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Preface

Although the definition of doping has been modified over the years, its meaning
may be pharmacologically understood as attempts to enhance performance (mainly
strength and endurance) in sport by illegal administration of pharmaceuticals or
application of prohibited methods (e.g. blood transfusions). Regardless of its
individual motivation (e.g. unbounded ambitions, collective chauvinism or exces-
sive financial interest), the doping phenomenon has been increasing in relevance for
many years. However, any attempt to describe it from a scientific perspective faces
the problem that systematic pharmacological principles are less important than the
possible uncovering of its administration in doping control analyses.

Over time, we have seen that some of the early and most potent stimulating
agents (e.g. amphetamine) have almost disappeared because relevant dosages are
easily detected in doping controls. Instead, alternative and less efficient drugs (e.g.
caffeine, modafinil) were used until they appeared on the relevant lists of prohibited
substances. In some cases, even untested and unapproved drugs (bromantane,
carphedone) were administered to circumvent positive doping controls.

Similarly, the ‘progress’ of doping with anabolic compounds was pharmacolo-
gically characterised by a loss of efficacy, which is notably paralleled by perfor-
mance deterioration in highly ‘doping susceptible’ disciplines (compare world
records in shot put). Originally, both injectable and orally administered steroids
with high myotrophic potential (stanozolol, nandrolone, metandienone) were
abused, resulting in significant gain in muscle mass and performance. Their
replacement by lower levels of endogenous steroids could still combine reasonable
effects with a moderate risk of discovery. Following further analytical improve-
ments to differentiate endogenous and synthetic steroids (carbon isotope mass
spectrometry), the application of mimetics and prohormones became popular.
The latter (e.g. androstenedione) were temporarily legally available as ‘nutrition
supplements’ and were thus abused in large amounts, although the significance of
intended pharmacological effects was not proven. The BALCO affair (Bay Area
Laboratory Co-operative), an intentional systematic development of new pharma-
ceutical analogues of anabolic steroids (tetrahydrogestrinone, THG) for doping
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purposes, was certainly intriguing but due to the great effort required and the high
risks involved it probably does not represent a general tendency.

Relevant detection time windows differ significantly and have to be seen in
relation to the duration of possible performance-enhancing effects. Application of
amphetamines, for instance, to stimulate sympathetic and central nervous systems
is associated with high therapeutic substance concentrations during the perfor-
mance and can be easily identified “in-competition”. In contrast, effects of anabolic
substances or enhancement of oxygen transport capacity may last longer than the
presence of the respective doping agents in the body. Unannounced out-of-compe-
tition tests were therefore introduced to specifically search for anabolic substances.

Analytically, the detectability in urine, the main specimen in doping control, and
the corresponding detection time windows of relevant compounds are mainly
governed by their pharmacokinetics. Detailed knowledge of the biotransformation
and excretion kinetics of prohibited compounds is therefore essential in doping
control. Quite often, pharmacologically irrelevant terminal metabolites are exam-
ined in great detail to enable a long-term detection of steroid abuse.

Recent advances in the development of doping strategies are not restricted to the
development of new compounds. Forms of administration are also optimised to
avoid the detection of administered substances. Anabolic steroids which were
classically administered by intramuscular injection of their esters or taken orally
became available as sublingual or buccal tablets and in particular as transdermal
gels, enabling an efficient application of low dosages with good bioavailability and
moderate detection windows.

Some new developments occurred in the 1990s when cheaper and safer recom-
binant peptide hormones became available. Erythropoietin (EPO), growth hormone
(hGH) and insulin-like growth factor (IGF-1) pose outstanding analytical chal-
lenges because of their potentially endogenous nature and their pulsatile
biosynthesis. Quantitative analyses are not eligible as proof of administration, and
alternative procedures to differentiate the complexity of isoforms (hGH) or glyco-
sylation (EPO) became necessary.

This development from classic — yet highly potent — compounds to new replace-
ment strategies reflects a major challenge in doping control: old compounds and
methods are still state-of-the-art and their control needs to be maintained while new
analytical procedures must be permanently included. The time lapse between the
clinical trials of a new drug with a misuse potential and the introduction of the drug
might be used to develop a possible detection strategy. Detection methods for
specific androgen receptor modulators (SARMs) have already been developed
and the substances are included on the prohibited list even before any preparation
is registered.

In addition to potentially performance-enhancing substances, masking agents
have been prohibited because compounds influencing their analytical detectability
were used. A fascinating facet of the BALCO affair was the documented production
of “the cream”, a transdermal testosterone preparation with an in-built fraction of
the masking agent epitestosterone to prevent an adverse analytical finding.
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Recently, genetic aspects and techniques have gained importance in doping
analysis, for instance to understand inter-individual variations (pharmacogenomics
of testosterone glucuronidation) or as a diagnostic tool (reporter gene biomarkers).
Moreover, the possible abuse of developments in gene therapeutic treatment has
revealed a new potential for manipulation (gene doping). The first attempts to detect
this are in progress.

The development of doping analysis in human sports has been closely related to
the abuse and detection of illegal compounds in animal sports (particularly horse
racing), while aspects like the availability of substances, species-related biochemi-
cal particularities and specific regulation of the acceptance of medications define
their speciality. Similarly, the application of inappropriate dosages of anabolic
compounds in bodybuilding and their illegal use in food-producing animals are
not fully comparable to situations in sport, but permit useful insights into biotrans-
formation, pathobiochemistry and the appearance of side effects and attempts to
treat them.

Finally, doping cannot be properly understood without some knowledge of its
legal implications. The abuse of certain compounds is restricted by a trade-off
between potential gain (honour, social, money) and risk (costs, sanctions or legal
penalties). The classification of potentially harmful doping agents as scheduled
compounds, their control and limitation of their availability are therefore also as
important as analytical means.

A comprehensive overview of the health risks of doping practices and their side
effects would exceed the scope of this volume. However, we chose to include some
aspects which have not yet been covered extensively in the literature: the side
effects of anabolic-androgenic steroids from a forensic point of view and the risks
of steroid abuse observed from a cardiologist’s standpoint.

As early as 1980, the International Association of Athletics Federations (IAAF)
initiated an accreditation programme for doping control laboratories, which was
later taken over by the International Olympic Committee (IOC) and the World
Anti-Doping Agency (WADA). Major concepts of quality assessment in analytical
chemistry (e.g. identification criteria in mass spectrometry) originated in this
process. The anchoring of quality control in the concepts of the International
Organization for Standardization (ISO) provides the documentation of adequate
competence. The fact that analytical results are periodically the subject of public
contention reflects the high awareness of doping and strong financial interests rather
than scientific insufficiencies.

Kreischa, Germany Detlef Thieme
Olso, Norway Peter Hemmersbach
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1 The Expression ‘“Doping”

Although attempts to enhance athletic performance are probably much older, the
word “doping” was first mentioned in 1889 in an English dictionary. It described
originally a mixed remedy containing opium, which was used to “dope” horses.
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2 R.K. Miiller

“Dope” was a spirit prepared from the residues of grapes, which Zulu warriors
used as a “stimulant” at fights and religious procedures and which also reportedly
was called “doop” in Afrikaans or Dutch.

Later, the meaning of “dope” was extended in a broader sense to other beverages
with stimulating properties. The expression was introduced into English Turf Sport
about 1900 for illegal drugging of racehorses.

2 Early Attempts of Doping

According to reports of Philostratos and Galen, various remedies were used to
enhance athletic performance as early as the end of the third century Bc (Burstin
1963). Chinese physicians recommended the use of Ma Huang (an extract from
the plant Ephedra) to increase performance over 5,000 years ago, when this drug
was usually used to suppress coughing and to stimulate circulation (Abourashed
et al. 2003).

The Indian physician Sutruta recommended the eating of testicles to enforce
virility around 300 B.c., and the Huns consumed testicles before battles — obvi-
ously with the same aim (Chinery 1983). Hallucinogenic mushrooms were taken
in the third century BC to enhance performance during Olympic competitions,
which were held between 776 Bc and 393 ap (Burstin 1963; Prokop 1970, 1972;
Hanley 1983).

Critically considered, the materials available at that time may probably be
categorized between nutrients or nutritional supplements (like eggs, meat,
blood) and real “drug-like” substances with objectively expected activity
(like bull testicles, or alcoholic beverages with their nevertheless two-edged
effect on performance).

This antique “doping” was strictly prohibited by the rules of the classic
Olympic Games, just as today. The sanctions were however much more severe
in the old Greek Olympics as well as in horse doping: Prokop (2002) mentions
that even death penalties were given. When Emperor Theodosius abolished
the ancient Games in the year 395 ap, the reasons he gave were that they had
become “a hotbed of cheating, affronts to human dignity and doping” (Dirix and
Sturbois 1998).

3 Doping and its Emerging Prohibition

While there are some reports about doping — including related attempts and their
prohibition — we do not yet have any knowledge about their role in a large gap of
time from the Greek Olympics through the Middle Ages to our modern times.
The use of the strong stimulant cocaine (coca leaves) in parallel to caffeine
(coffee, guarana, cola nuts and mate tea) is reported from Latin America. Incas
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were reportedly able to run the distance from Cuzco to Quito (1750 km) in 5 days
under the influence of those stimulants — almost incredible even with cocaine
(Wadler and Hainline 1989).

Later, strychnine, caffeine, cocaine and alcohol were often used by cyclists and
other endurance athletes in single as well as combined administrations. Among
the preparations promising to provide power was “Mariani wine”, first produced
and patented 1863 by Angelo Mariani, and made from Bordeaux wine and coca
extracts. Among high-ranking consumers (e.g. Thomas Edison, Henrik Ibsen,
Jules Verne), Pope Leo XIII conferred a gold medal on Vin Mariani. This
beverage became later forbidden under the “Opium” (or Narcotics) Law in
Germany in 1920 (Eckart 2003).

Increasing use of mineral drugs/poisons such as arsenic, and developing knowledge
about vegetable drugs, might have led to their use for this “paramedical” purpose
also. The purification, definition and structural elucidation of alkaloids and other
active ingredients of plants, overlapping with the first synthetic organic pharma-
ceuticals, were the final preconditions for the beginning of the “modern era” of
doping in the nineteenth century.

Numerous individual doping cases were reported between the late nineteenth
and the second half of the twentieth century, when official testing of human athletes
was initiated. In parallel, the first definitions and regulations against doping in sport
appeared. The International Athletic Federation (IAAF) was the first to ban the
use of stimulating substances in sport, but this remained inefficient until testing
possibilities were available.

Although certainly less important, the opposite of normal doping has also
played some role in history: “doping to lose” or “negative doping” — attempts
to impede the performance of athletes, as well as horses (initially called “anti-
doping”) or other competing animals, by clandestine administration of
sedatives etc.

Contemporary allegations to explain adverse analytical findings in urine samples
as consequences of the introduction of doping agents by others can be considered
as an extrapolation of these early attempts at sabotage.

A series of cases are reported by Ludwig Prokop (Prokop 1957, 1970,
1972, 2002), although in general briefly and not always with original sources.
Following his documentation, the first doping case was detected at a British
Channel swimming event in 1865 (Pini 1964). The death of the cyclist Linton
in the Paris—Bordeaux race was correlated to an overdose of caffeine. (This
might have possibly been a simplification with regard to the very low toxicity
of caffeine.)

Six-day cycling races (established in 1879) and professional boxing as well
as horse and dog racing obviously fostered the increase of doping attempts
with alcohol, cocaine, caffeine, heroin, nitroglycerol and strychnine. The mar-
athon winner at the St. Louis Olympics in 1904, Thomas Hicks, received —
besides the consumption of raw eggs and brandy — injections of strychnine
during the run.
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Various mixtures were tried to increase the stimulation of these substances.
Such as:

— Alcohol, caffeine and nitroglycerol,
— Cocaine and heroin,
— Alcohol and cocaine

(Dorando Pietri, London 1908).

In 1908 Belgian football teams tried to enhance performance by breathing pure
oxygen, but they obviously abandoned this attempt soon.

It is hard to envisage how these first cases might have been discovered — by
direct observation, by confession or otherwise.

The first application of chemical analysis in connection with a series of unex-
pected results in horse racing occurred in Austria at the beginning of the twentieth
century. Ludwig Prokop reports that the Austrian Jockey Club — following suspi-
cious events during horse races — invited the Russian chemist Bukowski to come
from St. Petersburg to Vienna. He was able to detect alkaloids in the horse saliva.
While Bukowski kept his method secret, Professor Siegmund Frenkel elaborated
his own method at Vienna University. In 1910/1911, 218 analyses were performed,
leading to several sanctions being imposed on the coaches after positive findings
in the horse saliva samples.

While restrictions for the use of pharmaceuticals in sports have reportedly been
introduced since 1920, and the IAAF prohibited doping (use of stimulating agents)
in 1928, official testing of humans was not yet performed. Therefore, the restric-
tions remained ineffective due to the lack of testing possibilities.

In 1966 the international federations UCI (cycling) and FIFA (football) intro-
duced doping tests in their World Championships. The International Olympic
Committee (IOC) instituted its own Medical Commission and set up its first List
of Prohibited Substances in 1967. It introduced the first tests at the Summer
Olympic Games in 1968 in Mexico.

The tests performed during competitions proved to be ineffective in controlling
long-acting agents such as anabolic agents due to the possibility of withdrawing
them prior to competitions, while the performance enhancement lasted long
enough after the excretion of the agent itself. This led to the conclusion that sample
collections were also necessary outside the competition. Despite some resistance
they were introduced and now form the backbone of doping control.

The spectacular stanozolol misuse of the runner Ben Johnson at the 1988
Summer Olympic Games in Seoul caused a shock among the sports community
and led to an increased readiness to support effective doping control measures.
In parallel, the number of potential doping agents began to increase continuously
with the development of synthetic organic drugs, which still continues.

Nevertheless — and notwithstanding the overwhelming number of pharmaceuticals
on the worldwide market — the development of new pharmacological agents has been
slowed down considerably by the very strict requirements of toxicological testing
prior to registration. Because the agents under development are known about much
earlier than their final registration and introduction to the market, this contradicts the
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popular assumption in the media that doping control and analysis would always
remain far behind the progress of doping strategies.

3.1 Stimulants

Early doping agents were mainly stimulants (cocaine, caffeine, strychnine, etc.).
The introduction of synthetic phenylethylamine derivatives (mainly amphetamine
[Benzedrine] and methamphetamine [Pervitin]) as strong-acting stimulants led to
their increased use in sports (as well as in the military for improved vigilance).
Amphetamines and analeptics (central, respiratory, and psychotonic) as well as
several alkaloids (e.g. ephedrine, strychnine), narcotics and some hormones there-
fore became prohibited as the first classes of doping agents.

Following L. Prokop (2002), cases of misuse of amphetamines occurred first
between 1950 and 1970. Amphetamine was first synthesised in 1887 (Edeleanu
1887) simultaneously with the isolation of ephedrine. Gordon Alles synthesised
it again in 1927 in Los Angeles while searching for derivatives of ephedrine, and
coined the term amphetamine. Since 1932, Smith, Kline and French sold inhalation
remedies containing amphetamine, called “Benzedrine”, and after 1936 also Ben-
zedrine tablets. Amphetamines were reportedly used for the treatment of child
hyperactivity and as stimulants during the Second World War.

In a cycling competition in 1955, five samples out of 25 tested positive for
amphetamine (Venerando 1963). In 1956, a cyclist needed psychiatric treatment
after amphetamine misuse. During several high-level cycling competitions
(e.g. World Amateur Championship, Professional Cycling World Championship
Ziirich, Austria Tour) numerous cyclists (e.g. from Austria, The Netherlands, and
Poland) tested positive and had to be sanctioned. It was reported that several
athletes carried amphetamines in their clothing.

As a psychological aspect of doping and its motivation, placebo doping effects
were objectively shown by Ludwig Prokop as early as 1957: he included more than
100 athletes and control persons in a study and showed significant psychological
and physiological effects after the administration of placebo remedies.

3.2 Anabolic Agents

Anabolic steroids came into use in sports first as agents supporting recovery after
massive stress and exhaustion. They were developed after the isolation and struc-
tural elucidation of the mother compound testosterone, the principal male sexual
hormone, in the 1930s. Testosterone was first isolated as a crystallised pure
substance by E. Lacqueur and coworkers in 1935 (Freeman et al. 2001).
A. Butenandt elucidated the structure. His chemical synthesis, published almost
simultaneously with that of L. Ruzicka and A. Weltstein, was honoured by the
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Nobel Prize in 1939. Soon after, numerous synthetic derivatives were synthesised
and used as pharmaceuticals in parallel to the natural hormone.

The activity of a hormone governing (male) sexual functions had been revealed
much earlier, when A.A. Berthold linked testicular action to circulating blood
constituents. Interestingly, an experiment of C.-E. Brown-Sequard in Paris,
attempting to prove the activity of a testicle extract (dog, guinea pig) in 1889 was
considered ridiculous by his colleagues after his statement of a marked restoration
of his feeling of wellbeing and vigour. This led to him and his successors abandon-
ing research for several decades, until it was initiated anew in 1927 in Chicago by
the group of F.C. Koch.

Among the various actions and side effects of anabolic steroids, their poten-
tial for enhancing aggressive behaviour (still under discussion due to the diffi-
culty of gaining objective proof of causality; Miiller and Miiller-Platz 2001) has
gained importance less in sport than in forensic aspects — having been claimed
as an explanation and excuse of violent behaviour and violent crimes. Testo-
sterone was given to soldiers during World War II to increase their aggression,
and Adolf Hitler used testosterone just after it had been synthesised (Spitzer
2005b).

The structural elucidation of testosterone was followed by the synthesis of
numerous derivatives as well as by the revelation of the complete “family”
of steroid hormones (precursors, metabolites and also antipodes of the main
androgenic hormone testosterone).

Soon after the 1950s, the class of anabolic androgenic steroid hormones became
the leading group in the statistics of doping cases and later also the leading group in
adverse analytical findings, after the methodology enabled laboratories to detect
them (see also Duchaine 1989; Fahey and Fritz 1991; US FDA 2008; Wright and
Cowart 1990; Yates and Wolff 1993; Fainaru and Williams 2003). Special
problems such as the need to distinguish exogenous intake of the endogenous
compounds from their normal, physiological presence in the body and in urine
led to the concept of the testosterone/epitestosterone ratio (7/E) of Manfred Donike
(Donike et al. 1983).

Clinical tests (e.g. ketoconazol administration, the “steroid profile”) and later
the application of isotope ratio mass spectrometry, IRMS (Ayotte 2009) have been
included as additional means to suspect, to detect or to prove the misuse of
testosterone and other — mainly endogenous — anabolic steroids.

When pursuing directed hints led to the detection of clenbuterol in 1992 (Beckett
1992; Maltin et al., 1987a, b), and to the suspicion of its obvious misuse as a
replacement for anabolic steroids, a definition problem became apparent. While the
examples for the agents belonging to the respective prohibited classes was followed
by the expression “. .. and related substances”, an argument arose over the meaning
of the term “related”. Clenbuterol — already known for its misuse in animal nutrition
for enhanced muscle growth — was undoubtedly an anabolic, but certainly no
steroid. Hence some experts suggested that clenbuterol — due to its side effect —
had to be considered as a prohibited agent, whereas others claimed that it was not
related due to its nonsteroidal chemical constitution.
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3.3 Fatalities with Presumptive Correlation to Doping

Lethal cases contributed to the growing public awareness of this problem, such as
the death of the Danish cyclist Knut Enemark Jensen in the Summer Olympic
Games in 1960 in Rome and of the British cyclist Tommy Simpson in1967 at
Mont Ventoux (Houlihan 1999) during the Tour de France (Blickensdorfer 1972).
Fatal cases in other sports at that time were also related to doping, e.g. the
weightlifter Billi Bello in 1963 (with heroin) and Dick Howard, a 400-m hurdler
in 1960.

But it has to be emphasised that such a correlation of sudden death in sport to
doping at that time was very probably a suspicion rather than a justified diagnosis
according to forensic standards. Even the detection of doping in an actual case or
beforehand cannot really prove that doping was the cause of death, and this can be
relevant even vice versa (Bux et al. 2008). An example of erroneous suspicion of
earlier doping occurred in the early 1990s after the sudden death of the American
athlete Florence Griffith-Joyner. The autopsy revealed a natural cause of death
(intracranial bleeding by rupture of an obviously connatal brain stem cavernoma).
Primarily, the media assumed her death was the lethal consequence of doping during
her active career. On the other hand, a natural cause of death does not necessarily
exclude any earlier use of doping agents. Only nowadays are such rare fatal cases of
death in active periods of high performance sport thoroughly investigated (Bux et al.
2008; Goldmann 1984; Kohler et al. 2008; Liiderwald et al. 2008; Raschka 2008).

When single urine analyses immediately pre or also post mortem provide no
unequivocal conclusions, hair analyses have provided very helpful additional
information about possible long-term doping (Sachs and Moller 1989; Sachs and
Kintz 2000; Liiderwald et al. 2008).

4 Development of General Anti-Doping Regulations

In 1928 the International Amateur Athletic Federation became the first International
Sport Federation to ban the use of stimulating substances (WADA 2009a). The IOC
claims to have contemplated doping problems at the Olympic Games since its IOC
Sessions in 1937/1938 in Warsaw and Cairo (Dirix and Sturbois 1998). It stated in
1938: “The practise of doping is to be condemned utterly, and any person accepting
or offering to supply dope should not be allowed to enter amateur meetings or the
Olympic Games.” Alerts were given by Drs. Ludwig Prokop and Albert Dirix in 1952
and 1956, “regarding obvious signs of the reckless use of medicinal substances, while
some athletes exhibited symptoms which were worrying to say the least”.

At the IOC Session in Athens in 1961, a Medical Commission was created, and
at the Session in Madrid in 1965 Prince Alexandre de Merode (Belgium) presented
a report on doping problems in the light of the Tokyo Games in 1964 (Dirix 1986).
This report can be considered as the starting point for the anti-doping efforts of the
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IOC and its Medical Commission. Beginning with the first anti-doping legislation
in France in 1963 and several international congresses, anti-doping laws and
regulations were issued in a series of countries and by International Federations
(IFs) in sport. Since then, UCI and FIFA introduced doping tests in 1966, and
several other international federations followed in subsequent years.

The first doping tests at the Olympics were taken during the Winter Games in
Grenoble and the Summer Games in Mexico in 1968, when the first disqualifica-
tions occurred. In parallel to the first regulations, anti-doping commissions were
established, e.g. France 1959; Austria 1962; Council of Europe and Italy 1963; IOC
(Medical Commission) 1961/1967.

The approach of the Mexico City Games brought the problem of doping into
particularly sharp focus and prompted further debate at top level within the IOC.
At the 66th Session of the IOC in Teheran from 6 to 9 May 1967, the problems
associated with drug testing, the list of products and the methods used for doping
and gender testing for the 1968 Games were expounded by the retiring chair of
the IOC Medical Commission, Sir Arthur Porritt. Prince Alexandre de Merode
(Belgium) was appointed Chairman of the IOC Medical Commission on May 9,
1967, and held the chairmanship until his death in 2003.

The Medical Commission of the IOC also elaborated scientifically based
requirements for doping analyses and for the qualification and equipment of
anti-doping laboratories, which only after IOC accreditation are exclusively
entitled to perform analyses for international competitions including the Olympic
Games.

On 3rd September 1968, from the Chateau de Vidy in Lausanne, IOC President
Avery Brundage issued in a press release a circular letter to all IFs, NOCs and
IOC Members on the IOC initiative towards an anti-doping campaign (Dirix and
Sturbois 1998). This document contained the following general statements about
the standpoint of the IOC towards doping:

... The use of dope has always been prohibited by Olympic Rules and by those of most
amateur sport organisations. .. .

... It was never intended that the IOC itself should take responsibility for testing seven
or eight thousand competitors . ..

... The International Olympic Committee has its rules, it has defined dope, and it should
see that provisions are made by the Organising Committee for testing. But the actual testing
is left in the hands of others. This is a responsibility that the IOC is not prepared to take.
The responsibility of the IOC is to have intelligent regulations to see that the adequate
facilities are provided, and that correct methods are used.”

Under the supervision of the IOC Medical Commission, doping tests were first
carried out during the Winter Olympic Games in Grenoble and during the Summer
Games in Mexico City in 1968. Most IFs introduced doping tests in the 1970s.
In 1986, the IOC inaugurated the International Olympic Charter against Doping
in Sport, and in 1989 the Anti-Doping Convention of the Council of Europe was
finalised. The Appendix summarises the historical period of changing doping
definitions and regulations up to that time (Council of Europe 1989; Dirix 1984,
1992, 1986; Todd and Todd 2001).
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5 Doping Analysis and Accreditation of Anti-Doping
Laboratories

Although the first attempts at detecting doping practices reach back for about a
century, the analytical possibilities with regard to sensitivity and certainty of results
remained rather restricted until the 1970s. While the first attempts had probably
started with test-tube chemistry, the recommendations for analyses during the 1972
Olympic Games in Munich comprised thin-layer chomatography and gas chroma-
tography (Beckett et al. 1967; Beckett and Cowan 1979; Clasing et al. 1974; IOC
1972; Donike and Kaiser 1971; Donike et al. 1974; Merode 1999; Hemmersbach
2008; Kim et al. 1999). Immunoassays had been used in some laboratories for pre-
testing (screening), but positive results were considered as preliminary and had to
be confirmed by chromatography (Brooks et al. 1975, 1979).

Quickly following the technical development of new analytical principles, mass
spectrometry (MS) and its combination with gas chromatography became the
standard instrumentation for the detection and quantitation of the majority of
doping agents. This principle and similar “hyphenated techniques” combine the
high separation power of a chromatographic technique with the very high informa-
tion capacity and sensitivity of the mass spectrometer (Catlin 1987, 1999; Donike
et al. 1974, 1976, 1983, in his booklet “Dopingkontrollen” 1978—1996; Hemmers-
bach and de la Torre 1996; Maurer 2006; Miiller et al. 2003; Pfleger et al. 2000;
Westwood et al. 1999).

GC-MS (the combination of gas chromatography with unit mass resolution
mass spectrometry) has been extended in its possibilities by the introduction of
high resolution mass spectrometry (HRMS), tandem mass spectrometry (MS-MS)
and isotope ratio mass spectrometry (IRMS) as well as by the combination of MS
with liquid chromatography (LC) instead of GC during the 1990s (Aguilera et al.
1996; Ayotte 2006; Becchi et al. 1994; Horning and Donike 1994; Horning et al.
1996; Mareck et al. 2008; Pozo et al. 2008; Shackleton et al. 1997; Thevis and
Schinzer 2005, 2007; Thevis et al. 2005; WADA 2008a, b, c, d.

The increasing complexity of the analyses and the growing importance of the
analytical results with regard to the consequences (sanctions) of doping offences
in the course of the establishment of strict regulations led to the adoption by the
TAAF at first of restrictive rules for analytical procedures and quality testing for
laboratories performing drug tests. The TAAF Council accepted the rules for
accreditation (as part of a continuous accreditation programme) in Dakar in April
1979. In 1981, a joint communiqué of the IAAF Medical Commission and the
I0C’s Sub-Commission for Doping and Biochemistry in Sport combined the
intention and initiative and accredited the first anti-doping laboratories worldwide:
Cologne (Germany), Kreischa (Germany/GDR), Leningrad (USSR), London (GB),
Magglingen (Switzerland) and Montreal (Canada). Up to 2008, the number of
accredited anti-doping laboratories (WADA 2008c), now accredited by WADA
according to the International Standard for Laboratories (WADA 2008b), and based
in addition on the International Standard ISO 17025, increased to 34.
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The challenges to the laboratories for the analysis of prohibited doping agents
and methods grew considerably during the 1990s due to the misuse of new
substances and methods, mainly peptide hormones like erythropoietin (EPO),
human growth hormone (hGH) and others. Most newer doping agents of lower
molecular size (below 1000 Da) can be included into the normal scheme of GC-MS
or LC-MS procedures without great difficulty, and have sometimes been detected
even if completely unused and more or less unknown, and have afterwards been
explicitly included in the Prohibited List, e.g. clenbuterol 1992 (Maltin et al.
1987a, b); bromantane 1994 (Badyshtov et al. 1995; Bumat et al. 1997; Grekhova
et al. 1995; Kudrin et al. 1995); carphedone or phenylpiracetam 1996 (Miiller et al.
1999; Kim et al. 1999); RSR13 (Breidbach and Catlin 2001); hydroxyethyl starch
(HES) (Thevis et al. 2000; Deventer et al. 2006); tetrahydrogestrinone (THG) 2004
(Catlin et al. 2004; Fainaru and Williams 2003; Jasuja et al. 2005).

For the peptide and glycoproteine hormones (with much larger molecules
between 10° and 10° Da and with many different chemical properties), immunoas-
says — partly combined with electrochemical separation — as well as an “indirect
approach” have been introduced. The direct approach identifies the hormone itself
(and has to distinguish the exogenous product from the physiological one), while
the indirect principle quantifies and evaluates parameters which are physiologically
correlated with the hormone (such as erythropoietin haemoglobin or hematocrit,
ferritin, soluble transferrin receptor, reticulocytes) (Catlin et al. 2002; Gore et al.
2003; Lasne 2001; Lasne and de Ceaurriz 2000; Lasne et al. 2002; Parisotto et al.
2000, 2001).

The question of whether blood sampling would either be desirable or would
become necessary for the detection of doping agents (and methods) in general or
in particular for peptide hormones was intensively discussed in the 1990s due to
the legal impact: blood sampling was partly considered legally unacceptable,
while a sample category whose sampling could be refused would remain ineffec-
tive in doping control (Donike et al. 1996). At present, blood sampling is becom-
ing more and more usual in connection with the storage of health tests and
individual “blood profiles” of athletes, and can be used if necessary in addition
to the traditional urine sample if the nature of agents (or methods) so requires. This
will very probably be necessary in connection with approaches to detect autolo-
gous blood doping, and perhaps also for other factors enhancing oxygen transport
capacities.

Hair as a potential sample material for doping detection has also caused
discussion: many doping agents are incorporated into growing hair and remain
stable for long periods, so that a longer individual history of the incorporation of
agents can be gained by hair analysis. The very sensitive hyphenated MS-techni-
ques permit detection even in a few milligrams of available hair material. On the
other hand, a single administration of low dose is hardly detectable (and with
some delay, due to the slow growth of the hair out of the follicle), so that a
negative hair analysis cannot exclude a unique doping offence, whereas it can
elucidate retrospectively a repeated consumption (Miiller and Thieme 2000; Sachs
and Kintz 2000).
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The inclusion of gene doping in the Prohibited List (since 2003) created a new
challenge for doping control and analysis (Miiller 2001). While methods for the
detection of genetic constitution and changes as well as methods for genetic
manipulation are already very far developed experimentally, their transfer into
medical treatment — and therefore also the possibility to misuse potentially
performance-enhancing manipulations in sport — is not yet practicable. In spite
of this, research projects on the elaboration of detection methods — whether
directed to the detection of genetic changes themselves or of the indirect markers
related to them — are under way. The results will decide whether the necessary
completely new techniques can be introduced in the laboratories accredited for
doping control, or how far cooperation with specialised (e.g. forensic DNA)
laboratories will be indicated.

6 Doping and the Cold War

Between about 1970 and 1990, sport in general and doping in sport undoubtedly
played their roles not only for the personal ambition of athletes, coaches, officials
and even some physicians, but also were misused for nationalism, for competition
among ideologies and political systems and as a welcome tool to balance other
national inferiorities. While in democratic states doping was applied individually
or organised by single teams, sport associations or institutions (partly made easier
due to the still weak or differing rules and insufficient control), in a series of mainly
Eastern European states doping was organised systematically by governments and
parties in their struggle for acknowledgement or recognition against the background
of their rather inferior economic and scientific performances. Although this was
characteristic for all satellite states of the Soviet Union, the German Democratic
Republic (East Germany) led this strategy based on its intention to obtain interna-
tional recognition as a second German state following the division of Germany by the
Allies at the end of the Second World War. As a matter of fact, the astonishing results
in high performance sports by this comparatively small country at this time (certainly
not only, but in considerable part, as a result of the secret systematic doping strategy
by “supporting agents” — “Unterstiitzende Mittel, UM”) were very much acknow-
ledged throughout the world, creating an image which disregarded the political
suppression by and the growing economical inferiority of this regime (Berendonk
1992; Franke 1997; Spitzer 1989; Spitzer et al. 1999; Teichler 2003; Spitzer 2005a).
This was a very complex problem ranging from scientifically based practices to
secret research, irresponsible applications disregarding acute and long-term side
effects, from obvious coercion or deception of athletes to the readiness of others to
reach higher performances even with the risk to health, to misuse of laboratory
results for the avoidance of adverse findings at international competitions, etc.
Anabolic androgenic steroids — registered pharmaceuticals (testosterone itself,
its various esters and derivatives including the legendary dehydrochloromethyltes-
tosterone named Oral-Turinabol®) as well as synthetic substances developed in
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secret research projects — were certainly the most important doping substances
during these decades. The risks were increased when the synthetic agents were
applied without the rigorous toxicological testing that is compulsory for the official
registration of new pharmacological agents.

More effective test methods have led to a remarkable drop in the level of
top results in some sports, which obviously could not be attained in a natural way.
Some track and field results of this time — obviously obtained under the action
of those agents — are still waiting to be equalled again, very probably for this
reason.

The consequences of the widespread use of doping in sports in the GDR were a
series of court trials against former sport officials responsible, and claims after the
German reunification in 1990 of numerous athletes alleging late health problems.
Attempts to elucidate and solve as far as possible the malpractices encountered con-
siderable difficulties of proof due to the time interval and the secrecy of the whole
strategy in the 1970s and 1980s. Notwithstanding the undisputable fact of state-
supported doping in countries behind the “Iron Curtain” and of the associated
doping-related sports results, doping has undoubtedly been applied also in many
other countries, although more as an individual misbehaviour than as a strategic
practice. Nevertheless, the general standpoint both of officials and of the public has
slowly developed from acceptance through a negative image to total prohibition;
this is still continuing.

7 Developments from the 1990s Onward

The Anti-Doping Convention of the Council of Europe (1989) was the first step on
the side of states towards international harmonisation in the fight against doping,
including obligations of governments and their dialogue with international and
national federations and associations in sport. A Monitoring Group was established
as the forum of the member states, seconded by the Sport Division under the
Directorate General in the Council of Europe. This Convention was open for the
membership of states inside and outside Europe from the beginning, and the actual
membership has grown to 47 in 2008.

For the various aspects of the common activities, Advisory Groups of experts
have been established for legal issues, education, science and for the common
database. The Monitoring Group as a kind of “parliament” or General Assembly
for this Anti-Doping Convention convenes usually twice a year in Strasbourg,
whereas the Advisory Groups meet according to actual necessities.

Starting in the 1980s, rumours came up alleging the misuse of peptide hor-
mones — mainly erythropoietin (EPO) and human growth hormone (hGH) — in
sports. The lack of detection methods for proving the external origin of those
hormones (whose clinical detection and quantitation has been possible for a long
time) hampered confirmation of the suspicions for about a decade.
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After the elucidation of the effects of blood transfusions and of the correla-
tion between oxygen partial pressure and haemoglobin formation, Paul Carrot
(1869-1957) and Catherine Deflandre assumed in 1906 that erythropoiesis would
be governed by a humoral factor. After contradictions and final confirmation, Allan
Jacob Erslev was able to show the existence of this factor, erythropoietin, in 1953.
Eugene Goldwasser and Leon Orris Jacobson detected its production by the kidney
in 1957 and first isolated the hormone in 1977 from human urine. The identification
of the human EPO gene by Fu-Kuen Lin followed at Amgen in 1983. The first
cloning and expression of recombinant human EPO gene was obtained in 1984 by
Sylvia Lec-Huang in New York, followed soon after by the manipulation of
mammalian cells (Fisher 2003).

Following the spectacular events at the Tour de France in the second half of the
1990s, in 1998 the IOC proposed the idea of an international Anti-doping Agency.
First discussed at a World Conference in Lausanne in February 1999, the Interna-
tional Olympic Committee, the Council of Europe and the Monitoring Group to its
Anti-Doping Convention, as well as several representatives of Governments,
played an active role in supporting the foundation of the World Anti-Doping
Agency, WADA, in December 1999. After having first established an office in
Lausanne, WADA moved to Montreal as a political decision with the intention of
emphasising the independence of this new institution from the IOC and from the
international federations. This independence is guaranteed by a foundation based
on Swiss Law, and mainly by the constitution of the governing bodies by equal
numbers of representatives from sport (Olympic Movement, i.e. IOC and Interna-
tional Federations) and governments (delegates of states and international bodies
such as the Council of Europe). The financial support of WADA is also shared
between those two partners, sport (Olympic Movement) and Governments. Europe
pays almost half (47.5%) of the governmental contribution, while the remaining
52.5% is contributed by the other four continents.

In the following years, the foundation and establishment of WADA created
an entirely new situation. The first big success was the elaboration of the World
Anti-Doping Code (WADC) in a huge project and with extraordinarily broad
discussion until 2003, when this document was adopted at the World Conference
in Copenhagen. It replaced the Medical Code of the IOC and the Olympic Move-
ment Anti-Doping Code of 1999 and became the first anti-doping regulation with
worldwide acceptance — after resentment and intensive discussion by all interna-
tional federations.

Associated with the WADC are the International Standards (level 2 document)
for the Prohibited List (WADA 2008a), for the Laboratories, for Testing and for
Therapeutic Use Exemptions (TUEs). A third level of documents comprises
Recommendations or Guidelines for related activities like education/prevention,
result management, etc.

The need to harmonise the consequences of doping offences internationally and
among the various federations and associations led to an international court of
arbitration, CAS (Court of Arbitration in Sport, Lausanne), which is now considered
the supreme authority in disputed cases (McLaren 2001).



14 R.K. Miiller

The responsibility for the Prohibited List was taken over by WADA in 2003.
The annual review is opened for discussion inside WADA and with its stakeholders.
The WADA List Committee usually issues a draft with the suggested changes, and
after extensive discussions with stakeholders the final version is accepted by the
WADA Executive Committee at the end of September and becomes effective on
1 January the following year.

The inclusion of gene doping as a prohibited method was the most significant
change since then, notwithstanding the inclusion of new substances, withdrawal of
single compounds (most importantly caffeine), the establishment of a paralleling
Monitoring Programme for permitted agents with some potential for doping,
changes in the structure of the list and in the status of different classes and
substances, and clarification of the processing of adverse findings.

A problem of definition — the widening of the lists of examples of prohibited
classes by adding the expression “... and other substances with similar chemical
structure or similar biological activity” could not be eliminated despite intensive
discussions (Miiller et al. 2000). The difficulty of obtaining complete lists of
relevant agents and the possibility of misuse of “gaps” by synthesising designer
compounds (such as was attempted with THG, tetrahydrogestrinone: Catlin et al.
2004; Fainaru and Williams 2003) are impeding “closed” lists so far.

When it remained a legal problem for governments formally to join a body
based on a national law like WADA (a foundation under Swiss Law) and to
agree about obligations derived from such an international document like the
World Anti-Doping Code, after some discussions an idea originating from the
Anti-Doping Convention of the Council of Europe (COE) and its Monitoring.
Group led to the elaboration of the global UNESCO Anti-Doping Convention
(UNESCO 2005). While the theoretical possibility to extend the (open) Con-
vention of the COE to all other states has not found support, this UNESCO
Convention was elaborated in several conferences and adopted in 2006. After
ratification by the adopted minimum of 30 states, it came into effect in 2007.
A General Assembly will be the future governing body, besides a permanent
bureau at the UNESCO Headquarter in Paris.

The World Anti-Doping Code was revised by a third Anti-Doping World
Conference in Madrid in November 2007; the new version came to effect on
January 1, 2009 (WADA 2009b).

Similarly, and subsequent to the formation of those international bodies, Nation-
al Anti-Doping Organisations (NADOs) as well as Regional Anti-Doping Organi-
sations (RADOs) have been established in a series of states and regions, mostly
combining the efforts of sport organisations with governmental and public partici-
pation in the fight against doping. This again has led to an international group
ANADO (Association of National Anti-Doping Organisations), which aims to the
worldwide harmonisation of doping control measures.

For the Anti-Doping Laboratories, the World Association of Anti-Doping Scien-
tists (WAADS) provides the forum for exchange of knowledge and problems as
well as the possibility to communicate with one voice to the other bodies bearing
responsibility in this common activity.
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Appendix 1 Historical Definitions of Doping

1933 Beckmanns Sport Lexikon
Doping, the use of stimulating (performance enhancing) agents, which shall
push the atlete beyond his/her normal limits of performance.

Used for this purpose are:
Adrenalin, extracts of testes, caffeine, digitalis, strychnine, camphor, nicotine,
cocaine, colanine, heroin, morphine, arsenic, phosphorous, calcium, alcohol etc.
The application of doping agents is rejected for reasons of sports ethics and
health and is sanctioned in many sport disciplines by dismissal and sanctions.

1952 Association of German Sport Physicians (Deutscher Sportidrztebund)
The intake of any pharmaceutical — regardless its activity — with the intention
to enhance performance during a competition is considered as doping.

1952 Keysers Sportlexikon
Doping: Administration of stimulating agents for the enhancement of performance
in sport. Application before or during the competition causes disqualification.

1956 Lexikon des Sportes (Dictionary of Sport)
Doping: Attempts by artificial stimulants of any kind, to enhance the
performance of the body beyond the natural limits.

1963 Council of Europe (Madrid)

If a necessary medical treatment carried out by any means, which by its nature
is capable to enhance physical performance beyond the normal level, this is
considered as doping and excludes the capability to compete.

1963 Council of Europe, Committee of General (Out-of-school) Education
Doping is the administration or the use of xenobiotic substances in each form
and on each way or of physiological substances in abnormal form or by abnormal
ways to healthy persons with the only aim of artificial and unfair enhancement of
performance for competition. In addition, various psychological measures for
performance enhancement of the athlete have to be considered as doping.

1965 Belgian Law

It is the intention of this Law that doping is considered as the use of substances or
the application of methods for the artificial enhancement of performance of an
athlete, who participates in a competition or prepares for a competition, if the use
can be harmful for his physical or mental integrity.

The Anti-Doping Committee recommends that the Legislative should prepare
such a list of substances and methods, including an adequate declaration of the
prohibited doses of these substances.
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1970 German Sports League (Deutscher Sportbund)

Doping is the attempt to obtain an increase of performance of athletes for
competition by nonphysiological substances. Doping substances as defined by
these Guidelines are phenylethylamine derivatives (strong central stimulants or
“Weckamines”, ephedrines, adrenaline derivatives), narcotics, analeptics (camphor-
and strychnine derivatives), sedatives, psychopharmaceuticals and alcohol.

1971 Medical Commission of the International Olympic Committee:

All substances, also if applied for therapeutic purposes, which influence
performance by their composition or dosage, are doping agents, including in
particular

1. Sympathomimetic amines (e.g. amphetamines, ephedrines, etc.)
2. Central stimulants (e.g. strychnine, analeptics, etc.)
3. Narcotic analgesics (e.g. morphine, methadone, etc.)

1971 German Track and Field Association (Deutscher Leichtathletik-Verband,
DLV)

“Each athlete is prohibited to take part in a competition, if he/she is under the
influence of pharmaceuticals on the prohibited list. The proof of doping is obtained
by qualitative detection. Time, dosage and potential of the agent are irrelevant.”

1976 International Olympic Committee

A definition of doping is not introduced.

Doping comprises the application of the substances on the following list. This
list contains 76 different agents.

1. Psychomotoric stimulants: amphetamines and derivatives. Sympathomimetic
amines: ephedrine and derivatives. Central nervous stimulating substances:
analeptics, strychnine

2. Narcotics and analgesics: morphine and derivatives

3. Vasodilatators: nitrites

4. Anabolic steroides

1977 German Association of Sport Physicians (Deutscher Sportirztebund)

1. Doping is the attempt at unphysiological enhancement of performance of an
athlete by application (intake, injection or administration) of a doping sub-
stance by the athlete or an assisting person (e.g. team leader, coach, physi-
cian, nurse or physiotherapist) prior to a competition and, for the anabolic
hormones, also during training.

2. Doping substances according to these guidelines are in particular:
Phenylethylamine derivatives (“Weckamines”), ephedrines, adrenaline deri-
vatives, narcotics, analeptics (camphor and strychnine derivatives) and ana-
bolic hormones. In specific sports, additional substances can be prohibited as
doping agents (e.g. alcohol, sedatives, psychopharmaceuticals).
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1978 German Association of Sport Physicians
Doping is the use of substances from the prohibited classes of agents:

(a) Psychomotoric stimulants

(b) Sympathomimetic amines

(c) Various stimulants of the Central Nervous System
(d) Narcotis and analgesics

(e) Anabolic steroids

1986 German Association of Sport Physicians
Doping is the use of substances belonging to the prohibited classes of agents, and
the application of non-permitted measures like blood doping.

Five classes of substances are defined as doping agents:

. Psychomotoric substances (stimulants)
. Narcotics

. Anabolic steroids

. Beta-receptor blockers

. Diuretics

| O R S R

1988 International Olympic Committee
Doping is the use of substances from the prohibited classes of agents and the use of
prohibited methods.

List of prohibited classes of substances and methods

I. Prohibited classes of substances
A. Stimulants
B. Narcotics
C. Anabolic steroids
D. Beta-receptor blockers
E. Diuretics
II. Prohibited methods
A. Blood doping
B. Pharmacological, chemical and physical manipulation
III. Substances, permitted with certain restrictions
A. Alcohol
B. Local aneasthetics
C. Corticosteroids

1989 Anti-Doping Convention of the Council of Europe
According to this Convention are defined

“Doping in sport” the administration to or the use of pharmacological doping
agents or of doping methods by athletes.

(a) Pharmacological doping agents or doping methods according to para-
graph 2 are those doping agents or doping methods which have been pro-
hibited by the respective international sport organisations and are included in
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lists, which according to article II.1b. are confirmed by the Monitoring
Group,

(b) “Athletes” are those persons who participate regularly in organised sporting
activities.

Until the date when a list with the prohibited doping agents and methods has
been confirmed by the Monitoring Group according to Article IL.Lb., the list of
agents and methods attached to this Convention is valid as List of Agents and
Methods.

Doping in this sense means each attempt to enhance performance by means,
which normally are not administrated to the organism, whereby the intention of
stimulation is essential and the manner of administration is irrelevant.
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Abstract This review attempts to give a synopsis of the major aspects concerning
the biochemistry of endogenous androgens, supplemented with several facets of
physiology, particularly with respect to testosterone. Testosterone continues to be
the most common adverse finding declared by World Anti-Doping Agency accre-
dited laboratories, such samples having an augmented testosterone to epitestoster-
one ratio. Knowledge regarding the precursors and metabolism of endogenous
testosterone is therefore fundamental to understanding many of the issues
concerning doping with testosterone and its prohormones, including the detection
of their administration. Further, adverse findings for nandrolone are frequent, but
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this steroid and 19-norandrostenedione are also produced endogenously, an appeal-
ing hypothesis being that they are minor by-products of the aromatization of
androgens. At sports tribunals pertaining to adverse analytical findings of natural
androgen administration, experts often raise issues that concern some aspect of
steroid biochemistry and physiology. Salient topics included within this review are
the origins and interconversion of endogenous androgens, the biosynthesis of
testosterone and epitestosterone, the mechanism of aromatization, the molecular
biology of the androgen receptor, the hypothalamic—pituitary—testicular axis,
disturbances to this axis by anabolic steroid administration, the transport (binding)
of androgens in blood, and briefly the metabolism and excretion of androgens.

Keywords Androgen ¢ Biochemistry ¢ Physiology ¢ Production « Metabolism ¢
Aromatization ¢ Testosterone ¢« Nandrolone ¢ Epitestosterone

1 General Introduction

This review of endogenous androgens attempts to give a synopsis of the major
aspects concerning the biochemistry of endogenous androgens, supplemented with
relevant facets of physiology, particularly with respect to testosterone. Given the
breadth of the field, this brief review cannot address all features of androgen
biochemistry, but singled out for special attention are certain topics that have
particular relevance to anti-doping in sport. The biological action of testosterone
in different tissues, directly and by its aromatization or Sa-reduction, is not dis-
cussed herein but is covered most comprehensively elsewhere (Nieschlag and
Behre 2004). The author regrets that his article cannot be exhaustive in terms of
references but hopes that a sufficient number of key articles have been cited to
allow the reader to pursue topics of interest. The detection of administration of
natural androgens for doping control has been described in many publications, e.g.
Kicman and Gower (2003); Kicman et al. (2009b); Mareck et al. (2008); Schinzer
(2004); including the current Handbook. It is intended that this review act as a
complement to these articles by providing relevant information on endogenous
androgens regarding their biosynthesis, secretion, mechanism of action, regulation,
transport in blood, metabolism and excretion.

2 Structure and Activity

The naturally occurring androgens are C, steroids, some of which are illustrated in
Fig. 1.

The androgenic (masculinizing) activity of androgens has been assessed by
in vivo responses, such as growth of the capon’s comb or the growth of accessory
sex organs of male rat (Brooks 1975) and much more recently by several different
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Fig. 1 Structures of endogenous androgens. The groups in bold text highlight the changes
compared to testosterone and DHT. Testosterone and Sa-dihydrotestosterone (DHT) are displayed
in the top row. Oxidation of the 17f-hydroxyl group of these androgens or reduction of the 3-oxo
group results in a loss of activity (middle row) as does conversion of both groups (bottom row).
Epitestosterone is a 17a-epimer of testosterone and has no androgenic activity, and neither do the
5B-reduced androgens, such as etiocholanolone

types of in vitro bioassay (Roy et al. 2008). From these assays, conclusions can be
drawn about the structure—activity relationship of endogenous androgens. The most
biologically active androgens are Sa-dihydrotestosterone (DHT) and testosterone,
both of which have a 17B-hydroxyl group and a 3-oxo group, and, indeed, DHT
binds with greater affinity to the androgen receptor, as discussed elsewhere
(Kicman 2008). The reduction of the 3-oxo group results in some loss of activity
and the oxidation of the 17B-hydroxyl group results in considerable loss of activity.
The metabolism of DHT to 5a-androstanediol (5a-androstane-3a,17f-diol), as
occurs readily in the skin, results in some loss of activity, the relative binding to
the androgen receptor (of the rat) being about a fifth that of DHT (Chang et al.
1983). Oxidation of the 17B-hydroxyl group of testosterone to androstenedione
results in a considerable loss of androgenic activity, as may be expected of an
androgen that binds weakly in an androgen receptor competitive binding assay
compared to that of DHT (androstenedione Ky = 648+21 nM, DHT K4 = 10+
0.4 nM), though it does appear to retain a direct genomic effect (Jasuja et al. 2005).
The 17-oxo steroids, dehydroepiandrosterone (DHEA) and androsterone, also
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possess a 3B- and 3a-hydroxyl group respectively and have even less biological
activity than androstenedione. Indeed, recent studies, using in vitro assays incor-
porating endogenous androgen receptors, have demonstrated that DHEA has negli-
gible androgenic activity (Chen et al. 2005), exerting a minimal effect on “normal”
human prostate cells as opposed to its activity in prostate cancer cell lines such
LNCaP (Armold et al. 2008). Much of the androgenic activity of DHEA and
androstenedione in vivo can be attributed to the peripheral conversion of these
steroids to testosterone and DHT following their secretion (see next section).
DHEA can act also bind to the estrogen receptors o and § (Chen et al. 2005), and
as an adjunct, 5-androstenediol (androst-5-ene-3f3,17B-diol), formed from DHEA
in the steroid biosynthetic pathway, can activate both androgen and estrogen target
genes (Gingras et al. 1999; Miyamoto et al. 1998).

Androgens with the orientation of the hydrogen atom attached to C-5 in the
5B-configuration have an A-ring that is approximately perpendicular to the laminar
(plane with thickness) of the rest of the steroid molecule, e.g. 5B-dihydrotestoster-
one, etiocholanolone. 5p-Metabolites are not known to have any androgenic activity
either but they still retain another biological activity associated with androgens, in
that they can stimulate the production of haeme in the bone marrow and liver (Besa
and Bullock 1981). Epitestosterone is an epimer of testosterone, having a 17u-
hydroxyl group, and this steroid is considered to have weak anti-androgenic activity
(Starka 2003; Starka et al. 1989).

3 Origin and Interconversion of Secreted Androgens

In eugonadal men, circulating testosterone is almost exclusively of testicular origin,
more than 95% being directly secreted, with a small amount being derived from
peripheral metabolism of weaker androgens, namely androstenedione (Luke and
Coffey 1994; O’Malley and Strott 1999). The biosynthesis of testosterone occurs in
the 500 million or so Leydig cells, which constitute only a few percent of the total
testicular volume (Rommerts 2004).

The blood production rate of testosterone (total testosterone that enters the
plasma/serum from all sources) in the eugonadal male is approximately 3—7 mg/
day, as calculated by infusions of a radioactive tracer. More recent investigations,
using stable isotope-labelled analogues of testosterone for infusion and mass
spectrometry (MS) for detection, have shown general agreement with this range.
Vierhapper et al. (1997) using gas-chromatography—MS reported a rate of 147+
31 pg h™', which is equivalent to 3.7+2.2 mg/day (assuming a constant rate of
production). Wang et al. (2004), using liquid chromatography tandem-MS,
reported the rate as 7.22 £1.15 mg/day in young Asian men and 9.11+1.11 mg/
day in young white men (no statistically significant difference) and a significantly
lower value in middle-aged men of 3.88+0.27 mg/day. The reference interval for
serum concentration of testosterone in eugonadal men is usually quoted around
3-10 ng mL~" (10-35 nmol L™ 1).
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In healthy women, the production rate of testosterone is much less than in men,
being in the order of 0.1-0.4 mg per day (Burger 2002); the serum concentration
of testosterone is usually quoted as being <1 ng mL™' (<3.5 nmol L™!). As a
consequence of the relatively small amount of testosterone produced in the female,
the secretion of weaker androgens by the ovary and adrenal cortex have much
greater relevance than in the male, in particular their peripheral conversion making
a major contribution to the production of testosterone (as discussed later in this
section).

A review on androgen secretion in the normal female by Longcope (1986),
despite being published over 20 years ago, contains most of the relevant data and
research citations to date with respect to androgens in venous blood of the ovary and
adrenal, the arteriovenous concentration gradients across these glands being impor-
tant indicators of their relative contribution to endogenous production. In addition,
the results of investigation by Moltz et al. (1984) are of relevance. Androstenedione
and DHEA (but not DHEA sulphate) are the major androgens secreted into the
ovarian vein. Secretion arises from the theca cells of the follicle, the corpus luteum
and the stromal cells, under LH control, and will vary somewhat during the
menstrual cycle. The secretion of androstenedione and testosterone are highest
with maximum secretion of estrogen during the menstrual cycle, just prior to or
at the time of ovulation, and then gradually fall during the luteal phase, the ovary
not secreting significant amounts of testosterone during the early follicular phase
(Lloyd et al. 1971; McNatty et al. 1976; Moltz et al. 1984).

The major androgens secreted by the adrenal cortex are androstenedione, DHEA
and DHEA sulphate (Moltz et al. 1984; Nieschlag et al. 1973), ACTH being the
primary secretagogue of both cortisol and the adrenal androgens (de Peretti and
Forest 1976). DHEA secretion follows a diurnal rhythm similar to that of cortisol
whereas DHEA sulphate does not (Brooks 1984). 11B-Hydroxyandrostenedione is
secreted exclusively by the adrenals because the expression of 11p-hydroxylase is
unique to that gland, CYP11B1 being present in the mitochondria of the zona
fasciculata/reticularis (Payne and Hales 2004). The 11pB-hydroxylated metabolites
of this steroid, such as 11-ketoandrosterone, are also unique, so they can be used as
endogenous reference Cq steroids that are unaffected in '*C:'>C isotope content by
testosterone administration, when carbon isotope ratio mass spectrometry is applied
for doping control purposes (Cawley et al. 2005).

The findings by Vande Wiele et al. (1963), over 45 years ago, demonstrated that
there is peripheral conversion between DHA sulphate and DHEA, that DHEA is
peripherally converted to androstenedione, and that there is peripheral interconversion
between androstenedione and testosterone. The interconversion of these steroids has
been further discussed elsewhere (Allolio and Arlt 2004; Brooks 1984; Gower 1984a),
with the degree of interconversion between DHEA and its sulphate being a recent
subject of discussion (Siiteri 2005). The peripheral conversion of androstenedione to
testosterone is 12—14% in both sexes but this contributes to about half of the circulating
testosterone in women (Bardin and Lipsett 1967; Horton and Tait 1966) and thus
probably accounts for much of the in vivo activity ascribed to androstenedione. As an
adjunct, it follows that oral administration of androstenedione significantly raises
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circulating testosterone in women (Bassindale et al. 2004; Brown et al. 2004; Kicman
et al. 2003; Leder et al. 2002), and prohormones of androstenedione (and isomers of
androstenediol) were widely available as ‘dietary supplements’ until the USA Ana-
bolic Steroid Control Act was passed in 2004. With respect to the sources of the
remaining half of the endogenous testosterone produced in healthy women, judging by
the literature, the relative contributions of the adrenal and ovary remain somewhat
unresolved. There is some indication that testosterone is constantly secreted by the
adrenal cortex, as supported by analysis of venous effluent from healthy volunteers
(Moltz et al. 1984). Even so, the adrenal synthesis of testosterone appears to be
minimal, and its contribution should not be confused with the numerous reports
concerning testosterone secreting adrenal adenomas. A confounding factor in accu-
rately measuring the adrenal secretion of testosterone is the analytical sensitivity and
the specificity required but, in the future, LC-tandem MS should help to overcome
these difficulties. Other factors are the possibility that sampling procedure may alter
the rate of secretion and the obvious difficulties faced in organising studies involving
the catheterisation of ovarian and adrenal veins of healthy individuals.

The more potent androgen, DHT, is also secreted by the testis (Hammond et al.
1977; Pazzagli et al. 1974), although approximately half of the DHT produced in
men is from the peripheral conversion of testosterone (Saez et al. 1972). The
production rate has been reported as being 17-28 ug h™' (Toscano and Horton
1987; Vierhapper et al. 1997), which is about a tenth that of testosterone. However,
in women, DHT can be considered to be more significant, as the production rate is
one third that of testosterone, the major peripheral precursor being androstenedione
(Mahoudeau et al. 1971). DHT is converted to So-androstanediol but this can be
also converted back to DHT.

Epitestosterone, the epimer of testosterone, is of relevance to drug testing in
sport as the urinary testosterone to epitestosterone ratio is augmented following
testosterone administration. It was first reported to be isolated from urine in 1964 by
Brooks and Giuliani and also Korenman et al. (1964). A number of studies support
the testis as being a major source of epitestosterone in eugonadal men. In men,
testosterone-induced suppression of LH decreases the urinary excretion rate of
epitestosterone glucuronide (Anderson et al. 1997; Dehennin and Matsumoto
1993; Kicman et al. 1999; Palonek et al. 1995), e.g. administration of 200 mg
testosterone enanthate weekly i.m. for 16 weeks decreases urinary epitestosterone
glucuronide to <10% of pretreatment values (Anderson et al. 1997). Conversely,
hCG stimulation results in an increase in urinary excretion of epitestosterone
glucuronide (Cowan et al. 1991; Wilson and Lipsett 1966). The concentration of
plasma epitestosterone increases during puberty (Lapcik et al. 1995), a comparison
between peripheral and spermatic venous plasma in men (24-36 years) showing
that testicular epitestosterone secretion represents approximately half of the total
epitestosterone production (Dehennin 1993), based on a urinary production rate of
about 220 pg/24 h (Wilson and Lipsett 1966). In the female, a source of epitestos-
terone is the ovary, this steroid having been identified in follicular fluid (Dehennin
et al. 1987). Adrenal stimulation can cause an increase in epitestosterone produc-
tion, as evidenced by an increase in plasma epitestosterone concentration and the
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urinary excretion rate of epitestosterone (free steroid plus glucuronide conjugate) in
the hypogonadal male but this appears to be countered in the eugonadal male by a
concomitant decrease in testicular steroidogenesis, probably as a result of induced
hypercortisolaemia (Kicman et al. 1999). Further investigations are required to
prove whether the adrenal cortex can synthesize epitestosterone itself or whether it
exclusively secretes a precursor steroid(s), which is then peripherally converted.

4 Biosynthesis of Androgens: Steroidogenic Enzymes

4.1 Introduction

Androgens are synthesized from cholesterol, which is in turn supplied from three
different sources. Cholesterol is synthesized from acetyl coenzyme A by enzymes
in the cellular microsomes and cytosol. Cholesterol is also supplied by the hydro-
lysis of esterified cholesterol stored within the steroidogenic cells. Another source
of cholesterol is from the uptake of plasma low density lipoprotein. Lipoprotein is
internalized by a specific receptor-mediated endocytosis and the cholesterol re-
leased by lysosomal action.

The steroidogenic enzymes in the pathway from cholesterol to testosterone have
been reviewed recently and in depth by Payne and Hales (2004). These enzymes
can be classified into two major categories of proteins, (a) the cytochrome P450
haeme-containing proteins and (b) the hydroxysteroid dehydrogenases, as briefly
discussed here:

(a) Cytochrome P450 enzymes. The nomenclature for the cytochrome P450 super-
family of enzymes has been established, based on the genes that encode them.
The nomenclature employs the root term “CYP” in the human and “Cyp” for
other species, followed by a number to designate the family, then a letter to
denote the subfamily (when two or more exist) and finally a number to denote
the individual member of the subfamily, which specifies the individual gene.
Italics are used when referring to the gene, e.g. CYP1IAI encodes the protein
CYP11A. The cytochrome P450 superfamily of enzymes are sometimes called
mixed function oxidases or monoxygenases, where molecular oxygen is split
with one atom being incorporated into the substrate and the other is reduced to
water. This incorporation of oxygen commonly results in hydroxylation, such as
with steroids, but many other catalysed reactions can occur with other sub-
strates, e.g. N-oxidation, sulfoxidation, epoxidation, dealkylation. The general
reaction for hydroxylation is:

RH + O, + NADPH + H" — ROH + H,0 + NADP"
(b) Hydroxysteroid dehydrogenases. These are oxidoreductases requiring coen-

zymes for their function, the cofactors being nicotinamide adenine dinucleotide
(NAD(H)) and its phosphate (NADP(H)). It is the oxidised form of these
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cofactors that function in catalysis as hydrogen acceptor and the reduced form
as a hydrogen donor:

NAD' + 2H" = NADH + H™

The directional preference of the hydroxysteroid dehydrogenases is governed by
the relative affinities of the enzymes for the cofactors and the gradients of these
cofactors in subcellular compartments (Mizrachi and Auchus 2008).

4.2 Biosynthesis of Testosterone

The steroid biosynthetic pathway from cholesterol is given in Fig. 2, and details of
the enzymes involved in Table 1, together with which tissues these proteins are
specifically expressed in, and their subcellular location. Each of the P450
enzymes is the product of a single gene whereas there are two isoforms for
3B-hydroxysteroid dehydrogenase/isomerase in the human and several isozymes
of the 17B-hydroxysteroid dehydrogenase, each being also a product of a distinct
gene. The preferred route for formation of androgens is the A’ pathway from
pregnenolone to DHEA to androstenedione, which is readily converted to testoster-
one in the testis (Fig. 2). This conversion also occurs in the ovary but, relatively, the

CHOLESTEROL
CYP11A
o  cYPi7 o cyp17 17HSD oH
<-OH ————— } f —_— ; i
HO HO HO HO!
Pregnenolone 17-Hydroxypregnenolone = Dehydroepiandrosterone Androstenediol
3BHSD 3BHSD 3BHSD 3BHSD
o) CYP17 o 17HSD OH
o HO [¢)
Progesterone 17-Hydroxyprogesterone Androstenedione Testosterone

Fig. 2 The steroid biosynthetic pathway to testosterone and the enzymes involved. The larger
arrows represent the major route in the human.

Note: in the testis, the chief isoforms of 3-hydroxysteroid dehydrogenase/isomerase and 17f3-
hydroxysteroid dehydrogenase are 3BHSDII and 17BHSD3 respectively. 17BHSD3 is not
expressed in the ovary but 17BHSDS5 may account for the biosynthesis of testosterone in normal
and abnormal states of ovarian function. 17BHSD35 can be expressed in human adrenal tumour
cells but if actual synthesis of testosterone in the adrenal cortex of healthy adults does occur it
appears to be minimal



33

2 Biochemical and Physiological Aspects of Endogenous Androgens

UoTOLIJ [BWOSOIOIW Y} JO SAUWIOSOIOIW SB 0} PALIdJAI A[[eIOUST dIe WN[Nonal

orwse[dopua yjoows dy) 0} puNoq SSWAZUD JO UONEIO] JE[N][2IqNS Y} ‘UONEZIUSTOWOY [[90 A PAJERId SI[IISIA [endejolIe Surdq sawosomdIw Aidsac,

‘[® 32 030D Aq pattodar Apuadar uaaq sey Areao ay) ut SSHY /T Jo 2ouasaid ay [, (($007) Se[eH Pue auked £q MIIAI Q) WOIJ PIJORIXA SeM J[qe] STY) JO YonjA[,

SQUIOSOIITA

SOWOSOIOIIA
SOWOSOIOTU
pue

BLIPUOYDOIA
SOWOSOIOTUI
pue

BLIPUOYDOIA

SQUIOSOIOTA!

BLIPUOYDO)A]

AreAQ
(s11e2
SIpAa) susa,

X91100 [eUAIPE
‘AIeAO ‘STISO,

unys ‘ejuaoe[d

X110
[euaIpe
‘(S99 [e29Y))
K1eao ‘(Afuo
S[[90

SIpAo) susa,
ejuaoed
X91100 [BUIpE

‘ATBAO ‘STISQ,

SASHYLI

€AsHYLI

9seua30IpAYap

pro1a)s y-Axo1pAy-g¢
“QSBIQWIOST w<.m<\QmEam

aseuddoIpAyep

pro1as y-Axo1pAy-g¢
‘aserowost | - V/ASHY¢

aseA1-0g
‘L1/9sB]AX0IPAY-0L T *L190SHd
ASe[OWSAP
[0131S9[0D ‘93eABI[D
ureyd 9pIs [0JASA[0YD 030G Hd

(9007)
QUOJAIS0]SI) 0] AUOIPIUIISOIPUL SIIIAUO)) SASHLI Sq9.1dSH
QUOJIIS0]ISI) 0] SUOIPIUIISOIPUL SIIIAUO)) €ASHLI ¢q9.1dSH
SPI0IJ)S 0XO0-¢-JUd-{, 0] SPIOIA)S
PAIRIAXOIPAY-( £-0Ud-G SSAUOD [IASH-g¢ 7dEASH
SPIOIA)S 0XO-¢-JUd-§, 0} SPIOI)S
Pae[AX0IpAY-¢ ¢-oud-G S12AUOD IASH-g¢ 1d€dSH

S9SBUQS0IPAYIP PIOIAISAXOIPAH

(spro1as 619) sua3oipue ay} 2onpoid 01
puoq O07—L1D Y JO oFeAra[d AQ POMOTI[0f

SPIoIals 120y Jo UONR[AXOIPAY-©0/ | LIdAD L1dAD

CTD PUB (7D U9amaq
Ureyo-opIs [0I2)SA[OYD Y} SIABI[D) VIIdAD IVITdAD
SOSYdAD

qUOnES0[
Ie[n[eoqng

uorssaxdxe
oyroads-anssi],

swAuouAs jo sojdurexg

uonody  OWeU URjold  Quesd uewInH

LSuaS0IpUR JO SISAYIUASOIq dY) UI PIAJOAU] SaWAzZuy [ d[qe],



34 A.T. Kicman

amount of testosterone secreted is much smaller than from the testis. The end-point
of androgen biosynthesis in the adrenal cortex appears to be with the formation of
androstenedione and if testosterone is synthesised there, it is in a minimal amount.

Another biosynthetic precursor of testosterone is androstenediol (androst-5-ene-
3B,17B-diol) but the biosynthetic route via this steroid is considered to be minor.
Even so, it is worth noting that androstenediol appears to be rarely targeted as an
analyte in studies on biosynthesis but the analysis for this steroid may become
easier with the availability of LC-MS/MS.

4.2.1 CYP11A: Cholesterol Side-Chain Cleavage

The testis, ovary, adrenal glands and the placenta were considered to be unique in
their ability to cleave the cholesterol side chain in the mitochondria to produce the
C21 steroid pregnenolone. In recent years, however, evidence has been obtained for
the expression of cholesterol side-chain cleavage enzyme CYP11A in the nervous
system and cardiac tissue, as well as the presence of other CYP450s allowing the de
novo synthesis of some steroid hormones (Payne and Hales 2004). The mechanism
of cleavage of cholesterol by CYP11A involves two hydroxylation steps, first on
C22 and then on C20 to yield 20,22R-dihydroxycholesterol that is then cleaved to
yield the C21 steroid pregnenolone and the 6-carbon isocaproic aldehyde, which is
then oxidised to isocaproic acid. The synthesized pregnenolone is then transferred
to the smooth endoplasmic reticulum where it is the precursor for further steroid
synthesis. The formation of testosterone from pregnenolone is via two main path-
ways. The first route is via a series of intermediates, each with a double bond
between C-5 and C-6 and a 3B-hydroxy group; this is commonly referred to as the
A® pathway (A is the Greek symbol for capital delta and together with the super-
scripted number denotes the presence of the double bond in the steroid structure).
The second route is via a series of intermediates with a double bond between C-4 and
C-5 and a 3-oxo group; this is called the A* pathway. In vitro experiments on human
testicular tissue indicate that both the A* and A® pathways are important but the latter
pathway is the major route of synthesis of testosterone in the human (Fig. 2).

4.2.2 CYP17: Pregnenolone/Progesterone Side-Chain Cleavage

CYP17 catalyses 17a-hydroxylation and cleavage of the C17-20 bond. In this
reaction, 17a-hydroxypregnenolone and 17a-hydroxyprogesterone are formed as
intermediates in the A> and A* pathways respectively, followed by cleavage of the
side chain of these C21 steroids to form the C,9 steroids DHEA and androstenedi-
one. The distinction between the two activities is functional and not genetic or
structural (Miller 1988). The activity of human CYP17 favours the A’ pathway, the
conversion of pregnenolone to DHEA being preferential to that of progesterone to
androstenedione. The evidence for this favoured route is from clinical observations
and biochemical studies concerning the adrenal glands and subsequently it has also
been demonstrated that this is also the preferred route in the testis (Fluck et al. 2003).
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4.2.3 3B-Hydroxysteroid Dehydrogenase/Isomerase (3 HSD)

3B-Hydroxysteroid dehydrogenase/isomerase exists as two isoforms in the human.
The testis, ovary and adrenal gland express 3BHSD II whereas in skin, placenta, and
breast tissue 3HSD 1 is expressed (Payne and Hales 2004). 3BHSD catalyses the
conversion of the A>-3B-hydroxysteroids to the A*-3-ketosteroids. Two sequential
reactions occur in this conversion. Firstly, the dehydrogenation of the 33-hydroxy
group requiring the coenzyme NAD+yields the A%-3-keto intermediate and NADH.
The NADH then activates the isomerization of the double bond, flipping it from the
A’ position to the A* (Thomas et al. 2003).

4.2.4 17B-Hydroxysteroid Dehydrogenase

Up to ten 17BHSDs have been discovered in the human, all being encoded by
separate genes. The characteristics of these enzymes have been reviewed by Luu-
The (2001), Moeller and Adamski (2006), and Payne and Hales (2004). Their
substrate specificity is broader than was expected, and the role of some of these
enzymes in vivo are probably not in steroid metabolism but in basic metabolic
pathways (Moeller and Adamski 2006).

17BHSD3 is the key enzyme in the synthesis of testosterone, being expressed
within the adult Leydig cells of the testis (Payne and Hales 2004). 17fHSD3
reduces androstenedione to testosterone, with NADPH as the preferred cofactor.
The human ovary lacks expression of 17BHSD3 (Zhang et al. 1996) but another
isozyme 17BHSDS appears to be predominantly expressed there (Qin and
Rosenfield 2000), which may account for the biosynthesis of testosterone in normal
and abnormal states of ovarian function (Luu-The 2001; Nelson et al. 2001; Qin
et al. 2006). 17BHSDS has been also shown to be expressed in human adrenal
tumour cells (Qin and Rosenfield 2005) but if actual synthesis of testosterone in the
adrenal cortex of healthy adults does occur then it is minimal. Using the reverse
transcription-polymerase chain reaction, 17BHSD5 and to a much lesser extent
17BHSD3 transcripts have been detected in the fetal adrenal cortex (first trimester),
as was testosterone as “validated” by GC-MS/MS, although it should be empha-
sised that only one ion transition was presented as evidence in the supplement
accompanying the report by Goto et al. (2006).

4.3 Sa-Dihydrotestosterone

The irreversible conversion of testosterone into DHT is catalysed by the
So-reductase, Table 2 giving details of the isozymes types 1 and 2 (Russell and
Wilson 1994). In the human, the type 1 enzyme dominates in nongenital skin and
scalp, the isozyme being induced at or during puberty and continuing thereafter
(Thigpen et al. 1993; Zouboulis et al. 2007), but the type 2 predominates in beard
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hair follicles (Zouboulis et al. 2007). The type 2 isozyme is the predominant, if not
exclusive, isozyme in the prostate, epidydymis, seminal vesicles and genital skin,
and both isozymes are present in the liver (Thigpen et al. 1993; Zouboulis et al.
2007). Testosterone is thus considered a prohormone in sexual tissue and skin,
being readily converted to DHT, which binds with greater affinity to the androgen
receptor. Intracellular metabolism of weaker androgens DHEA and androstenedi-
one is also important as these steroids can be converted to testosterone (by 3pHSD
and 17BHSD) and then be reduced to DHT, such as occurs in the skin (Zouboulis
et al. 2007; Zouboulis and Degitz 2004) and prostate gland (Suzuki et al. 2007).
By contrast, in the human skeletal muscle (collected less than 12 h post-mor-
tem), So-reductase activity (either type 1 or 2) is not detectable (Thigpen et al.
1993; Zouboulis et al. 2007) so testosterone itself is chiefly binding to the androgen
receptor. A number of animal studies, mainly in the rat, also reported that intracel-
lular DHT is low in skeletal muscle (Bartsch et al. 1980; Gloyna and Wilson 1969;
Krieg et al. 1976; Massa and Martini 1974), and that its presence is further
diminished because of the high activity in this tissue (and cardiac tissue as well)
of the enzyme 3a-hydroxysteroid-dehydrogenase, the enzyme that converts DHT
irreversibly to Sa-androstanediol (Massa and Martini 1974; Smith et al. 1980).

4.4 Aromatization and Nandrolone

A question that is of special relevance to drug testing in human sport is whether
nandrolone (19-nortestosterone) is formed as a minor product of aromatization of
endogenous androgens?

Aromatase (CYP19) (Table 2) is responsible for the conversion of androstene-
dione to estrone and likewise testosterone to estradiol. The classical pathway
involves successive three oxidation steps, the first two occurring on C-19 angular
methyl group to form a gem-diol, followed by dehydration, and (what was not well
understood) a final oxidation step leading to cleavage of the bond between C-10 and
C-19 to afford aromatization of the A-ring and formic acid (Fig. 3). Various
schemes have been put forward for the “mysterious” third oxidation step, as
reviewed by Cole and Robinson (1990), but recently the necessity of dehydration
of the 19-gem-diol prior to the final catalytic step has been called into question by
the findings of Hackett et al. (2005) using density field calculations. 1p-Hydrogen
atom abstraction from substrates in the presence of the 2,3-enol (formed from
enolisation of the 3-keto functional group) shows a remarkable low energy barrier.
Ab initio molecular dynamics confirmed a dehydrogenase action of aromatase in
the final step, involving 1B-hydrogen abstraction followed by gem-diol deprotona-
tion, as depicted in Fig. 4.

Estrogen production increases during pregnancy and because plasma nandrolone
can be detected during gestation (Reznik et al. 1987), as can urinary 19-norandroster-
one (a diagnostic metabolite of 19-norandrogens) often in concentrations exceeding
5ng mL~" (de Boer et al. 1993; Mareck-Engelke et al. 1998; Mareck-Engelke et al.
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Fig. 3 Classical aromatization pathway. R is a 17-oxo group in androstenedione and a 173-OH
group in testosterone, these androgens being aromatized to estrone and estradiol respectively
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Fig. 4 A proposed mechanism of the final aromatization step, which can be summarized by
1B-hydrogen atom abstraction followed by gem-diol deprotonation. Figure adapted from Hackett
et al. (2005)
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2002; Van Eenoo et al. 1999), it has been assumed that nandrolone is a by-product of
the aromatization process (as could be 19-norandrostenedione, which can be then
reduced to nandrolone by 17BHSD). Moreover, hCG stimulation of testicular
steroidogenesis causes an increase in the urinary excretion rate of 19-norandrosterone
and a concomitant rise in plasma estradiol (Reznik et al. 2001). Could an alternative
reaction path be initiated by hydrogen atom abstraction from the gem-diol, rather than
the 1B-hydrogen leading to C10—-C19 homolysis? In vitro experiments are required to
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investigate whether demethylation without aromatization can occur, together with ab
initio molecular dynamics to help elucidate the mechanism.

In the anti-doping context, it is worth emphasising that the natural urinary
excretion of 19-norandrosterone is very small (Nandrolone Review 2000; Nandro-
lone Progress Report 2003; Ayotte 2006). Findings from a recent study have
demonstrated that only a few samples collected from a large cohort of non-pregnant
women had a 19-norandrosterone concentration naturally greater than 1 ng mL ™"
but, nevertheless, none exceeded the reporting threshold specified by the World
Anti-Doping Agency (Walker et al. 2009).

4.5 Epitestosterone

A suggested biosynthetic precursor of epitestosterone is from the oxidation of
epiandrostenediol (androst-5-ene-3f3,17a-diol) by 3BHSD. This proposal is based
on the identification of epiandrostenediol in human testis tissue (Ruokonen et al.
1972) and the significant correlation between concentrations of epitestosterone and
androst-5-ene-3f3,17a-diol in spermatic vein plasma (Dehennin 1993), which indi-
rectly supports that this androstenediol epimer is a substrate for 3HSD within
testicular tissue.

The peripheral metabolism of testosterone to epitestosterone is negligible
(Donike et al. 1983; Dray and Ledru 1966) and its conversion from androstenedione
(androst-4-ene-3,17-dione) or DHEA appears to be minimal (Brooks and Giuliani
1964; Wilson and Lipsett 1966). With oral administration of hundreds of milligrams
of androstenedione, an increase in the urinary excretion rate of epitestosterone
(Catlin et al. 2002) was reported and subsequently the conversion of androstenedi-
one to epitestosterone by 170HSD activity has been demonstrated in human embry-
onic kidney cells using HPLC as the analytical probe (Bellemare et al. 2005). The
enzyme also catalyses the conversion of three other 17-ketosteroids but the catalytic
efficiency of 3BHSD and 17aHSD for DHEA and androstenedione respectively
suggests that the main pathway is from conversion of DHEA to androstenedione and
then reduction to epitestosterone and the minor pathway is through the reduction of
DHEA to epiandrostenediol and then oxidation to epitestosterone (Bellemare et al.
2005). As an adjunct, it has also been proposed that epiandrostenediol can be
formed as a by-product of the synthesis of a 16-androstene, 5,16-androstadien-3
B-ol (androsta-5,16-dien-3B-ol) from pregnenolone (Weusten et al. 1989). The
putative pathways for formation of epitestosterone are given in Fig. 5.

5 Mechanisms of Androgen Action

The mechanisms of androgen action, including those concerning xenobiotic ana-
bolic steroids, have been reviewed in detail elsewhere (Kicman 2008). The effects
of androgens are modulated at the cellular level by the steroid-converting enzymes
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Fig. 5 Proposed synthetic pathways to epitestosterone. Note: 5,16-androstadien-3-ol = androsta-
5,16-dien-3p-ol, under the revised nomenclature of steroids of 1989 (IUPAC/IUB); the former
name is used in papers describing the putative pathways

within the particular target tissue and most probably at the molecular level due to
differences in the distribution of androgen receptor coregulators.

With respect to modulation at the cellular level, in reproductive target tissues
and skin, testosterone can be considered to be a prohormone, being readily con-
verted by So-reductase to the more potent androgen DHT, whereas testosterone
itself is chiefly binding to the androgen receptor in skeletal muscle, as discussed in
Sect. 4.3. In other tissues, such as adipose tissue and parts of the brain, testosterone
is converted by aromatase to the estrogen, estradiol. In bone, the mechanism of
action of the anabolism of androgens has not been entirely elucidated but both a
direct effect of testosterone and a mediated effect by aromatization to estradiol are
important (Orwoll 1996; Zitzmann and Nieschlag 2004). Aromatase expression and
activity is significant in human skeletal muscle (Larionov et al. 2003) but whether
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the conversion of androgens to estrogens within this tissue is physiologically
important for mediating some of the myotrophic effect of androgens is yet to be
determined.

The molecular biology of the androgen receptor has been reviewed by Klocker
et al. (2004). The modulation of the effects of androgens may also occur at the
molecular level due to differences in the distribution of androgen receptor coregu-
lators in various tissues. The androgen receptor belongs to the nuclear receptor
superfamily (Mangelsdorf et al. 1995), consisting of a DNA binding domain, a
ligand binding domain and at least two transcriptional activation domains, AF-1
and AF-2. In contrast to other steroid receptors, most androgen receptor transcrip-
tional activity is mediated through the N-terminal AF-1 domain. In target tissues,
i.e. the cells that contain androgen receptors, androgens bind to the receptor ligand-
binding domain, causing dissociation of the receptor from its protein chaperones,
the resultant conformational (allosteric) change making the receptor active (Fig. 6).
Following dissociation from the chaperone complex, the activated androgen recep-
tor is translocated from the cytoplasm into the nucleus. Activated receptors interact
as homodimers with the androgen response element on the chromatin, the effect of
the two receptors binding being cooperative (greater affinity and stability). This
attachment to the DNA in turn triggers the formation of a transcription complex,
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Fig. 6 Regulation of steroid receptor action. In the absence of hormone, the steroid receptor exists
as an inactive oligomeric complex with the molecular chaperone heat shock protein Hsp90 and
p23, and co-chaperones utilizing tetratricopeptide repeat (TPR) motifs. After hormone binding, the
receptor—Hsp90 complex disassociates and the activated receptor is translocated into the nucleus.
Activated receptors interact as homodimers with the steroid response element on the chromatin,
triggering the formation of a transcription complex, a cluster of coregulators resulting in gene
activation, transcription of the gene, protein translation, and a resultant alteration in cell function,
growth or differentiation. This figure is redrawn by the author but was based on part of the figure in
the article by Weigel and Moore (2007). Figure reproduced from Kicman (2008), with permission
of the Nature Publishing Group
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a cluster of coregulators (also called comodulators) that fit around the receptors like
“pieces in a jigsaw puzzle”. Coregulators can be either positive or negatively
regulatory proteins, referred to as coactivators or corepressors, respectively (Perissi
and Rosenfeld 2005). Co-activator and corepressor complexes are required for
nuclear-receptor-mediated transcriptional regulation, generally liganded receptors
recruiting coactivators resulting in gene activation, transcription of the gene,
translation and a resultant alteration in cell function, growth or differentiation.
This is a developing field and the comparative importance of many of these
coregulators is yet to be established for any particular cell type, let alone their
relative in vivo importance in examining tissue differences in androgen action. An
appealing hypothesis is that modulation of the androgen receptor can occur as a
result of anabolic steroids and non-steroidal selective androgen receptor modulators
(“SARMs”) inducing specific conformational changes of the androgen receptor
complex, which then affects subsequent interaction with various coregulators in
different tissues.

6 The Hypothalamic-Pituitary—Testicular Axis

6.1 Control of Testicular Steroidogenesis

Testicular function is controlled by feedback loops involving the hypothalamus and
the anterior pituitary. The anterior pituitary secretes the two gonadotropins, lutei-
nizing hormone (LH) and follicle-stimulating hormone (FSH). LH stimulates
steroidogenesis in the Leydig cells of the testis, resulting in the synthesis and
release of testosterone. The testosterone within the testis is at much higher concen-
tration than in the peripheral circulation, and it is this intra-testicular concentration
together with FSH that is important in spermatogenesis, which occurs in the
epithelium of the seminiferous tubules. As an adjunct, the Leydig cells appear to
be able to produce a small amount of testosterone independent of LH stimulation, as
proven following hypophysectomy in the rat (Turner et al. 1985). In addition, there
is also indirect proof through the fact that with exogenous testosterone administra-
tion to eugonadal men, a low rate of testicular steroidogenesis remains because the
urinary excretion of epitestosterone remains detectable (Anderson et al. 1997
Dehennin and Matsumoto 1993), with concentrations several-fold higher than in
hypogonadal men (Kicman et al. 1999). This independent production of testoster-
one and also the intracellular metabolism of testosterone to DHT is of particular
interest in the field of male hormonal contraception, as it is thought that these low
intra-testicular concentrations of androgens may help to support spermatogenesis;
to achieve azoospermia, the administration of a progestogen is thus of considerable
importance as it has a direct inhibitory effect on Leydig cell steroidogenesis
(Walton et al. 2006), as well as its main action in suppressing gonadotropin
secretion (Anderson and Baird 2002).
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LH secretion is tightly regulated, being stimulated by gonadotropin-releasing
hormone (GnRH) and inhibited by the sex steroids testosterone and estradiol in the
male (estradiol also exerts a negative feedback during the female menstrual cycle
but with the rising tide of estradiol in the late follicular phase of the menstrual cycle
a positive feedback action also occurs leading to a massive preovulatory surge in
LH and FSH). GnRH is a single decapeptide hormone that is secreted episodically
by GnRH neurones in the hypothalamus, as elegantly reviewed by Cone et al.
(2003). Its release is governed by a complex neuronal network that integrates
multiple external and internal factors to control fertility, with steroid hormones
playing a pivotal role. GnRH is released into a capillary bed directly connected to
another capillary bed in the anterior pituitary by small blood vessels (a portal
system), this particular vascular link being referred to as the hypophyseal—portal
circulation. The GnRH binds to its receptors in the anterior pituitary causing the
pulsatile release of both LH and FSH (Van Vugt et al. 1985). In turn, testosterone
and estradiol are secreted in contemporaneous pulses into the gonadal veins of the
testis (Winters and Troen 1985).

The importance of the pulsatile pattern of release of GnRH, as opposed to steady
state infusion which leads to down-regulation of GnRH receptors, was first established
by studying anaesthetized rhesus monkeys with hypothalamic lesions (Belchetz et al.
1978). Shortly afterwards, it was demonstrated that human idiopathic hypogonado-
trophic hypogonadism, a disorder characterized by low plasma gonadotropins, can be
treated by episodic administrations of GnRH using a portable infusion pump (Hoffman
and Crowley 1982). There is a log-linear relationship between the amount of GnRH
and the amplitude of the ensuing LH pulse (Spratt et al. 1986).

Circulating testosterone exerts a negative feedback to diminish LH secretion, both
directly and by aromatization to estradiol, thus maintaining a relative constant
concentration of androgens in the blood of the male, taking into account the small
diurnal variation. In eugonadal men about 80% of the total daily production of
estradiol is derived from the peripheral conversion of testosterone, with only
10-20% being directly secreted by the testis (Baird et al. 1969). Early studies
indicated that this peripheral aromatization of testosterone may play an important
role in the feedback of gonadotropin release. Infusions of estradiol at its production
rate lower the plasma LH concentration (Brooks et al. 1974), whereas the estrogen
antagonist clomiphene citrate raises circulating concentrations of both gonadotropins
(Winters et al. 1979), feedback being apparent at the hypothalamic and pituitary level
(Santen 1975; Winters and Troen 1985). Historically, many studies were performed to
elucidate the regulation of gonadotropin secretion and the interested reader is referred
to the review by Plant (1986). Subsequently, it was suggested that the restraint by
testosterone is largely conditional on its aromatization within the hypothalamo-
pituitary compartment (Schnorr et al. 2001) or that at least some of the restraint of
LH secretion is mediated by the aromatization of testosterone at the pituitary level
(Bagatell et al. 1994), whereas other investigations indicate that peripheral aromati-
zation is sufficient for feedback, without central aromatization being a prerequisite
(Raven et al. 2006; Rochira et al. 2006). Evidence has also been provided of an



44 A.T. Kicman

estrogen-independent effect of testosterone (Boyar et al. 1978; Gooren et al. 1987;
Hayes et al. 2001; Urban et al. 1988; Veldhuis et al. 1992).

A major problem in assessing the mechanisms of endogenous gonadotropin
feedback mechanisms is that gonadotropin secretion reflects the integrated response
of both the hypothalamus and the pituitary. In an attempt to overcome this problem,
a few investigations also studied the effects of various drug interventions in men
deficient in GnRH due to idiopathic hypogonadotrophic hypogonadism (IHH), the
volunteers continuing to receive their pulsatile GnRH therapy throughout the study
period, thus representing a hypothalamic clamp where any alteration in gonadotro-
pin secretion can only reflect a pituitary site of action (Bagatell et al. 1994;
Finkelstein et al. 1991a,b; Sheckter et al. 1989). This approach was employed by
Pitteloud et al. (2008a) and the response of LH secretion was compared to that in
“normal” (eugonadal) men, giving valuable insight into the mechanisms feedback
of sex steroids at the levels of the hypothalamus and pituitary. The drug these
investigators chose for administration was ketoconazole, a cytochrome P450 inhib-
itor, which achieved chemical castration and inhibition of aromatase, followed by
the co-administration of doses of testosterone or estradiol to restore serum con-
centrations critically to basal values, rather than supraphysiological levels, in both
normal and the GnRH deficient men (also, dexamethasone was administered as
ketoconazole inhibits the production of cortisol). Apart from serum concentrations
of LH and LH pulse amplitude being measured, most importantly, an assay for the
free o subunit of LH was performed to assess changes in GnRH pulse frequency,
which is superior to LH as a marker of GnRH release at fast pulse rates. Testoster-
one administration to eugonadal men slowed the pulse frequency of GnRH even
though estradiol levels were suppressed, indicating that testosterone feedback can
occur directly at the hypothalamus without the requirement of aromatization. By
contrast, testosterone administration to the IHH men failed to diminish either the
mean concentrations of serum LH or LH-amplitude, and as the GnRH therapy was
maintained at a constant dose and frequency, this lack of response indicates that
testosterone’s negative feedback at the pituitary is mediated by aromatization, a
finding consistent with previous reports. A response to estrogen replacement was
elicited, confirming this feedback pathway. Estradiol replacement in the eugonadal
men lowered the serum LH concentrations by lowering the pulse frequency without
any effect on pulse amplitude, indicating that the dominant site of estradiol feed-
back is on the hypothalamus. Pitteloud et al. concluded that the model of sex steroid
feedback suggests (1) testosterone and estradiol have independent effects on LH
secretion; (2) that the inhibition of LH by testosterone requires aromatization for its
pituitary but not its hypothalamic effects; (3) estradiol has dual sites of feedback but
its predominant effect is on the hypothalamus (Fig. 7).

At one time it was thought that DHT might be also important in the modulation
of LH secretion. The importance of the 5a-reduction of testosterone to DHT
for the inhibitory control of LH secretion was deduced from a form of pseudo-
hermaphroditism. The affected individuals have a hereditary deficiency of the
Sa-reductase system and thus have subnormal serum concentrations of DHT.
The majority of these patients have mildly elevated serum LH and FSH values
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Fig. 7 The hypothalamic—
pituitary—testicular axis _»' HYPOTHALAMUS
showing the principal

negative feedback pathways,
based on current knowledge

ANTERIOR PITUITARY

TESTES ’

although serum testosterone and estrogen concentrations are elevated or normal
(Imperato-McGinley et al. 1979, 1990; Martini 1982). Later, there was evidence to
contradict the importance of DHT in feedback mechanisms in eugonadal men, in
that the administration of the Sa-reductase inhibitor, finasteride, caused no discern-
able effect on serum LH (or FSH) concentrations compared to another group given
a placebo despite the approximately 80% decrease of the serum concentration of
DHT in the treatment group (Rittmaster et al. 1992). Further, although DHT
administered in supraphysiological doses to eugonadal men can suppress LH
secretion (Ando et al. 1978; Coutts et al. 1997; Keenan et al. 1987; Kicman et al.
1995; Kuhn et al. 1984; Stewart-Bentley et al. 1974), more physiologically appro-
priate doses have little or no effect (Sherins and Loriaux 1973; Wang et al. 1998).
Inhibin B is important in the modulation of FSH secretion. The inhibins are a
family of glycoprotein hormones that are produced by the gonads in both sexes.
They consist of an o and B subunit, and there are two forms of the 3 subunit, giving
rise to the dimeric forms A and B. In the case of the male, the Sertoli cells of the
testis produce and secrete inhibin B, providing the principal negative feedback
regulating FSH secretion (Boepple et al. 2008), with an added but modest feedback
effect by estradiol (Pitteloud et al. 2008b). This modulation of FSH release by
inhibin B accounts for the differential release of FSH compared to that of LH.

6.2 Disturbances to the Hypothalamic—Pituitary-Testicular Axis

6.2.1 Physical Exercise

The effects of physical exercise on the endocrine system have been extensively
researched but concise accounts of the findings with regard to circulating testoster-
one may be found within the reviews by Christiansen (2004) and Friedl (2005).
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Results of comparative studies indicate that male athletes at rest have a lower free
and total testosterone concentration, being about 60—85% of age-matched untrained
men. Nonetheless, the circulating concentration is still within the reference interval
(“normal range”) (Christiansen 2004), and reproductive dysfunction is uncommon
in male athletes. Short-term exercise, whether maximal or submaximal (5—30 min),
normally results in an acute increase in circulating testosterone, probably due to a
transitory decrease in hepatic clearance as a result of reduced blood flow through
the liver. By contrast, a decline in circulating testosterone is associated with
prolonged exercise, the size of the (temporary) decline increasing with the duration
of continued exercise, possibly due to alterations in hepatic and extra-hepatic
(particularly skeletal muscle) metabolism of testosterone. LH pulsatile frequency
and amplitude are generally unaffected by training, as discussed by Christiansen
(2004) and Maimoun et al. (2003), supporting the hypotheses that the alteration in
circulating testosterone is by peripheral effects. Even so, the LH production rate,
the product of pulse frequency and secretory burst mass, has been shown to be
marginally blunted overnight following resistance exercise, indicating also a central
effect, although it should be noted that singularly neither frequency or the burst
mass was significantly changed in that investigation (Nindl et al. 2001).

6.2.2 Exogenous Androgens

The administration of anabolic steroids suppresses gonadotropin secretion by the
negative feedback loop of the hypothalamic—pituitary—gonadal axis in both men
and women and can result in infertility, testicular atrophy, disturbances of the
menstrual cycle and secondary amenorrhea (Graham and Kennedy 1990).

The inhibitory effect on LH secretion following testosterone administration is
dose-related, feedback being exerted by the parent steroid as well as by its conver-
sion to estradiol (as described in the previous section). Continuous infusion of
testosterone at twice the mean production rate in men, i.e. 15 mg/day, suppressed
plasma LH by 39 +13% (Loriaux et al. 1977), thus indicating that modest amounts
of testosterone used surreptitiously by some athletes should cause a partial suppres-
sion in LH and testicular steroidogenesis. As part of a study investigating discrimi-
nating parameters for the detection of transdermal application of testosterone
formulated as a hydroalcoholic gel, Geyer et al. (2007) measured serum testoster-
one and LH concentrations. The dose administered was a 100 mg daily to eugonadal
men, which is the recommended maximum dose to be administered in the treatment
of hypogonadal men as a replacement therapy. Continuous administration over 6
weeks resulting in approximately two- to threefold increase in serum testosterone
in the majority (6 out of the 9) of the male volunteers, and a distinct decrease
in the serum LH concentrations in the same volunteers to less than 50% of the
pre-treatment value, and in some samples to 0.1 IU L™, substantially less than the
reference range for the assay U (1.7-8.6 IU L™"). Intermittent administration of the
gel also resulted in a decrease serum LH concentrations in the majority
of volunteers.
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Supraphysiological doses of DHT in eugonadal men cause suppression of LH
secretion (Ando et al. 1978; Coutts et al. 1997; Keenan et al. 1987; Kicman et al.
1995 Kuhn et al. 1984; Stewart-Bentley et al. 1974) and consequently there is a
decrease in testicular steroidogenesis, reflected by a decrease in the urinary excre-
tion of testosterone, its 5-metabolites, 5B-androstanediol and etiocholanolone, and
epitestosterone (Coutts et al. 1997; Donike et al. 1995; Kicman et al. 1995; Southan
et al. 1992).

Several investigations have demonstrated that xenobiotic anabolic steroids will
suppress LH secretion, for example fluoxymesterone administered in oral doses of
40-50 mg daily over 3—4 days markedly diminishes plasma LH (Swerdloff and
Odell 1968; Vigersky et al. 1976) as does methandienone administered as 15 mg per
day over 2 months (Holma and Adlercreutz 1976). The degree of depression of
gonadotropin concentrations varies, not least depending on the dose and duration,
ranging from no change to profound suppression, as discussed in the review by
Wright (1980). Androgens which lack the C-19 angular methyl group, such as
nandrolone, also have strong progestational activity, and these will increase the
suppression of gonadotropin secretion. When anabolic steroids are used in large
amounts, and/or in combinations such as the stacking regimens that bodybuilders/
power athletes follow, then there is a profound disturbance of the HPG axis (Alen
and Hakkinen 1987; Martikainen et al. 1986). Recovery is usually within a few
months of cessation of administration but there are a few case reports of persistent
hypogonadism (Jarow and Lipshultz 1990; Menon 2003; van Breda et al. 2003),
these relying on the veracity of the patients with respect to when they say they
withdrew from using anabolic steroids.

7 Transport: Binding of Androgens in Blood

Steroids circulate in the blood, mainly bound to the proteins, with only a small
proportion circulating as unbound hormones, sometimes referred to as “free
steroid” (Dunn et al. 1981). The major binding proteins for androgens are albumin
and sex-hormone binding globulin, both being produced by the liver. Human serum
albumin has a molecular weight of approximately 66,000 Da, consisting of a single
polypeptide chain of 585 amino acid residues (Kragh-Hansen 1981). SHBG is a
homodimeric glycoprotein with a molecular weight of 85,600 Da of which 14% is
carbohydrate, with some microheterogeneity due to variability in sugar content
(Petra 1991).

Circulating albumin has a vast capacity for binding a wide variety of com-
pounds, both endogenous and exogenous, not least because of its high serum
concentration (0.6-0.8 mmol L™"). Human serum albumin has anionic properties
with over 200 negative charges per molecule at pH 7.4 (Silverman et al. 1986).
Despite this, albumin binds (possibly preferentially) negatively as well as positively
charged molecules, as well as electrostatic neutral compounds, there appearing to
be at least six binding regions on the molecule, with one or two primary sites and a
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number of sites with lower affinity (Kragh-Hansen 1981). Endogenous steroids
(non-conjugated) are neutral compounds and bind to albumin with low affinity, the
association (binding) constant varies somewhat but is in the region of ~10*M™', as
comprehensively listed by Dunn et al. 1981) (the interested reader is referred to the
data in the last paragraph of the Materials and Methods section of that paper). More
recently, Amundsen and Siren (2007) assign association constants to steroids not
previously reported, these being epitestosterone, androstenedione and the xenobi-
otic anabolic steroids methyltestosterone and fluoxymesterone. The low affinity of
neutral steroids with albumin is partially due to the inability of steroids to form
ionic bonds but as albumin is present in a high concentration, a large proportion of
circulating steroids is nonetheless bound to this protein, i.e. albumin has a low
affinity but a high capacity for steroids. Indeed, even in pregnancy, a physiological
state characterised by high circulating steroid concentrations, such is the enormous
capacity of albumin for binding steroids that 99% of its available binding sites
remain unoccupied (Dunn et al. 1981).

The more specific steroid-binding proteins, sex-hormone binding globulin
(SHBG) and corticosteroid-binding globulin (CBG; transcortin) circulate in much
lower concentrations (in the nmol L™ range) compared to albumin but they have
relatively a much higher binding affinity with certain steroids, i.e. these binding
globulins have a high affinity but low capacity. SHBG has a high binding affinity
with sex steroids and it is also referred to as “testosterone-binding globulin” or
“testosterone-estrogen binding globulin”. Each monomer of this homodimeric
glycoprotein has a binding site so each SHBG has the capacity to bind two steroid
ligands (Avvakumov et al. 2001). Its binding affinity with testosterone and estradiol
and other steroids possessing a 17p-hydroxylated substituent is around 10° M.
In contrast, the binding affinity with the 17a-hydroxylated steroid, epitestosterone,
is likely to be similar to that of other non-17B-hydroxylated steroids, such as
androstenedione (K, = 2.9 x 10°M™"). CBG has the highest affinity for corticoster-
oids but also binds androgens with a much lower binding affinity, e.g. testosterone
(K, = 10°M™") has about one twentieth the binding constant of cortisol.

Dunn et al. (1981) reported, using computer simulation, that in eugonadal men,
testosterone occupies 36% of the binding sites of SHBG, and taking into account
binding with androstenediol, DHT, DHEA and other steroids, this leaves about 44%
of the binding sites unoccupied. In women, who have much lower amounts of
circulating androgen, 82% of the binding sites are unoccupied. Increasing the
testosterone concentration will result in increasing binding until the sites of
SHBG are saturated. With respect to the strength of binding of different 17f3-
hydroxylated steroids, the association constant of DHT with SHBG (K, = 5.5 %
10°M™) is approximately three times greater than that of testosterone (K, = 1.6 x
109M*1), which in turn is about twice that of estradiol (K, = ~109M*1). As the
energy of binding of SHBG with 17B-hydroxylated steroids is far higher compared
with these steroids to albumin, at equilibrium the proportion of unbound ligand
compared to the protein-bound fraction is relatively much smaller with SHBG than
with albumin. As an adjunct, results from a study by Saartok et al. (1984) has
indicated that the introduction of a 17a-methyl group into testosterone, or removal
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of its 19-methyl group, has a negative influence on binding with SHBG, whereas
la-methyl substitution on DHT increased the affinity by approximately fourfold
compared to DHT itself (note: the investigation utilised human serum and not
isolated SHBG).

Unbound steroids are available for transport across cell membranes and kinetic
studies have shown that albumin-bound steroids may supplement the free steroid
pool due to the rapid equilibrium between binding and dissociation (Mendel 1990;
van den Beld et al. 2000), the steroids dissociating from the albumin in the capillary
space to then enter tissues (Manni et al. 1985; Pardridge 1981). The fraction of 17f3-
hydroxylated steroids tightly bound to SHBG is widely considered to be unavail-
able for diffusing out of the bloodstream, despite some speculation to the contrary,
and thus the SHBG-bound fraction is accepted as being biologically inactive. There
is some evidence, however, of a mechanism independent of steroid nuclear recep-
tors, where SHBG can bind to receptors on the cell surface. The importance of this
non-genomic pathway, and others, at physiological concentrations of androgens is
not currently known (Kicman 2008). Leaving aside any possible non-genomic
effects, as only unbound hormones and albumin-bound hormones are generally
considered bioavailable, SHBG is therefore the most important circulating protein
for controlling the amount of steroids available to responsive cells. The plasma
concentration of SHBG in eugonadal women is twice that compared to eugonadal
men (and consequently the unbound proportion of testosterone is lower, often being
quoted as being about 1% compared to approximately 2% in men; Fig. 8). Some
caution must be exercised, nonetheless, with respect to the proportion of unbound
testosterone quoted for the female, as often the free concentration is calculated
using either equilibrium dialysis approach or an algorithm, both of which depend on
accurate measurement of total testosterone. Recently, the accuracy of immunoassay
in the measurement of low concentrations of serum total testosterone, such as found
in women, has been called into question and newer methods based on mass
spectrometry are helping to address this issue (Kane et al. 2007; Matsumoto and
Bremner 2004; Swerdloff and Wang 2008). Furthermore, approaches based on the
algorithm approach require, as input, the concentration of SHBG (as well as total
testosterone and albumin, and the association constants of testosterone with SHBG
and also with albumin) but Miller et al. (2004) found approximately twofold higher
values using an immunoradiometric assay compared to a radioimmunoassay. This
disparity may be due to differences in antibody recognition of various forms of
SHBG, including glycosylated variants.

Administration of testosterone causes a fall in plasma SHBG concentration
whereas estrogen administration stimulates synthesis of SHBG concentration. An
in vitro study has demonstrated that as testosterone binds more strongly to SHBG
relative to estradiol, a fall in SHBG concentration results in a rise in the ratio of
unbound testosterone/estradiol and, conversely, a rise in SHBG concentration
results in a fall in the testosterone/estradiol ratio (Burke and Anderson 1972).
It was thus proposed that SHBG may play an important role as a “biological
amplifier” for sex steroid action, where androgens and estrogens promote their
own action by altering the SHBG level accordingly. The conclusions drawn from
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Fig. 8 The proportion of testosterone bound to plasma proteins in the eugonadal male, the
menstruating female and the pregnant female (third trimester), based on the data presented by
Dunn et al. (1981). The illustration provides a useful impression of the relative proportions but it
would be inappropriate to place great weight on the absolute accuracy of the numbers quoted, for
reasons discussed within the text

this in vitro study, however, are unlikely to apply in vivo in eugonadal men, as the
HPT axis will respond to a fall in non-SHBG bound testosterone with an increase in
LH and testosterone, assuming that non-SHBG bound testosterone is driving the
feedback inhibition (de Ronde et al. 2005a, b). Of course, with chronic testosterone
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administration for performance enhancement in sport, this adjustment back to the
steady state cannot occur and therefore amplification would be expected.

During pregnancy, presumably under the influence of the rapidly increasing
estrogen concentration, there is a large increase in SHBG concentration, rising
five- to tenfold by week 30 (Moore and Bulbrook 1988) and, as SHBG-bound
steroids are protected from metabolism, this results in a large increase in the total
testosterone concentration but, as logic dictates, a fall in the unbound testosterone
concentration. Conversely, with the loss of estrogen during the menopause, there is
a decrease in SHBG concentration, which results in an increase in free testosterone
(Morley and Perry 2003). The decrease in levels of SHBG associated with hypo-
thyroidism and increased levels with thyroid hormone excess may be also due to
changes in estrogen formation (Griffin and Wilson 2003).

The disappearance of human SHBG has been investigated after its administration
to the Rhesus monkey (Longcope et al. 1992) and the rabbit (Cousin et al. 1998), and
regardless of the discrepancy in metabolism between these two species, there was a
biphasic serum profile with an initial half-life (alpha) of approximately 3 h and a
terminal half-life of over 30 h. The prolonged half-life of SHBG is compatible with
its relative stability and thus drug-induced changes in the circulating concentration
of SHBG in the human would be expected to be also relatively slow, with a gradual
change in the clearance of sex steroids. Modest to severe falls in SHBG concentra-
tion have been reported during chronic self-administration of high doses of anabolic
steroids by male bodybuilders and power athletes (Alen and Hakkinen 1987; Bonetti
et al. 2008), with as much as a 90% reduction occurring based on measurement by
competitive immunoassay (Ruokonen et al. 1985). Conversely, use of oral contra-
ceptives that contain estrogens causes an increase in SHBG and CBG concentration;
after only one cycle of use the SHBG concentration can double (Wiegratz et al.
2003). Progestogen administration can result in inhibition of SHBG synthesis and,
accordingly, the type of progestogen accompanying the estrogen in combined oral
contraceptives will affect the degree of rise in SHBG (Moore and Bulbrook 1988).
Of interest is how changes in SHBG synthesis may affect the urinary testosterone/
epitestosterone (7/E) ratio, for example when a woman switches from use of a
combined oral contraceptive to a progestogen-only contraceptive. A fall in circulat-
ing SHBG should increase the amount of bioavailable testosterone for urinary
excretion but clearance of epitestosterone is likely to remain largely unaffected
due to its probable low binding affinity. Theoretically, the urinary T/E ratio should
increase as a result, even though the urinary excretion of both these steroids would
be expected to be low due to suppression of ovarian steroidogenesis.

8 Catabolism and Excretion of Endogenous Androgens

The main site of androgen metabolism is in the liver, which is particularly rich
in steroid catabolic enzymes. Extrahepatic androgen catabolism can also be
significant, e.g. Sa-androstanediol and its glucuronide conjugate are derived from
extra-splanchnic metabolism of DHT, mainly in the skin (Toscano 1986).
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Fig. 9 Metabolism of testosterone, with figures attached to the arrows indicating the approximate
proportion of testosterone which is metabolized by that route (Brooks 1975). All steroids are
excreted predominantly as conjugates but only the glucuronide conjugate of testosterone is shown

Testosterone is subjected to extensive phase 1 metabolism (Fig. 9), involving
oxidation of the 17B-hydroxyl group to androstenedione, the reduction of the
A-ring to yield the 5a- and 5B-androstanediones and then the action of the 3a-
and 3fB-hydroxysteroid dehydrogenases to form the tetrahydro-17-oxosteroid meta-
bolites, androsterone and etiocholanolone, as major metabolites, and to a much
lesser extent epiandrosterone. The isomeric Sa- and 53-androstane-3at, 173-andros-
tanediols are also minor metabolites of testosterone and a very small proportion is
converted to estradiol (Brooks 1975). Apart from oxidoreductive reactions at
positions 3, 4 and 17, hydroxylation by the action of CYP enzymes may possible
occur, especially following testosterone administration, as discussed by Rendic
(1993).

Androgens in urine are almost entirely conjugated. Phase II reactions,
concerning the conjugation with UDP glucuronic acid (UDPGA) to yield glucur-
onides and with 3’-phosphoadenosine-5’-phosphosulphate (PAPS) to yield sul-
phates, has been reviewed extensively (e.g. Gower 1984b). The quantitative
determination of urinary steroid glucuronide conjugates (in men) and mono- and
disulphates (in men and women) show that the large majority of the androgen
metabolites are excreted in the urine mainly as glucuronide conjugates, a notable



2 Biochemical and Physiological Aspects of Endogenous Androgens 53

exception being the 3B-hydroxylated steroids, which are predominantly excreted as
sulphates, DHEA sulphate being particularly abundant (Janne 1970; Setchell et al.
1976). The conjugation of androgens to glucuronic acid or sulphate is chiefly
performed by enzyme systems in the liver, although these systems are also present
in other tissues such as kidney and intestine. This conjugation makes the steroid
metabolites even more water soluble. A small fraction of androgen metabolites is
excreted via the bile into the small intestine, although the sulphate conjugates in
particular may be reabsorbed there as part of the enterohepatic circulation. The fact
that sulphate conjugates are also tightly bound to albumin in the blood may explain
why they are not so rapidly excreted compared to steroid glucuronide conjugates.

Typical concentrations of urinary androgens, based on a database of ~10,000
samples and analysis by GC-MS following glucuronidase hydrolysis, show that
testosterone is approximately 40 ng mL ™' (Aguilera et al. 1999), 5B- and 5u-
androstanediol (median values) are 121 and 68 ng mL~"' (Aguilera et al. 1999),
and androsterone and etiocholanolone are 1,000 to 4,000 ng mL ™' (Aguilera et al.
2000). The supporting science to this data has not been published but the data
originates from the anti-doping laboratory at UCLA, and these sorts of measured
concentrations are consistent with the experience of other WADA-accredited
laboratories, such as the one in London. Mareck et al. (2008) have reviewed the
factors influencing the androgen profile in doping control analysis.

It has been well recognized that the clinical assay used for urinary 17-oxo
steroids is a poor index of androgenic status, since proportionately about two thirds
originates from adrenal steroid metabolism (Bethune 1975; Grant and Beastall
1983). The adrenal steroids secreted that are metabolized to urinary androsterone
and etiocholanolone glucuronides are androstenedione, DHEA and DHEA sul-
phate. Moreover, ACTH secretion is increased in times of physiological stress, as
can occur (moderately) with athletes in competition and with sustained arduous
training, which results in increased adrenal androgen output and thus the urinary
excretion of androsterone and etiocholanolone should be raised. This adrenal
contribution will attenuate the sensitivity of the gas chromatography-combustion-
isotope ratio mass spectrometry test for testosterone administration based on
targeting androsterone and etiocholanolone rather than urinary testosterone itself.

Epitestosterone is an important analyte for detecting testosterone administration
by athletes. Currently, as only urine samples are collected for analysis and because
testosterone is also endogenously produced, a test for the detection of testosterone
administration is based on the ratio of urinary testosterone to epitestosterone (T/E)
in urine, which is independent of the urinary dilution (Donike et al. 1983). The
circulating concentration and production rate of testosterone in men is about 15-30
times greater than that of epitestosterone (Handelsman et al. 1996; Kicman et al.
1999; Wilson and Lipsett 1966), albeit based on limited sample numbers. Due to
differences in extent of metabolism, about 1% of testosterone is excreted into urine
as testosterone glucuronide compared with about 30% of epitestosterone glucuro-
nide, resulting in similar urinary concentrations of these steroid glucuronides and
thus the T/E ratio approximates to 1. The ratio also approximates unity in healthy
women. When testosterone is administered the ratio is augmented due to
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the increased excretion of urinary testosterone, and a laboratory reporting threshold
of 4 has been chosen by the WADA.

Genetic polymorphism can affect the excretion of steroids and this has implica-
tions for doping control. The deletion polymorphism of UGT2B17 is associated
with significantly lower glucuronidation rates of testosterone, which diminishes the
excretion of testosterone glucuronide but does not seem to affect epitestosterone
glucuronide (Jakobsson et al. 2006). The UGT2B17 del/del genotype appears to be
much more common in Asian than Caucasian men, and this inter-ethnic variation in
metabolism has implications for the detection of testosterone administration test
based on an absolute T/E reporting threshold (Bowers 2008; Kicman and Cowan
2009a; Schulze et al. 2008). Further, Borts and Bowers found that concentrations of
both glucuronide and sulphate conjugates of testosterone and epitestosterone were
lower in a Chinese population compared with a Caucasian mixed group (Borts and
Bowers 2000).
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Abstract Phase-II metabolism has a major contribution to androgen metabolism,
converting the highly non-polar compounds to a more easily excreted form prior to
their excretion in urine. In the human body the main phase-II metabolic reactions are
glucuronidation and sulphonation. These reactions are catalysed by enzymes, which
are categorised into families and further subfamilies based on their function and
similarities of their amino-acid sequences. Due to inter-individual variation of the
metabolising enzymes and their activities, the metabolic patterns of prohibited
substances should be estimated for efficient doping control. In addition to target
analytes the phase-II reactions have an effect on the selection of sample preparation
procedure, chromatographic technique and ionisation method of the analysis routine.
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required, and to replace the laborious in vivo excretion studies, in vitro methodologies
have been implemented to produce intact phase-II metabolites of androgens.
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1 Phase-II Metabolism of Androgens

Due to their highly non-polar character, androgens are extensively modified by
several metabolic reactions prior to their excretion in urine. These metabolic path-
ways are divided into phase-I and phase-II reactions, and transform the steroid
substrate into a less toxic, less active and more polar form, typically terminating the
pharmacological activity of the androgen. Phase-I reactions (i.e. functionalisation)
involve oxidation, hydrolysis and reduction (Gibson and Skett 1994), which intro-
duce new functional groups for the subsequent phase-II reactions (i.e. conjugation).
For the endogenous androgens and for exogenous anabolic androgenic steroids
(AAS) the main phase-II reactions are conjugation with glucuronic acid (glucur-
onidation) or with a sulfo-moiety (sulphonation), glucuronidation being the most
predominant pathway in human metabolism. In general, conjugation plays a
remarkable role in the metabolism of androgens, as the unconjugated fraction of
androgens has been reported to contain only less than 3% of the total amount
of androgens excreted in urine (Dehennin and Matsumoto 1993).

1.1 Glucuronide Conjugation

In human, conjugation with glucuronic acid is the major conjugation reaction of
androgens (Mulder et al. 1990). Glucuronidation is a bimolecular nucleophilic
substitution reaction (Sy2), which is catalysed by uridine diphosphoglucuronosyl-
transferases (UGTs; E.C. 2.4.1.17) and uses uridine-5'-diphosphoglucuronic acid
(UDPGA) as the co-substrate. The reaction leads to the attachment of the highly
polar glucuronic acid moiety to the steroid structure with the immediate inversion
of the configuration to yield a B-glycosidic bond (Fig. 1). In most cases the activity
of the xenobiotics or endobiotics is terminated by glucuronidation, but exception-
ally higher toxicity has been reported for the D-ring glucuronide conjugates of
17B-hydroxyestrogens, testosterone and dihydrotestosterone in comparison to the
corresponding parent compounds (Vore and Slikker 1985).

COOH
OH o H UGT
+ H o lo) )\ )
U 0 o
0—P—0—P—0
OH | | O.
on O O + UDP
o o +H,0

Testosterone OHOH Testosterone glucuronide

Uridine 5'-diphosphoglucuronic acid
(UDPGA)

Fig. 1 A UGT-catalysed glucuronide conjugation between testosterone and uridine-5’-diphospho-
glucuronic acid (UDPGA)
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Fig. 2 Sequence similarity of human UGT isoenzymes

UGTs are a family of membrane-bound enzymes of the endoplasmic reticulum.
According to recent updates the human genome encodes at least 19 UGTs
(Mackenzie et al. 2005), which range from 529 to 534 amino acids in size (Tukey
and Strassburg 2000). These expressed proteins have been divided into two families
(UGT1 and UGT?2) on the basis of their sequence similarity (Fig. 2), which is higher
than 38% within a single family (Tukey and Strassburg 2000, 2001). According to
the even higher sequence homology, the enzyme families are categorised into
further subfamilies (Burchell et al. 1991; Mackenzie et al. 1990, 1997, 2005).

The most important enzymes involved in glucuronidation of androgens are
members of subfamilies UGT1A and UGT2B (Barbier and Bélanger 2003; Hum
et al. 1999; Turgeon et al. 2001). The main site of glucuronidation is the liver
(Table 1), although extra-hepatic glucuronidation has been observed in kidney,
intestine, lung, and prostate. In the human body the members of the subfamily
UGT?2A are expressed in the nasal epithelium (Lazard et al. 1991), and despite the
observed glucuronidation activity towards androgens, their relevance in the andro-
gen biotransformation is minor in comparison to UGT1A and UGT2B enzymes
(Sten et al. 2009).

The superfamily of UGTs is a diverse group of isoenzymes capable of glucuroni-
dating a wide variety of substrates and different functional groups, e.g. —OH, -COOH,
—NH,, —SH and C-C (Radominska-Pandya et al. 1999). With androgens, however,
the site of conjugation is typically a hydroxyl group, although interesting evidence of
the regio- and stereoselectivity of UGTs has been shown, especially in the activities of
UGT2B enzymes (Jin et al. 1997; Kuuranne et al. 2003; Sten et al. 2009).
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1.2 Sulphonation

In addition to glucuronide conjugation, sulphonation (often called also as sulfate
conjugation) also plays a major role in the modulation of pharmacological activity
of a wide variety of endogenous compounds and xenobiotics in the human body.
The sulfonation (Fig. 3) is catalysed by sulphotransferase enzymes, which transfer
the sulfo moiety (SO3) from a co-substrate, 3’-phosphoadenosine-5’-phosphosulfate
(PAPS), to the specific substrate (Mulder and Jakoby 1990). In mammals the
sulfotransferases (SULTSs) are divided into two classes, namely membrane-bound
forms, which are not active in the biotransformation of xenobiotics, and soluble
forms, typically cytosolic sulfotransferases which are involved in the sulphonation
of xenobiotics and small compounds (Glatt et al. 2001; Kauffman 2004; Chapman
et al. 2004). The nomenclature of SULTS is often confusing due to an extensive
overlap of substrate specificity of the enzymes. All cytosolic SULTs are members
of a single superfamily and according to the literature there are currently 13 known
isoforms of human SULT enzymes (Lindsay et al. 2008) categorised into families
SULTI1, SULT2, SULT4 and SULT®6 (Table 2). Within each family the identity of
amino-acid sequence is higher than 45%, whereas the similarity is above 60%
within each subfamily. Although gluronidation is the main conjugation pathway
of androgens in human, steroids possessing a 33-hydroxyl function are an exception
and are sulfonated to exceptionally high extent, dehydroepiandrosterone (DHEA)
being a model compound of endogenous androgens (Gower et al. 1995). Catalysing
activity towards androgens has been reported with SULT1E1 (Coughtrie 2002),
2A1 (Shimada et al. 2001), and 2B1a and 2B1b (Her et al. 1998). Unlike with
UGTs, with SULTSs each enzyme displays a unique tissue distribution, SULT1A1
being the main hepatic isoenzyme (Barker et al. 1994).

Table 2 Examples of human SULT isoenzymes, examples of their tissue distribution and of their
reported androgen substrates

Isoform Major sites of distribution Examples of androgen References
substrates

SULTIA1  Adult liver None

SULTIA2  Not defined None

SULT1A3 GI tract None

SULTIB1  Adult liver and GI tract None

SULTIC2  Fetal kidney, lung and GI tract None

SULTIC4  Fetal kidney and lung No substrate known

SULTIE1 Fetal kidney, lung and GI tract, adult liver DHEA Coughtrie (2002)
and endometrium

SULT2A1 Fetal and adult, adenal gland and liver DHEA, epiandrosterone, Nowell et al. (2000)

androsterone, testosterone  Aksoy et al. (1993)

SULT2Bla Adrenal glands, liver and small intenstine None to high extent Lindsay et al. (2008)

SULT2BI1b Liver, GI tract, spleen, thymus, lung, DHEA and other Coughtrie (2002)
prostate, ovary and adrenal gland 3B-Hydroxysteroids

SULT4A1 Brain No substrate known

The table is modified from Lindsay et al. (2008)
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Fig. 3 A SULT-catalysed sulphonation between testosterone and 3’-phosphoadenosine 5'-phospho-
sulfate (PAPS)

1.3 Genetic Polymorphism

Inter-individual or inter-ethnic differences observed in metabolic pathways may be
caused by genetic variation, e.g. polymorphism, which may alter the expression or
the activity of a specific metabolic enzyme. For the UGT isoenzymes polymor-
phism has been reported at least for seven genes, namely UGTIAI, 1A6, IA7, 2B4,
2B7, 2B15, and 2B17 (Miners et al. 2002; Jakobsson et al. 2006). Due to the
significant role of UGTs in the elimination of xenobiotics, genetic polymorphism
of UGTs is of toxicological and physiological importance, e.g. in the occurrence of
exceptionally slow or rapid metabolic behaviour of an individual, and in evaluation
of therapeutic doses or drug interactions. For the SULT family there are also reports
of the common single nucleotide polymorphism, which is associated with the
variation in enzyme activity and thermal stability (Pachouri et al. 2006). Inter-
ethnic variation has been reported especially for SULT1A1, although instead of
androgen metabolism the polymorphism plays a role in the risk of lung cancer from
cigarette smoking (Lindsay et al. 2008).

From the practical doping control point of view, the most significant issue of
genetic polymorphism is connected to the steroid profiling and to the detection of
administration of exogenous testosterone (7)) in particular. The current trigger for
further investigations is when the ratio of urinary glucuronide conjugated T to
epitestosterone (F) exceeds the value T/E = 4. The ratio is dramatically affected if
an individual is a homozygotic carrier of a common genetic deletion of UGT2B17,
the frequency of which is much higher in Asian than, e.g., in Caucasian popula-
tions (Jakobsson et al. 2006, 2008). As the glucuronidation of T is reduced,
the ratio may remain below the threshold even in the case of testosterone
administration. On the other hand, there are also individuals showing “naturally
elevated” T/E ratios, i.e. values above the threshold without an exogenous appli-
cation of testosterone or its precursors. To exclude the effect of genotype on
the test of the doping control result, there is a desire to shift the methodology
towards subject-based testing, monitoring the status of an individual against his/
her own steroid profile instead of the large population, as described in detail in
Ayotte (2009).
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2 Relevance of Phase-II Metabolism in Doping Control Analysis

The relevance of metabolic reactions in doping control originates from the desired
targeted screening of the most prominent metabolites, which should take into
account the potential inter-individual variation and the time of the administration.
Phase-I metabolism of androgens plays a significant role in these structural mod-
ifications and strongly determines the applied analytical approaches, such as the
selection of separation and ionisation methods. The development of instrumenta-
tion providing interfacing of liquid chromatographic (LC) separation to mass
spectrometric (MS) detection, especially via electrospray ionisation (ESI), has
opened up broad possibilities for the direct analysis of thermolabile, non-volatile,
bulky and polar compounds, such as glucuronide-conjugated or sulfonated andro-
gens (Bowers and Sanaullah 1996; Borts and Bowers 2000; Kuuranne et al. 2000;
Hintikka et al. 2008). Although this combination could make the simultaneous
detection of the total steroid fraction possible it is not totally free from interfer-
ences, such as matrix effects. Nowadays the routine screening procedure of endog-
enous and exogenous steroids is typically carried out in the hydrolysed urine sample
and the analytical method is selected from the basis of chromatographic and mass
spectrometric properties of individual analytes.

Phase-II metabolic routes, however, have a particular effect on selection of
the appropriate sample preparation procedure, as the hydrolytic properties of
glucuronide-conjugated and sulfonated androgens are significantly different. Infor-
mation on the metabolic fate of an analyte is of great importance with issues,
e.g. (1) decision of the general approach (chemical or enzymatic hydrolysis), (2)
activity of the enzyme (B-glucuronidase only or with sulfatase activity) and (3)
required hydrolysis conditions (amount of the enzyme, hydrolysis temperature,
duration of the incubation and pH). Many sulfonated steroids are not efficiently
hydrolysed in enzymatic processes, but application of more efficient methods, such
as solvolysis, may lead to degradation of certain analytes (Gomes et al. 2009). As a
consequence, no universal analysis method for steroid conjugates is available and
the recent methods rely mainly on the enzymatic hydrolysis of target compounds
(e.g. with E. coli) and focus thus on the analysis of glucuronide-conjugated fraction
of steroids (Schinzer and Donike 1993). Intact phase-II metabolites, nevertheless,
may be needed in the monitoring of the hydrolysis stage of sample cleanup.

3 In Vitro Production of Phase-II Metabolites

For method development and identification purposes of a new banned substance,
relevant reference compounds are needed in doping control analysis. Traditionally
the metabolic behaviour and the resulting target compounds of a new steroid have
been examined in excretion studies in human subjects. This approach, however,
requires a heavy administrative and medical workload with adequate ethical
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approvals. Also other practical problems may be encountered with the isolation and
purification of the metabolites, which represent the distribution of a single or few
subjects. Severe problems are also faced with pipeline products or compounds from
illicit producers, when there is no sales permission or legal pharmaceutical product
available for administration. To ensure a fast response to analytical challenges, the
development and set-up of new analytical methods or implementation of new
compounds in present procedures should be prompt.

Animal models, e.g. monkey, are used to characterise pharmacokinetic and
toxicological properties of androgens (Barbier et al. 2003), as well as tissue slices
or crude enzyme preparations obtained from animal or human metabolic organs
(Kuuranne et al. 2002, 2008a). The enzyme preparations can be used, e.g., in the
small scale production (typically less than 1 mg amounts) of reference material by
selecting the co-substrates, enzyme preparations, other additives and incubation
conditions (Table 3) to mimic only phase-I or phase-II metabolic reactions sepa-
rately, or to combine all the potential pathways in one assay (Kuuranne et al. 2002,
2008a,b). Sulphonation has been described as “high affinity—low capacity” phase-II
reaction in vivo and the predominant reaction at low substrate concentration,
whereas glucuronidation prevails at high substrate concentration (Lindsay et al.
2008). There are also differences in the set-up of in vitro assays, as the product
inhibition restricts easily the activity of SULTs (Chapman et al. 2004). But in
general terms, the in vitro metabolic assays of androgens are relatively straightfor-
ward to perform. As human liver enzymatic preparations are nowadays commer-
cially available, easy and safe to handle and store, and the method does not require
specific instrumentation or hardware, it may be easily applied to an operating
doping control laboratory.

Recent sophisticated cloning and expression techniques of, e.g., recombinant
human UGT isoenzymes (Kurkela et al. 2003) enable deeper characterization of the
affinity, specificity and kinetic properties of a specific enzyme towards a certain
substrate. For example, the members of the UGT2B subfamily are well known for
their activity towards hydroxysteroids and they have been reported to exhibit both
regio- and stereoselective glucuronidation of androgens (Jin et al. 1997; Sten et al.
2009). Gaining wider experience on the substrate specificity or overlap of enzyme

Table 3 Examples of the in vitro assay screening conditions for androgens

Component Phase-I assay Phase-II assay

Glucuronidation Sulphonation

50 mM phosphate buffer+5 mM MgCl, 100 pl 100 pl 100 pl
Substrate 50 uM 50 uM 10 uM
D-Saccharic acid 1,4- lactone 5 mM

NADPH 5 mM

UDPGA 5 mM

PAPS 20 uM
Enzyme, S9 fraction 0.5 mg ml™" 0.5 mg ml™"
Enzyme, microsomal fraction 0.5 mg ml~!

NADPH: nicotinamide adenine dinucleotide phosphate; PAPS: 3’-phosphoadenosine-5’-phospho-
sulfate; UDPGA: uridine-5'-diphosphoglucuronic acid
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subfamilies provides information on the factors affecting the inter-individual vari-
ation, such as genetic polymorphism, and may thus also assist in interpretation of
the results in doping control.
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by GC/MS. Over the years, the markers of utilization were identified, the reference
ranges of diagnostic metabolites and ratios were established in volunteers and in
populations of athletes, and their stability in individual subjects was studied.
The direct confirmation comes from the measurement of §'°C values reflecting
their synthetic origin, ruling out a potential physiological anomaly. Several factors
may alter the individual GC/MS steroid profile besides the administration of a
testosterone-related steroid, the nonexhaustive list ranging from the microbial
degradation of the specimen, the utilization of inhibitors of Sa-reductase or other
anabolic steroids, masking agents such as probenecid, to inebriating alcohol drink-
ing. The limitation of the testing strategy comes from the potentially elevated rate
of false negatives, since only the values exceeding those of the reference popula-
tions are picked up by the GC/MS screening analyses performed by the labora-
tories on blind samples, excluding individual particularities and subtle doping.
Since the ranges of normal values are often described from samples collected in
Western countries, extrapolating data to all athletes appears inefficient. Further-
more, with short half-life and topical formulations, the alterations of the steroid
profile are less pronounced and disappear rapidly. GC/C/IRMS analyses are too
delicate and fastidious to be considered for screening routine samples. An approach
based upon the individual athlete’s steroid profiling is necessary to pick up varia-
tions that would trigger further IRMS analysis and investigations.

Keywords Testosterone ¢ detection ¢ steroid profiles « GC/MS « GC/C/IRMS

1 Introduction

1.1 Testosterone

For the past 20 years, the two anabolic androgenic steroids most frequently
reported by laboratories in adverse findings are testosterone and 19-nortestosterone
(IOC Medical Commission, personal communications 1983—1999; WADA 2008).
Testosterone is available in a wide range of forms and dosages. In North America,
for example, excluding the veterinary formulations, it is contained in gels (topical:
Androgel, Testim 2.5 or 5 mg per packet), films (transdermal: Androderm 2.5
or 5 mg per 24 h) and suspensions (intra-muscular injections). Converted to
17B-esters, it is available for oral use (undecanoate — Andriol 40 mg), and dissolved
in oil for intra-muscular injections (propionate — Testex, enanthate — Delatestryl,
cypionate — depo-testosterone: 59 to 200 mg mL ™). Testosterone is also offered in
combination with estradiol (Health Canada 2008; FDA 2008). Elsewhere in the
world, other forms and preparations can be found.
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Testosterone is prohibited in sport. The first marker of its misuse, as proposed in
the early 1980s, is a ratio of urinary glucuroconjugated testosterone to epites-
tosterone (T/E value) exceeding the range of values normally measured in human
(Donike et al. 1983).

1.2 Historical Background

In the early 1980s, when the Medical Commission of the International Olympic
Committee first introduced testosterone (17p-hydroxyandrost-4-en-3-one) on its
list of banned substances, the sole measurement of a urinary 7/E value above 6
was thought to reflect its administration (epitestosterone is not a metabolite of
exogenous testosterone and, in some instances, its excretion is even diminished
by negative feedback). In 1992, the definition of what constituted a positive finding
was modified to take into account the natural conditions reported to have produced
false positive results (Namba et al. 1988; Raynaud et al. 1992). A ratio higher than
6 was considered to reflect the administration of testosterone unless there is
evidence that this ratio is due to a physiological or pathological condition. Further
tests, such as comparison of the athlete’s other test results or vaguely defined
endocrinological investigations, were required for borderline, gray-zone values
that could not take one readily out be readily attributed to doping (I0OC Medical
Commission, List of banned substances and methods of doping May 1992).
Acceptable physiological and pathological conditions and endocrinological inves-
tigations were matters of dispute before the tribunals. In absence of clear guidelines,
several often opposed interpretations coexisted, other tests, some extreme, were
proposed requiring the virtual sequestration of the athlete and the administration of
ketoconazole in order to differentiate the normally elevated value from the one due
to doping (Kicman et al. 1993). The need for complementary markers was univer-
sally stressed.

Meanwhile, as other testosterone-related steroids were misused, more frequently
so when hormonal supplements containing precursors could be purchased legally,
and reports were made of the growing utilization of new formulations of testoster-
one delivering much lower dosages, it became apparent that looking only at high
T/E values would not suffice. The concept of urinary steroid profiling was applied to
this field of testing; the reference ranges and individual stability of other parameters
were determined. Corroborative evidences are now collected through the routine
measurement of the concentrations and relative ratios of testosterone, epitestos-
terone, final and inactive metabolites, androsterone (Andro: 5Sa-androstan-3a-ol-
17-one), etiocholanolone (Etio: 3a-hydroxy-5f-androstan-17-one), androstanediols
(5a-diol: Sa-androstan-3a,17B-diol and 5B-diol: 5B-androstan-3a, 173-diol) which,
as a minimum, constitute the steroid profile.

At the end of the 1990s, just when a top-level sprinter and his expert endocri-
nologist convinced his national federation that the increased urinary testosterone
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concentration and T/E value of his reported positive sample were most certainly due
to alleged physiological conditions such as the influence of permitted supplements
on his adrenal system combined with “stress factors, sleep deprivation, prolonged
sexual interaction and alcohol”, the utilization of the isotope ratio mass spectrome-
try (IRMS) became the essential complementary tool, offering a direct method for
the detection of metabolites of synthetic origin. Currently, the World Anti-Doping
Agency requests that all samples presenting abnormal steroid profiles such as T/E
values above 4 or abnormal levels of metabolites be investigated, preferably by a
further GC/C/IRMS of the sample (WADA 2008).

2 General Approach to the Measurement of Urinary Steroids

2.1 From Immunoassays to Mass Spectrometry

The radioimmunoassays employed in the 1970s for the detection of 19-norsteroids,
17-methylsteroids and testosterone (Brooks et al. 1975; Rogozkin et al. 1979;
Chaikovskii et al. 1983; Bilek et al. 1987) were definitely abandoned in the 1980s
when low-cost, user-friendly, software-operated instruments combining high reso-
lution gas chromatography and quadrupole filter mass spectrometry (GC/MS)
became accessible, allowing the automated analysis of batches of samples with
high sensitivity and specificity.

The metabolites of steroids are mostly excreted in the conjugated, principally
glucuroconjugated, form and are amenable to GC/MS analysis following, however,
rather extensive sample preparation. With relatively few modifications brought to
the methods proposed in the early 1980s for urinary steroid analysis (Shackleton and
Whitney 1980; Shackleton 1986; Vestergaard 1980), the steroids are most frequent-
ly isolated from the urine matrix by solid phase extraction, the glucuronides are
hydrolysed enzymatically, and converted into pertrimethylsilylated derivatives
(TMS-enols (ketone), TMS-ethers (hydroxyl)) (Donike 1980). Their GC/MS detec-
tion in the low ng mL ™" range is carried out by monitoring specific ions (SIM mode).
Their GC/MS detection in the low ng/mL range is carried out by monitoring specific
ions (SIM mode) of relevant metabolites, often molecular ions or fragments
corresponding to the loss of a methyl group. General comprehensive screening
methods allow the sensitive detection of the characteristic metabolites of prohibited
anabolic androgenic steroids, the presence of which is solely due to doping, and the
precise measurement of the steroid profile of endogenous steroids (Ayotte et al.
1996). While, recently, liquid chromatography and tandem mass spectrometry (LC/
MS/MS) with electrospray ionization (ESI) has been proposed for the direct analysis
of free and conjugated metabolites of purely exogenous steroids, steroid profiles are
still being acquired by GC/MS. Confirmatory assays by LC/MS/MS or LC/MS-TOF
of testosterone and epitestosterone conjugates or hydrazone derivatives have been
suggested in order to permit their detection and identification when present at low
levels (Borts and Bowers 2000; Saudan et al. 2006; Danaceau et al. 2008).
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2.2 Sample Preparation for GC/MS Analyses

In order to allow comparison of steroid profiles often essential to detect anomalies
related to doping, test results must be routinely obtained in a manner that ensures
accuracy. Screening analyses are normally conducted on a single aliquot of the
urine samples, grouped in batches also containing a quality control sample of
known composition. Confirmatory analyses of a parameter exceeding the ranges
of values normally measured in humans must provide a clear identification of the
analyte, and its quantification in triplicate is required (WADA 2004). The assays
include appropriate internal standards. Of crucial importance, the enzymatic hydro-
lysis of the steroid glucuronides can be carried out on an extract purified by solid
phase extraction (SPE, most often on C18 cartridges) (Shackleton and Whitney
1980) but also directly on the urine. In the latter case, extra care must be taken to
ensure complete deconjugation of key steroids that are not hydrolysed at the same
rate and to exclude undesirable side-activities (Vestergaard 1978; Graef et al.
1977). Purified B-glucuronidase from E. coli was shown to maintain the integrity
of the steroid profile while chemical hydrolysis or methanolysis were not found to
be suitable for that application. Among other unsuitable preparations, some crude
mixtures of Helix pomatia are known to possess unwanted enzymatic activities
causing the alteration of the urinary steroids, for example the conversion of the 3[3-
hydroxy-5-ene steroids to 3-oxo-4-ene steroids by the action of 3-HSDH:NAD
oxidoreductase and 3-oxo0-5-4-en-isomerase and the oxidation of 3-hydroxysteroids
(Massé et al. 1989; Vanluchene et al. 1982; Messeri et al. 1984; Leyssens et al.
1998; Graef et al. 1975). Extensive reviews of factors altering the urinary steroid
profiles are available (Geyer et al. 1996; Mareck et al. 2008).

2.3 Stability of Urinary Steroid Conjugates

Testosterone glucuronide is known to be stable in urine for at least 1 year when the
specimen is stored below —20°C (Venturelli et al. 1995; Robards and Towers 1990),
while one study reported the formation of free testosterone and free dihydrotestos-
terone in urine samples kept at 18 and 37°C (Kjeld et al. 1977). Testosterone and
epitestosterone conjugates are stable for months in sterile urine kept at 4°C and
—20°C (Jiménez et al. 2006), while the addition of a bacteriostatic agent was
required to preserve their integrity in urine samples kept at 4°C and 37°C for a
week (Saudan et al. 2006). Spiked in sterile urine, authentic standards of androster-
one, etiocholanolone, testosterone, epitestosterone sulfates and glucuronides are
stable even upon incubation at 37°C; dehydroepiandrosterone-3f3-sulfate, like other
sulfoconjugated steroids, is less stable showing partial deconjugation. Since sam-
ples are not collected under sterile conditions, skin bacteria and intestinal microflo-
ra (staphylococci, enterobacteria, E. coli, etc.) are often present. Delays in
delivering the samples to the laboratory and improper refrigeration during
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transportation and storage may offer good conditions for microbial growth; the
effects on the urinary steroids are easily detectable and consist mainly in the
hydrolysis of the steroid conjugates and in oxidoreductive reactions leading to
the abnormal presence of steroids in the free form and the accumulation of 5a-
and 5B-androstan-3,17-dione, the B-isomers being more rapidly altered. Signs of
microbial degradation should obviously be absent to ensure the accurate measure
of the steroid profile (Ayotte et al. 1996, 1997; Hemmersbach et al. 1997).

3 Testosterone and Epitestosterone

3.1 Reference Ranges

The concentrations of excreted metabolites can be compared once adjusted for
a specific gravity of 1,020" (Donike et al. 1993). In the North American athletic
population, the normalized concentration of testosterone and epitestosterone
glucuroconjugates does not exceed 130 ng mL ™' in the vast majority of male
samples, while levels lower than 30-40 ng mL ™', often below the limits of
quantification, are measured in females (Fig. 1); similar results were reported for
Midland Europeans (Ayotte 2008; Donike 1993; Geyer et al. 1997; Lévesque and
Ayotte 1999a, b and references cited herein). The T/E value is often given as the
direct ratio of the always measurable peak area (m/z 432 for the pertrimethylsily-
lated derivatives) when the steroids cannot be reliably quantified considering the
uncertainty of the measure (WADA 2004).

As shown from the analysis of the same principally North-American population,
T/E values are most frequently close to 1 and the 99% cut-off values of both male
and female populations are 4.6 and 4.3, respectively (Ayotte 2008)>.

The T/E values follow a bimodal distribution that parallels the pattern of glucur-
oconjugated testosterone (Figs. 1 and 2). The presence of a minor population of ratios
at values below 1 due to lower concentrations of testosterone glucuronide was
reported; it was shown to be more representative of Asians (Ayotte 2008; Ayotte
et al. 1996; Baenziger and Bowers 1994; Catlin et al. 1997; de la Torre et al. 1997).
This observation was explained recently when that pattern of testosterone excretion
was shown to strongly correlated with UGT2B17 (uridine diphosphoglucuronosyl
transferase) deletion polymorphism, more frequently present in Asians (Jakobsson
et al. 2006).

1.020 — 1
Specific gravity (sample) — 1

! Concentration(1.020) = Concentration measured x

%It was already known in the 1960s that epitestosterone and testosterone were excreted in similar
amounts (e.g. De Nicola et al. 1966).
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Fig. 1 Distribution of urinary testosterone (/eft) and epitestosterone (right) (enzymatically hydro-
lyzed glucuronide) in male athletes (upper panels) and female athletes (lower panels). Data
obtained from routine sample analysis in Montréal Laboratory on a mostly North-American
athletic population and volunteers (Ayotte 2008). Legends translated from French. Reproduced
with permission of Revue francophone des laboratoires
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Fig. 2 Distribution of T/E values measured in male (n = 31,740, left) and female (n = 15,841,

right) athlete samples (Ayotte 2008)



