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The large variation in disposition known for most drugs is also true for anabolic androgenic steroids. Genetic factors are probably the
single most important cause of this variation. Further, there are reasons to believe that there is a corresponding variation in efficacy of
doping agents. Doped individuals employ a large variety of doping strategies in respect of choice of substance, dose, dose interval,
duration of treatment and use of other drugs for enforcement of effects or correction of side effects.

Metabolic steps up-stream and down-stream of testosterone are genetically variable and contribute substantially to the variation in
disposition of testosterone, the most common doping agent in sports and in society. Large inter- and intra-ethnic variation in
testosterone glucuronidation and excretion is described as well as the pit-falls in evaluation of testosterone doping test results. The
hydrolysis and bioactivation of testosterone enanthate is also genetically variable yielding a 2–3 fold variation in excretion rate and
serum concentration, thereby implicating a substantial variation in ‘efficacy’ of testosterone.

Given this situation it is logical to adopt the new findings in the doping control programme. The population based cut-off level for the
testosterone : epitestosterone ratio should be replaced by a Bayesian interpretation of consecutive tests in the same individual. When
combined with the above genetic information the sensitivity of the test is considerably improved. The combination of the three
approaches should reduce the rate of falsely negative or positive results and the number of expensive follow-up tests, stipulated by the
World Anti-Doping Agency.

Introduction

The capacity of testosterone to enhance physical strength
has been known since the late nineteenth century [1], but
its real physiological role as the male sex hormone was not
revealed until the mid 1930s.The characterization and syn-
thesis of testosterone resulted in the 1939 Nobel Prize in
chemistry to Butenandt and Ruzicka.

Testosterone and its pharmacological congeners,
whether natural or synthesized, are collectively known as
anabolic androgenic steroids (AAS) [2]. They have a clear
place in the clinical treatment of certain endocrine dis-
orders such as primary or secondary hypogonadism.
However, the use of testosterone in ageing men is not an
accepted principle everywhere. Because of the capacity of
AAS to enhance muscle strength and performance and
affect the physical appearance, the abuse and popularity
of these agents has increased markedly in the society and
in sports [3–5].

The effects of androgens are mediated via the andro-
gen receptor (AR) which is present in most organs. Impor-
tant functions regulated via the ARs include muscle
protein metabolism, bone metabolism, sexual and cogni-
tive functions, erythropoiesis and plasma lipid concentra-
tions [6].These biological effects are specific for each organ
and target tissue [7]. In myocytes, testosterone binds to the
intracellular AR, initiating an activation cascade with con-
formational changes and nuclear translocation of the
AR-steroid complex. Binding of the complex to androgen
responsive elements (ARE) in the DNA results in specific
activation or repression of the transcription in target
genes.Testosterone enanthate (~300 mg week-1) has been
shown to increase muscular strength and power com-
pared with placebo. This effect may be observed already
after 3 weeks [8].

The first reports of athletes using anabolic steroids
searching for an increase in weight and power appeared in
1954 [9]. Among all chemical substances prohibited by the
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World Anti-Doping Agency (WADA) AAS were the most
frequently detected doping agents in 2010, accounting for
about 60% of positive results in accredited doping labora-
tories around the world. Among these testosterone, stano-
zolol and nandrolone were frequently identified (http://
www.wada-ama.org/en/).

Many attempts to estimate the misuse of AAS in society
have been made. However, such estimates are difficult to
make since the misuse of AAS is often concealed. Estimates
of misuse suffer from difficulties in carrying out reliable
studies of illicit drug use. In the USA, one assumes that
between 1 and 3 million people are thought to have
misused or are misusing AAS.The corresponding estimates
for Sweden, in which the abuse has been criminalized, vary
between 10 000 and 100 000, in a population of 9 million
[10].These estimates indicate a misuse rate of about 1% of
the respective populations.The frequency of abuse in non-
elite sports varies depending on the sport. In the UK AAS
abuse among community weight trainers and health clubs
is considered to be 15–30%. The majority of users are
people in gyms who misuse these drugs primarily for cos-
metic purposes rather than to enhance physical perfor-
mance [11]. Other groups of AAS users include men (and
women) with a propensity for drug misuse and criminality,
established drug addicts and criminals.

The most spectacular and highlighted misuse is among
elite athletes. Even though this group of abusers is limited
[12] the publicity may be extensive.Therefore, doping with
natural or exogenous androgen derivatives is a severe

challenge to the vision, morals and ethics of sports all over
the world.

Androgens

Endogenous androgens
Cholesterol is the starting substance for formation of
glucocorticoids, mineralocorticoids and sex steroids
(Figure 1). Precursors of androgens are formed in the
adrenals and biotransformed in the endocrine target
organs, the gonads and the prostate gland. Dihydrotest-
osterone (DHT) is formed from testosterone in the prostate
and is a more potent androgen than testosterone itself.
Some of the testosterone precursors have weak andro-
genic effects such as dehydroepiandrosterone (DHEA) and
androstenedione.They may be present in dietary products
and abused per se.

Most of the end products are eliminated via the
kidneys after conjugation with glucuronic acid or sulphate
groups by enzymes in the uridine glucuronosyl transferase
(UGT) and sulphate transferase (SULT) super families,
respectively. As seen in Figure 2 the UGT enzymes have
different selectivities for the androgens and androgen
metabolites. The specificity, the activity and the genetic
variation of the various UGT enzymes is of particular inter-
est in the conjugation and excretion of testosterone and
epitestosterone as these steroids and their conjugates
are quantified in the urine in conventional testosterone
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Metabolic network of androgens. Pathways left of the vertical striped line mainly in the adrenals, pathways to the right mainly in the gonads and the
prostate. Preg = pregnenolone, Prog = progesterone, DHA = dehydroepiandrosterone, Ae-dione = androstenedione, Ae-17a-diol = Androstene-17a-diol,
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doping tests.As described below, genetic variation in other
steroid metabolizing enzymes may also influence the dis-
position of testosterone and other AAS.The relative contri-
bution of the enzymes to the variation in metabolism and
excretion is important to investigate in order to discrimi-
nate between the natural and a doping induced urinary
excretion profile in the interpretation of results of doping
tests.

Exogenous androgens
There are a large number of chemical substances with
androgenic characteristics and abuse potential. These
include legal drugs and illegal chemical entities available
as pure compounds or constituents in dietary products.
New illicit chemical entities with androgenic effects are
also produced challenging the development of analytical
methods to detect them. The best matrix to analyze is
serum and urine since the results generally reflect current
or recent abuse of the agents. Analysis of hair may also
serve as a complement. However, the presence of AAS in
hair reflects past misuse of these agents [13, 14], the loca-
tion in the hair being dependent on time of misuse.

WADA releases annual lists of substances that are pro-
hibited in sports. The list contains agents forbidden at all
time, i.e. in and out of competition as well as agents forbid-
den in competition only (Table 1) (http://www.wada-

ama.org). The agents are classified according to their
mechanism of action, in most cases psychopharmacologi-
cal or endocrine. In addition, the diuretic drugs are listed
because they may mask the detection of certain doping
agents.

When medically justified, the sportsman and sports-
woman may get a therapeutic use exemption which allows
the doctor to prescribe listed drugs for a named and
approved medical indication.The purpose of the WADA list
is to communicate the names of drugs known, or sus-
pected, to improve performance in sports. This policy of
WADA has been formulated in WADA code chapter 3.4,
where criteria for including substances and methods are
given (http://www.wada-ama.org). Drugs that are used to
counteract the side effects of doping agents are also for-
bidden and therefore included in the list. Such drugs
include oestrogen receptor antagonists that antagonize
the oestrogenic side-effects of AAS. Drugs aimed at con-
cealing the doping agents are also prohibited, e.g. if they
interfere with the analytical method used in the doping
test. There are also a number of prohibited practices in
sports that are forbidden. Such manipulative procedures
include blood doping (blood transfusion, use of recombi-
nant erythropoietin, etc), gene doping and manipulation
of the doping control samples collected. All these proce-
dures are aimed to improve aerobic performance by
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Uridine diphospho glucuronosyl transferase (UGT) enzymes in androgen glucuronidation. UGT2B preference for different substrates is indicated by arrows
at the glucuronidation site. Small letters in the enzyme names indicate less quantitative importance. An asterisk indicates effect on androgen disposition by
a polymorphism in the enzyme gene
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increasing oxygen flow to the muscles and other periph-
eral tissues.

However, the abuse of AAS and other agents aimed at
changing the physical appearance to the muscular type,
enhancing physical performance and reinforcing ‘the self’
is much larger in society than it is in elite sports.Much of the
abuse of AAS takes place in the gym environment. For
obvious reasons we know only little about the difference in
the spectrum of abused substances between these groups.

We have a fair view of the substance array that is pre-
ferred among abusers in society from the calls to our Anti-
Doping Hotline at the department. Table 2 shows the
distribution of substances alleged to be abused by the
callers [3, 10]. The statistics are based on calls made
between 1996 and 2006. When the first 5 years were com-
pared with the last 5 years we noticed an increased inter-
est, as assessed by the questions, in nandrolone, and an
equally large decrease in the interest in methandienone.
All other substances were equal in this respect. It is to be
noted that the abuse pattern in society is mimicking the
abuse pattern in sports,where testosterone,stanozolol and
nandrolone are the top rated agents.

Androgen disposition and genetic
variation

Genetic variation in genes involved in the synthesis, break-
down and elimination of androgens may affect the bio-
availability of administrated AAS, and hence affect the
degree of anabolic and toxic effects of doping. Moreover,
genetic variation in the androgen receptor (AR) may
modulate the pharmacodynamic effects of AAS. As a cor-
ollary, several of these polymorphisms may change the

serum concentrations of AAS and excretion of AAS
metabolites in the urine. Therefore, genetic variations are
an important source of confounders in doping tests.
Several functional polymorphisms in these genes known
to alter the systemic ‘load’ and excretion rate of androgens
are discussed below in relation to doping and doping
control.

Metabolism – phase I enzymes
Aldo-keto reductases (AKR1C) Aldo-keto reductases are
divided into three families of which the AKR1C members

Table 1
Classes and subgroups of agents prohibited at all times (or at competition only*) according to the World Anti-Doping Agency

Substance group Features and effects Examples

Anabolic androgenic steroids (AAS) Anabolic effects Endogenous AAS
Exogenous AAS

Peptide hormones, growth factors and
related substances

Stimulate growth, erythropoiesis, steroid synthesis,
and metabolism

Erythropoietin, hCG, LH, insulins, corticotropin, GH, IGF1, etc

b2-adrenoceptor stimulants Bronchodilating effects
Hormone antagonists and modulators Conceal side effects of AAS Aromatase inhibitors, selective oestrogen receptor modulators (e.g.

tamoxifen), other anti-oestrogenic substances

Diuretics and other masking substances Pharmacological manipulation and masking effects Diuretics, epitestosterone, probenicid, 5a-reductase inhibitors
(finasteride, plasma expanders)

Stimulants* Promote psychological motivation and physical
performance

Amphetamine. cocaine, methamphetamine, strychnine, sibutramine,
methylphenidate, selegiline, ephedrine

Narcotic analgesic agents* May make the individual ‘euphoric’ Morphine, heroin, other opioids
Cannabinoids* May make the individual ‘euphoric’ Hashish, marijuana

Glucocorticoids (cortisone)*
Alcohol*†
b-adrenoceptor blockers*‡

Targeted sedation
Reduces pulse rate and trembling

*Prohibited in competition. †Forbidden in certain sports (racing). ‡Forbidden in shooting sports.

Table 2
Classes and subgroups of agents preferred by people in society calling
into the Swedish Anti-Doping Hotline between 1996 and 2006. Numbers
refer to reported abuse in % of all callers

Type of substance
Name and % of all
in group Also known as:

Anabolic androgenic
steroids

Testosterone (27)
Methanedienone (22)
Nandrolone (19)
Stanozolol (10)
Other substances (22)

Sustanone, Testoviron etc
Dianabol
Deca-Durabol
Winstrol

Other hormones
and receptor
active agents

hCG, tamoxifen (58)
GH, IGF1, insulin (42)

Other substances Ephedrine (24)
Clenbuterol (11)
g-OH-buturic acid (4)
Narcotics, unspecified (16)
Dietary supplements (17)
Creatine (11)
Alcohol (1)
Prescription drugs (16)
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AKR1C1, AKR1C2, AKR1C3, AKR1C4 and AKR1D1 have been
shown to play an important role in steroid metabolism as
reviewed by Bauman et al. [15].Genetic variations in AKR1C
genes may regulate the local concentration of steroid hor-
mones. AKR1C3 is involved in the formation and inactiva-
tion of testosterone and a Glu77Gly exchange has been
shown to be associated with testosterone serum concen-
tration [16].

Cytochromes P450 (CYPs) CYPs are the most important
phase I enzymes in drug metabolism, accounting for the
metabolism of more than 60% of all drugs. Several of the
members of the CYP superfamily are also important cata-
lysts in the metabolic network of steroids,e.g.CYP3A4 cata-
lyzing 4-hydroxylation of testosterone. There is a large
variation in the CYP3A4 activity between individuals,partly
explained by polymorphisms in the CYP3A4 gene and
partly by induction or inhibition by exogenous com-
pounds and drugs. These polymorphisms have not been
investigated in relation to testosterone concentrations in
vivo, but it is likely that the genetic make-up may deter-
mine the systemic concentration of testosterone.

CYP17 exerts 17a-hydroxylase activity as well as 17,20-
lyase activity, using pregnenolone and progesterone as
substrates. Moreover, CYP17 has been described as a puta-
tive enzyme involved in the synthesis of epitestosterone
[17]. A promoter polymorphism (T > C) has been shown to
correlate with the urinary epitestosterone concentrations
in healthy men thereby influencing the T : E ratio [18].
Many of the individuals with a natural T : E above 4 have a
low excretion of epitestosterone. There is further discus-
sion of the implications of CYP17 genetics for the T : E test
below.

CYP19, also known as aromatase, is involved in the for-
mation of oestrogen from testosterone. Abuse of high
doses of AAS is often accompanied by aromatase inhibi-
tors (or oestrogen receptor antagonists) in order to
prevent gynaecomastia. These drugs are included in the
WADA list of prohibited androgens and androgen modu-
lators (Table 1). Several polymorphisms in this gene have
been associated with altered serum concentrations of
testosterone and oestrogens [19, 20]. It is possible that
genetic variation in this gene may determine the risk for
AAS abusers to develop gynaecomastia, as well as other
side effects induced by the abuse.

Esterases Many AAS on the market are available as esters
in order to achieve a retarded release. These pro-drugs
need to be hydrolyzed prior to activation. Recently we
showed that PDE7B is involved in the hydrolysis of test-
osterone enanthate [21] and nandrolone decanoate
(unpublished results) with implications for the serum con-
centrations and bioavailability of testosterone enanthate.
It is conceivable that higher serum concentrations of test-
osterone convey an advantage in terms of strong andro-
genic influence on the organ receptors, thus being likely to

improve the physical achievements.The therapeutic impli-
cations of the genetic variation in esterase activity are
unclear at the present time, but the findings may have
relevance for many therapeutic drugs administered as
esters. Interestingly, genetic variation in PDE7B also affects
the T : E ratio [21] which is discussed in relation to doping
tests below.

Metabolism – phase II enzymes
Uridine glucuronosyl transferases (UGTs) UGT enzymes
are considered to be the main enzymes for inactivation
and quantitative metabolic elimination of steroid hor-
mones. UGT2B17 has been shown to be the main enzyme
in testosterone glucuronidation activity in vitro and in vivo
[22, 23]. A deletion polymorphism in this gene was identi-
fied and characterized [24]. We studied the deletion in a
large number of healthy individuals and demonstrated
that it was associated with low or negligible testosterone
excretion in urine in individuals devoid of the enzyme. We
were able to demonstrate a large variation in the gene
deletion both within, and between ethnic populations
with important consequences for the interpretation of the
T : E test [23].This polymorphism and its impact on doping
control is further discussed below.

An additional polymorphism was recently identified in
the UGT2B17 promoter region (-155G A) affecting the
systemic concentrations of 3a-androstanediol glucu-
ronide, a biomarker of testosterone doping [25]. There is a
large variation in urinary testosterone concentrations in
UGT2B17 carriers, and this SNP may contribute to the varia-
tion in excretion within each UGT2B17 deletion polymor-
phism mode.

A functional genetic variation in the UGT2B7 gene
(H268Y) has been shown to correlate with serum testoster-
one and DHT concentrations [26], indicating that UGT2B7
has some importance for the regulation of the circulatory
concentrations of bioactive sex steroids. UGT2B7 has been
identified as the main phase II enzyme involved in epites-
tosterone glucuronidation. However, the H268Y polymor-
phism did not affect the epitestosterone glucuronidation
activity in vitro or in vivo [18, 27].Whether other SNPs in the
UGT2B7 (or in other epitestosterone metabolizing enzyme
genes) could explain the inter-individual variation in epit-
estosterone excretion needs to be investigated.

A UGT2B15 polymorphism (D85Y) has been des-
cribed [28]. This polymorphism is strongly associated
with the serum concentration of 3a-androstanediol-17-
glucuronide in men [29]. The role of this SNP may be more
important in UGT2B17 del/del individuals since UGT2B15 is
supposed to substitute partly for the deficiency in test-
osterone glucuronidation activity in these individuals. We
have shown that UGT2B17 del/del subjects homozygous
for the D85 allele had significantly higher urinary con-
centrations of androsterone glucuronide and 3a-
androstanediol glucuronide than those with one or two
Y-alleles [18].

Androgens and doping tests
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Sulphotransferases (SULT) Even though glucuronides are
the main conjugated metabolites of androgens, many ste-
roids are also sulphated to different extent. For some ste-
roids such as DHEA, sulphation is the major metabolic
phase II pathway. As a matter of fact DHEA and DHEA sul-
phate are the most abundant androgen precursors in the
circulation. Genetic variation in SULT2A1 has been corre-
lated with the concentrations of DHEA-S. DHEA is a weak
androgen and its use is prohibited by WADA. However,
sulphated androgens are currently not determined in the
standard doping control programme.

Transporters Lately genetic polymorphisms in many
transporter proteins have been shown to affect the
outcome of drug treatment. The superfamily of organic
anion transporting polypeptides (OATP), encoded by
solute carrier organic anion transporter (SLCO) genes,
mediates the uptake of various endogenous compounds
including hormones. SLCO1B3 is involved in the uptake of
several hormones including testosterone and SLCO2B1
mediates the transport of steroid conjugates, such as
DHEA sulphate. Both these SLCOB genes are polymorphi-
cally expressed and have been shown to be functional, i.e.
there is a correlation with the capacity to transport hor-
mones [30]. Whether genetic variation in SLCOB genes
influences the concentration of exogenous androgens
remains to be studied.

Binding proteins and receptors
Steroid hormone binding globulin (SHBG) Testosterone
and DHT bind with high affinity to SHBG, thereby regulat-
ing the concentration of bioactive testosterone. Several
genetic polymorphisms have been characterized in the
human SHBG gene. The (TAAAA)n repeat polymorphism
located at a distance of ~700 bp from the transcription
start site has been associated with SHBG concentrations in
several populations [31, 32]. Moreover, a promoter A > G
polymorphism, located 8 bp from the transcription start
site, has also been associated with SHBG levels [33]. SHBG
polymorphisms are associated with serum concentration
of DHT and testosterone [34, 35]. Since genetic variation in
the SHBG gene affects both the binding (and thereby bio-
availability) and the urinary excretion of androgens, poly-
morphisms in SHBG may modulate both the effects of
steroid doping and the analysis of illicit AAS. However this
remains to be further elucidated.

Androgen receptor (AR) The androgen receptor (AR) is
expressed in many tissues and is activated through
binding of testosterone and DHT. Activation of AR interacts
with a broad variety of physiological processes and has
important physiological effects on bone density, skeletal
muscle growth, prostate growth and the mood. Therefore
it is likely that genetic variation in AR may correlate with
both anabolic effects and adverse side effects of androgen
abuse. It has been speculated that these polymorphisms

may affect the sensitivity to adverse psychic reactions such
as aggression. Several polymorphisms have been
described in the AR affecting the receptor affinity. In par-
ticular, a trinucleotide repeat (CAG) has been extensively
studied and associated with disease risks, total fat free
mass in men and acne, a common side effect of AAS abuse
[36]. In addition to their binding to AR, the testosterone
metabolite 3a-androstanediol can bind to GABAA recep-
tors, known to have an important role in the mediation of
aggression [37] and it is possible that genetic variation in
this receptor gene may predispose for inter-individual
variation observed in behavioural side effects.

Doping tests and genetic
confounders

So far, as described above, we know of only genetic varia-
tions in three enzyme (UGT2B17, CYP17 and PDE7B) genes
with a substantial influence on the T : E ratio. Below follows
an in-depth analysis of the implications of genetic poly-
morphisms for the tests and the interpretation of the test
results.

UGT2B17
The conventional testosterone doping test includes mea-
surement of the T : E ratio in urine. The old threshold for
suspected testosterone doping was lowered from 6 to 4 in
2004 (http://www.wada-ama.org) because there were
occasional reports about individuals with very low natural
basal T : E values. Even so, a number of subjects turned out
to test falsely negative [38, 39]. As expected the new lower
threshold level also captures a larger number of false posi-
tive subjects requiring further analysis (see below).

Given this situation we were interested in the normal
variation of testosterone excretion, both within, and
between ethnic groups. The major part of testosterone is
excreted as the glucuronide and we found a 100- or more
fold variation in excretion rate, both in a Caucasian and an
Asian study group [23]. Unraveling this variation in test-
osterone glucuronide excretion yielded the first insight
into the profound genetic influence on the T : E ratio.There
was a conspicuous bipolarity in the excretion profile in
both Caucasians and Asians. Interestingly, a majority (75%)
of Asian subjects fell within the ‘low excretion’ group com-
pared with 9% among the Caucasians, and the widely
different distribution into the two modes indicated
a monogenic background of the excretion pattern
(Figure 3). Indeed, a monogenic background of the excre-
tion pattern was confirmed when we investigated at that
time the newly described deletion polymorphism in the
uridine glucuronosyl transferase 2B17 gene (UGT2B17)
which encodes the major UGT enzyme catalyzing the glu-
curonidation of testosterone. There was a near complete
concordance between genotype and phenotype [23] in
that all subjects devoid of the enzyme (del/del) had

A. Rane & L. Ekström
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minimal or negligible excretion of testosterone and some
of its metabolites, in contrast to subjects with the ins/del or
ins/ins genotypes.

The conspicuous intra- and interethnic differences in
testosterone excretion gave cause for concern about how
to interpret the classical urinary T : E screening test as an
indicator of exogenous administration of the hormone.
First, how would the 100-fold difference in urinary excre-
tion of testosterone between the Caucasian and the Asian
groups affect the basal T : E ratio? We assumed, and were
able to confirm that the degree of variation in T : E ratio
would be similar, as the excretion of epitestosterone which
is given in the denominator, was not affected by the
UGT2B17 deletion polymorphism. Figure 4 depicts the
basal excretion rates of testosterone and epitestosterone
glucuronides, and the resulting T : E ratio in different
genetic panels of UGT2B17.Second, how would individuals
with the different genotypes respond to doping with tes-
tosterone? In order to answer this question we challenged
healthy male volunteers with 500 mg testosterone enan-

thate and found interesting and worrying results in respect
of the possibilities to interpret T : E test results without
genetic information about relevant enzymes [39]. In this
work, albeit the number was small, we found that about
15% of the ins/ins individuals already showed T : E ratios
above 4 prior to the challenge, and 40% of the del/del
subjects never reached the threshold of 4 on the days
when the T : E ratio is peaking.This problem would be size-
able in populations with a large number of individuals with
the UGT2B17 gene deletion. Given this situation some 11
or 31% of Caucasians and Asians, respectively, will test
either falsely positive or falsely negative in the current T : E
analysis under the experimental conditions described
(Table 3).

When a dual gene based cut-off level was applied the
sensitivity was considerably improved. Thus, if the cut-off
level for the del/del subjects was set to 1 and to 6 for the
other genotypes, the T : E test sensitivity increased from 59
and 29% to 100% on days 6 and 11, respectively after chal-
lenge with 500 mg testosterone enanthate. The corre-
sponding increase for day 2 was from 6 to 53%.

However, the T : E test, as well as the analysis of several
other endogenous steroids and luteinizing hormone (LH),
is only a screening test prior to further analysis of the
13C : 12C isotope ratio by isotope ratio mass spectrometry
(IRMS) (Technical Document 2004EAAS WADA). This analy-
sis is expensive but it discriminates exogenous from
endogenous compounds in that the former contain less
13C than the latter. The future strategy to avoid this proce-
dure is to make a prospective longitudinal study in the
individual. This approach is based on the fact that
the population-based T : E ratio varies much more than the
individual endogenous ratio. The future test programme
for testosterone will adopt a Bayesian inference technique
for analysis of consecutive T : E samples in the individual
[40], as has been applied in the detection of blood doping
with the ‘blood pass’ [41]. The indivudual cut-off limit
adapts itself as a function of previous test results. Thus, we
have shown that such a programme returned lower indi-
vidual cut-off ratios in each del/del subject as compared
with the population based cut-off ratio The combination of
urine T : E analysis, Bayesian interpretation and genetic
information was better than each of the approaches alone
and markedly improved the sensitivity of the doping test
[42].

CYP17
Even though 66% of the variation in T : E ratio may be
ascribed to the UGT2B17 polymorphism, other genetic
variation clearly influences this ratio, e.g. the CYP17
enzyme. This enzyme is rate limiting in the synthesis of
androgens and the gene harbours a T > C (A1>A2) pro-
moter polymorphism. We found that the T > C polymor-
phism was associated with the urinary glucuronide
concentrations of epitestosterone [18]. The epitestoster-
one concentrations in the urine were 1.6 times higher in
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gated) excretion in urine in a group of Swedish (A) and Korean (B) healthy
male volunteers. Excretion expressed as ng mmol–1 creatinine
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subjects carrying one or two mutant alleles (A1/A2 or
A2 A-1/2) compared with individuals homozygous for the
A1 allele. As a corollary the T : E ratio was 64% higher in
A1/A1 homozygotes. The CYP17 promoter polymorphism
may partly explain high natural T : E ratios (>4) that are
seen in some individuals.Therefore, it is important to study
further this genetic variation in a larger population and
particularly in subjects with naturally high T : E ratios in
order to establish the impact of this polymorphism in the
CYP17 gene.

Phosphodiesterase 7B (PDE7B)
Widely different serum testosterone concentrations were
observed in healthy volunteers challenged with a single
dose of 500 mg testosterone enanthate [21]. The serum
concentration profiles aggregated into either a ‘high-rise’
or a ‘low-rise’ group irrespective of the UGT2B17 genotype
and the urinary testosterone excretion which, as expected,
varied extensively in these subjects.

The rise in serum concentration of testosterone and
several testosterone metabolites, of which some are active,
was found to be associated with a polymorphism in the

PDE7B gene in a genome wide association study. An intron
1 G > A polymorphism resulted in a 2.5- and a 3.9-fold
increase in testosterone serum concentration in homozy-
gous G allele carriers and in carriers of one or two A alleles,
respectively [21].

Individuals homozygous for a G-allele with lower
serum concentrations of testosterone also had lower T : E
ratios than carriers of the PDE7B A-allele for the first 5
days after the testosterone enanthate dose, irrespective
of the UGT2B17 genotype. However, on days 13 and 15
this relation was reverted in individuals devoid of the
enzyme. The reason for this complex excretion pattern is
unclear.

Multi-gene influence on the T : E ratio When all the
enzymes of importance for the disposition of testosterone
are considered the situation becomes more complex. The
effect of various genes on the increase in T : E ratio after a
challenge with testosterone is depicted in Figure 5. The
T : E ratio was measured daily for 15 days and the baseline
value was deducted from the average of the measured
values. Interesting conclusions emerge from the findings.
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Relation between the UGT2B17 genotype and the urinary excretion of testosterone (A), epitestosterone (B) and the testosterone : epitestosterone (T : E) ratio
(C) in Swedish and Korean healthy subjects from Jakobsson et al. [23] and Schulze et al. [18]. The number of indivuduals were 65 del/del, 75 ins/del, and 63
ins/ins where del/del represents subjects devoid of the enzyme

Table 3
Predicted rate of false negatives and false positives using the T : E ratio without genetic information

Ethnic group
UGT2B17 genotype
false negatives

UGT2B17 genotype
false positives

Sum of false positives
and false negatives

Caucasians 3.7% 7.7% 11.4%
Asians 27% 4.2% 31.2%
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First, the figure shows that UGT2B17 has a marked effect
on the increase of the T : E ratio with a gene dose effect
irrespective of the other genotypes. Second, PDE7B genet-
ics have an impact on the rise of the ratio,particularly in the
UGT2B17 ins/del and del/del groups except in the CYP17
wt/wt–UGT2B17 ins/ins haplotypes.

Third, CYP17 genetics have less influence on the T : E
values.The mutant A2 (C) variant is related to an increased
excretion of epitestosterone thereby decreasing the ratio.
We did, however, not observe any consistent difference in
the T : E ratio between the CYP17 genotype panels, prob-
ably because the genetic influence on the epitestosterone
excretion is marginal compared with the effect of test-
osterone administration on the T : E ratio. Moreover, the
numbers may be too small to demonstrate an effect on the
T : E ratio. It is likely that this CYP17 polymorphism plays a
more pronounced role in populations with high T : E-ratios
[18].

How does the composite effect of the genes affect the T : E
ratio over time? We studied the T : E ratio for 15 days in a
UGT2B17 del/del panel with two different genotype com-
binations of PDE7B (Figure 6). As stated above it was not
possible to discern any effect on the T : E ratio of CYP17
genetic variation in this experimental setting.

The figure shows that the UGT2B17 del/del individuals
with the A allele reached the cut-off level earlier than car-
riers of the G allele. All carriers of the PDE7B A allele

(Figure 6A) reached the cutoff level of 4 in contrast to
subjects homozygous for the G allele (Figure 6B). It is to
be noted that the profiles vary a lot in respect of time
reaching, leaving or remaining in the area above the cut-
off line.

As a corollary, a single sample at random time gives a
limited possibility to detect true doping, particularly in
individuals with the UGT2B17 del/del and PDE7B GG allelic
combination. In addition, the doping habits include a large
variety of doses and dosing schedules. These increases
further emphasize the difficulties in pin-pointing the best
time for detection. The situation for other UGT2B17 geno-
types is different in that they have an extensive urinary
excretion of testosterone well above the threshold (data
not shown).

How frequent is the problem with low sensitivity of the
T : E doping test? Assuming an allele frequency of 44% for
the mutant CYP17 A2 (C) allele in Caucasians [18, 43, 44]
the proportion of the population harbouring one or two
A2 alleles is 0.69. For the PDE7B gene, the proportion har-
bouring at least one A allele that promotes a higher bio-
availability of testosterone enanthate would be 0.64 [21].
The UGT2B17 del/del, ins/del and ins/ins genotype frequen-
cies are 0.09, 0.39 and 0.51 in Caucasians whereas the cor-
responding proportions in Koreans are 0.67, 0.23 and 0.10
[23].With these numbers the distribution of the gene com-
binations in a Caucasian and an Asian population sample
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are very different. This is depicted in Figures 7A and B in
which the blue bars in the front line represent the
UGT2B17 del/del genotype in various combinations with
the other genes. Thus, the blue bars represent the fraction
of the two populations with the least, sometimes minimal,
effect on the T : E ratio after challenge with one dose of
testosterone enanthate. It is conceivable that the sensitiv-
ity of the T : E screening test is unsatisfactory in detecting
intake of testosterone in populations with high prevalence
of the UGT2B17 del allele.

Conclusion

In summary, large genetic variation in the disposition and
effects of anabolic androgenic steroids is a reality that
must be considered in the doping control strategy in
sports as well as in society. Polymorphisms in three crucial
enzyme genes have hitherto been shown to have an
impact on the disposition of testosterone and the T : E
ratio. Further genetic confounders in other genes cannot
be excluded at present time. False negative and false

positive results with the current principles for interpreta-
tion of the T : E screening test as described will lead to
unnecessary and expensive follow-up analyses of
many samples. However, when combining the urinary
measurement of T : E ratio with allelic determinations in
relevant genes and a Bayesian interpretation of the test
results, the sensitivity and specificity is considerably
improved.

The large variation between individuals in the abuse
pattern, androgen doses, androgen genetics and last dose
to sample time will further increase the risk to miss detec-
tion of true doping in sports and in the society.
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