic Resonance, 129. 

VASSILIADI, D. A., BARBER, T. M., HUGHES, B. A., MCCARTHY, M. I., 

WASS, J. A. H., FRANKS, S., NIGHTINGALE, P., TOMLINSON, J. W., 

ARLT, W. & STEWART, P. M. 2009. Increased 5 alpha-reductase activity 

and adrenocortical drive in women with polycystic ovary syndrome. Journal 

of Clinical Endocrinology & Metabolism, 94, 3558-3566. 

VEGIOPOULOS, A. & HERZIG, S. 2007. Glucocorticoids, metabolism and 

metabolic diseases. Molecular and Cellular Endocrinology, 275, 43-61. 

VESTERGAARD, H., WEINREB, J. E., ROSEN, A. S., BJORBAEK, C., 

HANSEN, L., PEDERSEN, O. & KAHN, B. B. 1995. Sulfonylurea therapy 

improves glucose disposal without changing skeletal muscle GLUT4 levels in 

non-insulin dependent diabetes mellitus subjects - a longitudinal study. 

Journal of Clinical Endocrinology & Metabolism, 80, 270-275. 

VIAU, V. & MEANEY, M. J. 1996. The inhibitory effect of testosterone on 

hypothalamic-pituitary-adrenal responses to stress is mediated by the medial 

preoptic area. Journal of Neuroscience, 16. 

VICKERS, A. J. & ALTMAN, D. G. 2001. Statistics notes - Analysing controlled 

trials with baseline and follow up measurements. British Medical Journal, 

323. 



 

References 
431 

 

VIERHAPPER, H., NOWOTNY, P. & WALDHAUSL, W. 1997. Determination of 

testosterone production rates in men and women using stable isotope/dilution 

and mass spectrometry. Journal of Clinical Endocrinology & Metabolism, 82, 

1492-1496. 

VIGER, R. S. & ROBAIRE, B. 1994. Immunocytochemical localization of 4-ene 

steroid 5-alpha-reductase type-1 along the rat epididymis during postnatal 

development. Endocrinology, 134, 2298-2306. 

VIKAN, T., SCHIRMER, H., NJOLSTAD, I. & SVARTBERG, J. 2010. Low 

testosterone and sex hormone-binding globulin levels and high estradiol 

levels are independent predictors of type 2 diabetes in men. European 

Journal of Endocrinology, 162, 747-754. 

VINING, R. F., MCGINLEY, R. A., MAKSVYTIS, J. J. & HO, K. Y. 1983. 

Salivary cortisol - a better measure of adrenal-cortical function than serum 

cortisol. Annals of Clinical Biochemistry, 20, 329-335. 

VU, T. T., HIRST, J. J., STARK, M., WRIGHT, I. M. R., PALLISER, H. K., 

HODY, N. & CLIFTON, V. L. 2009. Changes in human placental 5 alpha-

reductase isoenzyme expression with advancing gestation: effects of fetal sex 

and glucocorticoid exposure. Reproduction Fertility and Development, 21, 

599-607. 

WAKE, D. J., STRAND, M., RASK, E., WESTERBACKA, J., LIVINGSTONE, D. 

E. W., SODERBERG, S., ANDREW, R., YKI-JARVINEN, H., OLSSON, T. 

& WALKER, B. R. 2007. Intra-adipose sex steroid metabolism and body fat 

distribution in idiopathic human obesity. Clinical Endocrinology (Oxf), 66, 

440-6. 

WALES. 2011. Wales prescribing statistics [Online]. Wales. Available: 

http://wales.gov.uk/topics/statistics/theme/health/primary-

care/prescribing/?lang=en [Accessed 14 August 2012]. 

WALKER, B. R. 2001. Steroid metabolism in metabolic syndrome X. Best Pract Res 

Clin Endocrinol Metab, 15, 111-22. 

WALKER, B. R. 2006. Cortisol - cause and cure for metabolic syndrome? Diabetic 

Medicine, 23, 1281-1288. 

WALKER, B. R. & ANDREW, R. 2006. Tissue production of cortisol by 11 beta-

hydroxysteroid dehydrogenase type 1 and metabolic disease. Stress, Obesity, 

and Metabolic Syndrome, 1083, 165-184. 

WALKER, B. R., PHILLIPS, D. I. W., NOON, J. P., PANARELLI, M., ANDREW, 

R., EDWARDS, H. V., HOLTON, D. W., SECKL, J. R., WEBB, D. J. & 

WATT, G. C. M. 1998. Increased glucocorticoid activity in men with 

cardiovascular risk factors. Hypertension, 31, 891-895. 

WALSH, P. C., MADDEN, J. D., HARROD, M. J., GOLDSTEIN, J. L., 

MACDONALD, P. C. & WILSON, J. D. 1974. Familial incomplete male 

pseudohermaphroditism, type 2. Decreased dihydrotestosterone formation in 

pseudovaginal perineoscrotal hypospadias. New England Journal of 

Medicine, 291, 944-9. 

WANG, C., CATLIN, D. H., DEMERS, L. M., STARCEVIC, B. & SWERDLOFF, 

R. S. 2004a. Measurement of total serum testosterone in adult men: 

Comparison of current laboratory methods versus liquid chromatography-

tandem mass spectrometry. Journal of Clinical Endocrinology & Metabolism, 

89, 534-543. 

http://wales.gov.uk/topics/statistics/theme/health/primary-care/prescribing/?lang=en
http://wales.gov.uk/topics/statistics/theme/health/primary-care/prescribing/?lang=en


 

References 
432 

 

WANG, C., CATLIN, D. H., STARCEVIC, B., LEUNG, A., DISTEFANO, E., 

LUCAS, G., HULL, L. & SWERDLOFF, R. S. 2004b. Testosterone 

metabolic clearance and production rates determined by stable isotope 

dilution/tandem mass spectrometry in normal men: Influence of ethnicity and 

age. Journal of Clinical Endocrinology & Metabolism, 89, 2936-2941. 

WANG, C., SWERDLOFF, R. S., IRANMANESH, A., DOBS, A., SNYDER, P. J., 

CUNNINGHAM, G., MATSUMOTO, A. M., WEBER, T., BERMAN, N. & 

TESTOSTERONE GEL STUDY, G. 2000. Transdermal testosterone gel 

improves sexual function, mood, muscle strength, and body composition 

parameters in hypogonadal men. Journal of Clinical Endocrinology & 

Metabolism, 85, 2839-2853. 

WEI, Y., CHEN, K., WHALEY-CONNELL, A. T., STUMP, C. S., IBDAH, J. A. & 

SOWERS, J. R. 2008. Skeletal muscle insulin resistance: role of 

inflammatory cytokines and reactive oxygen species. American Journal of 

Physiology-Regulatory Integrative and Comparative Physiology, 294, R673-

R680. 

WEINSTEIN, B. I., KANDALAFT, N., RITCH, R., CAMRAS, C. B., MORRIS, D. 

J., LATIF, S. A., VECSEI, P., VITTEK, J., GORDON, G. G. & 

SOUTHREN, A. L. 1991. 5 alpha-dihydrocortisol in human aqueous humor 

and metabolism of cortisol by human lenses in vitro. Invest Ophthalmol Vis 

Sci, 32, 2130-5. 

WEISSER, H. & KRIEG, M. 1997. Kinetic analysis of androstenedione 5 alpha-

reductase in epithelium and stroma of human prostate. Steroids, 62, 589-594. 

WEISSER, H. & KRIEG, M. 1998. In vitro inhibition of androstenedione 5 alpha-

reduction by finasteride in epithelium and stroma of human benign prostatic 

hyperplasia. Journal of Steroid Biochemistry and Molecular Biology, 67, 49-

55. 

WESTERBACKA, J., YKI-JARVINEN, H., VEHKAVAARA, S., HAKKINEN, A. 

M., ANDREW, R., WAKE, D. J., SECKL, J. R. & WALKER, B. R. 2003. 

Body fat distribution and cortisol metabolism in healthy men: Enhanced 5 

beta-reductase and lower cortisol/cortisone metabolite ratios in men with fatty 

liver. Journal of Clinical Endocrinology & Metabolism, 88, 4924-4931. 

WEYKAMP, C. W., PENDERS, T. J., SCHMIDT, N. A., BORBURGH, A. J., 

VANDECALSEYDE, J. F. & WOLTHERS, B. J. 1989. Steroid profile for 

urine - reference values. Clinical Chemistry, 35, 2281-2284. 

WHITE, I. R., BAMIAS, C., HARDY, P., POCOCK, S. & WARNER, J. 2001. 

Randomized clinical trials with added rescue medication: some approaches to 

their analysis and interpretation. Statistics in Medicine, 20, 2995-3008. 

WHORWOOD, C. B., DONOVAN, S. J., FLANAGAN, D., PHILLIPS, D. I. W. & 

BYRNE, C. D. 2002. Increased glucocorticoid receptor expression in human 

skeletal muscle cells may contribute to the pathogenesis of the metabolic 

syndrome. Diabetes, 51, 1066-1075. 

WIEBE, J. P., MUZIA, D., HU, J. C., SZWAJCER, D., HILL, S. A. & 

SEACHRIST, J. L. 2000. The 4-pregnene and 5 alpha-pregnane progesterone 

metabolites formed in nontumorous and tumorous breast tissue have opposite 

effects on breast cell proliferation and adhesion. Cancer Research, 60, 936-

943. 



 

References 
433 

 

WIIK, A., EKMAN, M., JOHANSSON, O., JANSSON, E. & ESBJORNSSON, M. 

2009. Expression of both oestrogen receptor alpha and beta in human skeletal 

muscle tissue. Histochemistry and Cell Biology, 131, 181-189. 

WILSON, E. M. & FRENCH, F. S. 1976. Binding properties of androgen receptors - 

evidence for identical receptors in rat testis, epididymis, and prostate. Journal 

of Biological Chemistry, 251, 5620-5629. 

WILSON, R. C., NIMKARN, S. & NEW, M. I. 2001. Apparent mineralocorticoid 

excess. Trends Endocrinol Metab, 12, 104-11. 

WILT, T. J. & N'DOW, J. 2008. Benign prostatic hyperplasia. Part 2--management. 

British Medical Journal, 336, 206-10. 

WINDAHL, S., ANDERSSON, N., BORJESSON, A., SWANSON, C., 

SVENSSON, J., MOVERARE-SKRTIC, S., SJOGREN, K., RUIJIN, S., 

LAGERQUIST, M. & OHLSSON, C. 2011. Reduced bone mass and muscle 

strength in male 5-alpha-reductase type 1 inactivated  mice. PLoS One, 6, 

e21402. 

WOLZT, M., FABRIZII, V., DORNER, G. T., ZANASCHKA, G., LEUFKENS, P., 

KRAUWINKEL, W. J. & EICHLER, H. G. 1998. Pharmacokinetics of 

tamsulosin in subjects with normal and varying degrees of impaired renal 

function: an open-label single-dose and multiple-dose study. Eur J Clin 

Pharmacol, 54, 367-73. 

WU, F. C. W. & VON ECKARDSTEIN, A. 2003. Androgens and coronary artery 

disease. Endocrine Reviews, 24, 183-217. 

WUDY, S. A., WACHTER, U. A., HOMOKI, J., TELLER, W. M. & 

SHACKLETON, C. H. 1992. Androgen metabolism assessment by routine 

gas chromatography/mass spectrometry profiling of plasma steroids: Part 1, 

Unconjugated steroids. Steroids, 57, 319-24. 

WURZEL, R., RAY, P., MAJOR-WALKER, K., SHANNON, J. & RITTMASTER, 

R. 2007. The effect of dutasteride on intraprostatic dihydrotestosterone 

concentrations in men with benign prostatic hyperplasia. Prostate Cancer 

Prostatic Dis, 10, 149-54. 

YAMASHITA, K., MIYASHIRO, Y., MAEKUBO, H., OKUYAMA, M., HONMA, 

S., TAKAHASHI, M. & NUMAZAWA, M. 2009. Development of highly 

sensitive quantification method for testosterone and dihydrotestosterone in 

human serum and prostate tissue by liquid chromatography-electrospray 

ionization tandem mass spectrometry. Steroids, 74, 920-926. 

YANG, C., NIXON, M., KENYON, C. J., LIVINGSTONE, D. E. W., DUFFIN, R., 

ROSSI, A. G., WALKER, B. R. & ANDREW, R. 2011. 5 alpha-Reduced 

glucocorticoids exhibit dissociated anti-inflammatory and metabolic effects. 

British Journal of Pharmacology, 164, 1661-1671. 

YANG, J. & YOUNG, M. J. 2009. The mineralocorticoid receptor and its 

coregulators. Journal of Molecular Endocrinology, 43, 53-64. 

YARROW, J. F., MCCOY, S. C. & BORST, S. E. 2012. Intracrine and myotrophic 

roles of 5 alpha-reductase and androgens: a review. Medicine and Science in 

Sports and Exercise, 44, 818-826. 

YEHUDA, R. & SECKL, J. 2011. Minireview: Stress-Related Psychiatric Disorders 

with Low Cortisol Levels: A Metabolic Hypothesis. Endocrinology, 152, 

4496-4503. 



 

References 
434 

 

YOKOI, H., TSURUO, Y. & ISHIMURA, K. 1998a. Steroid 5alpha-reductase type 1 

immunolocalized in the rat peripheral nervous system and paraganglia. 

Histochem J, 30, 731-9. 

YOKOI, H., TSURUO, Y., MIYAMOTO, T. & ISHIMURA, K. 1998b. Steroid 5 

alpha-reductase type 1 immunolocalized in the adrenal gland of normal, 

gonadectomized, and sex hormone-supplemented rats. Histochemistry and 

Cell Biology, 109, 127-134. 

YOKOI, H., TSURUO, Y., MIYAMOTO, T., KITAGAWA, K., FUTAKI, S. & 

ISHIMURA, K. 1996. Steroid 5 alpha-reductase type 1 immunolocalized in 

the anterior pituitary of intact and castrated male rats. Histochemistry and 

Cell Biology, 106, 359-366. 

ZHAI, Y., PAI, H. V., ZHOU, J., AMICO, J. A., VOLLMER, R. R. & XIE, W. 

2007. Activation of pregnane X receptor disrupts glucocorticoid and 

mineralocorticoid homeostasis. Molecular Endocrinology, 21, 138-47. 

ZHAO, X. Y., MALLOY, P. J., KRISHNAN, A. V., SWAMI, S., NAVONE, N. M., 

PEEHL, D. M. & FELDMAN, D. 2000. Glucocorticoids can promote 

androgen-independent growth of prostate cancer cells through a mutated 

androgen receptor. Nature Medicine, 6. 

ZHOU, C., VERMA, S. & BLUMBERG, B. 2009. The steroid and xenobiotic 

receptor (SXR), beyond xenobiotic metabolism. Nucl Recept Signal, 7, e001. 

ZHOU, J. & CIDLOWSKI, J. A. 2005. The human glucocorticoid receptor: one 

gene, multiple proteins and diverse responses. Steroids, 70, 407-17. 

ZHOU, Z. F., SHACKLETON, C. H. L., PAHWA, S., WHITE, P. C. & SPEISER, P. 

W. 1998. Prominent sex steroid metabolism in human lymphocytes. 

Molecular and Cellular Endocrinology, 138, 61-69. 

ZWICKER, H. & RITTMASTER, R. S. 1993. Androsterone sulfate: physiology and 

clinical significance in hirsute women. Journal of Clinical Endocrinology & 

Metabolism, 76, 112-6. 

ZYIREK, M., FLOOD, C. & LONGCOPE, C. 1987. 5 alpha-reductase activity in rat 

adipose tissue. Proc Soc Exp Biol Med, 186, 134-8. 

 

 

 


	cover sheet
	Rita Upreti_Thesis_final_postcorrections

