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One must sit down before truth without preconception, like a little child, and follow 
where the facts lead- or one will learn nothing. 
Thomas Huxley (1825-1895) 

To Joe and Dante 





ABSTRACT
Anabolic androgenic steroids (AAS) are derivatives of testosterone. Doping with AAS 
is a severe challenge to the vision, moral and ethics in sports and has also become an 
increasing problem in society. 
Testosterone abuse is conventionally assessed by the urinary testosterone glucuronide/ 
epitestosterone glucuronide (T/E) ratio, levels above 4.0 being considered suspicious.  
However, there is a large inter-individual variation in testosterone glucuronide and 
epitestosterone glucuronide excretion, which challenges the accuracy of the test. 
There are reasons to believe that genetic variation is the single most important cause of 
variation in disposition of many androgenic compounds. Twin studies in men have 
demonstrated heritability estimates of 85% and 96% for production rates of 
testosterone and dihydrotestosterone, respectively. The primary aim of this thesis was 
to investigate the contribution of genetic components to inter-individual variation in 
androgen disposition.  

We found that a deletion polymorphism in the UGT2B17 gene was strongly associated 
with the urinary testosterone glucuronide levels. All individuals homozygous for the 
deletion had negligible amounts of urinary testosterone glucuronide. It is a common 
polymorphism with an allele frequency of 29 % in Swedes and 78 % in Koreans.  
After a single dose of 360 mg testosterone, 40 % of the subjects homozygous for the 
UGT2B17 deletion never reached the T/E cut off ratio of 4.0. We showed that the 
sensitivity and specificity of the T/E test could be markedly improved by using 
genotype-based cut off ratios. 

A CYP17 T>C promoter polymorphism was associated with urinary epitestosterone 
glucuronide levels and consequently the T/E ratio. High natural T/E ratios due to low 
urinary levels of epitestosterone glucuronide may be partly explained by this 
polymorphism. Considering only individuals with a functional UGT2B17 enzyme, 
carriers of the CYP17 TT genotype exhibited 64 % higher T/E ratios than men with one 
or two C-alleles. The frequency of the TT genotype was 35 % in Caucasians.  

Another polymorphism (E77G) in 17 -hydroxysteroid dehydrogenase type 5 
(HSD17B5), an enzyme that catalyses the step between androstenedione and 
testosterone, was associated with serum testosterone levels in Caucasian men. 
Considering only individuals with a functional UGT2B17 enzyme, this polymorphism 
was also associated with urinary testosterone glucuronide levels. The polymorphism 
had an allele frequency of 4.8 % in Swedes but was completely absent in Koreans.  
We also found a novel functional promoter polymorphism in the CYP7B1 gene, which 
was associated with significantly higher promoter activity and had an allele frequency 
of 4 % in Swedes and 0.65 % in Koreans.  

In summary, genetic variation has a large impact on androgen disposition. This 
variation is of the utmost importance for the interpretation of doping test results. The 
role of this variation for diseases in steroid target organs or for endocrine adverse 
reactions to drugs remains to be elucidated. 
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1 INTRODUCTION 
1.1 GENERAL INTRODUCTION 

There are reasons to believe that genetic variation is the single most important cause of 
variation in disposition of many androgenic compounds. The conjugating enzyme 
systems such as the uridine diphosphoglucuronosyl transferases (UGT) and sulfate 
conjugases are the major determinants of steroid disposition. As will be shown in this 
thesis, the genetic variation has a marked impact on turnover and excretion of 
androgens. Elucidation of the impact of genetic variability on the formation and 
excretion of androgens is important to increase our understanding of the role of these 
hormones in the pathology of endocrine organs.  

Doping with natural or exogenous androgen derivatives is a severe challenge to the 
vision, moral and ethics of sports all over the world. Even though the international anti-
doping test (ADT) programs have increased their potential to identify illegal agents 
through development of modern analytical methodology, there are still substantial 
deficiencies in the detection rate (sensitivity and specificity) and possibilities to charge 
individuals doped with testosterone and other androgens. 
Consideration of the genetic variation in disposition of androgens will improve the 
interpretation of doping tests. This is of interest not only for combating androgen 
doping in sports, but also for detecting and preventing androgen abuse in the society.  

1.2 ENDOGENOUS ANDROGENS AND DOPING 

The International Olympic Committee (IOC) banned the use of anabolic steroids in 
1974, and testing was implemented on a large scale at the 1976 Montreal Olympic 
Games via radio-immuno assays (1). However, these doping tests were limited to a few 
exogenous substances. The abuse of the endogenous steroid, testosterone, remained 
undetectable until the introduction of testosterone to epitestosterone (T/E) ratio as a 
biomarker in 1983 (2, 3). An upper limit of 6 was calculated for T/E based on 
population studies (3-5). All ratios above 6 were considered suspicious and the person 
concerned must be subjected to further testing. Later it was evident that naturally 
elevated ratios >6 could occur (6-10) with an incident of about 0.8 % (11). Continued 
experience also showed that that certain populations, in particular East Asians, have 
considerably lower ratios (12) increasing the risk of false negative test results. As a 
corollary the T/E cut-off limit was lowered to 4 in 2004. Consequently, a noteworthy 
number of athletes, maybe as many as 5-10 %, now have higher natural ratios than the 
cut off limit. 

1.2.1 Testosterone 

Testosterone was identified as the male sex hormone in the mid 1930s and its 
characterization and synthesis resulted in the 1939 Nobel Prize in chemistry for 
Butenandt and Ruzicka. It has been clinically used for nearly seven decades (13), 
primarily for androgen replacement therapy in men with androgen deficiency.  
In males, testosterone is produced predominantly in the gonads from androstenedione 
and androstene-3 ,17 -diol at a rate of about 7 mg per day. Testosterone regulates 
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many functions in the body, such as muscle protein metabolism, bone metabolism,  
sexual and cognitive function, erythropoiesis and plasma lipid levels (14). The actions 
of testosterone are exerted via the androgen receptor (AR). The distinction between 
these biological effects depends on the organs and target tissues (15). In muscle, 
testosterone binds to the intracellularly located AR, initiating an activation cascade with 
conformational changes and nuclear translocation of the AR. The AR-steroid complex 
binds to androgen responsive elements (ARE) on the DNA, resulting in specific 
activation or repression of target gene transcription (16, 17) (fig 1).  

Fig 1) The action of testosterone on muscle according to Mooradian et al., (17). 

All anabolic androgenic steroids (AAS) are chemical modifications of testosterone (18) 
and AAS are the most frequently detected doping agents, accounting for about 43 % of 
positive results in 2005 in accredited doping laboratories around the world. Among 
these testosterone, nandrolone and stanozolol were frequently identified 
(http://www.wada-ama.org/en/).

The possible beneficial effects of testosterone on physical strength was reported as 
early as 1889, when Dr Brown-Sequard injected himself subcutaneously with liquid 
obtained from animal testicles (19). In 1954 the first reports appeared of athletes using 
anabolic steroids searching for an increase in weight and power (20). 
Over recent decades testosterone and other androgens have been increasingly abused 
for muscle building and enhancement of physical performance (21). Testosterone 
enanthate ( 300 mg/week) has been shown to significantly increase muscular strength 
and power compared to placebo in only three weeks  (22). A recent study showed that 
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power lifters with current or previous abuse of anabolic steroids have increased cross-
sectional area of muscle fiber and numbers of nuclei per fiber compared to power lifters 
without any exposure to anabolic steroids (23). It is possible that previous use of 
anabolic steroids may improve physical performance for many years after withdrawal 
(23).   

Information on doses and modes of administration of AAS used by athletes is relatively 
sparse. It is known that bodybuilders follow a typical pattern called “stacking”, based 
on administration of several oral and injectable AAS during cycles lasting 4-12 weeks. 
The advantage of this practice has been demonstrated (24). The drug dosages range 
from 250-1000 mg per week (25). According to information from different www-sites, 
doses up to 2000 mg per day among bodybuilders are no rarity. 

1.2.1.1 Adverse effects 

The side effects of AAS are numerous. Most of them seem to be dose dependent. The 
adverse effect on the cardiovascular system include elevated blood pressure (26) and 
harmful changes in cholesterol levels (24, 27), leading to increased risk of 
cardiovascular disease or coronary artery disease. Other side effects can include 
alterations of structure of the heart, such as enlargement and thickening of the left 
ventricle (28, 29), which impairs its contraction and relaxation (30). This in turn, may 
lead to hypertension, cardiac arrhythmias, congestive heart failure, heart attacks and 
sudden cardiac death (31). 
A less dangerous, but prominent, side effect is acne, due to stimulation of the sebaceous 
glands (32). 
Men may develop gynecomastia, associated with the peripheral conversion of AAS to 
estrogens, as a result of the large amounts of exogenous AAS administered (33). 
Reduced sexual function, temporary infertility and testicular athrophy are caused by the 
suppression of natural testosterone levels, which inhibits the production of sperm (34-
37).  
In women, the administration of AAS will induce masculinisation. Female body 
builders reported the development of acne, changes in libido and alterations of the 
voice as the most pronounced effects in the first weeks of AAS use (24). Long-term 
AAS administration may induce enlargement of the clitoris, menstrual irregularities and 
reduction of the breasts (24). 

The use of AAS can precipitate violence (38-42) and the effect may be dose related. 
Individuals who used the equivalent of more than 1000 mg of testosterone per week 
had frequent symptoms (27, 43), while occasional symptoms occurred at intermediate 
doses (300-1000 mg) (27, 44). Few symptoms were observed at 300 mg per week or 
less (27, 45). Pope and his colleagues showed in a randomized controlled study that the 
response to supraphysiologic (600 mg per week) doses of testosterone on mood and 
aggression is highly inter-individual (46). Out of 50 who received 600 mg testosterone 
cypionate per week, 84 % exhibited minimal psychiatric effects, 12 % became mildly 
hypomanic and 4 % (2 individuals) became markedly hypomanic. The participants 
showed no significant difference in serum testosterone levels. The reason for the 
variability of the response is not known, but it may be speculated that genetic variation 
in drug receptors in the brain could be involved. 
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Other psychological dose dependent side effects, such as euphoria, confusion, anxiety, 
paranoia, hallucinations, and major depression have been reported (24). 

1.2.2 Epitestosterone 

Epitestosterone is a naturally occurring 17 -hydroxy epimer of testosterone. Although 
it has a central role in doping tests, very little is known about its physiological role and 
how it is formed in humans. The excretion of epitestosterone glucuronide and 
epitestosterone sulfate was first reported in the mid 1960s (47, 48). The daily 
epitestosterone production is only 3 % of the testosterone production (49). At least 50 
% is of testicular origin (50). A part of the production probably occurs in the adrenal 
gland, since adrenocorticotropic hormone (ACTH) significantly increases the urinary 
epitestosterone excretion in normal men (51). No clear results have been published 
about the potential precursor(s) of epitestosterone in vivo, although 5-androstene-3 ,
17 -diol (Ae-17 -diol) has been suggested to be the main precursor (50). Weusten et 
al. (52) showed that Ae-17 -diol is synthesized from pregnenolone in a single step. The 
details in the proposed epitestosterone biosynthesis are shown in fig 2. Epitestosterone 
formation from androstenedione and testosterone in human whole blood has been 
described although it is catalysed at very low rates (53). Oral androstenedione 
administration in humans has been associated with an increase in urinary 
epitestosterone levels (54, 55).  
Evidently, epitestosterone could potentially be used to decrease the T/E ratio and is 
therefore on the IOC’s list of forbidden substances as a masking agent for testosterone 
abuse. Because approximately 30 % of epitestosterone, but only 1 % of testosterone is 
excreted unchanged, administration of testosterone and epitestosterone in a ratio of 30 
to 1 results in an unchanged T/E (56).  
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1.2.3 Dihydrotestosterone  
Dihydrotestosterone (DHT) is the metabolite of testosterone (fig 3). The conversion of 
testosterone to DHT is mediated by 5 -reductase mainly in the prostate. This steroid is 
more potent than testosterone because of higher affinity to the androgen receptor (57). 
A major biochemical difference between muscle and accessory sex organs is the low 
5 -reductase activity in muscle tissue (58, 59). DHT is rapidly converted to inactive 
metabolites in the muscle (fig 3) and is therefore a less effective doping agent than 
testosterone.  
In the human, reduction of the A ring of testosterone results in either an  or 
orientation of the added hydrogen at C5. This is irreversible, so inter-conversion 
between 5  and 5  isomers does not occur. Consequently, DHT can only give rise to 
5 -products, while testosterone can give rise to both 5  and 5  compounds. It follows 
that administration of DHT should give rise to 5 -metabolites while suppressing the 
endogenous production of those 5 -metabolites originating from testosterone or other 
testicular precursors (60). 
Administration of DHT does not change the T/E ratio(60). Instead a ratio between 
DHT/epitestosterone was chosen to be the primary marker for detection of DHT-
doping; 5 -androstane-3 ,17 -diol (Aa-3 -diol)/epitestosterone and Aa-3 -diol/LH 
and Aa-3 -diol/5 -Androstane-3 ,17 -diol were chosen as secondary markers (61). 

Fig 3) Metabolism of testosterone  
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1.3 DOPING IN SOCIETY 

Lately several tragic events such as unprovoked violence involving abusers of AAS 
have occurred. These incidences have led to a growing focus of AAS within society. 
Surveys in the field made in the UK indicate that AAS abuse among community weight 
trainers and health clubs is 15-30 % (62, 63). The majority of users are non-competitive 
recreational body-builders or non-athletes, who use these drugs for cosmetic purposes 
rather than to enhance sports performance (64). Other defined groups of AAS users are 
men (and women) with a propensity for drug misuse and criminality, established drug 
addicts and acknowledged criminals. The smallest group is the elite athletes (Prof 
Ingemar Thiblin, oral communication).  

The trading of illegal doping agents over the internet has erupted in recent years. 
Purchasing AAS on the internet is now considered elementary for a private person; the 
outcome being discrete package delivery to one’s mailbox. Large quantities of AAS are 
smuggled to Sweden from China. The number of confiscations by Swedish customs 
increases every year, with 440 confiscations in 2000 compared to 1333 confiscations in 
2006.  

Muscularity is rewarded in western society. Definitions of the “ideal male body” have 
lead to continual increases in muscle mass. An illustration of this phenomenon can be 
seen by comparing action figures from the 1970s and today (fig 4).  

Fig 4). Luke Skywalker toys from 1977 and 1997. (The picture was kindly provided by Prof. 
Harrison G Pope Jr.) 

1977 1997
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A study of adult male physical self-images showed that a large percentage believed that 
they are ‘smaller’ than they actually are (65). Out of 41 non-steroid users, 26 of them 
(63 %) think that they are too small and need to get ‘bigger’. Male AAS users often 
report body-image concerns (66). Out of 24 steroid users, 23 reported that they were 
preoccupied with body size (65).   
 
In conclusion, a supportive social climate, the overall potency of AAS and body-image 
concerns all contribute to the abuse of AAS.  
 
 
1.4 GENETIC VARIABILITY  
 
In drug therapy, as much as 60 % of the inter-individual variation in treatment 
outcome is ascribed to genetic variability (67). Some of the enzymes in the drug 
metabolising cytochrome P450 (CYP) family are inherited in a polymorphic way 
which may confer a 100 – 1000-fold inter-individual difference in metabolic capacity.  
As many androgens are metabolised by the same or related members of the CYP 
enzyme family such as CYP17 (68), it is conceived that a similar genetic variability 
may exist in the metabolism of certain anabolic androgenic doping agents. 
Twin studies in men have demonstrated heritability estimates of 85% and 96% for 
production rates of T and DHT, respectively (69). 
Genetic variation affecting steroid concentration and response can be exerted at the 
level of androgen biosynthesis, receptor binding, absorption rate, bioavailability or 
elimination. Relevant genes to study in these respects are those encoding steroid 
metabolizing enzymes as well as drug transporters and receptors.  
 
 
1.4.1 The Androgen receptor 
 
The androgen receptor (AR) is a ligand-inducible transcription factor with very specific 
target genes (70). AR belongs to the steroid nuclear receptor superfamily and is highly 
expressed in muscle, skeletal, neural and endocrine tissues (71). AR is activated 
through the binding of either testosterone or the more potent DHT agonist. There are 
many polymorphisms in the AR gene affecting the binding to the receptor. In addition 
to different point mutations (web: http://www.mcgill.ca/androgendb/ ) the AR gene has 
been a subject of interest because of the presence of two polymorphic trinucleotide 
repeats (CAG and GGN) out of which the CAG repeat has been most extensively 
studied. The polymorphic variations in triplet repeats have been associated with a 
number of disorders including androgen insensitivity syndrome, male infertility and 
prostate cancer, but at the same time contradictory findings have also been reported 
(see (72) for a review). Several reports indicate that longer CAG repeat lengths results 
in a linear decrease of transactivation function (72). AR is highly expressed in skeletal 
muscles (25) with expression being upregulated in response to muscle overload (73). 
Two studies have suggested that the CAG repeat polymorphism is associated with 
higher total fat free mass in men but not in women (74). Also, acne, which is one of the 
most common side-effect of AAS doping, was associated with the CAG repeat 
polymorphism (75). It is likely that genetic variability in the AR influences the 
response to AAS. 
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1.4.2 Steroid binding proteins  

Sex hormone binding globulin (SHBG) is synthesized in the liver. It transports and 
regulates the access of steroids to their target tissues (76). Testosterone and DHT binds 
with high affinity to SHBG (77-79), thereby regulating the level of free bioavailable 
testosterone, that can bind to the AR. Twin studies have demonstrated that genetic 
factors account for more than 60 % of inter-individual variations in serum 
concentrations of SHBG in men (80, 81). Several genetic polymorphisms have been 
characterized in the human SHBG gene. In the NCBI data base (Oct 19, 2007) there are 
23 reported single nucleotide polymorphisms (SNPs) in the SHBG gene or in the 
genomic region near the gene including the promoter region. In addition, there is a 
(TAAAA)n repeat polymorphism located at a distance of approximately -700 bp from 
the transcription start site, that has been associated with SHBG levels in women (82, 
83). A promoter A>G polymorphism, located 8 base pairs from the transcription start 
site, has also been associated with SHBG levels in women (84) and men (85). We have 
recently shown that  the (TAAAA)n polymorphism and the promoter polymorphism are 
clearly associated with serum levels of SHBG  in both young adult (n = 1068) and 
elderly (n = 3000) men (86). Our study was the first population based study. In 
addition, the promoter polymorphism was also associated with DHT levels in both 
young adult and elderly men and with testosterone levels in elderly men. It could be 
speculated SHBG polymorphisms may affect the binding, and thereby bioavailability of 
different AAS. 

1.4.3 Testosterone metabolizing enzymes 

1.4.3.1 CYP17
The cytochrome P450c17  (CYP17) gene functions at key branch points in steroid 
hormone biosynthesis in the adrenal gland and gonads (87). This enzyme is 
bifunctional mediating both steroid 17 -hydroxylase activity and 17,20-lyase activity, 
with both 5 steroids (pregnenolone and 17-hydroxypregnenolone) and 4 steroids 
(progesterone and 17-hydroxyprogesterone) (fig 2). Human CYP17 catalyses the 17-
hydroxylation of pregnenolone and progesterone equally well, but the 17,20-lyase 
activity exhibits a 100:1 preference for 17-hydroxypregnenolone over 17-
hydroxyprogesterone (88). Thus, essentially all human sex steroids are made from 
DHEA (fig 2). 
In addition, CYP17 also mediates the formation of 16-unsaturated C19 steroids, known 
as sex pheromone (precursors)(89). Weusten et al., (52) found that androstene-3 ,17 -
diol (Ae-17 -diol) was always co-synthesized together with the pheromone 5,16-
androstadien-3 beta-ol, thereby suggesting a role for CYP17 in the formation pathway 
for epitestosterone (fig 2). 

Three common polymorphisms have been described (90-92), but only one, a T>C 
exchange in the promoter region, 34 bp upstream from the initiation of translation (90), 
has been extensively investigated. The CC variant is thought to create an additional Sp1 
site in the promoter and is hypothesized to increase transcription (90, 93). Curiously, 
the SNP has not been studied in vitro in expression systems. The only molecular 
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transcription study carried out to date is Electrophoretic Mobility Shift Assay (EMSA), 
where it was found that the additional Sp1 site did not seem to be utilized (94). 
Three studies (95-97) have evaluated the relation between genotype and hormone 
concentrations in non-diseased men. No association between genotype and total 
testosterone level has been observed (95-97). In one study of white males, median 
levels of bioavailable testosterone were significantly higher in CC homozygotes than in 
TT homozygotes (97).  
We detected that the CYP17 promoter polymorphism was associated with urinary 
epitestosterone glucuronide levels. The importance of the CYP17 enzyme in 
epitestosterone formation and the impact of this polymorphism on the T/E ratio were 
investigated in paper V. 

1.4.3.2 3 -HSD 
As can be seen in fig 2, the formation of all androgens relies upon the action of the 
enzyme 3 -hydroxysteroid dehydrogenase 5- 4-isomerase (3 -HSD). This enzyme 
catalyzes both the 3 -hydroxysteroid dehydrogenation and reduces 5-steroid 
precursors, such as pregnenolone, 17-hydroxypregnenolone, DHEA, 5-androstene-
3 ,17 -diol and Ae-17 -diol into their respective 4-ketosteroids, namely 
progesterone, 17-hydroxyprogesterone, androstenedione, testosterone and 
epitestosterone (98) (fig 2). There are two different types of 3 -HSDs, HSD3B1 and 
HSD3B2, which share 93 % homology. The HSD3B1 is present in the placenta, breast, 
skin and in some tumors (99, 100), whereas the HSD3B2 enzyme is expressed in 
adrenal glands, testis and ovary (100).  

Several SNPs have been reported in these two genes (101), but few have been 
functionally characterized. A complex dinucleotide repeat polymorphism in the 
HSD3B2 gene has been hypothesized to play a role in the development of prostate 
cancer (102). A missense mutation in HSD3B1 (N367T) was weakly associated with an 
increased risk for prostate cancer (103). Stronger evidence for the association was 
found when the joint effect of two genes was considered, namely the N367T 
polymorphism together with a c.7519g in the HSD3B2 gene (103). Recently it was also 
reported that the N367T polymorphism was associated with an increased risk for 
prostate cancer in men that were homozygous for a deletion polymorphism in the UDP-
glucuronosyltransferase 2B17 (UGT2B17) gene (104). Polymorphic variants of the 3 -
HSD enzyme may play a role in the individual response to AAS, but to my knowledge, 
no common, non-deleterious SNP, that may affect enzyme transcription or activity has, 
to date, been functionally characterized, and none of the SNPs have been associated 
with changes in serum or urinary androgen levels. 

1.4.3.3 17 -HSD 
To date, ten human 17 -hydroxysteroid dehydrogenases (17 -HSD) have been 
characterized (105-108). These enzymes possess very different primary structures 
despite being highly specific for substrates having closely related structures (107). All 
of these enzymes are active in the formation or inactivation of sex-steroids. Two of 
them are active in testosterone biosynthesis namely type 3 and type 5 (105), reducing 
the 17-keto group of 4-androstenedione.  



   11

Type 3 17 -HSD (HSD17B3) is only expressed in testis (109). Its malfunctioning due 
to specific mutations leads to accumulation of 4-androstenedione and male 
pseudohermaphroditism (109).  
The only non-deleterious SNP reported in this gene is a G289S missense substitution in 
exon 11 (110) with an allele frequency of 6 %. The polymorphism did not show any 
significant change of activity in vitro (110), however, it was associated with an 
increased risk for prostate cancer in Italian Caucasians (111).  

Type 5 17 -HSD (HSD17B5) is identical to type 2 3 -HSD (112), and it belongs to the 
aldoketo reductase (AKR) superfamily (113). It is formally known as AKR1C3. Its 
preferential activity is catalysis of the step between androstenedione and testosterone 
(114). The 3 -HSD activity is only of minor importance (105). HSD17B5 is widely 
expressed in human tissues and is predominant in the prostate and in mammary gland 
(112). This enzyme is crucial for testosterone formation in women (115). In men, about 
50 % of the testosterone production occurs in the Leydig cells of the testes by 
HSD17B3 (116). The remaining amount of testosterone is produced by HSD17B5 in 
target tissues, such as the prostate.  
Several SNPs have been identified (paper II) and two of them have been cloned and 
characterized by us (paper II) and one of them by others (117). A promoter 
polymorphism -138 bp from the translation start site was associated with higher 
promoter activity in one study (117) using expression analysis in rat theca cells. In 
contrast, we found that the promoter polymorphism was associated with lower activity 
in three different human cell lines (paper II). The other SNP, a non-synonymous E77G 
amino acid exchange, denoted as AKR1C3*7, with an allele frequency of 4.8 % in 
Caucasians, was associated with lower serum free and total testosterone levels and 
urinary testosterone glucuronide levels in men (paper II). 
It is highly likely that genetic variation in this enzyme may affect the metabolism and 
response of exogenous AAS, like androstenedione. 

1.4.3.4 AKR1C 
Aldoketo reductases (AKRs) are a superfamily of generally cytosolic enzymes that 
reduce aldehydes and ketones to their corresponding primary and secondary alcohols 
(113, 118). There are to date thirteen human AKRs that can be subdivided into three 
families, AKR1, AKR6 and AKR7 (119). The AKR1C1-3 enzymes play pivotal roles 
in steroid hormone action and can regulate ligand access to steroid hormone receptors 
(119). AKR1C1 possess 3-ketosteroid reductase activity that will act as a 3 -HSD; it 
will convert DHT exclusively to androstane-3 ,17 -diol (Aa-3 -diol) and thereby shift 
the balance between ligand to the AR-receptor and the estrogen receptor  (ER ) in 
target tissues (120). AKR1C2 is predominantly a 3 -HSD and reduces DHT to 
androstane-3 ,17 -diol (Aa-3 -diol). AKR1C3 is active in many different catalytic 
steps e.g. DHT  Aa-3 -diol, DHT  Aa-3 -diol (120) and Aa-3 -diol 
androsterone, but its main function is 17-keto reductase activity that reduces 
androstenedione to testosterone (114) and was discussed in more detail above (as 
HSD17B5) and in paper II. 

A complete list of the SNPs located in the AKR genes can be found at the AKR web 
site (www.med.upenn.edu/akr) listing three non-synonymous SNPs in AKR1C1 and 
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ten non-synonymous SNPs in AKR1C2. However, none of these have, to date, been 
characterized or associated with any specific phenotypic property. 
 
1.4.3.5 5 -reductase 
5 -reductase catalyzes the irreversible 5 -reduction of testosterone to its more active 
metabolite DHT (fig 3, page 6). This hormone regulator has been implicated in male 
pathophysiology and clinical features such as prostate cancer and balding. There are 
two isoforms of 5 -reductase; type I 5 -reductase encoded by SRD5A1 (121) and type 
II 5 -reductase encoded by SRD5A2 (122). While both SRD5A1 and SRD5A2 are 
expressed in many tissues, type II 5 -reductase predominates in the prostate and type I 
5 -reductase is more expressed in tissues such as liver, muscle, skin and brain 
(Genecards: http://bioinformatics.weizmann.ac.il/cards), suggesting that the two 
isoforms may play distinct biological roles. 
 
A synonymous base pair exchange in exon 1 of the SRD5A1 gene (121) was associated 
with alteration of the DHT/testosterone ratio in men (123). 
In the SRD5A2 gene, two polymorphisms within the coding region have been well 
studied; a G>A SNP conferring a alanine to threonine amino acid change at codon 49 
(A49T) that increases 5 -reductase activity 5-fold in vitro (124), and a G>C SNP that 
causes a valine to leucine substitution at codon 89 (V89L) that results in almost 30 % 
reduction in enzyme activity both in vitro and in vivo (125).  
The Leu allele of the V89L genotype has been associated with lower testosterone and 
SHBG levels in Caucasian men (95) whereas a large study found no associations 
between circulating steroid hormones and this polymorphism (126). The Thr allele of 
the A49T has been associated with lower Aa-3 -diol glucuronide levels (126, 127), a 
larger risk for prostate cancer and lower risk for male pattern baldness (126), 
implicating that this polymorphism is functional. 
 
1.4.3.6 CYP7B1 
Cytochrome P450 7B1 (CYP7B1) demonstrates broad substrate specificity towards 
oxysterols, neurosteroids and sex hormones and is widely expressed in the body (128-
131). CYP7B1 displays high catalytic activity towards DHEA, an important precursor 
of active androgens. CYP7B1-mediated 7 -hydroxylation of DHEA is a major 
biotransformation route for DHEA (132) resulting in a different metabolic fate for this 
steroid, which does not lead to the formation of sex steroids. The widely expressed 
CYP7B1 may be important for controlling DHEA levels throughout the body, so as to 
maintain adequate cellular levels of androgens (133). In addition, CYP7B1 also 
catalyzes the reduction of the DHT metabolite Aa-3 -diol into 7(6) -androstanetriol 
(fig 3) preventing Aa-3 -diol from being oxidized back to DHT.  
 
Only one SNP has been characterized in this gene; a C>G promoter polymorphism –
104 base pairs from the transcription start site resulting in significantly higher 
transcriptional activity (paper I). Up-regulation of CYP7B1 should lead to less DHEA 
available for androgen synthesis.  
In addition to gene mutations, epigenetic alterations may play a role in the regulation of 
CYP7B1. The promoter includes a CpG island and it is possible that methylation-
mediated regulation is involved in gene silencing (134). Olsson et al. in our laboratory 
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(135) showed that expression of CYP7B1 mRNA in the prostate was significantly lower 
in samples with high methylation frequency.  

1.4.3.7 CYP19
Development of gynaecomastia is associated with the peripheral conversion of AAS to 
estrogens (33, 136). Cytochrome P-450 19A1 (CYP19) codes for aromatase, the rate-
limiting step in estrogen production (101). This is the only enzyme that can convert the 
C19 steroids testosterone and androstenedione, to estrogens (137) (fig 3).  

The gene coding for CYP19 is very large and 498 SNPs have been identified so far 
(101). The gene has tissue specific promoters with different transcripts found in 
different tissues (138). Studies of this gene have focused on three variants that appear to 
be in linkage disequilibrium (139-142): a [TTTA]n repeat in intron 4, varying from 7 to 
13 repeats, with seven the most common; a nearby 3 base pair [TCT] deletion; and a 
T>C change in the 3’ untranslated region. The TT genotype appears to be linked to 
eight and longer repeats in the [TTTA]n sequence (139). Detailed studies of SNPs have 
shown a large number of haplotypes in this gene (143, 144). Homozygosity for the long 
[TTTA] (>9 repeats) allele was associated with higher testosterone levels in men (145) 
and the TT genotype of the T>C change in the 3’ untranslated region has been 
associated with lower testosterone and higher estrogen levels in women (146). 
In addition, a silent G>A polymorphism at Val80 has been investigated in two studies 
(145, 147); one of them (145) found an association between the G allele and higher 
testosterone levels in men. 

1.4.4 Androgen- Phase II enzymes 

1.4.4.1 Sulfotransferases 
The major steroid precursor in humans is DHEA, which can be converted into both 
androgens and estrogens in peripheral tissues (148). DHEA and DHEA sulfate is the 
most abundant steroid in human plasma (149). The metabolic inactivation of steroids 
by sulfoconjugation is important in the regulation of intracellular steroid activity (148, 
150). Human cytosolic sulfotransferases (SULTs) are the major phase II drug 
metabolism superfamily responsible for the sulfonation of numerous exogenous and 
endogenous compounds (151-153). The three major steroid conjugating SULTs are 
SULT1E1, SULT2B1b and SULT2A1. SULT2B1b is the major expressed isoform of 
SULT2B family and demonstrates selectivity for the sulfoconjugation of 3 -
hydroxysteroids, such as DHEA and androstenediol (151, 154).  
Only a minor part of urinary testosterone is sulfated (155) and SULT2A1 is the major 
enzyme for this conjugation (151).  

A total of 15 SNPs have been observed in the SULT2A1 gene (156). Three of these are 
non-synonymous and have been cloned and characterized (156). Two of them, an A63P 
in exon 2 and a K227E in exon 5 decreased the enzyme activity in vitro by 43 and 85 
%, respectively. However, these SNPs were non-existent in Caucasians and very 
uncommon (5 and 0.8 % respectively) in African Americans (156). The allele 
frequencies of these polymorphisms have not been investigated in Asians. 
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1.4.4.2 Glucuronosyl transferases 
Conjugation of compounds, including steroids, by glucuronidation corresponds to the 
transfer of the glucuronosyl group from uridine diphospho (UDP)-glucuronic acid to 
small hydrophobic molecules. The resulting glucuronide products are more polar, 
generally less toxic and more easily excreted from the body than the parent compound. 
Conjugation of androgens with glucuronic acid has been suggested to play a role in 
the regulation of intracellular levels of unconjugated steroids and their biological 
activities in tissues (157, 158). 
To date 18 human UDP-glucuronosyl transferase (UGT) cDNA clones have been 
isolated (159, 160). The UGT proteins have been categorized into two families UGT1 
and UGT2, based on sequence homology, with UGT2 being subdivided into two 
subfamilies, UGT2A and UGT2B (157).  
While the specificity of UGT1 enzymes are mainly towards bilirubin and phenol 
compounds (161) and the specificity of UGT2A enzymes are restricted to several 
classes of odorant molecules (162), the UGT2B enzymes, in particular UGT2B7, 2B15 
and 2B17, have a remarkably high capacity to conjugate androgens. Genetic variation 
in these enzymes has high impact on the disposition of androgens and will be discussed 
in further detail below. 

1.4.5 The UDP-glucuronosyltransferase 2B subfamily 

The enzymes of UGT2B subfamily are synthesized in a wide range of tissues 
throughout the human body (163). The UGT2B genes are clustered on chromosome 
4q13-21.1 (fig 5) and encode seven functional proteins; UGT2B4, 2B7, 2B10, 2B11, 
2B15, 2B17 and 2B28. UGT2B4 mainly conjugates bile and fatty acids, whereas 
UGT2B10 and 2B11 are specific for fatty acids, namely the eicosanoid metabolites 
(164). UGT2B28, which is only synthesized in the liver and mammary gland, 
conjugates estradiol and Aa-3 -diol (160). It is now well established that UGT2B7, 
2B15, and 2B17 are the three major enzymes responsible for glucuronidation of all 
androgens and their metabolites in humans (157). 

Fig 5) Genetic map of the UGT2B genes and pseudogenes on chromosome 4q13-21.1 
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Table 1) (from Turgeon et al. (163)). Relative glucuronidation activity of eugenol and 
steroid hormones catalyzed by expressed UGT2B4, UGT2B7, UGT2B15, and 
UGT2B17 

Substrates UGT2B relative Vmax (pmol/min·mg protein) 
     
 UGT2B4 UGT2B7 UGT2B15 UGT2B17 
     
Eugenol 52.6 ± 23.1 347.3 ± 265.5 39.7 ± 5.2 50.6 ± 5.1 
Testosterone  0.4 ± 0.1 4.4 ± 1.0 36.7 ± 5.6 
Dihydrotestosterone  1.7 ± 0.3 10.4 ± 2.7 63.1 ± 4.1 
Androsterone 3.9 ± 1.8 97.0 ± 6.1  21.7 ± 2.7 
Epiandrosterone  2.2 ± 0.3   
Dehydroepiandrosterone  2.1 ± 0.5   
Etiocholanolone  19.5 ± 4.7  46.0 ± 8.8 
Androst-5-ene-3ß,17ß-diol  1.8 ± 0.6   
Androstane-3 ,17ß-diol 12.0 ± 5.5 46.3 ± 9.2 125.4 ± 25.3 70.8 ± 18.3 
Androstane-3ß,17ß-diol  3.0 ± 1.1   
Estrone     
Estradiol  3.0 ± 0.8   
Estriol 12.3 ± 4.3 171.7 ± 25.6   

Assays were performed by incubating whole cell homogenates (Hek293) with 200 µM 
substrate in the presence of [14C]UDPGA. The final concentration of UDPGA was 500 µM, and 
assays were incubated for 2 h at 37 °C, except for UGT2B17 cell homogenate, which was 
incubated for 30 min. Enzymatic rates were normalized to the UGT2B protein expression and 
are expressed as the mean ± SD of at least two experiments. 

1.4.5.1 UGT2B7 
In vitro studies indicate that UGT2B7 mainly glucuronidates Aa-3 -diol at the 3 -
hydroxy position. Androsterone is also a good substrate, but testosterone and DHT, 
which only have a hydroxyl group at the 17 -position are poor substrates of UGT2B7. 
However, epitestosterone, with a hydroxyl group at the 17 -position, has been 
identified as a substrate of UGT2B7 (165). Estrogen metabolites are also conjugated by 
this enzyme (166). The in vivo role of UGT2B7 for the regulation of local, circulating 
and urinary levels of androgens, estrogens and their metabolites is unknown. 

A C>T polymorphism at nucleotide 802, that confers a histidine (H268) to a tyrosine 
(Y268) amino acid change has been described in this gene (167). No difference was 
found between the two polymorphic proteins in vitro (167). We have recently shown 
that the Y-allele of the UGT2B7 polymorphism was associated with higher serum 
testosterone and slightly higher serum DHT in young men, indicating that UGT2B7 is 
of importance for the regulation of the circulating levels of bioactive sex steroids (168). 
Furthermore, this also suggests that the UGT2B7 H268Y polymorphism is functional or 
in linkage with another functional polymorphism in the UGT2B7, UGT2B15 or the 
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UGT2B17 genes. The UGT2B7 polymorphism was investigated further in relation to 
testosterone doping and urinary androgen levels in paper V.  

1.4.5.2 UGT2B15 
UGT2B15 specifically conjugates the 17 -hydroxy position of Aa-3 -diol (high 
capacity) and dihydrotestosterone (DHT) (moderate capacity). It is also capable of 
conjugating testosterone, but at a low capacity (163). In contrast to UGT2B7, 
UGT2B15 is also expressed in the prostate (163). 

There is a G to T polymorphism in the UGT2B15 gene, resulting in an aspartate (D) to 
tyrosine (Y) amino acid change at position 85 (169). Previous in vitro studies 
investigating the relative activity of the D85  and Y85variants have been inconsistent, 
suggesting either increased (170) or decreased (169) glucuronidation activity of the 
D85 variant compared with the Y85 variant. Several studies have investigated the 
association between the D85Y polymorphism of the UGT2B15 gene and prostate 
cancer, but with conflicting results (171-174). The UGT2B15 D85Y polymorphism 
was strongly associated with serum levels of Aa-3 -diol 17 glucuronide levels but not 
with levels of 3 glucuronide or androsterone glucuronide in two large populations of 
young and elderly men (175). The UGT2B15 D85Y polymorphism was investigated 
further in relation to testosterone doping and urinary androgen metabolites in paper V. 

1.4.5.3 UGT2B17 
UGT2B17 shares 96% homology with UGT2B15 (163), but in vitro data demonstrate 
that UGT2B17 has the capacity to glucuronidate not only at the 17 -hydroxy position, 
but also at the 3 -hydroxy position (176). UGT2B17 has a higher capacity to conjugate 
testosterone and DHT than UGT2B15 (163) and is highly expressed in the basal cells 
of the prostate (177).  

A 150kb deletion polymorphism spanning the whole UGT2B17 gene has been 
identified (178, 179).  Two studies found an association with UGT2B17 deletion and 
prostate cancer (180, 181) whereas a large population based study in our group was 
unable to confirm these findings (182).  
We show that the deletion polymorphism is strongly associated with urinary 
testosterone levels and the urinary T/E ratio in papers III and IV. Recently we also 
showed that, similar to the UGT2B15 D85Y polymorphism, the deletion polymorphism 
was associated with serum levels of Aa-3 -diol 17 glucuronide levels but not with 
levels of 3 glucuronide or androsterone glucuronide in two large populations of young 
and elderly men (175).  
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2 THE PRESENT STUDY 

2.1 AIMS 

The primary aim of this PhD work was to investigate the contribution of genetic 
components to inter-individual variation in androgen disposition.  

In particular we wanted to elucidate the role of genetic polymorphisms in the large 
inter-individual spread in urinary testosterone glucuronide levels and to further analyze 
the formation pathways and genetic contribution to inter-individual differences in 
urinary epitestosterone glucuronide levels. 

The specific aims for each study were the following: 

Paper I: To identify and characterize polymorphisms in the CYP7B1 gene, coding for 
an enzyme that is highly involved in androgen metabolism. 

Paper II: To search for polymorphisms in the AKR1C3 (HSD17B5) gene, and to 
investigate the contribution of these in androgen disposition in healthy individuals. 

Paper III: To investigate the prevalence of the UGT2B17 deletion polymorphism in 
different ethnic groups and to elucidate the role of this polymorphism in androgen 
disposition. 

Paper IV: To analyse the sensitivity and specificity of the conventionally used 
testosterone/epitestosterone ratio for detection of testosterone doping in relation to the 
UGT2B17 deletion polymorphism and to evaluate the use of a genotype based cut-off 
ratio. 

Paper V: To study the genetic aspects of epitestosterone formation, and to elucidate the 
impact of genetic variation in CYP17 and UGT2B enzymes on urinary androgen 
glucuronides. 
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2.2 METHODS 

Standard molecular techniques were used for RNA and cDNA preparation, PCR, 
cloning, mutagenesis, transfection and genotyping.  
A more detailed account is provided in the respective papers. 

2.2.1 Subjects 

The study groups used in the different papers are summarized in table 2. A more 
detailed description of the different groups is provided in the respective papers. 

Table 2) Summary of the different study groups. 

Study Ethnicity Sex N Genotyped for: Phenotypes 
Analyzed 

Papers 

Örebro 
prostate cancer 
case-control

Caucasian Males 337 CYP7B1 C-104G - I 

Koreans, 
decoded DNA 
samples 

Asian Mixed 156 CYP7B1 C-104G 
AKR1C3 A-138G 
AKR1C3 E77G 

- I 
II 

GOOD study Caucasian Males 1068 AKR1C3 A-138G  
AKR1C3 E77G  
UGT2B17 deletion 
CYP17 T-34C 

Urinary 
baseline 
steroids, 
serum 
testosterone 
and SHBG 

II 
III 
V

Koreans  Asian Males 74 UGT2B17 deletion 
CYP17 T-34C 
UGT2B15 D85Y 
UGT2B7 H268Y 

Urinary 
baseline 
steroids, 
serum 
testosterone 
and SHBG 

III 
V

Testosterone 
challenge 

Mixed Males 55 UGT2B17 deletion 
CYP17 T-34C 
UGT2B15 D85Y 
UGT2B7H268Y 

Urinary 
baseline 
steroids, 
urinary 
steroids for 
15 days after 
360 mg 
testosterone 
im 

IV 
V
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2.2.2 In silico and in vitro identification of polymorphisms 

The search for potential polymorphisms in the coding region of enzyme genes can 
begin in silico using the EST database and a BLAST alignment tool (183, 184). The 
candidate SNPs can then be searched for in human subjects to determine whether they 
actually exist as common polymorphisms or are simply due to sequencing errors. When 
the indicated mutation gives rise to a non-conservative amino acid change, a PCR-
direct sequence analysis of about 10 subjects may be performed to verify the 
polymorphism. Such bioinformatics analysis significantly decreases the amount of 
experimental work required to identify new polymorphisms.  
This technique was used in combination with the in vitro method Single-strand 
Conformational Polymorphism (SSCP), where single stranded PCR-products were 
separated on polyacrylamide gels for 3-6 hours. The DNA fragments were visualised 
by silver staining. As the PCR product moves into and through the gel, it will regain 
secondary structure that is sequence dependent.  The mobility of the single-stranded 
PCR products will depend upon their secondary structure.  Therefore, PCR products 
that contain substitutional sequence differences as well as insertions and deletions will 
have different mobilities (fig 6). 

Fig 6) Identification of an SNP using PCR-SSCP analysis of the promoter region of the 
CYP7B1 gene (paper I). 

2.2.3 Microsome and cytosol preparation 

Microsomes and cytosols from human livers and testis were prepared in order to study 
the kinetics and pathways of androgen metabolism. 
The human livers belonged to the liver bank previously established at the department. 
Human testes were obtained from patients undergoing orchidectomy at the Urology 
Department, Karolinska University Hospital and were kindly provided by Dr Mats 
Olsson. 
The tissue samples were stored at -80 °C until preparation of cytosol and microsomes. 
Pieces of the tissue were homogenized in buffer (10 mM Na/K phosphate buffer, pH 
7.4, containing 1.14 % (w/v) KCl) and then centrifuged (14 000  g at 4 °C for 15 min). 
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The resulting supernatant was further subjected to centrifugation (100 000  g), 
whereby a microsomal pellet and a cytosolic fraction were obtained. The pellet was 
homogenized and mixed with buffer (50 mM potassium phosphate buffer, pH 7.4), and 
the cytosolic fraction was mixed with dithiothreitol, EDTA, sucrose and glycerol, 
before storage at -80 °C. The protein content was measured according to Peterson et 
al.(185).  

2.2.4 In vitro incubations 

Microsomes and cytosol from human livers, and testis as well as rabbit liver cytosol, 
bacterial lysates and human whole blood were used in paper II as well as in 
unpublished data presented as “’Preliminary results” in the “Results and Discussion” 
section.  
Incubations were performed in the linear range, regarding time and protein 
concentration. NADPH, NADH or NADP+ were used as co-enzymes. The reactions 
were allowed to proceed at +37 °C in a shaking water bath, and were terminated with 
either tert-butyl methyl ether or n-pentane. One g methyltestosterone was added to 
each sample as internal standard, pH was raised to 9.6 by addition of 50 µl 20 % 
potassium carbonate solution and the organic phase containing the reaction products 
were isolated and evaporated to dryness under a stream of nitrogen. The metabolites of 
the reaction were determined using GC-MS. 

Human liver microsomes were also incubated using UDPGA as co-factor in order to 
determine rate of testosterone glucuronidation (paper III). Incubations were performed 
as described above and stopped by addition of acetonitrile and centrifuged at 3000  g 
for 5 min. The supernatant was analyzed using HPLC. 

2.2.5 Serum analyses 

Serum analyses of testosterone and SHBG were performed by radioimmunoassays 
(RIA). 
Testosterone in serum consists of three fractions; free, weakly bound to non-specific 
proteins such as albumin, and the biologically inactive fraction bound to SHBG (fig 7). 
The glucuronide bound fraction of testosterone in serum is most likely negligible, 
unless exogenous androstenedione or testosterone has been administered (186). 

Fig 7) Testosterone binding in blood. Non-SHBG bound testosterone (NST) is the sum of free + 
albumin bound testosterone. 
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In paper II, non-SHBG bound testosterone (NST) was used as an index of biologically 
active testosterone as proposed by Pardridge (187). NST is the sum of unbound + 
albumin bound testosterone and was calculated using values for total testosterone, 
SHBG and a fixed albumin concentration of 42 g/ L employing a mathematical model 
presented by Söderström et al. (188).  

2.2.6 Urine analyses 

Urine samples from subjects of the different populations (table 2) were analyzed in 
paper III, IV and V. 
Urinary unconjugated and conjugated steroids were analyzed at the Doping Laboratory 
of the department. Aliquots of 2 to 8 ml (depending upon the specific gravity of the 
urine sample) were complemented with 1 µg methyltestosterone as internal standard. 
The unconjugated steroids were extracted directly with 5 ml tert-buthyl methyl ether. 
The glucuronidated steroids were hydrolyzed with -glucuronidase from E. coli (pH 
7.0, 50°C for 1 h) and extracted in 5 ml n-pentane (pH 8.5, room temperature, for 10 
min). The organic phase was evaporated to dryness under a stream of nitrogen. The 
steroids were determined using GC-MS. 

2.2.7 GC-MS analyses 

The metabolites from the in vitro incubations and the extracted steroids from the urine 
samples were converted into enol-trimethylsilyl ether derivatives with N-methyl-N-
trimethylsilyltrifluoroacetamide and ammonium iodide. Metabolites of the reactions 
were determined using combined gas chromatography-mass spectrometry (GC-MS). 
The analysis was performed using an Agilent GC-MS 5973 instrument with the Single 
Ion Monitoring mode (189).  Analytes were identified, peaks were integrated and 
calculated using one point calibration with a mixture of authentic standard materials 
analyzed with every batch of samples, in order to minimize the day-to-day variation of 
the instrument.The ions m/z used for calculation are concluded in Table 3. 
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Table 3) The ions m/z used for calculation of the steroids in the GC-MS analysis 

Compound m/z  

4-Androstene-3,17-dione 430 MI 

5-Androstene-3 ,17 -diol 344 FI 

Androsterone 434 MI 
Etiocholanolone 434 MI 
Epitestosterone 432 MI 
Testosterone 432 MI 
DHEA 432 MI 
5 -Dihydrotestosterone 434 MI 
5 -Androstane-3 ,17 -diol 241 FI 

5 -Androstane-3 ,17 -diol 421 FI 

5 -Androstane-3,17-dione 432 MI 

MI; Molecular Ion, FI; Fragment Ion 

2.2.8 HPLC-analysis 

High Pressure Liquid Chromatography (HPLC) analysis was used to determine 
glucuronidation rate in human liver microsomes (paper III). The column used was a 
Zorbax SB-CN column (150  4.6 mm inner diameter, 5µm). The mobile phase 
consisted of acetonitrile (50 mM) ammonium phosphate buffer (pH 4.5) (30:70). 
Peak areas of glucuronide were calculated using a calibration curve that was prepared 
for each experiment using glucuronide standard solutions.  

2.2.9 Genotyping 

Genotyping of study participants as well as of human livers was performed using 
standard molecular techniques and are described in more detail in the papers. 
The genotyping of the UGT2B17 deletion polymorphism was problematic since the 
PCR products had to be identified in an agarose gel, in order to determine whether there 
were one or two copies of the gene, which was very time consuming.  
To overcome this problem we developed a new genotyping assay of the UGT2B17 
deletion polymorphism; the copy number analysis. The number of copies, 0,1 or 2, of 
the UGT2B17 gene was assessed by real-time PCR using the same exon six specific 
primers previously described by others (178) and a VIC labelled probe. As endogenous 
control the expression of albumin was quantified (as described by Schaeffeler et al., 
(190)). Both reactions were run on the same plate. The effect of DNA concentration on 
PCR efficiency was determined using a control DNA in a dilution series. A known 
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ins/del sample was chosen as calibrator. The ins/del sample was set to 1 and the relative 
quantification (RQ) was calculated using the ddCT method (191). After showing that 
the PCR efficiency was similar for both the UGT2B17 and albumin reaction, they 
could be compared; samples in which only albumin signal was observed were 
considered as homozygous for the deletion allele (del/del). Individuals with one allele 
(ins/del) had a mean RQ-value of about 1 and individuals with two gene-copies 
(ins/ins) showed an RQ value of about 2. There was no overlap between the groups 
demonstrating an unequivocal interpretation of genotyping results. 

2.2.10 Reporter gene assay 

Experiments to determine the influence of the different mutations in the promoter 
region of CYP7B1 (paper I) and AKR1C3 (paper II) were performed. This was done by 
cloning of the 5’flanking region of the genes and ligating it into a pGL2-basic or pGL3 
Enhancer luciferace vectors. The constructs were further transformed into competent E. 
coli bacteria and plasmid DNA was purified. The purified plasmid was co-transfected 
into human lung (A549), liver (HepG2), prostate (LNCaP) or kidney (HEK239) cells 
with control vectors (pRL-TK) or beta-galactosidase. Beta galactosidase activity was 
determined and corrected for by endogenous cellular galactosidase activity and 
luciferace activity was measured on a luminometer (fig 8). 

Fig 8) Transient transfection 

2.2.11 Recombinant enzyme expression 

In order to study the impact on metabolic activity of the allelic variants in the AKR1C3 
gene (paper II) the AKR1C3Glu77 and AKR1C3Gly77 enzymes were expressed in E. 
coli. As this enzyme looses 90 % of its activity upon homogenization (114), CellLytic 
was used to gently lyse the cells and the cytosol, containing the expressed enzyme was 
recovered. 
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2.3 RESULTS AND DISCUSSION 

2.3.1 Paper I: A functional C-G polymorphism in the CYP7B1 promoter 
region and its different distribution in Orientals and Caucasians 

The CY7B1 enzyme is involved in many metabolic processes, not in the least androgen 
metabolism, as CYP7B1-mediated 7 -hydroxylation is a major metabolic route for 
DHEA (132). In addition, CYP7B1 also catalyzes the reduction of the DHT metabolite 
Aa-3 -diol into 7(6) -androstanetriol preventing Aa-3 -diol from being oxidized back 
to DHT. This reaction may be important in relation to prostate cancer, as Aa-3 -diol is 
an important endogenous ligand to the estrogen receptor  (ER ) (131). No 
polymorphisms had been reported in this gene. It was hypothesized that common SNPs 
could contribute to the inter-individual differences in androgen metabolism. 

The human expressed sequence tag (EST) database was used to search for 
polymorphisms in silico. Five putative non-conservative SNPs resulting in amino-acid 
changes was found (paper I, table 1), but none of them could be verified by direct 
sequence analysis. CYP7B1 cDNA sequences were, at that time, poorly represented in 
the EST database. The likelihood of detecting polymorphisms increases if the gene is 
represented by a greater number of full-length cDNAs from different cDNA libraries 
representing a larger number of individuals (192). 

When SSCP analysis was carried out on all six exons, using DNA from 12-30 Swedish 
and Korean individuals we still found no polymorphisms in the coding part of the gene. 
Until this date there are no polymorphisms in the coding part of the gene that have been 
characterized. The high degree of conservation indicates that CYP7B1 performs 
important physiological functions. 

However, using SSCP, we identified a C-G substitution in the promoter region, -104 
from the transcription start site (as numbered in GenBank accession #AF127089). 
According to a transcription factor database search program, MatInspector 2.2, the C-G 
alteration creates a new putative C/enhancer binding protein  (C/EBP ) binding site. 
C/EBP  is a transcription factor known to bind to the CCAAT-box element required 
for the basal expression of many TATA-less genes (193). 

Expression analysis in human kidney (Hek293) cells showed that the polymorphic G-
allele displayed 2.7-fold higher transcriptional activity (paper I, fig 1). No significant 
difference was found in human liver (HepG2) cells. The two cell lines were chosen due 
to high CYP7B1 promoter activity as well as the high abundance of the C/EBP 
transcription factor in these tissues. Variation in the abundance of proteins could 
explain the difference between the cell lines. In fact, a promoter study of this gene 
(130) found that the inclusion of the CCAAT-box increases the promoter activity in 
Hek293 cells by approximately 20 % whereas no enhancement of the activity was 
observed with HepG2 cells.  
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The allele frequency was 4 % in a population of healthy Swedish men and only 0.33 % 
in Korean healthy subjects. There were no difference in allele frequency between a 
population of Swedish prostate cancer cases and controls, but since the polymorphism 
was rare, this may be due to lack of statistical power. 

In theory, enhanced transcription of the CYP7B1 gene, may lead to increased 7 -
hydroxylation of DHEA, leading to less DHEA available for androgen synthesis. Also, 
increased CYP7B1-mediated hydroxylation of Aa-3 -diol levels prevents this 
metabolite from being back-converted to DHT. In both of these scenarios, the CYP7B1 
promoter polymorphism leads to lower levels of active androgens. However, this 
hypothesis has not been verified in vivo.

2.3.2 Paper II: A novel polymorphism in the 17 -hydroxysteroid 

dehydrogenase type 5 (aldo-keto reductase 1C3) gene is 
associated with lower serum testosterone levels in Caucasian 
men 

In this study we looked for polymorphisms in the human type 5 17 -hydroxysteroid 
dehydrogenase (HSD17B5) gene (formally known as AKR1C3). HSD17B5 plays a 
major role in the formation and metabolism of androgens. It was hypothesized that 
polymorphisms in this gene could contribute to the inter-individual differences in 
androgen metabolism. We also wanted to investigate whether this enzyme would be 
able to convert androstenedione to epitestosterone. 

The in silico search for polymorphisms resulted in 6 putative polymorphisms. Two of 
these, 3’-end non-coding polymorphisms, were confirmed by SSCP/direct sequence 
analysis (table 1, paper II). In addition we found four polymorphisms by SSCP/direct 
sequence analysis. Two of them, a promoter polymorphism -138 from the translation 
start site and a non-synonymous A>G substitution in exon 2 conferring a glutamic 
acid to a glycine amino acid change at position 77 were considered likely to alter the 
expression and/or enzyme activity and were further characterized.  

The allele frequencies of these polymorphisms were determined in a large Caucasian 
population sample and a smaller Korean population sample (see table 2, page 18). 
The promoter polymorphism was common (34 %) in Swedes but occurred in only 0.3 
% of the Koreans. While the E77G polymorphism was non-existent in Koreans, 100 
out of 1045 Swedes were heterozygous (4.8 %) for the E77G polymorphism. There 
were no individuals homozygous for the G allele, albeit 2-3 such individuals were 
expected from a statistical point of view.  

Subjects heterozygous for the E77G polymorphism had significantly lower serum 
levels of total and free testosterone than the subjects homozygous for the E77 variant 
(table 3, paper II). However, when expressing the enzyme in bacteria we found no 
difference in enzyme activity on any of several substrates in vitro. This may have 
been due to the bacterial system used, which may not have been sensitive enough to 
detect a small decrease in activity. The difference in in vivo and in vitro results may 
also result from post-translational events.
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The promoter polymorphism was investigated in human lung (A549), liver (HepG2) 
and prostate (LNCaP) cells, where the HSD17B5 is highly expressed. The A>G 
polymorphism resulted in a 34-53 % reduced luciferase activity. The promoter 
polymorphism did, however, not affect serum or urinary androgen metabolites in 
men.  

HSD17B5 is crucial for testosterone formation in women, since they lack HSD17B3, 
which is expressed only in testis. The allele frequency of this polymorphism was 
shown to be significantly increased in women with polycystic ovary syndrome 
(PCOS) (117). Whether there is any effect on serum or urinary androgen levels in 
women remain to be studied. 

2.3.2.1 Preliminary results 

When writing this paper, we did not know about the impact of the UGT2B17 deletion 
polymorphism on urinary testosterone glucuronide levels. Including all urinary 
samples there were no association between urinary testosterone glucuronide and the 
E77G polymorphism. However, excluding the UGT2B17 del/del subjects, the results 
changed. Similarly to the results in serum, subjects heterozygous for the E77G 
polymorphism had lower urinary testosterone G levels (fig 9). There was no 
association between the polymorphism and T/E ratio. Since we only had access to 
112 urine samples, this may be due to lack of statistical power, considering that the 
polymorphism is uncommon (4.8 %). 
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Fig 9) HSD17B5E77G polymorphism and urinary testosterone G levels in Swedish 
UGT2B17 ins/ins and ins/del men. Individuals homozygous for the E77 allele had 
significantly (p = 0.044) higher levels than individuals heterozygous for the polymorphism.

We also investigated if the enzyme expressed in bacteria was able to convert 
androstenedione to epitestosterone, as several studies report an increase in urinary 
epitestosterone glucuronide after oral androstenedione intake. Since no 17 -HSD has 
been found in humans it has been hypothesized that AKR1C genes may be 
responsible for the conversion of androstenedione to epitestosterone (55). The 
bacterial cytosols expressing the HSD17B5 enzyme were able to convert trace 
amounts of androstenedione to epitestosterone, however, the activity was in the same 
range with the negative control bacterial cytosols, not expressing the enzyme. Thus, 
HSD17B5/AKR1C3 does not seem to be responsible for the conversion between 
androstenedione and epitestosterone. The epitestosterone formation from 
androstenedione was further investigated in paper V. 
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2.3.3 Paper III: Large differences in testosterone excretion in Korean 
and Swedish men are strongly associated with a UDP-
glucuronosyl transferase 2B17 polymorphism 

As mentioned in the introduction, East Asians (Japanese, Chinese and Koreans), have 
considerably lower T/E ratios than Caucasians (12) increasing the risk of false 
negative test results. In our continued work of finding possible factors that may 
contribute to the inter-individual and inter ethnic differences in androgen glucuronide 
excretion, we started to look at phenotypes for which we searched the genetic 
association.  

We analysed baseline urinary steroid profiles of 74 Korean and 122 Swedish males 
and quantified all of the androgens and androgen metabolites in table 3, page 22. In 
addition we also measured serum testosterone and SHBG. When plotting the natural 
logarithms of urinary testosterone glucuronides in a histogram we found that the 
frequency distribution was bimodal (fig 10, right panel), whereas we saw no such 
pattern in the distribution of serum testosterone (fig 10, left panel) or urinary 
epitestosterone (not shown). The bimodality was found in both ethnic groups, 
although the distribution was different, with 70 % of the Koreans but only about 10 % 
of the Swedes having low or negligible amounts of urinary testosterone glucuronides. 

Fig 10) Frequency distribution of natural logarithms of serum non SHBG-bound testosterone 
(left panel) and urinary testosterone glucuronide (right panel) in a Korean (n = 74) and a 
Swedish (n = 122) population of healthy men. 
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This finding strongly suggested a genetic explanation. We hypothesized that 
testosterone was glucuronidated by a polymorphic enzyme. As testosterone is mainly 
glucuronidated by UGT2B15 and UGT2B17 we were about to start to search for 
polymorphisms in those genes. By that time new findings in another research context 
were published by Wilson et al., (178) characterizing a deletion polymorphism in the 
UGT2B17 gene spanning almost the whole gene. We started to genotype for this 
deletion polymorphism and it turned out that 100 % of the individuals carrying the 
deletion in both alleles (del/del) had no or negligible amounts of testosterone 
glucuronides in urine (fig 2, paper III).  In common for all of these individuals was 
also a T/E ratio below 0.4 (fig 11). The del/del individuals with the highest T/E ratio 
(close to 0.4) also had low epitestosterone levels, indicating a disturbance in the 
formation or excretion of epitestosterone. Epitestosterone formation and disposition is 
further discussed in paper V. 
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Fig 11) Relation between urinary T/E ratio and UGT2B17 genotype in the combined Swedish 
(GOOD + Testosterone study) and Korean populations.  

In addition we found three individuals heterozygous for the deletion (ins/del) and one 
individual carrying two copies of the gene (ins/ins) (all of Korean descent) that, 
similar to del/del individuals, had very low urinary testosterone glucuronide levels. 
We have no explanation for this, but other mutations in the UGT2B17 gene cannot be 
ruled out.  

DHT and 5 -androstane,3 ,17 -diol glucuronidation, as well as testosterone, were 
highly affected by the UGT2B17 deletion (table 1, paper III). The only metabolite 
that was higher in the del/del group was etiocholanolone. This was unexpected since 
compared with UGT2B15, 2B7 and 2B4, UGT2B17 displays the highest activity 
towards etiocholanolone in vitro (table 1, page 15). It is possible that other 
glucuronosyltransferases may conjugate etiocholanolone.  

Serum levels of testosterone and SHBG were not associated with the UGT2B17 
polymorphism. Instead the differences seemed to be related to ethnicity or other 
possible genetic polymorphisms or a combination of both. The Swedes had 
significantly higher serum levels of non SHBG-bound testosterone (NST) than the 
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Koreans. The Swedish del/del individuals had significantly higher NST levels than 
the Korean del/del individuals (p = 0.015) (fig 12). 

Fig 12) Serum levels of NST in Swedes and Koreans carrying either the UGT2B17 del/del 
genotype or the UGT2B17 ins/del and ins/ins (combined) genotype. 

Comparative studies on serum levels of androgens between Asians and Caucasians 
have generated inconsistent results. Most investigators were unable to demonstrate a 
difference (194-196), while two studies (197, 198) found a slight difference, 
consistent with our findings. Lower levels of testosterone metabolites such as 
androsterone glucuronide and Aa-3 -diol glucuronide were observed in serum of 
Asian subjects (194, 195). Their findings may be related to the UGT2B17 deletion 
polymorphism. 

To verify that testosterone is mainly glucuronidated by UGT2B17 we performed in
vitro studies in liver microsomes being homozygous for the deletion polymorphism 
compared to samples that were not. The del/del livers had surprisingly high 
glucuronidation rate although it was significantly lower than the rate in ins/del + 
ins/ins livers (fig 3, paper III). We speculate that the levels of UGT2B15 enzyme are 
high in the liver. The reason for the much lower testosterone glucuronidation rate in 
vivo is unknown, but may be due to higher rate of glucuronidation by UGT2B17 in 
extra-hepatic organs, such as the prostate and kidney. In addition the UGT2B17 
enzyme have been shown to have a more rapid turnover than other UGT enzymes 
(163), which may have affected our results. 

2.3.3.1 Preliminary results 

The Korean population sample also included women. This thesis is focused on male 
androgen disposition, but a few females were also genotyped and their urinary 
androgen metabolites were measured. Preliminary results show that women seem to 
share the phenotypic traits with men. All del/del individuals had T/E ratios below 0.4 
(fig 13). 
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Fig 13) Relation between urinary T/E ratio and UGT2B17 genotype in a small sample of 
healthy Korean women. 

2.3.4 Paper IV: Doping test results dependent on the major enzyme 
(UGT2B17) for testosterone glucuronidation 

To investigate how testosterone administration would affect the 
testosterone/epitestosterone (T/E) ratio in individuals homozygous for the UGT2B17 
deletion polymorphism we designed a study that also aimed to see if it was possible 
to improve the T/E test using genotype specific cut off ratios. We recruited 55 healthy 
male volunteers with either two (ins/ins), one (ins/del) or no copies (del/del) of the 
UGT2B17 gene. They were administered a single intramuscular dose of 500 mg 
testosterone enanthate, corresponding to 360 mg testosterone. Urine samples were 
collected before the administration (baseline) and every morning for the 9 
consecutive days and then on day 11, 13 and day 15. All urine samples were analysed 
for the androgen metabolites shown in table 3 (page 22).  

There were dramatic differences between the genotype groups in testosterone excretion 
after dose. The ins/ins subjects increased their testosterone glucuronide excretion 20-
fold more (p < 0.001) and the ins/del 10-fold more (p < 0.001) than the del/del subjects 
(fig 14). Exogenous testosterone is known to decrease the urinary excretion rate of 
epitestosterone glucuronide due to suppression of the secretion of luteinizing hormone 

(37, 50, 199). The epitestosterone glucuronide excretion was not affected by 
UGT2B17 genotype, and there was also no difference in the maximum difference in 
epitestosterone glucuronide excretion (fig 14). 
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Testosterone glucuronide
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Fig 14) The maximum increase (ng/µmol cr) in testosterone glucuronide (G) excretion (left 
panel) and the maximum decrease (ng/µmol cr) in epitestosterone G excretion (right panel) 
after after an intramuscular injection of 500 mg testosterone enanthate, equivalent to 360 mg 
testosterone. 

There were no differences between the genotypes in the excretion of androsterone G 
and etiocholanolone G neither before nor after the testosterone administration. The 
del/del group had a slightly lower total excretion of Aa-3 -diol (denoted and 
calculated as AUC in paper IV) than the ins/ins group (p <0.05).  

The T/E ratio in the different genotypes was largely affected by the UGT2B17 
genotype. As many as 40 % of the del/del subjects would never reach a T/E ratio of 
4.0 on any of the 15 days (paper IV, fig 3, left panel). In the ins/ins group, however, 
two of the subjects had a base line value of 4.8 and 4.3 respectively and would instead 
be judged as “false positives”. This clearly shows the inadequacy of having the same 
T/E ratio regardless of genotype (paper IV, fig 3, left panel).  

In total, we have now analyzed base line T/E ratio in >100 del/del individuals and 
none of their baseline ratios have exceeded 0.4. It would therefore be safe to state that 
del/del subjects with a T/E ratio above 1.0 are suspicious of testosterone doping. 
When we simulated a differentiated cut-off level for the del/del (1.0) and the other 
genotypes (6.0) we found that the sensitivity in the del/del group increased 
substantially and the false positives in the ins/ins group were eliminated (paper IV, 
fig 3, right panel) in our experimental setting. In our opinion, genotyping, and 
differentiated cut-off limits in the screening process would save time and money and, 
considering the reduced number of false positives, work load for the doping 
laboratories. Genotyping is only performed once in every athlete and the data may be 
stored in a data base.  

The del/del subjects did not excrete any of the analysed glucuronidated metabolites at 
a higher rate than the ins/del or the ins/ins subjects. This was also seen in paper III, 
where the 17-hydroxyprogesterone levels also indicated that the del/del subjects may 
have a lower testicular activity, thus producing less testosterone to compensate for the 
lower excretion. Testosterone and its metabolites can also undergo conjugation with 
sulfate before elimination. The urinary fraction of sulfate conjugated testosterone was 
found to be 4 % of the glucuronidated testosterone in a reference population of 45 
males aged 17-50 years (155). It is possible that the compromised glucuronidation in 
del/del subjects is compensated for by increased sulfate conjugation.  

One interesting and unexpected finding of this study is that the urinary testosterone G 
excretion rate could be divided into at least two groups in each UGT2B17 genotype. In 
one group the testosterone G peaked after about 24 hours, while in the other group the 
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peak came after 2-4 days or even later (fig 15). The reason for the distinct division into 
two parts in the testosterone excretion is not known. Genetic variation in 
glucuronidation enzymes is not likely, since the same distribution was also observed in 
subjects without the UGT2B17 enzyme. The D85Y polymorphism in the UGT2B15 
enzyme was not associated with the excretion pattern (unpublished results). Other 
candidate genes include esterases that hydrolyze the ester in the testosterone enanthate, 
but the particular enzyme involved in this cleavage has not been identified. Another 
possible explanation is genetic variation in sulfotransferases. The “slow rise group” 
may sulfoconjugate testosterone more efficiently than the “fast rise group”. This in turn 
may be due to polymorphisms in e.g. SULT2A1. The reason for this TG excretion 
pattern is of interest to study further since it may influence both the biological effect of 
testosterone treatment as well as the outcome of the doping test. 
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Fig 15) Urinary testosterone glucuronide excretion (ng/ mol cr) for 15 days in two subjects 
of the ins/ins, and two subjects of the del/del group after an intramuscular injection of 500 mg 
testosterone enanthate, equivalent to 360 mg testosterone, on day 0. Note that the y-axes have 
different scales. 

2.3.4.1 Preliminary results 

Sottas and colleagues proposes the use of a Bayesian screening test, whose T/E 
threshold progressively evolves from a population basis to a subject basis as the 
number of individual test results increases (200). The individual becomes his/her own 
control. This is a promising approach in athletes that are subject to repeated testing. 
This model becomes better the more information that is added.  

In cooperation with Dr Sottas we have tested the data from four of our study subjects, 
two ins/ins and two del/del, using their Bayesian model (200, 201). The preliminary 
results show that the UGT2B17 genotype added valuable information to the model 
and that the method became even more sensitive. In one of the del/del subjects the 
individual T/E cut off ratio using the Bayesian approach would be 2.8 and the 
individual would not have tested positive until days 13 and 15. However, when 
adding the genotype information the individual threshold was lowered to 0.76 leading 
to a positive screening test from day 4 and onward.  

Testosterone is excreted mainly as glucuronide conjugates (155). However, it is 
possible that the compromised glucuronidation in del/del subjects is compensated for 
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by increased sulfate conjugation. We have developed a new assay using 
HPLC/MS/MS, where glucuronide and sulfate conjugated testosterone and 
epitestosterone can be measured directly (Thörngren et al., unpublished results). As 
mentioned above the testosterone glucuronidation rate could be divided into at least 
two groups in each UGT2B17 genotype. We hypothesized that the “slow rise group” 
may sulfoconjugate testosterone more efficiently than the “fast rise group” (fig 15). 
We have measured the sulfate conjugated fraction in the 4 individuals from the 
Testosterone challenge study shown in fig 15. 

The preliminary results show that the ins/ins subjects have low levels of urinary 
testosterone sulfate (TS). Only 1.3 and 2.6 % of the total urinary testosterone 
(testosterone glucuronide (TG) + TS) was sulfoconjugated in the two ins/ins subjects 
respectively. This is in accordance with previous results (155). The del/del subjects 
had 3-10 times higher levels of urinary TS than the ins/ins subjects (fig 16). The TS 
fraction in the two del/del subjects constituted 40 and 60 % of the total TG + TS 
fraction respectively. There was no difference in sulfate levels between the two 
“glucuronidation rate” groups. 

Interestingly, the levels of TS rather decreased than increased after the testosterone 
challenge (fig 16). Thus, the exogenous testosterone does not seem to be 
sulfoconjugated. It is known that exogenous testosterone suppress luteinizing 
hormone (LH) thereby decreasing endogenous testicular steroidogenesis (37, 202). 
The decrease in urinary TS after exogenous testosterone administration may 
correspond to the decrease in endogenous testosterone. A similar observation has 
been made with 19-norandrosterone, one of the major metabolites of the AAS 
nandrolone (203). Around 30 % of endogenous 19-norandrosterone was 
sulfoconjugated, whereas 100 % of this metabolite was glucuronidated when 
nandrolone was administered. 
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Fig 16) Urinary testosterone sulfate (TS) excretion (ng/ mol cr) for 15 days in two subjects of 
the ins/ins and del/del group respectively after an intramuscular injection of 500 mg 
testosterone enanthate, equivalent to 360 mg testosterone, on day 0.  

The levels of epitestosterone sulfate (ES) were similar in all four subjects (not 
shown). About 15 -50 % of the total epitestosterone glucuronide (EG) +ES fraction 
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was sulfoconjugated. The ES levels decreased in parallel with TS levels after 
exogenous testosterone administration.  

Even though the del/del individuals had higher levels of urinary TS than the ins/ins 
individuals, it was not enough to compensate for the compromised glucuronidation 
capacity. The TG + TS levels are still considerably higher in the ins/ins subjects (fig 
17).  

Fig 17) Baseline urinary testosterone glucuronide (TG), testosterone sulfate (TS) and TG + 
TS levels in 4 individuals carrying the UGT2B17 ins/ins or del/del genotype. 

In summary, the compromised glucuronidation capacity in UGT2B17 del/del 
individuals may be partly compensated for by increased sulfonation capacity. The two 
“testosterone glucuronidation rate” groups showed no difference in capacity to 
sulfoconjugate testosterone. Exogenous testosterone does not seem to be 
sulfoconjugated all. These results are only based on 4 individuals. Further studies are 
required to be able to draw any conclusions. 

2.3.5 Paper V: Genetic aspects of epitestosterone formation and 
androgen disposition; influence of polymorphisms in CYP17 and 
UGT2B enzymes 

Having established the large impact of the UGT2B17 polymorphism on testosterone 
glucuronidation, we were now interested in the formation and disposition of 
epitestosterone. Not much is known about the physiological role of epitestosterone 
and how it is formed in humans. No clear results have been published about the 
potential precursors of epitestosterone in vivo. In bacteria (204) and in a few animal 
models such as rabbit kidney and liver cytosol (205, 206) and mouse kidney cytosol 
(207) formation of epitestosterone from androstenedione catalysed by a 17 -HSD has 
been observed. Epitestosterone formation from androstenedione and testosterone in 
human whole blood has also been described, although at very low rates (53). Oral 
androstenedione administration has been associated with an increase in 
epitestosterone glucuronide (54, 55), which most likely leads to a decrease in T/E 
ratio in UGT2B17 del/del individuals. However, to date, there is no evidence for the 
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existence of a human form of 17 -HSD. 5-Androstene3 ,17 -diol (Ae-17 -diol) has 
been suggested to be one of the precursors of epitestosterone (50). Significant 
correlation between Ae-17 -diol and epitestosterone was found in spermatic vein 
blood (50). Further, Weusten et al., showed that Ae-17 -diol is synthesized from 
pregnenolone in a single step via cytochrome P-450c17  (CYP17) (52). 

Not only do a significant amount of individuals have low T/E ratios, increasing the 
risk for false negative doping tests; also a noteworthy number of individuals have 
higher natural ratios than the internationally used cut-off ratio of 4.0. The naturally 
high ratios are in many cases due to low urinary levels of epitestosterone. The reasons 
for this are unknown. 

UGT2B7 has been identified as the enzyme responsible for epitestosterone 
glucuronidation (165). We hypothesized that genetic variation in CYP17 and 
UGT2B7 may affect the formation and disposition of epitestosterone that in turn 
could affect the T/E ratios. In addition to UGT2B17, testosterone and DHT are 
conjugated by UGT2B15, but at a lower rate (163). Genetic variation in UGT2B15 
may affect the disposition of testosterone and other androgens, in particular in 
individuals devoid of UGT2B17. 

We also wanted to elucidate the formation of epitestosterone using different 
substrates and tissue preparations in in vitro incubations. 

We found that a T>C promoter polymorphism in the CYP17 gene was significantly 
associated with urinary levels of both epitestosterone glucuronide (G) and Ae-17 -
diol G in Swedish Caucasian men (figure 2, paper V). Individuals carrying the 
UGT2B17 ins/ins and ins/del genotypes who were homozygous for the T-allele 
exhibited 64 % higher T/E ratios than the C-carriers (2.9 and 1.8, respectively; p = 
0.0008). Thus the CYP17 polymorphism may partly explain high natural (>4) T/E 
ratios. Out of 138 Swedish men, 13 (9.4 %) had T/E ratios > 4 and all of them had at 
least one T-allele. This is of interest, since falsely positive doping test results are of 
great legal concern for the sports man. In addition, falsely positive doping test results 
yield a lot of extra work load for the doping laboratories.  

Interestingly, Ae-17 -diol was also associated with the CYP17 polymorphism 
indicating that Ae-17 -diol may be a precursor of epitestosterone. After exogenous 
testosterone administration, the Ae-17 -diol levels, but not DHEA levels, decreased 
with the same pattern as epitestosterone in participants of the testosterone challenge 
study (fig 3, paper V). Furthermore, in our in vitro studies, significant amounts of Ae-
17 -diol and trace amounts of epitestosterone was found after incubation with testis 
microsomes and pregnenolone. Incubation with Ae-17 -diol resulted in higher 
formation of epitestosterone than incubation with pregnenolone. We also incubated Ae-
17 -diol with liver microsomes from 16 different liver samples. Epitestosterone was 
formed in all liver samples. Specific activities in epitestosterone formation varied six-
fold (data not shown). The mean formation of rate was 3.2  0.4 ng/mg protein/min 
(range 0.86-5.2 ng/mg protein/min).  
Taken this together, we postulate that pregnenolone and Ae-17 -diol, is an important 
pathway for epitestosterone formation. 

The UGT2B7 H268Y polymorphism was not associated with epitestosterone 
glucuronidation, and did thus not affect the T/E ratio. 
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As we hypothesized, genetic variation in UGT2B15 seems to have the largest impact 
on androgen disposition in subjects devoid of the UGT2B17 gene. Korean UGT2B17 
del/del subjects homozygous for the UGT2B15 D85 allele had significantly higher 
urinary androsterone G and Aa-3 -diol G levels than del/del subjects with one or two 
Y-alleles. There was no association between testosterone G levels and T/E ratio and 
the UGT2B15 polymorphism in the UGT2B17 del/del subjects. The UGT2B15 
polymorphism may be of greater importance for testosterone G excretion in 
UGT2B17 del/del individuals after exogenous testosterone administration. There 
were however too few del/del individuals in our study, receiving exogenous 
testosterone (n =17) to be able to draw any conclusions in this regard. Interestingly, 
our mRNA expression analysis in human liver samples, indicated that individuals 
devoid of UGT2B17 had higher mRNA levels of UGT2B15 than individuals carrying 
the UGT2B17 ins/ins genotype (fig 4, paper V). Individuals homozygous for the 
UGT2B17 deletion exhibited 4.5 times more UGT2B15 mRNA than UGT2B17 
ins/ins subjects. We postulate that a lack of the UGT2B17 enzyme is compensated for 
by an increase in UGT2B15 transcription. 

2.3.5.1 Preliminary results 

To find out whether epitestosterone is a byproduct of the testosterone formation 
pathway, microsomes and cytosols prepared from human liver, testis and rabbit liver 
were incubated with androstenedione (table 4).  

Table 4) In vitro incubations with androstenedione 

Tissue fraction Epitestosterone Testosterone 

Rabbit liver 
cytosol 

500-600 ng 1000 ng 

Human Liver 
microsomes 

- 50-100 ng 

Human Liver 
cytosol 

10-20 ng 800-1000 ng 

Human Testis 
microsomes 

- 100-200 ng 

Human Testis 
cytosol 

- 50-100 ng 

The total fraction of epitestosterone and testosterone recovered in the sample of either 1mg 
microsomes or cytosols incubated for 20 min using androstenedione (100 µM) as substrate. 

Significant levels of epitestosterone were generated ( 40 ng/mg protein/min) only in 
the rabbit liver cytosol. Epitestosterone was generated at a low rate in human liver 
cytosol, corresponding to 2 % of the testosterone formation rate. Studies have shown 
that urinary epitestosterone glucuronide levels increase after administration of oral 
androstenedione (54, 55). This increase may correspond to the minute conversion of 
androstenedione to epitestosterone that we observed in vitro. Since males excrete  30 
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% of the epitestosterone unchanged compared to only 1 % of testosterone even a 2 % 
conversion of exogenous androstenedione to epitestosterone could be detected in urine 
(49). 
We also incubated human whole blood with androstenedione. Trace amounts of 
epitestosterone were measurable, corresponding to 2.5 % of the testosterone 
formation rate. In order to see if any conversion between testosterone and 
epitestosterone took place, human whole blood was also incubated with testosterone. 
About 1 ‰ of the testosterone was epimerized to epitestosterone in accordance with 
results of Blaquier et al. (53). This epimerisation is unlikely to be of clinical 
relevance. 
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3 GENERAL DISCUSSION AND FUTURE 
CONSIDERATIONS

Genetic variation has a large impact on the androgen disposition in humans. We have 
shown that genetic polymorphisms considerably influence the urinary androgen levels. 
The UGT2B17 deletion polymorphism has the greatest impact resulting in 18 times 
higher baseline urinary testosterone levels in individuals with two copies of the gene, 
and even larger differences after exogenous testosterone administration, than 
individuals devoid of the gene. The CYP17 promoter polymorphism influences 
epitestosterone levels, partly explaining why some individuals have higher natural 
ratios than most other individuals. Apparently genetic variation is of great importance 
for the interpretation of doping test results, both in view of false positive results and 
false negative results. 
The high frequency of the UGT2B17 deletion polymorphism in East Asian populations 
increases the risk of falsely negative doping test results in this group. Therefore, it is 
important to consider the use of genotyping in future test programs. 

Future test programs will most likely go from population based- to individual based 
T/E cut off ratios using different Bayesian approaches (200, 201). The athlete’s T/E 
ratios over time will be stored in a data base and the athlete will become his/her own 
control. Genotype data will add valuable information to the model as the individual 
response to testosterone administration differs widely depending on UGT2B17 
genotypes. Preliminary data, in collaboration with Dr PE Sottas, Lausanne, show that 
the interpretation of results of longitudinal, individual-based T/E cut-off ratios is 
significantly improved when UGT2B17 genotype data are included in the Bayesian 
model. Doping tests in non-athletes will still rely on the population-based T/E cut off 
ratio, and genotype information will be fundamental for the interpretation of doping 
tests in society. 

Our result also raises other important questions; will the genetic variation result in 
different effects of AAS? It has previously been shown that psychological effects of 
testosterone differs widely between individuals (46), possibly due to genetic variation. 
The physical effects of testosterone in relation to genetic variation have not been 
studied. However, larger doses of AAS are known to cause greater effect on the 
musculature. It is likely that genetic variation affects the androgen load in the body, and 
that individuals may reach different concentrations from the same dose. Whether the 
enzyme polymorphisms presented in this work influence the effect of AAS remains to 
be elucidated.  

We have previously reported that Swedish young men carrying the del/del genotype do 
not have lower serum testosterone levels than individuals with one or two copies of the 
gene (175). The logical follow-up to our testosterone challenge study is to investigate 
whether the free and conjugated testosterone in serum differ after testosterone 
administration in the different UGT2B17 genotype panels. One may speculate that the 
exogenous testosterone circulates for a longer period of time in the individuals devoid 
of the UGT2B17 gene since the del/del individuals seem to inactivate testosterone 
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slower than individuals carrying one or two copies of the gene. They may thereby 
experience increased androgenic and anabolic effects of testosterone. However, the 
actions of testosterone are complicated and many other factors will also play a role, e.g. 
the availability of AR receptors in the target tissues.

The effects of the genetic variation in androgen metabolising enzymes may also be 
important from a clinical point of view. For example, the response to androgen 
replacement therapy may depend upon the genetic variation discussed here. Further, 
testosterone and DHT are strongly associated with the development and progress of 
prostate cancer (208). The rate of prostate cancer is 2-40 times higher among Caucasian 
than Asian men (209). Koreans and Swedes are considered to be representative for 
Asian and Caucasian populations respectively. It is interesting to note that the allele 
frequencies of some of the polymorphisms investigated here differ more than 50-fold 
between these groups (Table 5).  

Table 5) Allele frequencies of some androgen metabolizing enzymes in Swedes and 
Koreans. 

 Swedes  
%

Koreans 
%

Fold 
difference 

Ref. 

UGT2B17 deletion 29 78 2.6 Paper III 

CYP17 T-34C 41 53 1.3 Paper V 

HSD17B5 E77G 4.8 0 Paper II 

HSD17B5 A-138G 34.4 0.65 53 Paper III 

CYP7B1C-104G 4.0 0.33 12 Paper I 

UGT2B15 D85Y 53 46 1.2 (175), Paper V 

UGT2B7H268Y 51 36 1.4 (168), Paper V 

Studies indicate that the estrogen receptor  (ER ) exhibits antiproliferative action in 
the prostate (210). The balance between the androgen receptor (AR) and ER  and their 
ligands may be important for the development of the disease. The DHT metabolite Aa-
3 -diol is an endogenous ligand of ER . CYP7B1 catalyses the metabolism of Aa-3 -
diol and may determine the levels available at the ER  and hence affect the regulation 
of prostate proliferation. It has been shown that high expression of CYP7B1 occurs in 
prostate tumors and that the ER /CYP7B1 mRNA ratio was significantly lower in 
tumor compared to the non-tumor area (135). Genetic variation in the genes involved in 
the synthesis and breakdown of ER  and AR ligands, such as the promoter 
polymorphism in the CYP7B1 gene (paper I), the AKR1C3 SNPs (paper II), the 
CYP17 SNP (paper V) and the UGT2B15/2B17 polymorphisms (paper III and paper 
V) may thus play a role in prostate disease.    

The extremely large genetic variation in androgen metabolising enzymes within and 
between ethnic groups is hitherto unexplored and future research will show the 
importance of this variation in health, and for morbidity. 



   40

4 SUMMARY  

Of greatest importance for the variation of androgen disposition investigated in this 
thesis is the UGT2B17 deletion polymorphism (paper III and paper IV). This enzyme is 
the major catalyst of testosterone glucuronidation. The polymorphism is common with 
an allele frequency of 29 % and 78 % in Swedes and Koreans, respectively. Out of 
>100 individuals being homozygous for the deletion, all had negligible amounts of 
urinary testosterone glucuronide. Consideration of the polymorphism is of the utmost 
importance for the interpretation of doping tests. After a single dose of 360 mg 
testosterone, 40 % of the UGT2B17 del/del subjects never reached the T/E cut off ratio 
of 4 on any of the 15 days measured. This clearly shows the inadequacy of using the 
same T/E cut off ratio for all individuals. 
We showed that the sensitivity and specificity of the T/E test could be markedly 
improved by the use of differentiated genotype-based cut off ratios. 

Secondly, the CYP17 T>C promoter polymorphism was associated with urinary 
epitestosterone glucuronide levels and consequently the T/E ratio (paper V).This was 
an unexpected finding since no previous studies have shown the importance of CYP17 
for epitestosterone formation. We showed that naturally high T/E ratios due to low 
urinary levels of epitestosterone glucuronide may be partly explained by the CYP17 
polymorphism. However, the polymorphism had a statistically significant impact on 
T/E ratio only when individuals carrying one or two alleles of the UGT2B17 gene were 
considered. Individuals carrying the CYP17 TT genotype exhibited 64 % higher T/E 
ratios than individuals with one or two C-alleles. The frequency of the TT genotype 
was 35 %.  

The E77G SNP in the gene coding for the HSD17B5 enzyme was associated with 
testosterone levels (paper II). The HSD17B5 enzyme catalyses the step between 
androstenedione and testosterone. This polymorphism was associated with lower serum 
testosterone levels in Swedish men. Considering only individuals carrying one or two 
alleles of the UGT2B17 gene, the HSD17B5 polymorphism was also associated with 
lower urinary testosterone glucuronide levels. The polymorphism was uncommon with 
an allele frequency of 4.8 % in Swedes. There was no statistically significant 
association with the urinary T/E ratio.  

A novel functional promoter polymorphism in the CYP7B1 gene was identified (paper 
I). This is the first and only characterized SNP found to date in this gene. The 
polymorphism was associated with significantly higher promoter activity and had an 
allele frequency of 4 % in Swedes. 

Consideration of the genetic variation in disposition of androgens will be of great 
importance for combating androgen doping in sports and for detecting and preventing 
androgen abuse in the society. The role of this variation for diseases in steroid target 
organs or for endocrine adverse reactions to drugs remains to be elucidated. 
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5 POPULAR SCIENCE SUMMARY 

All anabolic androgenic steroids (AAS) derive from the sex hormone testosterone. 
AAS is an effective drug when it comes to muscle building and self consciousness, but 
it is extremely detrimental for the body and may cause premature death due to changes 
in heart and vascular system. AAS abuse also causes mood-changes, such as 
aggressiveness, and is therefore very harmful not only to the abuser, but to others in 
their surroundings. Several tragic events involving AAS have been reported in the 
media in recent years. 
When it comes to sports, AAS is the most frequently detected doping agent. It is used 
in many different sports, such as cycling, track and field, and other sports that require 
strength and power.  

The doping tests for AAS are performed in urine samples. Since testosterone is 
naturally produced in the body, it is difficult to distinguish between ones "natural 
testosterone" and “doping-testosterone”. Therefore, when testing for the abuse of 
testosterone, a urinary ratio between two steroids (testosterone and epitestosterone) is 
measured. The testosterone/epitestosterone (T/E) ratio is normally close to 1.0, but the 
ratio will increase for testosterone abusers. The world anti-doping agency (WADA) has 
decided that all ratios above 4.0 are considered suspicious and need to be investigated 
further.  

DNA contains genes, which are the blueprints for all of the proteins synthesized in the 
body. Some of these proteins are responsible for the formation, degradation and/or 
excretion of testosterone. All individuals have two copies of every gene; one is 
inherited from the mother and one from the father. Sometimes mutations, so called 
polymorphisms, occur in the DNA and can result in a change in the protein. When this 
change occurs, the protein may get more or less active.  

The levels of testosterone in blood and urine can differ widely between individuals. The 
aim of this thesis was to investigate the contribution of genetic polymorphisms to the 
inter-individual variation in blood and urinary levels of testosterone and other 
hormones. We also wanted to find out whether genetic variation could lead different 
results in doping tests. 

When testosterone and other steroids are to be excreted in urine, they need to be more 
water soluble. A group of proteins (enzymes), called UGTs, connect the steroid with a 
water soluble molecule in order for the steroid to be excreted. We found that a 
polymorphism in one UGT, called UGT2B17, made you unable to excrete testosterone 
in urine. In fact, all individuals with two copies of the defect gene had extremely low 
levels of urinary testosterone. When these individuals were given testosterone, 40 % 
never reached the testosterone/epitestosterone cut off ratio of 4. Therefore they would 
have tested negative in a doping test even though they were ‘abusing’ AAS. About 10 
% of the Swedes and 65-70 % of East Asians (Chinese, Japanese and Koreans) carries 
two copies of the defect gene. Thus, 1 out of 10 Swedes and 7 out of 10 East Asians do 
not excrete testosterone and are of large risk to test falsely negative in a doping test. 
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We show that if the genes were taken into consideration and different cut-off ratios 
were used depending on your genotype the doping test was significantly improved. 

There were no differences in testosterone levels in the blood between men carrying the 
defect gene and the functioning gene. To carry the defect gene does not seem to be 
harmful. However, this is not fully investigated yet.  

We also found other genetic variations that influence the blood and urinary levels of 
steroids, which may be of importance for the interpretation of the doping test.  

In summary, our results are of great importance for anti-doping test programs. In 
addition, these data may also be of relevance for understanding the mechanisms behind 
certain hormone related diseases.  

5.1 POPULÄRVETENSKAPLIG SAMMANFATTNING 

Alla anabola androgena steroider (AAS) är besläktade med könshormonet testosteron. 
AAS är effektiva droger för muskeluppbyggning och för att ge känsla av 
självförtroende, men de är extremt farliga för kroppen och kan orsaka för tidig död 
p.g.a. förändringar i hjärtat och cirkulationen. De orsakar också humörförändringar, 
som ökad aggressivitet och är därför farliga för dig själv och din omgivning. Åtskilliga 
tragiska händelser där AAS varit involverade har rapporterats i media de senaste åren. 
I elitidrotten är AAS det vanligast förekommande dopingpreparatet och används i 
många olika sporter, t.ex. cykel, friidrott och andra sporter som kräver styrka och 
explosivitet. 

För att upptäcka doping med AAS utförs tester i urinprov. Eftersom testosteron 
produceras i kroppen är det svårt att skilja mellan det egna testosteronet och ”doping-
testosteronet”. Vid dopingtest för missbruk av testosteron, använder man därför en kvot 
mellan två olika kroppsegna steroider (testosteron och epitestosteron). 
Testosteron/epitestosteron (T/E) kvoten ligger oftast kring 1.0, men hos en dopad 
individ kommer kvoten att stiga. The world anti-doping agency (WADA) har bestämt 
att alla med kvoter över 4.0 ska anses misstänkta och gå igenom ytterligare tester för att 
bekräfta doping. 

DNA innehåller gener, vilka utgör mallen för alla proteiner som bildas i kroppen. Vissa 
av dessa proteiner hjälper till att bilda, bryta ner och/eller utsöndra testosteron. Alla 
individer har två kopior av varje gen. En ärvs från modern och en från fadern. Ibland 
förekommer mutationer, så kallade polymorfier, i DNAt som kan resultera i en 
förändring i proteinet. Den här förändringen kan innebära att proteinet blir mer eller 
mindre aktivt.  

Nivåerna av testosteron kan variera kraftigt mellan individer. Målet med den här 
avhandlingen var att undersöka om genetisk variation delvis kan förklara den 
individuella variationen av testosteronnivåer i blod och urin. Vi ville även ta reda på om 
genetiska skillnader kan leda till olika resultat i dopingtester. 
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När testosteron och andra steroider ska utsöndras i urinen måste de bli mer 
vattenlösliga. En grupp av proteiner (enzymer) som kallas UGTs, kopplar på en 
vattenlöslig molekyl på steroiden så att den kan utsöndras. Vi upptäckte att en 
polymorfi i ett sådant UGT (UGT2B17) gjorde att testosteron inte kunde utsöndras. 
Faktum är att alla individer med två kopior av den defekta genen hade extremt låga 
nivåer av testosteron i urinen. När vi ”dopade” dessa individer med testosteron, nådde 
40 % av dem inte T/E kvoten 4.0 överhuvudtaget. De skulle alltså ha testat negativt i ett 
dopingtest trots att de var dopade. Ungefär 10 % av svenskar och 65-70 % av östasiater 
(kineser, japaner och koreaner) bär på två kopior av den defekta genen. Alltså utsöndrar 
1 av 10 svenskar och 7 av 10 östasiater inte testosteron och skulle med stor risk kunna 
testa falskt negativt i ett dopingtest. 
Vi fann att om genotyp, d.v.s. om du har 0, 1 eller två kopior av den defekta genen, 
vägs in i dopingtestet och om olika T/E kvoter skulle användas beroende av vilken 
genotyp du har, skulle testet förbättras avsevärt. 

Det var ingen skillnad på testosteronnivåer i blodet mellan individer som hade den 
defekta genen jämfört med individer som hade en funktionell gen. Att ha den defekta 
genen verkar inte ge några ohälsosamma bieffekter. Detta är dock ännu inte helt utrett. 

Vi hittade även ytterligare genetisk variation som påverkar steroidnivåerna i både blod 
och urin, vilka kan vara av vikt vid tolkningen av dopingtest. 

Våra resultat är av stor betydelse för framtida förbättrade dopingtester. Dessa data kan 
också ha betydelse för förståelsen för hur vissa hormonrelaterade sjukdomar 
uppkommer. 
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