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Abstract

Androgens are the most widely abused prohibited substances in sports. Detection of
androgen abuse in sports relies on using sensitive gas chromatography tandem mass
spectrometry-based techniques. These techniques require knowing the structure of the test
compound in order to detect it. The last 15 years has seen the emergence of steroids with
novel structures, termed designer steroids, which can bypass detection. In recent years, many

of these designer steroids have appeared in sports supplements.

There is limited data on the safety and efficacy of designer steroids. Numerous studies report
that consumption of sports supplements containing designer androgens are associated with
a number of adverse health effects, including cholestatic jaundice. Furthermore, it is often

not known if these designer androgens have beneficial anabolic activity.

The overall hypothesis of this thesis was that designer steroids contained within sports
supplements are potent androgens. The main aim of this thesis was to assess the androgenic
and anabolic activity of sports supplement-derived designer steroids using reporter gene
androgen bioassays and a C2C12 myoblast cell model. Additionally, the Australian sports

supplement market was screened for undeclared androgenic substances.

Chapters 3 and 4 investigated the androgenic bioactivity of 22 designer steroids utilising in
vitro androgen bioassays. Chapter 3 aimed to assess the intrinsic androgenic bioactivity of the
designer steroids using the Saccharomyces cerevisiae-based yeast androgen bioassay. It was
determined that 45% of the sports supplements had strong androgenic activity. Chapter 4
tested these designer steroids in the HuH7 cell line to mimic hepatic metabolism. This chapter

showed that several of these strong androgens remained potent or were activated into more
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potent androgens after metabolism. Further, several intrinsically strong androgens were

deactivated.

Chapter 5 assessed the anabolic potential of several potent designer androgens in a C2C12
myoblast cell line. This study demonstrated that five androgens which had strong AR
bioactivity, also demonstrated a high anabolic potential, with significant increases in myotube

hypertrophy, nuclei accretion and MHC expression.

Finally, Chapter 6 investigated the presence of undeclared androgenic substances in sports
supplements available to the Australian market. Using the yeast and HuH7 androgen

bioassays, it was shown that 5.3% (6/112) of the supplements had androgenic activity.

In conclusion, this thesis demonstrates that sports supplements contain potent androgens,
and should be of concern to the general Australian population and athletes, due to the
potential health risks associated with androgen abuse, and the potential for testing positive

in a doping test.
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1.1 Introduction

Athletes have long sought the ability to enhance their performance in sports ever since the
ancient Olympic Games and continue to do so in the modern era of elite competition. The
modern day athlete is under an enormous amount of pressure, as their careers rely solely on
their success. For the majority of athletes, their personalities feed off this pressure and is
what drives them to compete at such a high level. Unfortunately, however, there are some
that succumb to the pressure and look for alternate, prohibited means to ensure their
success. Even before the days of modern science, athletes have known that certain foods and
diets have the ability to increase performance in sport (Barroso et al, 2008; Sjoqvist et al,
2008). In recent times, athletes often turn to modern day sports supplementation to help
increase their recovery and performance (Lun et al, 2012; Maughan et al, 2007). More
cunningly, the use of exogenous hormones to enhance physical performance has been known
since the early 1950s after the discovery of the role of the natural androgen, testosterone (T)
in masculinisation (Handelsman, 2011a). While most sports supplements are not banned, the
use of hormones, most stimulants, or substances that would otherwise artificially enhance
physical performance is considered illegal in competition. The ‘doping” with such substances
is prohibited because they can unnaturally (and unfairly) enhance the performance of an
athlete, take away the spirit of fair competition, or may be a potential health risk to the

athlete (World Anti-Doping Agency, 2016).

While doping encompasses a range of prohibited substances (and methods), androgens
remain the most widely abused substances in sport. Androgens, like T, are a group of lipophilic
steroid hormones derived from cholesterol (Papadopoulos and Miller, 2012). They exert a

number of physiological functions within the body which can be broadly classified into either
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androgenic or anabolic. Their androgenic functions refer to their ability to augment the
development of male sexual organs, facial and body hair, thickening of the vocal cord, and
increase libido and aggression (Kicman, 2008). The anabolic effects of androgens refer to their
ability to enhance skeletal muscle growth, increase lean muscle mass and reduce muscle
protein catabolism (Kicman, 2008). These anabolic properties are highly desirable for many
athletes as increases in muscle size and strength may lead to improved sporting performance
and are the reason why androgens are the most widely abused performance enhancing

substance in sport (Hartgens and Kuipers, 2004a).

In anti-doping tests, androgens are screened for using mass spectrometric-based techniques
including gas chromatography tandem mass spectrometry (GC-MS), which rely on knowing
the chemical structure of the compound. In recent years, there has been an influx of novel
designer steroids used for doping in order to bypass screening tests. The majority of these
designer steroids are being sold as ‘sports supplements’, freely available to consumers. There
is little scientific knowledge regarding the safety and efficacy of these compounds, and

therefore, may be a potential health risk to consumers.

While not currently accepted for routine screening tests, in vitro androgen bioassays are
capable of detecting designer androgens in sports supplements (Akram et al, 2011). Bioassays
rely on the biological activity and the activation of the androgen receptor (AR) in order to
detect an androgenic molecule, rather than the requirement of knowing the chemical
structure. Therefore, AR bioassays can determine the bioactivity a compound has with the AR
through expression of a reporter protein. This can give an indication of the potency of the

designer androgen, unlike MS-based detection methods.
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The discovery that the first reported designer steroids, tetrahydrogestrinone (THG) and
norbolethone, were potent androgens, has led to the overall hypothesis of this study that
these newly emerging designer steroids found within sports supplements are potent
androgens. This study aims to evaluate the sports supplement market for androgenic
substances using in vitro androgen bioassays and to identify the prevalence of androgenic

substances found in the Australian sports supplement market.

1.2 Doping in Sports
1.2.1 Early Accounts of Doping with Androgens in Sport

In the early 1950s, the US Olympic weightlifting team’s physician, Doctor John Ziegler, learned
of allegations that the Russian weightlifters were being administered exogenous T to increase
their performance. As such, he began his own experiments with the synthetic androgen,
Dianabol (Todd, 1987). These early experiments with androgens appeared to be effective,
according to the athletes; despite the medical community intent on refuting that androgens
can be performance enhancing (Wade, 1972). With the success of the Russian and US
weightlifting teams, clandestine research and testing of androgens in athletes became more
popular, and began spreading into other sports (Yesalis and Bahrke, 2002). After the
unification of the East and West German states in 1989, it was found that the German
Democratic Republic (GDR) undertook extensive research and use of doping programs with
androgens in complete secrecy, beginning in the 1960s (Franke and Berendonk, 1997). The
success of the GDR athletes (particularly the female athletes), came as a result of their
intensive and secretive doping program, utilising a range of androgens including oral-
Turinabol (dehydrochloromethyltestosterone; DHCMT), nandrolone, and testosterone
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preparations (Franke and Berendonk, 1997). Although many of the athletes started
developing harmful side effects as a result of androgen abuse (Froehner et al, 1999), the GDR

continued pursuing their doping programs.

1.2.2 Development of Doping Regulations

With the aim of preventing the misuse and abuse of drugs by athletes, the International
Olympic Committee (IOC) established a medical body in 1967 responsible for monitoring
prohibited substances in the Olympic Games known as the Medical Commission (IOC-MC).
The 10C-MC worked together with international sporting federations to compile a list of
prohibited substances and methods that may enhance performance in athletes. Athletes
would then been screened for these substances and methods. The first major screening tests
were introduced in the 1972 Munich Olympic Games. However, only stimulants and narcotics
were screened for during these tests (Fitch, 2008). The use of androgens was not prohibited
until 1974, with the 1976 Montreal Games being the first Olympic Games implementing the
use of radio-immunoassay (RIA) for androgen detection, developed two years prior (Beckett
and Cowan, 1978; Brooks, 1975). The 10C also decided to implement the use of GC-MS.
However, this was an expensive method for testing samples, since there were not many

laboratories in the world at that time that had this equipment (Todd, 1987).

The implementation of the new RIA technique during the 1976 Montreal Games found only
eight out of 275 tested athletes were positive for androgens (Todd, 1987). The relatively low
percentage of positive findings gave a false perception of the reality of the drug problem in
the athletic community (Wagner and Pedersen, 2014). This was further exacerbated during
the 1980 Moscow Olympics where no samples tested positive for androgens (Fitch, 2008). As
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it happens, many of the athletes had stopped taking the synthetic androgen analogues and
instead switched to taking preparations of T itself right before competition to avoid detection,
as exogenous T was not yet prohibited and screened for (Franke and Berendonk, 1997). This
led to the development of testing the testosterone/epitestosterone (T/E) ratio by Manfred
Donike, which, when tested, revealed that 20% of all athletes from the 1980 Moscow Games
would have tested positive for T use. This was able to convince the I0C to add T to the list of
prohibited substances in 1982 and implemented in the following year during the 1983 Pan

American Games (Todd, 1987).

In 1999, the World Anti-Doping Agency (WADA) was formed to monitor and oversee anti-
doping policies. In 2004, WADA assumed the roles of the I0OC-MC and became the primary
body dedicated to enforcing policies as well as accreditation of sports anti-doping
laboratories. WADA currently oversees over 630 sports organisations (Barnes and Rainbow,
2013) and maintains 34 accredited anti-doping laboratories which carry out routine screening

tests (World Anti-Doping Agency, 2016).

1.2.3 The Prohibited List

Since the I0C-MC (and now WADA) began to take a serious approach towards combating
doping, the Prohibited List was created to compile a list of banned substances and methods
that cannot be used by athletes prior to, and during, competition. Every year, this list is
updated based on current scientific findings. The list is divided up into ten classes of
prohibited substances and three classes of prohibited methods. There are also two classes of
substances banned in particular sports only (Table 1.1). In order for a substance (or method)
to qualify as prohibited, it must meet at least two of the following three criteria from the
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World Anti-Doping Code (WADC): 1) it has the potential to enhance or enhances sports
performance; 2) it represents a health risk for the athlete; or, 3) it is contrary to the spirit of
the sport (Barroso et al, 2008). In 1992, a policy was made for an exception to this rule, known
as the Therapeutic Use Exemption (TUE) policy. This allowed for the administration of
prohibited substances for genuine medical conditions as long as they followed three criteria:
1) the athlete would experience significant impairment of health if the prohibited substances
(medication) were withheld; 2) no enhancement of performance would result from the
administration of the prohibited substance as medically prescribed; and 3) no permitted and
practical alternative medication could be substituted for the prohibited substance (Fitch,
2008). The following section will describe the various classes of compounds on the WADA
Prohibited List, based on the most recent version of this list (2016) (World Anti-Doping

Agency, 2016).

1.2.3.1 Prohibited Substances

Over the last decade, the most commonly reported androgens abused are stanozolol,
nandrolone, methandienone, and T (World Anti-Doping Agency, 2016). These belong to the
class ‘S1 Anabolic Agents’. This class comprises exogenous androgens, such as THG, stanozolol
and boldenone as well as endogenous androgens such as T and dehydroepiandrosterone
(DHEA). This class also includes other anabolic agents other than androgens, including
selective androgen receptor modulators (SARMS), and the B2-agonist clenbuterol, which has

been shown to have anabolic activity (Pleadin et al, 2010).

The next most frequently abused category is the ‘S6 Stimulants’. This includes substances
such as ephedrine, adrenaline, cocaine and amphetamines. Caffeine used to be part of this
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list but was removed in 2004 due to the difficulty in determining a threshold between social
uses and doping attempts (Del Coso et al, 2011; Thuyne et al, 2006). These substances are
banned due to their performance enhancing effects in decreasing reaction times and
increasing mental alertness. However, they are banned only during competition. Often,
stimulants are stacked with other substances to further enhance their effect. Stacking with
androgens, for example, can allow for a combination of alertness, aggression and explosive
power and can be very beneficial in sports such as sprinting, wrestling, and boxing. Androgens
can also be coupled with several other classes of drugs, such as those in the S4 and S2
categories. The S4 class includes hormone antagonists and modulators and involves
compounds such as aromatase inhibitors (Al) and anti-oestrogens. The S2 class substances
include peptide hormones, growth factors and related substances. Most notably from this
class is the use of human growth hormone (hGH). This hormone is responsible for the growth
of muscle and bones, as well as organs. It may therefore serve to be an anabolic hormone,
helpful to the athlete in recovery and muscle growth and has been marketed as such since
1988 (Ehrnborg et al, 2000). This class includes other growth factors such as insulin-like
growth factor-l (IGF-I) and platelet-derived growth factor (PDGF), and essentially have roles
in muscle, tendon, ligament protein synthesis/degradation, vascularisation, energy
utilisation, regenerative capacity and fibre type switching. Compounds in this class are often
used synergistically with androgens for their anabolic effects, particularly hGH (Perls, 2009).
It also involves insulins, corticotrophins, and gonadotropins. Gonadotropins like chorionic

gonadotropin (hCH) and luteinizing hormone (LH) are only prohibited in males.

Out of all the S2 class substances, the subclass comprising erythropoiesis-stimulating agents

(ESAs) is probably the most infamous, particularly in recent years with several ‘blood doping’
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scandals in cycling. Erythropoietin (EPO) is responsible for maturing red blood cell (RBC)
precursors into mature RBCs and therefore, has the potential to enhance the bloods capability
of transporting oxygen (Elliott, 2008; Diamanti-Kandarakis et al 2005). Despite their infamy,
reported cases of their abuse are low, with 57 cases reported, making up 1.85% of all doping
cases in 2014 (World Anti-Doping Agency, 2016); however, EPO is difficult to detect and may

account for the low detection rate (Durussel et al, 2016).

The use of diuretics and masking agents in attempts to hinder the ability of analytical tests to
detect prohibited substances is also banned. Diuretics increase the rate of production of
urine. In sports doping, this is aimed at increasing the rate of which a drug is excreted from
the system as well as diluting it in urine samples to avoid detection (Cadwallader et al, 2010).
Other masking agents attempt to interfere with chemical analyses and hinder the accuracy of
tests. For example, the use of glycerol had recently been detected in urine samples (Okano et
al, 2014). Glycerol is introduced via catheters primarily to increase plasma volume and reduce
haemoglobin concentration (Okano et al, 2014). Glycerol also has high polarization and is
hydrophilic, which can be lead to poor retention on hydrophobic stationary phases during
reverse-phase liquid chromatography, making it difficult to detect (Gorgens et al, 2015).
Certain medications are also prohibited due to the potential performance enhancing
properties. Glucocorticoids used for anti-inflammatory purposes are permitted by inhalation
(such as asthma inhalers), but are banned through other routes of administration to prevent
systemic anti-inflammatory effects. Narcotics (S7) and cannabinoids (S8) are banned only
during competition, despite being illegal. In 2014, the most reported substance in the S7 class
was morphine, and the most reported substance in the S8 class was carboxy-THC (World Anti-

Doping Agency, 2016).
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There are several drugs that WADA does not ban for all sports. The classes P1 (alcohol) and
P2 (B-blockers) are only banned in the following sports: archery, automobile, billiards, darts,
golf, shooting (also banned outside of competition), skiing/snowboarding and ski jumping.
Similarly, alcohol is banned only during competition, and only for the following sports:

aeronautics, archery, automobile, karate, motorcycling, and powerboating.

1.2.3.2 Prohibited Methods

Certain methods, including enhancing oxygen transfer in the blood, gene doping, and
chemical and or physical manipulation of samples are banned. Any manipulation with blood
in an attempt to enhance its ability to transfer oxygen is strictly prohibited. This includes
autologous, homologous and heterologous blood transfusions. It also includes artificially
enhancing the uptake, transport or delivery of oxygen, including haemoglobin-based oxygen

carriers (HBOC) and perfluorocarbons (PFC).

Probably one of the most devious ideas for doping has been the issue of gene doping. Genetic
modification of any kind is banned. This includes the transfer of nucleic acids or nucleic acid
sequences, using normal or genetically modified cells, or using agents that modify gene
expression (Friedmann et al, 2010; Wells, 2008). However, findings of gene-doping cases have

never before been reported by WADA.
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Table 1.1 The Prohibited List. Overview of prohibited substances and methods of doping

according to the WADA prohibited list of 2016. Adapted from Thevis et al, 2016 (Thevis et al,

2016).
Class Sub-Group Example
S0 Non-Approved Rycals (ARMO036)
Substances
S1 Anabolic Agents 1) Androgens

a) Exogenous
b) Endogenous

THG; Stanozolol; Boldenone
T; DHEA

2) Other Anabolic Agents Clenbuterol; SARMs
S2 Hormones and 1) Erythropoiesis-Stimulating Agents EPO
Related Substances 2) Hypoxia-inducible factor stabilizers  Cobalt, xenon
3) hCGandLH
4) Corticotrophins LipPro (Humalog);
Adrenocorticotrophic Hormone
5) GH, IGF-I and Related Compounds (ACTH)
Genotropin
S3 B2-Agonists Fenoterol; Reproterol
S4 Hormone 1) Aromatase Inhibitors Formestane
Antagonists and 2) SERMs Tamoxifen
Modulators 3) Other Anti-Estrogenic Substances Clomiphene
4) Agents Modifying Myostatin Myostatin Inhibitors
Function(s)
5) Metabolic modulators
S5 Diuretics and Other 1) Masking Agents probenecid
Masking Agents 2) Diuretics Acetazolamide
S6 Stimulants 1) Non-Specified Stimulants Cocaine; Amphetamine
2) Specified Stimulants Ephedrine
S7 Narcotics Morphine
S8 Cannabinoids Marijuana
S9 Dexamethasone
Glucocorticosteroids
M1 Enhancement of 1) Administration or reintroduction of  Autologous, homologous and
Oxygen Transfer any quantity of blood heterologous blood; red blood
2) Artificial Enhancement of Uptake, cell products
Transport or Delivery of Oxygen PFCs; HBOCs
3) Intravascular manipulation of the
blood
M2 Chemical and 1) Tampering Catheterisation; Urine
Physical Manipulation Substitution
2) Intravenous Infusion
M3 Gene Doping 1) Transfer of Nuclei Acids or Nucleic DNA; RNA
Acid Sequences
2) Use of normal or genetically

modified cells

P1 Alcohol

P2 B-Blockers

Acebutolol; Atenolol
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1.24 Statistics of Androgen Abuse in Different Sports

Since 2003, WADA has annually released the results of accredited doping laboratory test
statistics of prohibited substances, as well as updating the list of prohibited substances
(Thevis et al, 2016). It is clear that, although the number of adverse analytical findings (AAF)
has increased, the percentage of all positive cases (of all prohibited substances and methods)
remains approximately 2% of all samples tested (World Anti-Doping Agency, 2016). Also of
note is that, not only have androgens been the most abused substance, the percentage of
their abuse compared with other doping substances has increased over the last decade,
peaking in 2009 with 63.5% of all reported findings due to androgens (World Anti-Doping
Agency, 2016) (Figure 1.1). A study from the Doping Control Laboratory of Athens between
2005 and 2011 showed that of the 30,000 samples tested in that time period, 427
(approximately 1.6%) AAF occurred, with 54.8% of these AAFs resulting from androgens
(Kioukia-Fougia et al, 2014). This study also showed that bodybuilding, weightlifting, football,
and athletics were the most common sports that these AAFs were detected in. Another study
between 2000 and 2009 showed that of 550 samples that were tested for anabolic steroids,
5.4% AAF were detected. Of these positive samples, 70% were from athletes involved in
weightlifting sports. This was followed by 13.5% in both track and field sports and basketball

and 3% in wrestling (Acevedo et al, 2011).
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Figure 1.1 Percentage of adverse analytical findings in doping laboratories reported by the

World Anti-Doping Agency that were classed as androgens between 2003 and 2014.

What is more difficult to determine, however, is the frequency of use of androgens by
recreational and amateur athletes outside the realm of elite sport. Several studies exist
reporting statistics of androgen use in gyms, fitness centres and schools. These studies utilise
guestionnaires and surveys which rely on the honesty of the respondents. This may therefore
underrepresent the true number of people who abuse androgens. Such surveys have
reported numbers as high as 5-6% of gym users use androgens (Leifman et al, 2011; Ozdemir

et al, 2005; Kanayama et al, 2001). The number of unreported cases of doping has been
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estimated to be as high as 12.5% (Simon et al, 2006) or even 33.3% (Santos et al, 2011), based
on statistical modelling of the probability of unreported use. A recent meta-analysis suggests
that the global prevalence (of both athletes and non-athletes) of androgen abuse is 3.3%
(Sagoe et al, 2014). Androgen abuse is also prevalent amongst high school students, with
reports stating levels between 2.4% and 6.3% (Dunn and White, 2011; van den Berg et al,
2007; Pallesen et al, 2006; Stilger and Yesalis, 1999; Faigenbaum et al, 1998; Kindlundh et al
1998) of students reported at least one instance of androgen use. These estimates have
dropped considerably from a previous estimate of 11% in the late 1980s (Johnson et al, 1989).
The prevalence of androgen abuse may, in part, be attributable to the ease of which
androgens, and other anabolic agents can be purchased. Androgens and other anabolic
agents can be sold over the internet or via telephone on the black market, allowing anyone
to purchase them without question, including adolescents, and non-athletes (Cordaro et al,

2011).

1.3 Methods of Androgen Doping

1.3.1 Commonly Detected Androgens and How They Are Used

While androgens such as stanozolol and nandrolone are the most frequently detected, it is
common practice for regular androgen users to use a cocktail of different androgens in order
to take advantage of their different pharmacokinetic profiles (Choong et al, 2008; Hall and
Hall, 2005). This ‘stacking’ of several androgens can result in dosages as high as 100 times the
physiological dose of normal androgen concentrations in the blood (Pope Jr. et al, 2012; Ip et
al, 2011; Evans, 1997). For example, a survey of 518 androgen users states that the average
weekly dose of androgens were 1188.2 + 1077.1 mg per week (Ip et al, 2011). Further, another
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survey of 500 androgen users states that 12.6% of respondents were using greater than 2000
mg of T (or equivalent) per week with the highest reported use of 6000 mg (Parkinson and
Evans, 2006). To put these dosages into perspective, a report by Bhasin et al showed that
weekly dosages of T of 2125 mg up to the highest concentration tested (600 mg) significantly
increase muscled size. Moreover, muscular performance was increased at dosages = 300 mg
(up to 600 mg) in healthy young males over a 20 week treatment period (Bhasin et al, 2001a).
Similarly, another study showed that 200 mg/week of nandrolone was able to significantly
increase total body weight and fat-free mass compared to the placebo control in bodybuilders

over an 8 week treatment period (Lichtenbelt et al, 2004).

Androgen users often self-report the use of androgens for a set period of time, followed by
periods of time androgen free (lp et al, 2011; Parkinson and Evans, 2006) This is known as
‘cycling’, and typically lasts for about 6-12 weeks, although this may differ depending on the
steroid (Graham et al, 2008). A cycle generally involves taking increasing dosages of
androgens over the course of the cycle, then taper off the androgen (Graham et al, 2008). The
self-administration of androgens is often not medically supervised, and thus dosages and
treatment periods can differ vastly. This has led to several inconsistencies among scientific

studies, whereby dosages and treatment times differ.
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Table 1.2 Commonly abused androgens and their routes of administration. Adapted from

Barceloux and Palmer, 2013 (Barceloux and Palmer, 2013).

Administered Orally Administered Intramuscularly ‘
Ethylestrenol Boldenone Undecylenate
Fluoxymesterone Clostebol

Mesterolone Drostanolone Proprionate
Metandienone Methenolone Enanthate
Metenolone Nandrolone Decanoate
Methandrostenolone Nandrolone Phenprioniate
Methyltestosterone Testosterone Cypionate
Methenolone acetate Testosterone Enanthate
Mibolerone Testosterone Priopionate
Norethandrolone Testosterone Undecanoate
Oxandrolone Trenbolone

Oxymetholone

Stanozolol

1.3.2 Direct Androgen Doping

Direct methods of androgen doping involve the administration of an androgen directly into
the body. This includes both oral and parenteral administration. Depending on the chemical
structure of the steroid, it may be necessary to inject intramuscularly, or it may be deliverable
in an oral form (Kicman, 2008). Injectable forms of androgens generally stay in the blood for
a longer period of time compared to their oral counterparts. This is because intramuscular
injection allows the androgen to avoid the first pass metabolism of the liver and avoid the
Phase | and Il reactions for a longer period of time (Kicman, 2008). On the other hand, oral-
forms are extensively metabolised by the liver before entering blood circulation and reaching

the target sites (skeletal muscle). All androgens share a common 19-carbon
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cyclopentanophenanthrene 4-ring structure with differences between androgens lying in the
arrangement of side groups and double bonds within this 4-ring structure (Figure 1.2). The
majority of interest in the androgen structure lies in the A-ring and the D-ring. In particular,
the keto group at the C3 position, the C4-5 double bond, and the C17 hydroxyl group. The A-
ring and D-ring are of interest because they represent not only the main sites of binding to
the androgen receptor (AR), but are the main sites of metabolism and therefore lead to either
activation or deactivation of the steroid (including conversion to oestrogens) (Shahidi, 2001;

Schénzer, 1996).

Figure 1.2 Steroid 19-carbon cyclopentanophenathrene 4-ring structure. Each ring is

designated a letter and each carbon is designated a number.
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The first stages in the metabolism of T involve Phase | reactions in the liver. These reactions
generally make the androgen more polar to begin deactivating the compound. The first step
is the irreversible reduction of the C4-5 double bond by the enzyme 5a/B reductase. This
produces DHT from T. 5a-DHT is androgenic whilst the 5B-isomers are not. The reduction of
the C3 keto group by 3a/B-hydroxysteroid dehydrogenase (HSD) rapidly follows to produce
androstanediol isomers, although this reaction is reversible (Shahidi, 2001; Schanzer, 1996)

(Figure 1.3).

CH,
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Figure 1.3 A-ring phase | metabolism. The C4-5 double bond is reduced to
dihydrotestosterone by 5a/B-reductase. The C3 keto group is then reduced by 3a/B-HSD to

form androstanediol.
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Figure 1.4 D-ring phase | metabolism. The C17 hydroxyl group is oxidised to form a 17-keto

steroid by the enzyme 17B-HSD.

The next main Phase | reaction involves the 17B-hydroxyl group in the D-ring. In general, the
17B-hydroxyl group is oxidized to form a 17-keto steroid. This is reversibly catalysed by the
enzyme 17B-HSD (Shahidi, 2001; Schanzer, 1996) (Figure 1.4). The Phase Il metabolic
reactions, also known as conjugation reactions, add glucuronic acid or sulphate to an
androgen and its metabolites to assist in elimination from the body. However, not all
androgens are conjugated before excretion. Conjugation mainly takes place in the A-ring or
D-ring (Figure 1.5). In the A-ring, conjugation takes place on the C3-hydroxyl group. The 3a0-
isomer becomes conjugated with glucuronic acid while the 3B-isomer undergoes sulfatation.

Conjugation in the D-ring takes place at the C17 position (Shahidi, 2001; Schanzer, 1996).
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Figure 1.5 Phase Il conjugation of androgens. A) Glucuronic acid and sulphate conjugation in

the A-ring; B) Glucuronic acid and sulphate conjugation in the D-ring.
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It is these general metabolic reactions which render oral administration of exogenous T
ineffective. Therefore, androgens like stanozolol and methandienone have structural
modifications to avoid, or delay, these kinds of reactions in an attempt to increase their half-
life. By modifying the androgen backbone, the metabolism is altered and hence may serve to
resist deactivation (Cadwallader et al, 2011). Therefore, androgens (or more specifically, T
derivatives), can be categorised into three classes: A, B, or C. Class A androgens have an ester
attached to the 17B-hydroxyl group in the D-ring and require intramuscular injection.
Intramuscular injection avoids first pass metabolism and the androgen will be metabolised at
a slower rate than their oral counterparts. Structural modifications to these androgens for
increasing their half-life include the addition of esters (Ferriz and Vinsova, 2010; Liederer and
Borchardt, 2005). Referring back to the example of T administration, it is known that adding
an ester to T prolongs its half-life, hence making it more effective (Ferriz and Vinsova, 2010;
Liederer and Borchardt, 2005). Therefore, T itself is not administered intramuscularly, but
rather, an esterified form of T (or other androgen) is injected. Some examples of esters
include proprionate, enanthate, decanoate, undecanoate, cypionate and acetate. Generally,
the longer the ester chain is, the longer the half-life of the androgen. The esterification does
not prevent metabolism once in the blood, but instead slows down the release of the
androgen from the site of injection due to the increased fat solubility, ensuring a continual
timed-release of the androgen into the blood. Therefore, it is common for commercial
preparations of T (for illicit use) to involve a variety of T esters to take advantage of their
pharmacokinetic profiles and their differing half-lives. This is noted on several websites that

sell these preparations of T esters (Steroids Worldwide, 2008).
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Class B androgens involve the alkylation of the 17a-hydroxyl position. These so-called ‘a-
alkylated androgens’ can be administered orally, because the a-alkylation resists conjugation
in the liver. In a similar fashion, Class C androgens are also alkylated, but in the A-, B-, or C-
ring as opposed to the D-ring alkylation in Class B androgens. Class C androgens can also be
administered orally, and the alkylation in rings other than D, serve to resist enzymatic

conversion to DHT or oestradiol (Cadwallader et al, 2011).

Each method of direct doping, be it injecting or taking oral tablets, have their own benefits
and drawbacks. The injectable forms are able to avoid first pass metabolism and enter the
bloodstream quicker. An esterified form of this androgen is also able to prolong the half-life
of the steroid. This means frequent injections are not necessary, but will depend on the
individual androgen and ester as their half-lives will differ. The drawbacks of injecting are that
there is a chance of infection occurring at the site of injection, due to using a non-sterile
needle, for example. Also, the prolonged half-life can mean the androgen will stay in the blood
system for a longer period of time. This inherently increases the chances of testing positive in
a doping test, although this is only a concern if the person is subject to drug testing. The oral
form, on the other hand, will not stay in the blood for as long and is completely metabolised,
excreted and no longer able to be detected within 48-72 hours. Also, they do not require
injection so they are more convenient to take and there is no risk of infection. However, oral
forms are generally less effective due to their initial interaction with the enzymes in the gut
and liver leading to deactivation and therefore dosing is more frequent to achieve
physiological effects (Cadwallader et al, 2011; Shahidi, 2001; Schanzer, 1996; Schanzer et al,

1992).
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1.3.3 Indirect Androgen Doping

Rather than the direct addition of exogenous hormones, indirect methods use other means
to alter the hormonal balance within the body. A popular example of this is the blockade of
oestrogens (Handelsman, 2008). This can occur through the use of aromatase inhibitors or
oestrogen receptor (ER) blockers. Oestrogens are synthesised in the body by aromatisation
of the androgens, androstenedione and T, by the enzyme aromatase. Certain compounds
have been developed which inhibit the function of aromatase and are known as aromatase
inhibitors (Al). Als may be steroidal or non-steroid in structure. They may also bind reversibly
or irreversibly (also known as a suicide substrate) to aromatase (Brodie and Njar, 1998). The
principle behind Al abuse is that oestrogens are not formed, and as a result, leads to increased
physiological concentrations of T (Mauras et al, 2003 and 2000). This is indirect androgen
doping. Although there is a lack of evidence supporting an ergogenic effect (Handelsman,
2006), Als have been incorporated into sports supplements and sold to athletes (Willoughby
et al, 2007). Receptor blockers include selective oestrogen receptor modulators (SERMs),
which bind to and antagonise the ER. SERMs are also prohibited by WADA (Hoffman et al,

2009).
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1.4 Androgen Doping

1.4.1 Ergogenic and Anabolic Effects

Androgens enhance skeletal muscle growth and lean mass and increase muscle strength
(Woodhouse et al, 2004). Normal levels of androgen production begin to decline naturally
with age by about 1% per year in otherwise healthy older adults from around 40 years of age
(Dean et al, 2004; Feldman et al, 2002). This can lead to late onset hypogonadism (LOH) and,
along with other clinical symptoms, is associated with declining skeletal muscle size and
strength. Several studies have shown that treatment with T can restore muscle size and
strength in older men (Behre et al, 2012; Sheffield-Moore et al, 2011; Ferrando et al, 2002;

Urban et al, 1995).

T treatment can also restore skeletal muscle size and strength in younger males, who have
reduced muscle mass as a result of a number of disease states and conditions. These include,
hypogonadism (Bhasin et al, 1997), HIV related muscle wasting (Gold et al, 2006), severe

burns (Sundfeld et al, 2014) and other clinical settings (Woerdeman and de Ronde, 2011).

The anabolic effect of T was demonstrated more than 60 years ago, with experiments in
castrated animals and androgen deficient human males, and thus paved the way for their
abuse in sports, beginning in the early 1940s. Surprisingly, however, there was little evidence
supporting the notion that dosing with androgens in healthy, eugonadal men would further
increase the development of skeletal muscle tissue and strength. This led to speculation that
androgens were ineffective as anabolic doping agents in healthy men (Fowler et al, 1965).
Therefore, the medical and scientific community often refuted claims that androgens can be
ergogenic in sport (Choong et al, 2011). Studies prior to 1990 generally incorrectly dismissed

the ergogenic and anabolic properties of androgens due to inconsistencies in study design
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that included not being randomized or blinded, not standardising energy and protein intake,
or physical activity, as reviewed extensively by Hoffman et al, 2009 (Hoffman et al, 2009).
Also, they did not accurately represent an athletes’ typical androgen usage, with high dosages

(Evans, 1997), and stacking of different androgens (Choong et al/, 2008; Hall and Hall, 2005).

While the belief that “stacking” regimens will help maximize muscle growth, there has been
little evidence supporting this, likely from the lack of clinical studies of long-term androgen
stacking at supraphysiological doses coupled with intense exercise. However, in the last 25
years, there have been many studies showing that androgens in healthy eugonadal men can
cause an increase in muscle size and lean body mass (Lichtenbelt et al, 2004; Storer et al,
2003; Hartgens et al, 2001a and 2001b; Bhasin et al, 1996). Whether or not these effects serve
to be ergogenic in sport is difficult to determine, due to a limited base of controlled studies
(Choong et al, 2008; Bhasin et al, 2003). Indeed, many of these studies have shown
improvements in strength with exercises such as bench-press, leg-press and squat (Rogerson
et al, 2007; Storer et al 2003; Giorgi et al, 1999; Bhasin et al, 1996), which would ultimately
be ergogenic in strength dominating sports such as weightlifting. This, however, can be

difficult to extrapolate to other sports.

Another facet of the ergogenic effects of androgens might not be the direct increase in muscle
size and strength, but improvements in muscle recovery allowing for more frequent and
intense training sessions (Bhasin et al, 2001b). Androgens are also known to stimulate
erythropoiesis and increase haemoglobin and thus, enhance the oxygen-carrying capability of
blood (Maggio et al, 2013). This could have a positive impact on training performance and

recovery, but this has not been studied.
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1.4.2 Androgenic Effects

The masculinising (androgenic) effects of androgens include the development of male sexual
organs, facial and body hair, laryngeal enlargement and thickening of the vocal cord, and
increased libido (Kicman, 2008). Early research with androgens sought to develop an
androgen that would be suitable for clinical use in women and children, without presenting
these unwanted androgenic effects (Gao and Dalton, 2007). Hence, a differentiation between
the “anabolic” and “androgenic” effects was made, coining the term anabolic-androgenic
steroid (AAS). Scientists therefore have worked to develop androgens which display a high
anabolic/androgenic ratio. This is a loose term describing an androgen’s ability to produce
high levels of anabolic activity while presenting mild to low amounts of androgenic activity.
Ultimately, these studies failed because the androgenic or anabolic activities were not able
to be separated primarily because the physiological mechanisms remain the same throughout

interaction with the AR (Handelsman, 2011b).

The most recent advancement in this endeavour has been the use of selective androgen
receptor modulators (SARMs), which aim to treat patients without affecting prostate tissue
in men or virilisation in women (Jones et al, 2010). This is a field of ongoing research, and
there have been many SARMs developed (Crawford et al, 2016; Handlon et al, 2016; Saeed et

al, 2016; Basaria et al, 2013; Gao and Dalton, 2007).
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1.4.3 Side Effects

The use of androgens for non-medical purposes, such as doping, is considered abuse, and has
been associated with a multitude of health-related side effects, both short- and long term.
Abuse of androgens can lead to the enhancement of androgenic effects, including the
enlarging of the prostate gland in males, baldness in men or hirsutism in women, acne, and
enlarging of the vocal box and deepening of voice in women (Amsterdam et al, 2010; Kicman
and Gower, 2003). It can also involve severe psychiatric disorders including “roid-rage”
associated with increased aggression, depression and mood disorders (Oberlander and
Henderson, 2012; Pagonis et al, 2006) as well as motivation for committing violent crimes and

other risk-taking behaviour (Lundholm et al, 2010).

There are also a number of other health issues that have been reported with androgen abuse.
Adverse cardiovascular effects have been suggested to be linked with chronic androgen
abuse, as reviewed by Golestani et al, 2011 (Golestani et al, 2011), and Kaushik et al, 2010
(Kaushik et al, 2010). Androgen abuse has been suggested to be involved in premature
atherosclerosis, myocardial infarction, cardiac hypertrophy and sudden cardiac death in
young athletes (Pirompol et al, 2016; Far et al, 2012; Montisci et al, 2012; Ahlgrim and Guglin,
2009; Stergiopoulos et al, 2008; Fineschi et al, 2007). The majority of studies linking androgen
abuse to these cardiovascular events are often anecdotal and single case reports so there is
limited data. It remains unethical to complete studies of supraphysiological doses of
androgens with the end point being cardiovascular disease in humans. However, other studies
demonstrate androgens can unfavourably alter lipoprotein levels (Hartgens et al, 2004b),
increase cholesterol uptake and foam cell formation (McCrohon et al, 2000), increase

apoptosis and inflammation in endothelial cells (Death et al, 2004a; Ling et al, 2002), arterial
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calcification (McRobb et al, 2009) and cardiac hypertrophy (Bissoli et al, 2009; Rocha et al,

2007).

Hepatotoxicity and related liver disorders are also associated with androgen abuse (Neri et
al, 2011; Amsterdam et al, 2010). Androgens can cause stress on the liver by altering liver
enzyme levels such as alkaline phosphatase, aspartate aminotransferase and alanine
transaminase (Granados et al, 2014; Samaha et al, 2008). Liver dysfunctions lead to androgen-
induced jaundice and cholestasis (Nasr and Ahmad, 2009), hepatic adenomas and
haemorrhage (Patil et al, 2007; Bagia et al, 2000; Nakao et al, 2000), hepatocellular necrosis
and hepatitis (Girgis et al, 2014; Wingert et al, 2010) and hepatocellular carcinoma (Kesler et
al, 2014; Gorayski et al, 2008). As described for cardiovascular events, androgen-induced
hepatotoxicity often presents as single-case and anecdotal reports. So far, there have been
no reports on the hepatotoxic effects of parenteral use of T, however, orally-available

preparations are toxic (Neri et al, 2011).

Another health concern with androgen abuse is hormonal balance and infertility. Normally,
androgens (and steroid hormones, in general) are regulated by both negative and positive
feedback in a system of endocrine glands together known as the hypothalamic-pituitary-
gonadal (HPG) axis (Figure 1.6). This endocrine pathway is responsible for the secretion of
gonadotropins, that is, hormones which act on the gonads to produce steroids. Specifically,
these include: follicle-stimulating hormone (FSH), LH, and hCG (Saner-Amigh and Halvorson,
2010; Wu, 1992). Androgen abuse can disrupt this pathway, leading to suppression of the
HPG axis. This can inhibit endogenous T production and spermatogenesis leading to infertility.
Withdrawal of use of exogenous androgens can therefore lead to a period of androgen

deficiency, while the HPG axis has not yet recovered (Handelsman, 2011a). Another side
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effect of suppression of the HPG axis is testicular atrophy and erectile dysfunction. However,

this effect is often reversible upon androgen withdrawal (Boregowda et al, 2011).

Another side effect of androgen use is the aromatisation of androgens leading to high levels
of oestrogens in men. In men, this can cause an increase in fat, and the enlargement of
mammary glands, leading to gynecomastia (Choong et al, 2011). Many androgen users will

take anti-oestrogenic compounds such as Als to prevent this.
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Figure 1.6 The Hypothalamic-Pituitary-Gonadal Axis of men and women. Adapted from Hiller-Sturmhofel and Bartke, 1998

(Hiller-Sturmhofel and Bartke, 1998)
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1.5 Molecular Mechanisms of Androgens

1.5.1 The Androgen Receptor and the Canonical Pathway of Androgen Action

Androgens exert the majority of their effects by binding to the AR, which is in expressed in
both males and females (McCrohon et al, 2000). AR is not limited to expression in androgenic
tissues such as prostate and testis, but also includes peripheral tissues such as skeletal muscle
(Ahtiainen et al, 2011), vascular cells (Death et al, 2004a), bone cells (Wiren et al, 1997),
neuronal tissue (Yu et al, 2013) and liver tissue (Jiang et al, 2014). The AR is part of a nuclear
receptor superfamily that comprises several other related, but differently structured
receptors such as the ER-a/B; progestogen (PR); glucocorticoid (GR); and mineralocorticoid
(MR) receptors (Wilson and McPhaul, 1996). Androgens exert their effects in the body mostly
by binding to the AR and initiating a genomic pathway of transcriptional activation. The full
length human AR is a ubiquitously expressed 110 kDa protein consisting of several functional
domains. There also exists a shorter AR isoform (AR-A; 87 kDa) which has a truncated N-

terminal Domain (NTD) (Liegibel et al, 2003) (Figure 1.7).
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Figure 1.7 The androgen receptor. Structural domains of the two isoforms (AR-A and AR-B)
of human AR. Numbers above the bars refer to the amino acid residues which separate the
domains starting from the N-terminus (left) to C-terminus (right). NTD, N-terminal domain;
DBD, DNA-binding domain; H, hinge region; LBD, ligand-binding domain; AF, Activation

Function. Adapted from Li and Al-Azzawi, 2009 (Li and Al-Azzawi, 2009).
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The native AR is located in the cytoplasm bound to heat shock proteins (HSP) and other
chaperone proteins. Androgens will diffuse across the cell membrane and bind to the inactive
AR on a region of the protein known as the ligand binding domain (LBD), located on the
carboxy-terminal end of the protein. The LBD is conserved amongst species. Ligand
(androgen) binding initiates a conformational change of AR and dissociates the HSP bound to
the AR. The AR-ligand complex will then form a homodimer and, likely assisted by regulatory
factors such as importin-a and importin-B, translocates to the nucleus (Wijngaart et al, 2012;
Cutress et al, 2008). After entering the nucleus, the AR-ligand homodimer will bind to
regulatory regions of DNA known as androgen response elements (AREs) via a centrally
located domain on the AR known as the DNA-binding domain (DBD) (Figure 1.8). Like the LBD,
the DBD is also conserved amongst species. The DBD is flanked by regions that assist in binding
to the ARE, called nuclear localization signals. The AREs are located upstream of androgen

dependent genes such as prostate specific antigen (PSA) and probasin (Bennett et al, 2010).

The DBD is linked to another domain known as the N-terminal Domain (NTD). The NTD
contains two Activation Functions (AF; AF-1 and AF-5) and along with AF-2 located on the LBD,
help stimulate transcription with the assistance of a number of cofactors and general
transcriptional machinery such as RNA polymerase Il (Cadwallader et al, 2011; Matsumoto et
al, 2008). Cofactors such as histone modifying complexes and chromatin remodelling
complexes help expose the chromatin structure and the formation of the preinitiation
complex (PIC) assisting in efficient gene transcription (Li and Al-Azzawi, 2009). Cofactors that
help stimulate gene transcription are referred to as co-activators. There also exist a number
of co-repressors, cofactors that inhibit gene transcription. For a more in depth review on AR

cofactors, see Heemers and Tindall (Heemers and Tindall, 2007).
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Figure 1.8 Canonical pathway of genomic androgen receptor action. Androgens diffuse

through the cell membrane and bind to AR. Bound HSPs then dislocated from AR, and the AR-

ligand complex forms a dimer. The AR-ligand homodimer then translocates to the nucleus and

binds to the AREs present on DNA, which leads to downstream transcription of target genes.
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1.5.2 Myotrophic Action of Androgens

Skeletal muscle exists as a bundle of muscle fibres highly organised in structure to facilitate a
coordinated contraction in order to generate force output. Each individual muscle fibre is
composed of many mononucleated precursor myoblast cells that have fused together into a
multinucleated myotube (Figure 1.9). Skeletal muscle as a whole is composed of several
different muscle fibre types (Type |, lla, and lIx), or a combination of types which display
different properties including the speed of contraction, oxidative or glycolytic capacity and
fatigue resistance. For an extensive review on skeletal muscle fibre types and function, see
Schiaffino and Reggiani, 2011 (Schiaffino and Reggiani, 2011). The nuclei in muscle fibres are
post-mitotic and thus cannot divide. Therefore, growth in skeletal muscle tissue arises mainly
from hypertrophy (growth in pre-existing muscle fibres) and hyperplasia (generation of new
muscle fibres from a pool of satellite cells). Although androgens have been shown to increase
muscle mass and strength (force output), the mechanisms underlying these myotrophic
actions are not fully understood. There are a number of factors and mechanisms involved at
both the cellular level and the intracellular levels and androgens have been shown to be
involved in several of these factors and at several stages of skeletal muscle development.
Skeletal muscle endocrinology regarding growth is complicated and is not fully understood.
Therefore, this section aims to highlight some of the main mechanisms involved in androgen-

mediated skeletal muscle growth and is not a complete discussion on skeletal muscle

physiology.
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Figure 1.9 Skeletal muscle myotube formation. Quiescent satellite cells in the basal lamina
of skeletal muscle are activated and differentiate into mononucleated myoblasts. Myoblasts

then align and fuse to form a multinucleated myotube.

The increase in skeletal muscle hypertrophy is ultimately a result of a net increase in protein
synthesis in the skeletal muscle fibre (Egerman and Glass, 2014). In order for this to occur, a
number of anabolic stimuli must be present. This includes anabolic hormones such as
androgens and IGF-I (Jacquemin et al, 2004; Crown et al, 2000), adequate nutrients, especially
amino acids (specifically leucine) (Pasiakos and McClung, 2011; Norton et al, 2009) and
mechanical overload (resistance exercise) (Gonzalez et al, 2015). The necessary increase in
protein synthesis required to significantly increase muscle mass has a high demand for cellular

energy and skeletal muscle, indeed, plays a large role in glucose and protein metabolism and
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is insulin sensitive in healthy individuals (Akerstrom et al, 2014; Nisr and Affourtit, 2014).
Therefore, increased muscle mass is difficult for the body to maintain unless these
appropriate anabolic stimuli are present. Indeed, increases in catabolic hormones (Qin et al,
2010; Wu et al, 2010a), loss of anabolic hormones (Matheny and Nindl, 2011; Mauras et al,
1998) and muscle disuse (Camerino et al, 2015; You et al, 2015), (as well as various disease

states) often lead to a reduction of muscle mass.

With respect to intracellular pathways that lead to increased protein synthesis, the
phosphatidylinositol 3-kinase (P13K)/Akt-mTOR pathway is the main pathway involved in
stimulating skeletal muscle protein synthesis (Frost and Lang, 2007). This pathway involves
phosphorylation of PI3K and Akt leading to downstream activation of mTOR and the protein
kinase p70%®, increasing protein synthesis of various types of proteins including contractile
proteins and cytoskeletal proteins (Wullschleger et al, 2006). The growth factor IGF-1 has been
shown to be a key positive regulator of Akt phosphorylation and several studies have shown
that exogenous IGF-1 treatment can lead to increased protein synthesis (Jacquemin et al,
2004) (Figure 1.10). Similarly, androgens have also been shown to stimulate the
phosphorylation of Akt directly (Basualto-Alarcon et al, 2013), or indirectly by increasing IGF-
| production leading to increased protein synthesis via this mechanism (Sculthorpe et al, 2012;
Urban et al, 1995). Therefore, although IGF-I is considered an important anabolic stimuli, its
presence is not essential in stimulating this pathway and the anabolic effect can be
maintained by androgens. This effect was highlighted in a study by Serra et al whereby T was
capable of stimulating skeletal muscle hypertrophy in the absence of IGF-I and GH (the key
regulator of IGF-1 production in the liver) in vitro in human skeletal muscle cells and in vivo in

mice (Serra et al, 2011).

Chapter 1



39

Androgen

C&Q — IGE-I

/

Cytoplasm IGFIR

<
}
o

Phosphorylated
PI3K/Akt

Phosphorylated
mTOR

%rotein Synthesis

Figure 1.10 The IGF-Akt-mTOR pathway. Androgens activate PI3K/Akt via direct activation or

through the IGFIR, which leads to downstream activation of mTOR. Activated mTOR drives

protein synthesis in cells.
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Androgens also exhibit crosstalk between various pathways involved in skeletal muscle
protein catabolism and inhibitors of muscle growth (Figure 1.11). The negative regulator of
muscle protein synthesis myostatin (growth differentiation factor-8; GDF-8) is a member of
the transforming growth factor-B (TGF-B) superfamily and is a potent inhibitor of muscle
protein synthesis. The potency of myostatin in inhibiting protein synthesis has been
highlighted in studies with myostatin knockout models or genetic mutations in the myostatin
gene which display massive growth in muscle tissue (Mendias et al, 2015; McPherron et al,
1997; McPherron and Lee, 1997). Myostatin has been shown to act via several mechanisms,
including the inactivation of Akt (Morissette et al, 2009; Trendelenburg et al, 2009) as well as
inhibiting the proliferation and differentiation of skeletal muscle myoblast cells
(Trendelenburg et al, 2009). Androgens have been shown to be capable of inhibiting the
action of myostatin through increased expression of follistatin (Mosler et al, 2012; Singh et al
2009), a glycoprotein capable of inhibiting the actions of myostatin (Amthor et al, 2004; Hill

et al, 2002).

Androgens can also decrease the expression of atrophy related proteins, atrogin-1 (MAFbx)
and MuRF1. Atrogin-1 and MuRF1 are muscle-specific E3 ubiquitin ligases that are part of the
ubiquitin-proteasome pathway involved in intracellular degradation of key structural and
contractile proteins such as myosin heavy and light chains, desmin, actin, and troponin |
(Lokireddy et al, 2012; Polge et al, 2011; Fielitz et al, 2007; Cohen et al, 2009; Clarke et al,
2007; Kedar et al, 2004) as well as myogenic transcription factors such as MyoD and
eukaryotic translation initiation factor 3 subunit F (elF3-f) (Csibi et al, 2010; Tintignac et al,
2005). Through the activation of Akt, androgens can inhibit the activation of forkhead box O

(FoxO) transcription factors, the upstream mediator of atrogin-1 and MuRF1 expression
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(White et al, 2013; Stitt et al, 2004), thereby leading to decreased rates of protein

degradation.
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Figure 1.11 Pathways of skeletal muscle protein degradation. Proteins are degraded through
E3 ubiquitin ligase enzymes Atrogin-1 and MuRF1, which are activated through the forkhead
box O (FoxQ) transcription factor. Testosterone can inactivate Atrogin-1 and MuRF1 through
activation of PI3K/Akt, a negative regulator of the FoxO transcription factor. Testosterone also
inhibits the actions of myostatin, which is a negative regulator of PI3K/Akt, through an

increased production of follistatin.
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The increased rates of protein synthesis and decreased rates of protein degradation mediated
by androgens therefore leads to an increase in muscle mass. However, increases in muscle
cell volume (hypertrophy) still has a restrictive limit, thought to be determined by the
myonuclei content of the muscle cells (Qaisar et al, 2012). The theory that each myonuclei in
the muscle fibre is accountable for a fixed amount of cell volume (and protein synthesis) is
known as the myonuclear domain (Shenkman et al, 2010). Therefore, to further increase
protein synthesis and ultimately increase cell volume (hypertrophy), skeletal muscle fibres
must acquire new nuclei from myoblast fusion with pre-existing fibres, given that myotubes
are post-mitotic. These myoblasts are derived from a population of muscle stem cells, termed
satellite cells. These cells exist in a quiescent dormant state underneath the basal lamina and
the sarcolemma of the muscle fibre (Tatsumi et a/, 2001). Upon activation, these satellite cells
re-enter the cell cycle and undergo asymmetric cell division resulting in two fates for the
daughter cells: firstly, one population of the daughter cells become myoblasts which allow for
regeneration and growth of the muscle fibres through fusion with pre-existing fibres
(hypertrophy) or generate new fibres (hyperplasia); secondly, daughter cells will also form
new satellite cells, exit the cell cycle, and resume quiescence so the reservoir of satellite cells

is not depleted upon muscle regeneration (Sinha-Hikim et al, 2006 and 2003) (Figure 1.12).

Androgens play an important role in the regenerative capacity of satellite cells via increased
differentiation and proliferation (fate 1 and 2, respectively) of satellite cells. While the exact
mechanisms are not fully understood, androgens have been shown to increase the
proliferation of satellite cells in order to replenish and even expand the satellite cell pool
(Sinha-Hikim et al, 2006 and 2003; Joubert and Tobin, 1995). Similarly, androgen stimuli have

been shown to enhance the differentiation of satellite cells into myoblasts and fusion with
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muscle fibres resulting in hypertrophy (Sinha-Hikim et al, 2006 and 2003; Joubert and Tobin,
1995). It has been suggested that androgens increase the expression of myogenic genes that
are involved in the proliferation (e.g. proliferating cell nuclear antigen or PCNA and Pax7)
(Brown et al, 2009; Diel et al, 2008; Sinha-Hikim et al, 2006) and differentiation (e.g. Notch

and myogenin) (Serra et al, 2011; Brown et al, 2009; Sinha-Hikim et al, 2006) of satellite cells.

Androgens are also capable of influencing the fate of other stem cells. Pluripotent
mesenchymal stem cells are able to differentiate into multiple lineages such as skeletal
muscle, bone, cartilage, and adipose cells, dependent upon the stimulus. Not only have
androgens been shown to stimulate the myogenic skeletal muscle lineage, but they also
inhibit the adipose lineage (Gupta et al, 2008; Singh et al, 2003) (Figure 1.13). However, it is
estimated that myonuclei in skeletal muscle are not largely derived from activation of
pluripotent mesenchymal stem cells. Satellite cells are the main stem cell that contribute
myonuclei for hypertrophy. The inhibitory effect of fat cell formation has therefore been a
proposed explanation, at least in part, for a decreased body fat composition commonly seen

as a result of androgen treatment (Kadi, 2008; Singh et al, 2003).
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Figure 1.12 The fate of skeletal muscle satellite daughter cells. Muscle satellite cells enter
the cell cycle and differentiate into myoblasts to allow nuclei donation for muscle

hypertrophy or proliferate to expand the satellite cell pool.
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Figure 1.13 Mulitiple lineages of pluripotent mesenchymal stem cells. Androgens influence

the activation of the muscle cell lineage over bone, adipose, and cartilage.
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1.5.3 Non-Canonical Actions of Androgens

In addition to increasing muscle mass, androgens have also been noted to decrease fat mass,
although the mechanisms are not fully elucidated. In addition to hindering the differentiation
of mesenchymal stem cells into the adipose lineage, androgens have also been suggest to be
directly lypolytic themselves. It is suggested that this action occurs via interaction with B,-
adrenoceptors and catecholamine-induced lipolysis (Xu et al, 1991 and 1990). For reviews,

see Arner, 2005 (Arner, 2005) and Pergola, 2000 (Pergola, 2000).

Androgens may also be involved in a number of rapid, non-genomic mechanisms. Such
mechanisms include increasing protein kinase A (PKA) and C (PKC) activity through interaction
with sex hormone binding globulin (SHBG) receptor, and MAPK signalling cascades. Together,
these cascade may influence AR transcriptional activity (Kim et al, 2005; Gioeli et al, 2002;
Sadar, 1999). Androgens have also been shown to induce rapid increases in intracellular Ca%*
transport (Estrada et al, 2000), important for contractile activity of skeletal muscle. For more
in depth reviews on the non-genomic actions of androgens, see Dubois et al, 2012 (Dubois et
al, 2012), Foradori et al, 2008 (Foradori et al, 2008) and Michels and Hoppe, 2008 (Michels

and Hoppe, 2008).
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1.6 Methods of Detection

1.6.1 10C and WADA Testing Methods

Biological samples that are to be screened, such as urine or blood, are obtained from an
athlete and tested in an accredited anti-doping laboratory. Samples may be collected at any
time, even outside of competition. This allows anti-doping authorities to prevent athletes
from doping during their training periods prior to competition. Athletes may also be targeted,
or randomly selected, at any time to provide a sample for testing (World Anti-Doping Agency,
2016). Doping authorities will incorporate a number of routine screening tests to detect any
prohibited substance present. When screening for androgens, it is general practice to use GC-
MS. GC-MS has been at the forefront of doping tests due to its high sensitivity and high
specificity. Known prohibited substances are catalogued and placed into a database and their
structures are compared to what is detected in a biological sample. That way it can be
identified specifically what substance has been detected in an athlete’s blood or urine test.
GC-MS is so sensitive, it is capable of detecting trace amounts of a synthetic androgen months
after the last administration and can detect concentrations in the pg/mL range (World Anti-
Doping Agency, 2016). However, not all androgen abusers use synthetic androgens. WADA
laboratory statistics show that T is one of the most commonly abused substances, and
continues to be so (World Anti-Doping Agency, 2016). Distinguishing between high
endogenous T levels and the exogenous administration of T initially involves the
measurement of a naturally co-secreted hormone, epitestosterone (E). Natural T production
is accompanied by a proportionate secretion of E. Therefore, a ratio should exist between E
and T, and administration of T disrupts this ratio. This T/E ratio should only naturally fluctuate

slightly due to variations in normal hormone homeostasis. Recognising this, WADA set out a
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number of guidelines when considering the T/E ratio: (1) T/E value greater than or equal to 4;
(2) concentrations of T or E greater than 200 ng/mL; (3) concentrations of androsterone or
etiocholanolone greater than 10,000 ng/mL; and (4) concentrations of DHEA greater than 100
ng/mL. If any one of these criteria are met, samples are sent for further analysis using isotope
radio mass spectrometry (IRMS). Commercially produced T has higher 3C levels than
endogenous androgens, and therefore can be distinguished. The principle of the T/E ratio can
be applied to a number of other endogenous hormones, such as DHT, DHEA, or any other

endogenous androgen (World Anti-Doping Agency, 2016).

1.7 Methods of Evasion

1.7.1 Designer Androgens

Detection of androgen use relies on detecting a known chemical structure at a measureable
concentration in a biological sample. Therefore, any novel unknown chemical structure may
bypass the whole GC-MS screening process. The designer androgen is one such bypass
approach, and their emergence has allowed athletes to circumvent screening tests. Unlike
other chemical synthetic androgens, which were initially designed for medical and/or
veterinary use, designer androgens are purposefully created in a clandestine manner for the
sole purpose of evading detection. Designer androgens first appeared on the scene in the
early 2000s, with the discovery of a never before marketed steroid, norbolethone, detected
in athlete’s urine (Catlin et al, 2002). At around the same time, the same laboratory received

syringes containing an oily substance, labelled “The Clear”. Subsequent investigations into the
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Bay Area Laboratory Co-Operative (BALCO) revealed that this oily syringe contained a novel
designer steroid, tetrahydrogestrinone (THG) (Catlin et al, 2004). A later study revealed that
this steroid to be a potent androgen and progestin (Death et al, 2004b). As a result of these
investigations, several elite athletes, including Barry Bonds, Kelli White, Marion Jones and Tim
Montgomery, linked to BALCO were found guilty of using a prohibited substance. This
example demonstrates the lengths that athletes will go to in order to succeed in sport. Not
only were novel substances being used by athletes, but they were synthesised to avoid

detection (Kazlauskas, 2010).

Due to their clandestine nature, designer androgens including THG have minimal or no clinical
studies regarding their ergogenic properties, and more importantly, toxicity and side effects.
While THG is a true designer androgen, there are a number of androgens that have resurfaced
since their initial conception for legitimate medical purposes, but were never marketed as
such. Such androgens, including norbolethone, methyldrostanalone (superdrol), and
prostanozol, were not initially included on the prohibited list and therefore, their resurfacing
indicates attempts at doping with the aim of being missed by screening tests, much like a

designer androgen (DEA Federal Register 44456).

1.7.2 Androgens and the Nutritional Supplement Market

In 1994, the Dietary Supplement and Health Education Act (DSHEA) in the US was passed and
allowed for the sale of prohormones in sports dietary supplements (Delbeke et al, 2003). By
definition, a prohormone itself has no or very little biological activity and requires enzymatic
activation before eliciting its biological effects. The orally consumed prohormone would be
activated when exposed to the liver before entering the general blood circulation (Ziegenfuss
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et al, 2002). These prohormones include the natural androgen precursors, DHEA, 4-
androstenedione, 4-androstenediol, 5-androstenediol, 19-norandrostenedione and 19-
norandrostenediol. Prohormones were sold legally on the US and international markets,
despite their continued ban by WADA. The use of prohormone supplementation was made
particularly popular by the use of androstenedione by the baseball player, Mark McGwire
(Brown et al, 2003). Since then, many supplement companies pushed the sale of these
prohormones as anabolic agents suitable for building muscle mass (Broeder, 2003), although
the efficacy of these supplements is debatable (Brown et al, 2006; Rasmussen et al, 2000).
The legal loop-hole in marketing prohormones as sports supplements has been closed since
2004, and they are now illegal for sale in the U.S and require a prescription (Geyer et al, 2011).
Regardless, many sports supplement companies still blatantly advertise the presence of
androgens and prohormones (Cavalcanti et al, 2013; Parr et al, 2011a and 2007; Wingert et

al, 2010; Okano et al, 2009).

1.8 In Vitro Androgen Bioassays as a Detection Method For Designer

Androgens

Androgen bioassays are capable of measuring the hormonal activity of a substance based on
its ability to bind to the AR, either in vivo or in vitro. Therefore, bioassays can detect
androgenic activity of a substance via its biological activity and is not reliant on identifying the
chemical structure, as is the case with standard MS-based screening tests. This means that
any novel, unknown androgenic compounds that can theoretically bypass current screening

tests, can be detected in a bioassay due to activation of the AR. Bioassays were initially used
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to detect endocrine disrupting chemicals (EDCs) in the environment such as water streams,
usually for oestrogenic activity but can be applied to measuring androgenic activity (Liscio et
al, 2009). Testing the androgenic activity of androgens usually involves the use of an in vivo
rodent model that has been orchidectomised, and the administration of an androgen should
therefore result in the growth of androgen-dependent tissue which can be measured and
weighed. This is known as the Hershberger assay, and has been a standard way of measuring
the androgenic activity of compounds for over 70 years (Kennel et al, 2004). The test can be
also modified to test for the anti-androgenic activity of chemicals. The Hershberger assay is
not suitable for rapid screening due to its in vivo nature, and is also not suitable for all matrices
such as testing an athlete’s urine or blood. However, it has the benefit of analysing the
metabolism of the compound as any metabolites produced can be analysed from the blood
or urine. The move to in vitro-based androgen bioassays to evaluate the (anti)androgenic
activity of samples is becoming more common, particularly with detecting androgens for
growth promoting uses in livestock and their food. Akin to this, AR bioassays are also capable
of screening human sports supplements for the addition of designer androgens and
prohormones. In vitro AR bioassays can be categorised into two main types: cell proliferation

assays and reporter gene assays.

1.8.1 Cell Proliferation Assays

Cell proliferation assays are comparable to the Hershberger assay in that they measure the
proliferation of cells as opposed to muscle growth. Cell proliferation assays involve the
measurement of radiolabelled nucleotides which are incorporated into the DNA during cell
division, and therefore the amount of radiolabelled nucleotide that is incorporated is a direct

measurement of cell proliferation. This is usually applied to test for (anti)oestrogenic activity
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in breast cancer cell lines (Soto et al, 1995). This type of bioassay is not really feasible for

sports doping tests due to the time involved in measuring cell growth (Connolly et al, 2011).

1.8.2 Reporter Gene Androgen Bioassays

Reporter gene AR bioassays involve genetically expressing human AR inside a host cell which
would typically not express endogenous AR. The host is also transformed with a reporter
vector and a minimal promoter regulated by AREs. This enables production of a reporter
enzyme or protein which can be quantifiably measured upon stimulation of the AR by an AR

agonist.

Host cells that are typically used are the yeast strain Saccharomyces cerevisiae, or a range of
mammalian-based cell lines such as liver, kidney, bone, and breast cancer. These hosts are
also capable of being transformed with a range of different constructs, each having
differences in sensitivity and specificity. Typical cell line constructs used in AR reporter gene

bioassays can be seen in Table 1.3 along with their varying sensitivities.
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Table 1.3 Sensitivities of various androgen bioassays

Androgen Construct Cell Line/Species Author
Testosterone MMTV/Luciferase AR HEK293 0.3 Roy et al, 2006
ARE/Luciferase U2-0S 0.86 Houtman et al, 2009
ARE/Luciferase CHO 1.06 Araki et al, 2005
ARE/B-galactosidase S. cerevisiae 5 Death et al, 2005
ARh-LBD-ASC1/ B-galactosidase S. cerevisiae 15 Lee et al, 2003
ARE/GFP S. cerevisiae 23 Beck et al, 2008
5a- ARE/Luciferase CHO 0.22 Araki et al, 2005
Dihydrotestosterone ARh-LBD-ASC1/ B-galactosidase S. cerevisiae 4.8 Lee et al, 2003
(DHT) ARE/GFP S. cerevisiae 16 Beck et al, 2008
Methyltestosterone ARE/Luciferase CHO 0.7 Araki et al, 2005
ARE/GFP S. cerevisiae 1.2 Beck et al, 2008
4-Androstenedione ARE/Luciferase CHO 1.02 Araki et al, 2005
AR-CALUX U2-0S 4.5 Sonneveld et al, 2005
ARE/Luciferase S. cerevisiae 500 Michelini et al, 2005
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With the growing concern of the clandestine development of designer androgens and
prohormones, particularly with spiking and contamination concerns of sports supplements,
in vitro androgen bioassays are a feasible approach for screening sports supplements. Several
studies have demonstrated the effectiveness of androgen bioassays for screening
supplements for anabolic activity (Akram et al, 2011; Plotan et al, 2011; Peters et al, 2010).
One study even showed how a yeast-based androgen bioassay was able to show positive
screens in two sports supplements initially missed by an MS-based screen (Rijk et al, 2009).
While most in vitro androgen bioassays used for this approach have been yeast-based,
mammalian cell-based androgens bioassays have their own set of advantages. Therefore,
both types are necessary to better evaluate the androgenic activity of a sample, and will be

further explained below.

1.8.2.1 Yeast Cell Androgen Bioassays

Androgen bioassays using yeast such as S. cerevisiae are typically less sensitive than their
mammalian counterparts. This is due to yeast not endogenously expressing steroid receptors
or metabolising enzymes. However, yeast-based androgen bioassays offer several advantages
(as well as disadvantages) compared to mammalian cell-based androgen bioassays. Due to
the absence of metabolising enzymes, the test compound is not metabolised by the yeast and
as such, the intrinsic androgenic bioactivity of the compound can be evaluated. This, however,
also means that any prohormones or compounds requiring metabolic activation cannot be
detected using a yeast-based bioassay. Yeast-based AR bioassays are also cheap and easy to
grow, making them suitable for high throughput applications. Most yeast-based AR bioassays

are designed using an AR/ARE/B-galactosidase construct (Death et al, 2005). This is the most
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sensitive of the varying types of yeast bioassays, and has an ECso of about 5 nM for T. They
are, however, generally more tedious and longer than other reporter proteins, with long
incubation times, pre-assay preparation and cell lysis steps involved. To address this, other
constructs have been produced, typically using a fluorescent protein (yeast enhanced green
fluorescent protein [yEGFP]) or luciferase as a reporter instead of B-galactosidase. These
constructs are less sensitive than B-galactosidase with ECso values for T reported to be about

50 nM (Bovee et al, 2009a and 2007) and 10 nM (Leskinen et al, 2005), respectively.

However, they do not require any cell lysis steps and can, therefore, be easier to complete.
To further this, the yEGFP construct is also cheaper than either the luciferase or the B-
galactosidase reporter proteins as no enzyme substrate is required to produce the reporter
readout, and requires only fluorescence. It also does not have the issue of enzyme inhibiting
compounds which may also hinder enzyme function in luciferase-based assays (Sotoca et al,
2010). Certain compounds may bind to the firefly luciferase enzyme, inhibiting its activity

(Auld et al, 2008).

1.8.2.2 Mammalian Cell Androgen Bioassays

Mammalian cell-based androgen bioassays are generally more sensitive with reported ECsg
values often 10-fold lower (Houtman et al, 2009; Roy et al, 2006), but show less specificity
than their yeast-counterparts. The lowering in specificity comes from two major differences
between the two: the presence of metabolising enzymes, and receptor cross-talk (Bovee and
Pikkemaat, 2009). Metabolising enzymes such as aromatase, 5a-reductase, and the HSD
enzymes mean that the intrinsic androgenic activity of a compound cannot be established as
it can be converted to a more or less potent form. Therefore, mammalian cell androgen
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bioassays are capable of detecting prohormones. Cell lines can therefore give insight into how
an androgen might behave in vivo in terms of metabolism, determining if the steroid remains
active, or is deactivated. The degree to which this happens is dependent on the chosen cell
line because the extent of the expression of these enzymes can vary between cell lines (Akram
et al, 2011). The majority of cell types in the body express endogenous steroid receptors
including the PR, ER and GR. Androgens are capable of exhibiting cross-talk with these
receptors, particularly the PR and GR, and to a smaller extent, the ER. There have also been
attempts using ex vivo liver preparations in order to better mimic in vivo metabolism (Rijk et
al, 2012 and 2008). Such assays first involve incubating steroids with the liver fraction, then
extracting the metabolites produced and exposing them to a yeast-based bioassay. This
approach can also be used to detect prohormones and metabolites contained within sports

supplement extracts.

1.9 Summary, Aims and Hypothesis

Androgens remain the most commonly abused performance enhancing drug used in sports.
The high prevalence of use not only includes elite athletes, but also extends to amateur
athletes and adolescents. Androgen abuse can be detected using GC-MS-based techniques if
the structure of the compound of interest is known. The emergence of designer steroids,
which have novel and initially unknown structures, are difficult to detect and present a major
problem for doping authorities. Many of these compounds are being sold legally as sports
supplements and have had no safety testing and therefore, may present a health hazard to
consumers. Further, it is also unknown if these compounds are biologically active and

effective as anabolic agents. Therefore, the overall aim of this project was to assess the
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biological activity of designer steroids found within sports supplements. More specifically, the

overarching hypothesis of this thesis is:

“Designer steroids contained within sports supplements are potent androgens”

The intrinsic androgenic bioactivity of 22 sports supplement-derived designer steroids was
assessed in Chapter 3 using the yeast androgen bioassay. We report that 45% of these
designer steroids are potent androgens. Chapter 4 extended on these findings by assessing
the androgenic bioactivity of these 22 designer steroids after metabolism in the mammalian
HuH7 androgen bioassay. This study demonstrated that several androgens are converted into
more potent androgens while others are deactivated after metabolism. To determine if the
potent androgens had anabolic activity, we next investigated the anabolic potential of several

designer steroids in a mouse C2C12 myoblast cell model in Chapter 5.

Chapter 6 aimed to screen the Australian sports supplement market for undeclared
androgenic substances using the yeast and HuH7 androgen bioassays. We report that 5.3% of

the sports supplements screened contained undeclared androgenic substances.

Finally, Chapter 7 contains a general conclusion of the results obtained throughout this thesis,

and several limitations of the studies, highlighting the potential for future work.
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Chapter 2

General Methods
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2.1 Yeast Culture

2.1.1 Materials and Solutions

Yeast Strain:

Saccharomyces cerevisiae, YPH500 (MATa, ura3-52, lys2-801, ade2-101, trp1-A63, his3-A200,

leu2-A1)

Transformed with the following plasmids:

AR bioassay: YRpG2 (ARE-lacZ fusion) and YEpAR (AR cDNA)

PR bioassay: YRpG2 (PRE-lacZ fusion) and YEphPR-B (hPR-B cDNA)

YPD Medium (for reviving strains from frozen stocks)

Yeast extract (Cat # Y1625, Sigma Aldrich) 10g

Peptone (Cat # J849, Amresco) 20g

Medium was made up to 1 L with deionised water, autoclaved for 15 min and stored at 4 °C
until required. Agar was added at a concentration of 1.5% (w/v) prior to autoclaving if plates
were required. Glucose from a 20% (w/v) filter sterilised stock was added to a final

concentration of 2% in YPD medium just before use.
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Double drop-out leu-ura medium (DOB-leu-ura) (for AR bioassays)

DOB base powder (Cat # 4025-032, MP Biomedicals) 6.75 g

CSM-leu-ura (Cat # 4520-212, MP Biomedicals) 0.1675¢g

The selective double drop-out medium was used for maintaining plasmids and for receptor
assays. Medium was made up to 250 mL with deionised water and 1.5% (w/v) agar added
prior to autoclaving if plates were required. Medium was autoclaved for 15 min, and stored

at4 °C.

Double drop-out trp-ura medium (DOB-trp-ura) (for PR bioassays)

DOB base powder (Cat # 4025-032, MP Biomedicals) 6.75 g

CSM-trp-ura (Cat # 4520-512, MP Biomedicals) 0.18g

Medium was made up to 250 mL with deionised water and 1.5% (w/v) agar added prior to

autoclaving if plates were required. Medium was autoclaved for 15 min, and stored at 4 °C.

ONPG (o-nitrophenol-B-galactoside) solution (4 mg/mL)

ONPG (Cat #N1127, Sigma Aldrich) 40 mg

60 mM Naz;HPO4.7H20 16.1 g/L

40 mM NaHP04.H,0 5.5g/L
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Forty mg of ONPG was dissolved in 10 mL of 100 mM phosphate buffer (60 mM NaHPO4.7H-
20; 40 mM NaH,P04.H,0), aliquoted and stored at -20 °C. ONPG solution was warmed to 30

°C before use.

Z-buffer

Na;HP04.7H,0 (60 mM) 16.1g
NaH2P04.H,0 (40 mM) 5.5¢g
KCI (10 mM) 0.75g
MgS04.7H,0 (1 mM) 0.246 g
B-mercaptoethanol (50 mM) 2.7 mL

Solution was made up to 1 L with deionised water and the pH adjusted to 7.0. The solution

was not autoclaved, and was stored at 4 °C.

Glycerol stocks

Yeast culture 1mL

Glycerol (80% v/v) 0.5mL

Glycerol stocks of yeast were made by mixing 1 mL of yeast culture (grown in selective DOB

medium) with 0.5 mL glycerol (80% v/v) in 2 mL cryogenic tubes and stored at -80 °C.
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2.1.2 B-galactosidase Assays

2.1.2.1 Androgen Receptor (AR) Bioassay

Yeast cells transformed with both the ARE-lacZ and AR plasmid were revived from frozen
stocks on non-selective YPD agar before a single colony was streaked onto selective CSM-leu-
ura agar plates and grown for 48-72 hours. CSM-leu-ura broth (50 mL) was inoculated with
one colony from selective CSM-leu-ura agar plates and incubated overnight with orbital
shaking (300 rpm) at 30 °C. The optical density (OD) of the culture was measured at a
wavelength of 600 nm on an Infinite m200 Pro Tecan microplate reader. The culture was then
diluted with fresh medium to obtain an OD of 0.5 to 0.7. Aliquots (500 uL) of the diluted yeast
culture were then pipetted into a 24-well plate before the addition of 5 puL of CuSO4 (10 mM
stock) to induce AR expression via the CUP1 promoter. The respective steroid treatment (5
uL) was then added to the wells in triplicate. A testosterone dose-response curve with final
concentrations ranging from 7x10° M to 1.31x1071° M was included in duplicate in every assay
for AR as well as duplicate ethanol vehicle controls. The determination of the concentrations
used for each steroid are described in Chapter 3. The plates were incubated overnight at 30

°C with orbital shaking (300 rpm).

The following day the 24-well plates were placed on ice for 20 min to inhibit further yeast
growth. The yeast were then resuspended before the density of yeast from each well was
determined at 600 nm. The yeast cultures (400 uL) from each well were transferred to
Eppendorf tubes and pelleted by centrifugation at 10,000 rpm for 5 min. The supernatant was
carefully removed without disturbing the pellet and discarded. The pellet was resuspended
in 200 uL of Z-buffer. Chloroform (15 uL) and SDS (0.1% w/v, 7.5 pL) were then added to

permeabilise the yeast cells and the suspension was vortexed for 10 s. Tubes were then
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warmed to 30 °C for 5 min before the assay was commenced. At time zero, 50 pL of ONPG
substrate (4 mg/mL) was added and yellow colour developed for 30 min. The reaction was
stopped by the addition of 125 pL of Na,COs (1M). Tubes were mixed briefly before allowing
the chloroform to settle at the bottom of the tube for 5 min. Triplicate aliquots (100 pL) were
removed from each tube being careful not to withdraw any chloroform from the bottom and
transferred to a 96-well plate. Absorbance was measured at 550 and 420 nm and the B-

galactosidase activity was determined according to the following equation:

1000 x (0D420—-1.75 x 0D550)
Vol.(mL)x time (minutes)x OD600

B-galactosidase activity (Miller units) =

B-galactosidase activity was converted at each point to a percentage of activity of maximal

testosterone.

2.1.2.2 Progestogen Receptor (PR) Bioassay

A single colony of yeast transformed with both the PRE-lacZ and PR-B plasmid was picked
from the non-selective YPD agar plate and streaked onto selective CSM-trp-ura agar plates
and grown for 48-72 hours. CSM-trp-ura broth (50 mL) was inoculated with one colony from
selective CSM-trp-ura agar plates and incubated overnight with orbital shaking (300 rpm) at
30 °C. The OD of the culture was measured at a wavelength of 600 nm on an Infinite m200
Pro Tecan microplate reader. The culture was then diluted with fresh medium to obtain an
OD of 1.0. Aliquots (500 pL) of the diluted yeast culture were then pipetted into a 24-well
plate before the addition of 5 pL of CuSO4 (10 mM stock) to induce PR expression. The
respective steroid treatment (5 pL) was then added to the wells in triplicate. A progesterone

dose-response curve with final concentrations ranging from 3.18x10* M to 6x10° M was
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included in duplicate in every assay for PR as well as duplicate ethanol vehicle controls. The

plates were incubated overnight at 30 °C with orbital shaking (300 rpm).

The following day the 24-well plates were placed on ice for 20 min to inhibit further yeast
growth. The yeast were then resuspended before the density of yeast from each well was
determined at 600 nm. The yeast cultures (400 uL) from each well were transferred to
Eppendorf tubes and pelleted by centrifugation at 10,000 rpm for 5 min. The supernatant was
carefully removed without disturbing the pellet and discarded. The pellet was resuspended
in 400 pL of Z-buffer. Chloroform (24 uL) and SDS (0.1% w/v, 12 pL) were then added to
permeabilise the yeast cells and the suspension was vortexed for 10 s. Tubes were then
warmed to 30 °C for 5 min before the assay was commenced. At time zero, 80 uL of ONPG
substrate (4 mg/mL) was added and yellow colour developed for 30 min. The reaction was
stopped by the addition of 200 pL of Na,COs (1M). Tubes were mixed briefly before allowing
the chloroform to settle at the bottom of the tube for 5 min. Duplicate aliquots (100 pL) were
removed from each tube being careful not to withdraw any chloroform from the bottom and
transferred to a 96-well plate. Absorbance was measured at 550 and 420 nm and the B-
galactosidase activity was determined according to the equation described above. B-
galactosidase activity was converted at each point to a percentage of activity of maximal

progesterone.

2.2 Solid Phase Extraction

The amount of each supplement used for the extraction was dependent upon the

manufacturer’s recommended serving size (Chapter 6, Table 6.2). Steroid extracts were
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prepared from sports supplements using a standard solid phase extraction (SPE) method, with
minor alterations (Rijk et al, 2009). Briefly, capsules were emptied and solid tablets were
pulverised using a mortar and pestle. The powders were suspended in water/methanol 1:1
v/v and dissolved by sonication for 5 min. The suspension was then centrifuged at 3000 g for
10 min and the pellet was discarded. The pH of the supernatant was adjusted to 4.8 using 4N
acetic acid and sodium acetate. The supernatant then underwent SPE using a C18 column (0.5
g Bond Elut, Agilent Technologies) that was previously conditioned with 4 mL
methanol/sodium acetate (pH 4.8). After the sample was loaded, the columns were washed
sequentially with 2 mL water, 1.5 mL sodium carbonate (10% w/v), 2 mL water, and 2 mL
water/methanol (1:1, v/v). The columns were then air-dried and the sample was eluted with
4 mL acetonitrile. The eluate was concentrated by evaporation then resuspended in 50 plL

100% ethanol.

2.3 Tissue Culture

2.3.1 Materials and Solutions

Cell lines

Human hepatocarcinoma cells (HuH7) and mouse myoblast cells (C2C12) were purchased

from ATCC (Manassas, VA).

Phosphate-buffered saline (PBS)

PBS (Cat# 09-2051-100, Astral Scientific) was made up to 1 L in deionised water according to

the manufacturer’s instructions (1 tablet/100 mL) and autoclaved for 20 min.
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Dulbecco’s modified eagle medium (DMEM) (For HuH7 cell line)

HuH7 cells were cultured in DMEM (Cat# 11995065, Life Technologies) containing high
glucose (4500 mg/L) L-glutamine (584 mg/L), sodium pyruvate (110 mg/L) and phenol red

indicator supplemented with:

Fetal calf serum (Cat # 10099-141, Gibco Life Technologies) 10% (v/v)

Penicillin/Streptomycin (Cat # 15140-122, Gibco Life Technologies) 100 U/mL

DMEM (HuH7 cell line) (AR SEAP bioassay)

HuH7 cells stably transfected with the human AR expression plasmid and the
enhancer/ARE/SEAP reporter plasmid were cultured in DMEM (Cat# 11995065, Life
Technologies) containing high glucose (4500 mg/L), L-glutamine (584 mg/L), sodium pyruvate

(110 mg/L) without phenol red indicator supplemented with:

Charcoal-stripped fetal calf serum 10% (v/v)

Penicillin/Streptomycin (Cat # 15140-122, Gibco Life Technologies) 100 U/mL

Puromycin dihydrochloride (Cat # A11138-02, Gibco Life Technologies) 5.5 pg/mL (HuH7)

DMEM growth media (For C2C12 cells)

C2C12 cells were grown in DMEM (Cat# 11965092, Life Technologies) without sodium
pyruvate containing high glucose (4500 mg/L), L-glutamine (584 mg/L) and phenol red

indicator supplemented with:
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Fetal calf serum (Cat # 10099-141, Gibco Life Technologies) 20% (v/v)

Penicillin/Streptomycin (Cat # 15140-122, Gibco Life Technologies) 100 U/mL

DMEM differentiation media (For C2C12 cells)

C2C12 cells were differentiated in DMEM (Cat# 11965092, Life Technologies) without sodium
pyruvate containing high glucose (4500 mg/L), L-glutamine (584 mg/L), and phenol red

indicator supplemented with:

Charcoal-stripped horse serum (Cat # 16050-122, Gibco Life Technologies) 2% (v/v)

Penicillin/Streptomycin (Cat # 15140-122, Gibco Life Technologies) 100 U/mL

2.3.2 Charcoal Stripping

To strip fetal calf serum of endogenous steroids, 625 mg of activated charcoal (Cat # C9175,
Sigma Aldrich) was first washed by adding 250 mL PBS. The 250 mL was separated into five
falcon tubes, and then centrifuged for 20 min at 2000 rpm. The PBS was discarded and the
charcoal resuspended in a total volume of 50 mL FCS (10 mL/tube). The 10 mL of resuspended
activated charcoal in each tube were then combined into one tube and stripped by heating at
55 °C for 30 min. The tube was then centrifuged at 2000 rpm for 20 min and the FCS decanted

into a clean falcon and filter sterilised before adding to medium.

Chapter 2



69

2.3.3 Cell Culturing

To revive cells from frozen stocks, cells were quickly thawed in a 37 °C water bath before
transferring to a T75 cm? flask containing at least 15 mL of appropriate media. The next
morning, the media was aspirated and cells were washed once with 5 mL PBS to remove

DMSO and non-viable cells before replacing with fresh media.

Cells were cultured in T175 cm? flasks in appropriate media. Every second day, cells were
washed once with 10 mL PBS and replenished with fresh media. At 80-90% confluence HuUH7
cells were passaged 1 in 5 into new flasks to propagate cells. For the C2C12 cell line, cells were
passaged at 50-60% confluence to minimise cell-cell contact and cell fusion causing partial
differentiation. For passaging, cells were washed with 10 mL PBS followed by incubation with
5 mL trypsin EDTA (Cat # 15400054, Life Technologies) at 37 °C for 2 to 3 min to detach cells.
Once cells had lifted, the trypsin was deactivated with an equal volume of serum-containing
media and centrifuged at 3000 rpm for 5 min. The supernatant was aspirated and the cell
pellet was resuspended in appropriate media and split into new flasks or counted and seeded

for experimental procedures.

Frozen stocks for each cell line were prepared by trypsinising and centrifugation (3000 rpm
for 5 min) as described above. The supernatant was discarded, and the cell pellet was
resuspended in cold media containing 40% FCS. An equal volume of cold media containing
20% DMSO (Cat # D2650, Sigma Aldrich) was added and gently mixed. The cell suspension
was then transferred to cryopreservation tubes (Cat # 72.379, Starstedt) (1 mL per tube) and
stored in a CoolCell (Cat # BCS-136, Biocision) at -80 °C for at least 24 hours before being

transferred to a liquid Nz tank.
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2.3.4 Trypan Blue Staining For Cell Viability and Quantification With Haemocytometer

To assess cell viability, 10 pL of trypan blue was added to 10 pL of cell suspension and counted
using a haemocytometer. Non-viable cells were differentiated by incorporation of trypan blue
indicating a compromised cell wall integrity and were not included in the cell count. A cell

count of 1x10° cells/mL was used for experiments unless otherwise stated.

2.3.5 Mammalian AR Bioassays

2.3.5.1 Secreted Embryonic Alkaline Phosphatase (SEAP) AR Bioassay

HuH7 cells stably transfected with the human AR expression vector and the
enhancer/ARE/SEAP reporter gene construct (Akram et al, 2011) were cultured in appropriate
DMEM media supplemented with the selective antibiotic puromycin (5.5 pg/mL). Cells were
seeded into a 96-well plate (1x10°/mL) with a volume of 200 pL/well in phenol-red free DMEM
media for the AR bioassay (described in section 2.3.1). After 24 hours, cells were treated with
steroids (diluted in 100% ethanol, with a final concentration of 1%) at various concentrations
by adding 2 pL in triplicate and incubated for 24 hours. After incubation with steroid
treatments, 25 uL of culture supernatant from each well was aliquoted into white opaque 96-
well plates in duplicate. The plate was then heated to 65 °C for 35 min to deactivate
endogenous alkaline phosphatase before placing on ice for 3 to 5 min and then allowed to
equilibrate to room temperature. The assay was initiated by the addition of 50 uL SEAP
substrate reagent (Cat # 631737, Clontech) to each well. Wells were incubated for 35 min at
room temperature and protected from light before measuring luminescence on the Infinite

m200 Pro Tecan microplate reader. A testosterone dose-response curve with final
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concentrations ranging from 7x10° M to 1.31x1071° M was included in duplicate in every assay

as well as duplicate ethanol vehicle controls. The determination of the concentrations used

for each steroid are described in Chapter 4.

2.4 Immunocytochemistry

2.4.1 Materials and Solutions
TBST

Tris Base 139¢g

Tris HCL 60.6 g

NacCl 60.6 g

Tween 20 5mL

A 10x stock solution was made up to 1 L with deionised H;O.

3% skim milk blocking solution

Skim milk powder 3g

Ix TBST 100 mL
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2.4.2 Immunocytochemistry

C2C12 cells were washed 3x with PBS before fixing with ice-cold methanol for 10 min at room
temperature. Following fixation, cells were washed 3x with PBS and non-specific binding was
blocked with 3% skim milk blocking solution for 3x 5 min incubations. After blocking, cells
were again washed 3x with PBS before incubating with the primary antibody as described in
Table 2.1 for 1.5 hours at room temperature. After incubation with the primary antibody, cells
were washed 3x with PBS and secondary antibody (Table 2.1) was incubated for 1.5 hours at
room temperature, protected from light exposure. Nuclei were counterstained with DAPI for

30 minutes before image analysis was performed on the IN Cell Analyzer 2200, GE Healthcare.

Table 2.1 Antibodies and optimised conditions used in immunocytochemistry

Primary Antibody Optimised Concentration

Anti-sarcomeric myosin MF-20 0.75 pg/mL
(Developmental Studies Hybridoma Bank)

Secondary Antibody Dilution

Fluoroscein-isothiocyanate-conjugated

anti-mouse IgG H&L secondary antibody, 1/1000

Abcam (Cat# ab6785)
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Chapter 3

Evaluation of the Intrinsic Androgenic Bioactivity of
Sports Supplement-Derived Designer Steroids Using

the Yeast Androgen Bioassay
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3.1 Introduction

Despite the banning of prohormone-based sports supplements in the United States, the last
10 years has seen the continual sale of androgens on the sports supplement market (Abbate
et al, 2014). The last decade has also seen the emergence of new designer steroids being sold
in sports supplements (Cavalcanti et al, 2013). These designer steroids include steroids
produced in the 1950s and 1960s for pharmaceutical purposes but were never
commercialised, and have since re-emerged in the last decade (Diel et al, 2007). There is also
an increase in newly developed steroids that have been introduced solely for the sports
supplement market (Parr et al, 2011a). These steroid molecules have likely emerged on the
sports supplement market in the last few years as attempts to bypass the illegality of selling
androgens as sports supplements, as well as avoiding detection in anti-doping tests (Joseph

and Parr, 2015).

There exists very little information on these designer steroids in the literature, particularly in
terms of safety and their efficacy in eliciting anabolic effects (Diel et al, 2007). There is a lot
of evidence that modifications to the steroid structure can alter activity and binding affinity
to the AR (McRobb et al, 2008), as reviewed by Fragkaki et al (Fragkaki et al, 2009) and Kicman
(Kicman, 2008). Therefore, without scientific investigation, there is no evidence that a new
structure will be physiologically effective. These designer steroids are therefore being

marketed without proper knowledge of their effects in vitro or in vivo.

Given that these designer steroids are sold as pharmacological agents with no scientific
testing, it is not clear that they are androgenic. To test for intrinsic androgenic potency,
androgen bioassays can be utilised. One of the most feasible androgen bioassays is that based

on yeast cells. Yeast cells are ideal because they do not endogenously express AR or steroid
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metabolising enzymes. An androgen receptor expression vector and an ARE/reporter vector
can then be introduced into the yeast cells to exploit the basic genomic androgen pathway in
order measure AR bioactivity, in an environment where there is no cross-reactivity with other

steroid receptors or metabolism of the test steroid (Gaido et al, 1997).

The yeast-based androgen bioassay has been successfully used in determining the relative
androgenic potency of steroids (McRobb et al, 2008). Our laboratory group utilises a yeast-
based androgen bioassay using an ARE/B-galactosidase reporter vector which has been used
to determine the androgenic potency of a number of synthetic steroid compounds (McRobb
et al, 2008; Death et al, 2005). Further, yeast-based androgen bioassays have been used in
determining the intrinsic androgenic bioactivity of a number of steroids derived from
nutritional supplements, including human sports supplements (Akram et al, 2011) as well as

livestock-based feed supplements (Rijk et al, 2011).

Given the emergence of designer steroids in internet-sourced sports supplements, we
collected 22 of these. It was hypothesized that these designer steroids would be potent
androgens, designed for the positive anabolic effects but with different structures to avoid
GC-MS or other chemical-based assay detection. The aim of this study was to test the intrinsic

androgenic bioactivity of these designer steroids in the yeast-based androgen bioassay.
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3.2 Methods

3.2.1 Steroids Used in This Study

A total of 22 steroid molecules were extracted from sports supplements and tested for their
androgenic bioactivity. Tand DHT were used as reference controls. The steroid molecules are
listed in Table 3.1. Nineteen of the sports supplements that declared the presence of an

androgen were purchased online from www.bodybuilding.com. The steroids 2a,3a-epithio-

17a-methylandrostane-178-ol and 2[B,3B-epithio-17a-methylandrostane-173-ol  were
synthesised by BDG Synthesis (B Dent Global, Wellington, New Zealand) while 17a-
methylandrostane-17B-ol-3-one hydrazone was obtained from the National Measurement
Institute (NMI), North Ryde, Australia. Concentrations of all steroids used was calculated from

molecular weights and the mass of the steroid dissolved in ethanol.

3.2.2 Steroid Extraction from Sports Supplements

Steroid extraction from the sports supplements was performed by Dr. Rymantas Kazlauskas
at the NMI. Briefly, steroids were extracted from the powder contents with 3 volumes of a
dichloromethane/methanol mixture (1:1), evaporating the solvent then chromatographing
the residue on silica gel. The compounds were eluted with dichloromethane/t-
butylmethylether mixtures, and separation was followed by thin-layer chromatography or by
GC-MS on the fractions. Fractions with fairly pure materials were recrystallized from mixtures
of solvents such as toluene, t-butylmethylether and hexane. Structures were determined
from GC-MS and *H NMR and 13C NMR data. For all supplements, the data was consistent with
the steroid indicated on supplement labels. All steroids were dissolved in 100% ethanol for

subsequent assay.
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3.2.3 Plasmids and Reporter Gene Constructs

The full-length hAR-cDNA expression plasmid that encodes the hAR receptor fused to the
CUP1 metallothionen promoter and the ARE-B-galactosidase reporter plasmid that has
androgen response elements upstream of LacZ, the B-galactosidase reporter gene, were
kindly provided by Professor D. P. McDonnell (Duke University Medical Centre, Durham, NC).
Yeast strain YPH500 (MATa, ura3-52, lys2-801, ade2-101, trp1-A63, his3-A200, leu2-A1) was
co-transformed with both plasmids by standard alkali transformation. Co-transformed yeast

cell were maintained in CSM-leu-ura selective medium (Methods section 2.1.1).

3.2.4 Yeast Culture

Yeast transformants were grown overnight at 30 °C with orbital shaking (300 rpm) in CSM-
leu-ura (MP Biomedicals) selective media. The yeast culture was then sub-cultured in fresh

medium and grown to early mid-log phase (ODsoo = 0.5-0.7). (Methods section 2.1.2.1).

3.2.5 Yeast Androgen Bioassay

For the yeast androgen bioassay, cells in mid-log phase growth were diluted in selective
medium to ODeoo = 0.5-0.7 (CSM-leu-ura) plus 100 uM CuSOas to induce receptor expression
via the CUP1 promoter. Yeast cells were then treated with T and DHT concentrations ranging
from 7x10> M to 1.3x1071° M or supplement-derived steroids with concentrations ranging
from 2.3x10*M to 1.3x1071% M. All steroids were diluted in ethanol with a final concentration

of 1%. Yeast cells were incubated overnight at 30 °C with vigorous orbital shaking (300 rpm)
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before being lysed and assayed for 3-galactosidase activity across 6 independent experiments

(Methods section 2.1.2.1).

3.2.6 Determination of Steroid ECso Values and Relative Potencies

A dose-response curve for the reference androgen, DHT, was performed each time the
androgen bioassay was performed as a positive control. The potency of each steroid was
determined by measuring the half maximal effective concentration (ECsg), the concentration
at which the steroid elicits 50% of its maximal response in the bioassay. The ECso values were
determined from a sigmoidal curve fit using GraphPad Prism 6 software. The ECsp values for
each test steroid were then compared to DHT to determine relative potency to DHT. The

relative potency was determined using the equation:

EC50 [Dihydrotestosterone]
EC50 [Test Steroid]

X 100%
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Table 3.1 List of steroids used in this study

Product/Trivial Name

Dihydrotestosterone and
Derivatives

Chemical Name

Dihydrotestosterone (DHT)
Ultradrol (Methylstenbolone)
The One (Hydrazone)

The One (Oxime)

Furazadrol (C isomer)
Furazadrol (D isomer)

P-Plex (Madol)

Superdrol (Methasterone)
Prostanozol

Epistane (2a, 3a-epithio)
Epistane (2B, 3B-epithio)
Testosterone and Derivatives
Testosterone (T)

Mechabol (Methylclostebol)

Jungle Warfare

H-Drol (DHCMT, Oral-Turinabol)
Testabol

Androstenedione

17B-hydroxy-5a-androstan-3-one

2, 17a-dimethyl-17B-hydroxy-5a-androst-1-ene-3-one
17a-methylandrostane-173-ol-3-one hydrazone
17a-methylandrostane-173-ol-3-one oxime
17B-hydroxyandrostano-[3,2-c] isoxazole
17B-hydroxyandrostano-[3,2-d] isoxazole
17a-methylandrost-2-ene-17p-ol
2a,17a-dimethylandrostane-3-one-173-ol
[3,2-c] pyrazole-5a-androstan-17B-ol
2a,3a-epithio-17a-methylandrostane-173-ol
2B,3B-epithio-17a-methylandrostane-17p3-ol

17B-hydroxy-androst-4-en-3-one
4-chloro-17a-methyl-17B-hydroxyandrost-4-ene-3-
one

17a-methylandro-4,6-diene-17B-ol-3-one
4-chloro-17a-methyl-androst-1,4-diene-3,173-diol
4-hydroxytestosterone-17-acetate

Derivatives/Prohormones
LG Formadrol Extreme

1, 4 AD Bold 200 (Boldione)
DS Rebound XT

Tren 250

Novadex XT

Finaflex 1-Andro
1-Androsterone
Finaflex 550-XD

6a-methylandrost-4-ene-3,17-dione
Androst-1,4-diene-3,17-dione
Androst-1,4,6-triene-3,17-dione
Estra-4,9-diene-3,17-dione
Androst-4-ene-6,17-dione-3-ol

3B-hydroxy-5a-androst-1-ene-17-one
1-androsten-3B-hydroxy-17-one
3B-hydroxy-19norandrost-4-ene-17-one
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3.3 Results

A total of 22 steroids that were derived from sports supplements were evaluated for their
intrinsic AR bioactivity in the yeast androgen bioassay. Sigmoidal dose-response curves were
generated for each steroid to determine the ECsovalues. The ECsp values were then used to

calculate the relative potency (RP) to DHT.

3.3.1 Androgenic Bioactivity of DHT-Derived Steroids

The endogenous androgens T and DHT were used as references for potent AR activators. The
calculated ECsp values were 4.68 nM and 2.38 nM, respectively, which is in keeping with
previous findings for this assay (McRobb et al, 2008). Out of the 22 steroids tested in the yeast
androgen bioassay, ten were DHT-derivatives and the ECsp and RP values were calculated for
each steroid from three different assays (Figure 3.1). There were six steroids with strong RPs
ranging from 19.93% to 106.7% (Figure 3.2 A). Three steroids were moderately strong with
RP values less than 12% (Figure 3.2 B). One steroid was a weak androgen with an RP more
than 1000-fold lower than DHT (Figure 3.2 C). The molecular structures of these ten steroids

are shown in Figure 3.3.
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Figure 3.1 ECso values of DHT-derived steroids. DHT-derived steroids were tested in the yeast
androgen bioassay and ECsp values were calculated from sigmoidal dose-response curves. T
and DHT were included as reference androgens. Steroids with ECso above the dotted line were
less potent than DHT, while steroids with ECso below the dotted line were more potent than
DHT. A) Steroids that had strong intrinsic androgenic bioactivity; B) steroids that had
moderate intrinsic androgenic bioactivity; and C) steroids that had weak intrinsic androgenic

bioactivity.
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Figure 3.2 Relative potency of DHT-derived steroids. DHT-derived steroids were tested in the
yeast androgen bioassay and ECso values were calculated from sigmoidal dose-response
curves. T and DHT were included as reference androgens. The relative potency (RP) of each
steroid to DHT was calculated. Steroids with RP above the dotted line were more potent than
DHT, while steroids with RP below the dotted line were less potent than DHT. A) Steroids that
had strong androgenic bioactivity; B) steroids that had moderate androgenic bioactivity; and

C) steroids that had weak androgenic bioactivity.
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Figure 3.3 Molecular structures of DHT-derived steroids. Red circles indicate structural

differences to DHT. RP indicates relative potency of steroids compared to DHT.
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3.3.2 Androgenic Bioactivity of T-Derived Steroids

Four of the tested steroids were derivatives of T (Figure 3.4). Two of these steroids were
strong activators of AR with RP values of 24.2 and 26.5% (Figure 3.5 A). One steroid was a
moderate activator of AR with an RP of less than 12% while one steroid was a weak activator
with an RP of less than 0.1% (Figures 3.5 B and C). The molecular structures of these four

steroids are shown in Figure 3.6.
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Figure 3.4 ECso values of T-derived steroids. T-derived steroids were tested in the yeast
androgen bioassay and ECsp values were calculated from sigmoidal dose-response curves. T
and DHT were included as reference androgens. Steroids with ECso above the dotted line were
less potent than DHT, while steroids with ECso below the dotted line were more potent than
DHT. A) Steroids that had strong androgenic bioactivity; B) steroids that had moderate

androgenic bioactivity; and C) steroids that had weak androgenic bioactivity.
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Figure 3.5 Relative potency of T-derived steroids. T-derived steroids were tested in the yeast
androgen bioassay and ECsp values were calculated from sigmoidal dose-response curves. T
and DHT were included as reference androgens. The relative potency (RP) of each steroid to
DHT was calculated. Steroids with RP above the dotted line were more potent than DHT, while
steroids with RP below the dotted line were less potent than DHT. A) Steroids that had potent
androgenic bioactivity; B) steroids that had moderate androgenic bioactivity; and C) steroids

that had weak androgenic bioactivity.
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Figure 3.6 Molecular structures of T-derived steroids. Red circles indicate structural

differences to T. RP indicates relative potency of steroids compared to DHT.
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3.3.3 Androgenic bioactivity of androstenedione-derived steroids

Five of the steroids were derivatives of the proandrogen, androstenedione (Figure 3.7). One
steroid was a strong activator with an RP of roughly 50% (Figure 3.8 A). Two steroids were
moderate activators of AR with RP values ranging from 1.3% to 2.6% while the other two
steroids were weak activators of AR with RP values ranging from 0.1% to 0.001% (Figure 3.8

B and C). The molecular structures of these five steroids are shown in Figure 3.9.
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Figure 3.7 ECso values of androstenedione-derived steroids. Androstenedione-derived
steroids were tested in the yeast androgen bioassay and ECsg values were calculated from
sigmoidal dose-response curves. T and DHT were included as reference androgens. Steroids
with ECso above the dotted line were less potent than DHT, while steroids with ECso below the
dotted line were more potent than DHT. A) Steroids that had strong androgenic bioactivity;
B) steroids that had moderate androgenic bioactivity; and C) steroids that had weak

androgenic bioactivity.
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Figure 3.8 Relative potency of androstenedione-derived steroids. Androstenedione-derived
steroids were tested in the yeast androgen bioassay and ECsg values were calculated from
sigmoidal dose-response curves. T and DHT were included as reference androgens. The
relative potency (RP) of each steroid to DHT was calculated. Steroids with RP above the dotted
line were more potent than DHT, while steroids below the dotted line were less potent than
DHT. A) Steroids that had potent androgenic bioactivity; B) steroids that had moderate

androgenic bioactivity; and C) steroids that had weak androgenic bioactivity.
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Figure 3.9 Molecular structures of androstenedione-derived steroids. Red circles indicate
structural differences to androstenedione. RP indicates relative potency of steroids compared

to DHT.
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3.3.4 Androgenic bioactivity of remaining steroids

Three steroids that were not classed as DHT-, T-, or androstenedione-derivatives were tested
for their androgenic bioactivity in the yeast androgen bioassay (Figure 3.10). Two steroids,
which were very similar in structure to each other, displayed moderate and strong AR
activation with RP values between 10 and 60%, respectively (Figure 3.11 A and B). The third
steroid demonstrated moderate AR activation with an RP value of less than 0.01% (Figure 3.11

B). The molecular structures of these three steroids are shown in Figure 3.12.
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Figure 3.10 ECso values of remaining steroids. Three steroids not classed as DHT-, T-, or
androstenedione-derivatives were tested in the yeast androgen bioassay and ECso values
were calculated from sigmoidal dose-response curves. T and DHT were included as reference
androgens. Steroids with ECsp above the dotted line were less potent than DHT, while steroids
with ECsp below the dotted line were more potent than DHT. A) Steroids that had potent

androgenic bioactivity; and B) steroids that had moderate androgenic bioactivity.
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Figure 3.11 Relative potency of remaining steroids. Three steroids not classed as DHT-, T-, or
androstenedione-derivatives were tested in the yeast androgen bioassay and ECso values
were calculated from sigmoidal dose-response curves. T and DHT were included as reference
androgens. The relative potency (RP) of each steroid to DHT was calculated. Steroids with RP
above the dotted line were more potent than DHT, while steroids with RP below the dotted
line were less potent than DHT. A) Steroids that had strong androgenic bioactivity; and B)

steroids that had moderate androgenic bioactivity.
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Figure 3.12 Molecular structures of the remaining steroids. Red circles indicate structural

differences to DHT. RP indicates relative potency of steroids compared to DHT.
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3.4 Discussion

Novel designer steroids are often marketed in sports supplements. Such steroids are sold
despite a lack of safety and efficacy data. Indeed, it is often not even known if these designer
steroids activate AR and elicit an androgenic response. In this study, 22 designer steroids
extracted from sports supplements that were purchased over the internet were tested for
androgenic bioactivity. Androgenic bioactivity was determined using an in vitro yeast-based
androgen bioassay. Of the 22 designer steroids tested, 10 were strong activators of AR, 8 were

moderately potent androgens, while 4 were weak androgens.

The most important finding of this study was that approximately 45% (10/22) of the designer
steroids were determined to be strong activators of AR. These steroids with strong intrinsic
androgenic bioactivity are being sold in sports supplements without clinical safety data. These
supplements are available to the general public without proper medical supervision and are
real concern due to the potential health risks associated with steroid use (Girgis et al, 2014;

Wingert et al, 2010).

Although there is minimal scientific data showing a beneficial anabolic effect with these
compounds, consumers still use androgen-containing sports supplements. This is despite a
lack of information regarding the potential health risks associated with their use. It has been
well established that certain structural modifications to the steroid can be hepatotoxic. In
particular, 17a-methylation has been known to be hepatotoxic (Neri et al, 2011). This
structural modification is added to improve oral bioavailability, and is present on the majority
of the steroids tested in this study. The hepatotoxic effects of these steroids has been
highlighted in several case reports involving the moderately potent androgen, Superdrol
(methasterone) (Nasr and Ahmad, 2009; Jasiurkowski et al, 2006). Two separate clinical
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reports have suggested that consumption of the “recommended” dose of a Superdrol product
resulted in the development of cholestatic jaundice and IgA nephropathy (Jasiurkowski et al,
2006) and severe cholestasis and renal failure (Nasr and Ahmad, 2009). In both cases the
males involved had no prior medical history. A more recent report has been linked to the
steroid dymethazine (a Superdrol dimer linked by an azine bond) and Ultradrol whereby an
otherwise healthy male developed cholestatic jaundice after consuming the “recommended”
dosage of the sports supplement containing these two androgens (Agbenyefia et al, 2014). In
all cases, the patients ingested the contents of one bottle at the recommended dosage and
duration, highlighting the danger of regularly taking androgen-containing sports

supplements.

Considering the potent androgens that were identified, Ultradrol and The One (Hydrazone)
are of particular interest because there has been no prior indication of bioactivity. For
Ultradrol, metabolism and excretion studies are reported. These involve a single oral dose
ingestion of an Ultradrol capsule in human males. Over a 7 day period, two long term
metabolites were measured from collected urine using GC-MS, while the parent compound
was rapidly eliminated within 45 hours (Cavalcanti et al, 2013). Another study using chimeric
mice with humanized livers also involved oral ingestion of a single dose and urine was
collected after 48 hours and analysed (Geldof et al, 2014). In this study, the previous two long-
term metabolites detected by Cavalcanti et a/ could not be detected, but an additional two
were detected. The parent compound Ultradrol could not be detected. This may suggest some
differences in metabolism between humans and the chimeric humanized liver mouse model.
In both cases, the parent compound is rapidly metabolised. The present findings now add to

the metabolism data showing that Ultradrol possess potent androgenic activity. For The One
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(Hydrazone), there have been no other studies. This steroid is a DHT molecule with an azine
substitution at the C3 position and 17a-methylation and is a potent androgen. It was not
known how this azine group would affect AR activity, although substitutions at this position
on the steroid have been associated with high AR activity (Cawley et al, 2015). Interestingly,
when the azine group is replaced by an oxime group (for The One (Oxime)), there is a dramatic

loss in androgenic activity and is about 100-fold less potent than DHT.

A number of the other DHT-derived steroids were developed originally for clinical use but
were never approved. These have emerged as designer steroids in the sports supplement
market, and include P-Plex, prostanozol, furazadrol, and 2a,3a-epithio. P-Plex and
prostanozol are listed on the prohibited substances list (WADA, The 2016 prohibited list). This
is not the first indication that these steroids have intrinsic androgenic potential. Miyake et al
describe epitiostanol (the non 17-methylated parent compound of epithio) to have modest
androgenic-myotrophic activities when administered subcutaneously in rodents (Miyake et
al, 1974). Unfortunately, these early reports could not be accessed and so the details of the
androgenic and myotrophic activities cannot be described here. A later study with Epithio
demonstrates a potent anti-oestrogenic effect, by causing a reduction of rat mammary cancer
cells in a hormone-dependent model (Watanabe et al, 1995). It is possible that the “modest
androgenic-myotrophic” activity of epithio is due to aromatase inhibition causing a
subsequent increase in serum T levels, but this is yet to be fully elucidated. The results of this
study may, at least in part, suggest that the potent AR activation of 2a,3a-epithio may play a
role in potentiating an anabolic effect. In stark contrast, however, the B-isomer of epithio was

a weak androgen, indicating little AR activation in the B-configuration.
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More recently, direct anabolic effects have been demonstrated for prostanozol and P-Plex.
Subcutaneous injections of P-Plex were shown to restore muscle mass of levator ani muscle
to normal levels in orchidectomised rats in a Hershberger assay. The authors also
demonstrated strong AR binding and activity using a receptor binding assay and yeast
androgen bioassay, respectively (Diel et al, 2007). Similar findings were reported for
prostanozol by the US Drug Enforcement Administration, whereby prostanozol demonstrated
high binding affinity and AR receptor activity in a receptor binding assay and a mammalian
cell-based androgen bioassay, respectively (DEA Federal Register 44456). The US Drug

Ill

Enforcement Administration then describe that prostanozol “exhibited considerably less
androgenic/anabolic activity than testosterone” in levator ani muscle in a castrated rat assay,
suggesting the intrinsically potent prostanozol may produce weak androgenic metabolites in

vivo when injected subcutaneously. In the next chapter, metabolism of prostanozol is

explored further.

Several of the potent androgens in this study were derived from testosterone. This includes
Jungle Warfare and Mechabol. Jungle Warfare is a 17a-methylated testosterone analogue
with a 6-7 carbon double bond that was detected in a dietary supplement in 2011 (Parr et al,
2011a). These authors describe the metabolism of Jungle Warfare in a male human urine
excretion study where one capsule was ingested and urine was collected for up to 11 days.
There was approximately 6% recovery of the parent compound in the urine samples by the
end of the 11 days, indicating that Jungle Warfare is heavily metabolised in vivo. Here, it is
shown for the first time that this steroid is an intrinsically potent androgen. The metabolism
of Jungle Warfare will be explored further in chapter 4. Mechabol (methylclostebol) is a

designer steroid that is a 17a-alkylated version of clostebol. Several studies from the 1950s
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report the anabolic action of clostebol in humans via a measurement of nitrogen retention,
as reviewed by Camerino and Sciaky (Camerino and Sciaky, 1975), but there are no studies of
Mechabol that report an anabolic effect. Methylclostebol is not a new steroid, as it was
reported to be used by East German athletes during the late 60s and early 70s (Franke and
Berendonk, 1997). Typically, 4-chlorinated androgens like methylclostebol have been
associated with high anabolic activity (Fragkaki et al, 2009; Camerino and Sciaky, 1975). Given
that clostebol has proven anabolic activity, it is likely that Mechabol would also demonstrate
strong AR bioactivity. The present finding for the yeast AR bioassay represents the first report

of Mechabol as a potent intrinsic androgen.

While the majority of testosterone-derivatives tested in this study demonstrated potent AR
activity, Testabol did not. Testabol is an esterified testosterone analogue with an acetate
group attached to the C17 position, and a hydroxyl group on the C4 position. It is known that
the C17 position is crucial for AR-ligand binding (Mindnich et al, 2004; Vihko et al, 2001), and
it may be that the bulky acetate group is sterically hindering binding of the steroid is to the
AR. It is therefore in keeping that Testabol was found to be a weak intrinsic androgen in the
yeast AR bioassay as yeast cells do not express the necessary enzymes to cleave off the

acetate group.

Five of the androgens tested in this study were derived from androstenedione, a
proandrogen. Our laboratory group has previously shown that androstenedione has an RP of
approximately 4.2% (relative to DHT) (Akram et al, 2011). The 5 androstenedione derivatives
tested in this study were therefore not expected to be highly androgenic because yeast cells
do not express the enzymes required to convert the proandrogens into potent androgenic

metabolites. Surprisingly, LG Formadrol Extreme did demonstrate strong AR bioactivity. The
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structure of the steroid in the LG Formadrol Extreme supplement differs from
androstenedione by only an a-methyl group at the C6 position, indicating that this change
structurally favours AR activation. LG Formadrol Extreme was originally reported in 1940.
Although for the purposes of this discussion the original article could not be obtained,
Campbell et al references the original paper stating that the androgenic activity was “about
the same as that of the parent compound [androstenedione]” (Campbell et al, 1958). The
interpretation of this statement is unclear but the new results with the yeast AR bioassay
suggest that in contrast to this early result, androgenic activity of LG Formadrol Extreme is

greater than that of the parent compound.

Three steroids that were not classed as derivatives of the endogenous androgens, DHT, T, or
androstenedione were also tested in this study. Two of these androgens, 1-Androsterone and
Finaflex 1-Andro are moderate and potent activators of AR, respectively. They are of similar
structure and differ by the stereochemistry of the hydrogen at the C5 position. Finaflex 1-
Andro has a defined 5a-hydrogen, while 1-Androsterone does not (Table 3.1). Therefore, 1-
Androsterone may contain a mixture of both a- and B-isomers, and may explain the difference
in AR bioactivity between these two steroids. Interestingly, a study by Parr et al showed that
the supplement 1-Androsterone contained only the 5a-isomer using NMR and GC-
electrospray ionisation-mass spectrometry data (Parr et al, 2011b). This suggests that perhaps
the 1-Androsterone supplement tested in this study is from a different batch and may contain
B-isomer impurities. Further work needs to be done in order to determine stereochemistry of

the C5 hydrogen of the steroid in 1-Androsterone tested in this study.

A recent study by Granados et al has shown that the 5a-isomer has anabolic and ergogenic

properties in trained males by increasing lean body mass and increasing back squat one
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repetition maximum exercise performance in young males, supporting the finding of high
androgenic bioactivity in this study (Granados et al, 2014). Further blood analysis also
revealed markers of cardiovascular, liver, and kidney dysfunction, such as: increased LDL and
lowered HDL levels; increased serum creatinine and aspartate transaminase and decreased
serum albumin and alkaline phosphatase, indicating stress on the liver; as well as decreased
glomerular filtration rate of the kidneys (Granados et al, 2014). This study was conducted over
a 1 month period and the prohormone supplement was taken as directed by the
manufacturer, further highlighting the health risks of androgen-containing supplements. The
third steroid, Finaflex 550-XD, is not reduced at the C5 position and has a C4-C5 carbon double
bond, as well as not having a C1-C2 double bond like 1-Androsterone and Finaflex 1-Andro.

Finaflex 550-XD is roughly 100-fold less potent than DHT.

Several steroids in this study had very weak androgenic activity and therefore represent
steroids that do not have potent intrinsic androgenic bioactivity. However, if steroid
metabolism will increase the androgenic bioactivity by producing androgenic metabolites
remains unknown. Metabolism is a key issue when considering all of these results.
Metabolism effects could alter in vivo androgenic potency by increase or decreasing
androgenic effects subsequent to metabolite formation. While the yeast androgen bioassay
is suitable for screening steroids for intrinsic androgenic potential, it alone may not be
sufficient to detect all designer steroids as it is possible that proandrogens will not be
detected by the yeast androgen bioassay. Therefore a more thorough screening process
needs to incorporate a mammalian cell-based counter-part in parallel so androgenic

bioactivity can be assessed both with and without steroid metabolism.
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3.5 Summary and Conclusions

This study shows for the first time that several steroids sold on the sports supplement market
are potent androgens. The yeast androgen bioassay provided a suitable first-pass screen for
determining the androgenic potency of these steroids. The lack of endogenous steroid
receptors and steroid metabolising enzymes in yeast allowed for the intrinsic bioactivity of
each steroid to be determined. Of the 22 tested, 10 were potent androgens and potentially

represent a safety risk. Moreover, they represent a sports doping threat.

Chapter 3



112

Chapter 4

Evaluation of the Androgenic Bioactivity of Sports
Supplement-Derived Designer Steroids Using the

HuH7 Androgen Bioassay
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4.1 Introduction

The yeast androgen bioassay has identified steroids that were derived from sports
supplements which have intrinsic bioactivity. However, the yeast androgen bioassay provided
no insight into possible in vivo biological activity of the steroids as yeast cells have no steroid
metabolism capacity. It is possible that subjected to metabolism the steroids may be
converted to more potent androgens. Alternatively, they may be deactivated. This chapter

explores metabolic activation and deactivation of the sports supplement steroids.

Hepatic metabolism is very important for final biological activity of androgens and
proandrogens (Ferriz and Vinsova, 2010). Proandrogens require enzymatic conversion before
becoming biologically active, while androgens may be further activated or deactivated
(Liederer and Borchardt, 2005). Dehydroepiandrosterone, androstenedione and
androstenediol are naturally occurring endogenous proandrogens that are commonly sold as
sports supplements (Brown et al, 2006). These ‘supplements’ are sold on the premise that
they will increase endogenous testosterone levels via enzymatic conversion. Many new
designer steroids are marketed in sports supplements as proandrogens. However, the
biological activities of these steroids are often not known and thus, it is not known if these

designer steroids are proandrogens.

In vitro reporter gene bioassays based in some mammalian cells provide a basic model of
metabolism (Houtman et al, 2009; Roy et al, 2006). While androgen metabolising enzymes
are expressed in most cells, hepatic cells are primarily responsible for steroid metabolism
(Lootens et al, 2009). Our laboratory group has demonstrated that an in vitro androgen
bioassay using a human liver cell line (human hepatocarcinoma, HuH7) was suitable for

determining the potential metabolic activation or deactivation of a range of sports
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supplement-derived steroids (Akram et al, 2011). We showed that HuH7 cells highly express
known androgen metabolising enzymes, including hydroxysteroid dehydrogenases,

reductases, and aromatase enzymes (Table 4.1) (Akram et al, 2011).

Unfortunately, the metabolic capacity of the HuH7-based androgen bioassay is a double-
edged sword. Steroidogenic enzymes may deactivate androgens that are intrinsically potent,
making their detection difficult if only this assay was performed. Therefore, the use of the
HuH7 androgen bioassay serves to compliment the yeast androgen bioassay. The yeast
bioassay measures the intrinsic androgenic bioactivity whilst the HuH7 bioassay measures
potential potency after metabolism. The aim of this study was to test the 22 sports
supplement-derived steroids for metabolic activation or inactivation using the HuH7
androgen bioassay, thus, determining the potential in vivo potency for each steroid. It was
hypothesized that a proportion of the sports supplement-derived steroids would be

proandrogens.
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Enzyme Function References
DHT to 3a-androstanediol Penning et al, 1996; Penning et al, 2004
30-HSD 1 Androstenedioneto T Penning et al, 2003
Oestrone to 17B-oestradiol Penning et al, 2003
Androstenedioneto T Penning et al, 2003
3a-HSD 2 DHT to 3a-Androstanediol Penning et al, 1996; Penning et al, 2004
Oestrone to 17B-oestradiol Penning et al, 2004
DHT to 3a-androstanediol Penning et al, 2004
3a-androstanediol to DHT Penning et al, 2004
3a-HSD 3 . .
Androstenedioneto T Penning et al, 2004
Oestrone to 17B-oestradiol Penning et al, 2004
DHEA to Androstenedione Thomas et al, 2004
3B-HSD 1 DHT to 3B-Androstanediol Mason et al, 1997
5-Androstenediol to T Mason et al, 1997
DHEA to Androstenedione Mizrachi and Auchus, 2009
3B-HSD 2 DHT to 3B-Androstanediol Mason et al, 1997
5-Androstenediol to T Mason et al, 1997
17B-HSD 1 Oestrone to 17B-oestradiol Mizrachi and Auchus, 2009
T to Androstenedione Mizrachi and Auchus, 2009
17B-oestradiol to E1 Mizrachi and Auchus, 2009
17B-HSD 2 . L
5-androstenediol to DHEA Mindnich et al, 2004
DHT to 5a-androstanedione Mizrachi and Auchus, 2009
17B-HSD 3 Androstenedioneto T Labrie et al, 2000
17B-HSD 4 17B-oestradiol to oestrone Mindnich et al, 2004
5-Androstenediol to DHEA Mindnich et al, 2004
3a-Androstanediol to androsterone | Labrie et al, 2000
17B-HSD 6 DHT to Androstanedione Labrie et al, 2000
T to Androstenedione Labrie et al, 2000
17B-HSD 7 Oestrone to 17B-oestradiol Mindnich et al, 2004
17B-oestradiol to oestrone Mindnich et al, 2004
17B-HSD 8
T to Androstenedione Mindnich et al, 2004
T to 17B-oestradiol Stocco, 2012
Aromatase

Androstenedione to oestrone

Stocco, 2012

5a-Reductase 1

Tto DHT

Kazmierczak et al, 2006

5a-Reductase 2

T to DHT

Kazmierczak et al, 2006
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4.2 Methods

4.2.1 Mammalian Cell Culture

Human hepatocarcinoma (HuH7) cells stably co-transfected with both the human AR
expression plasmid and the enhancer/ARE/SEAP reporter plasmid (Akram et al, 2011) were
cultured in DMEM (Gibco, Life Technologies) containing high glucose (4500 mg/L), L-
glutamine (584 mg/L), sodium pyruvate (110 mg/L), 10% FCS and puromycin dihydrochloride
(5.5 pg/mL). Once confluent, cells were seeded at a concentration of 1x10° cells/mL in 96-
well plates with phenol-red free DMEM supplemented with 10% charcoal-stripped FCS, as

described (Methods section 2.3.3).

4.2.2 HuH7 Androgen Bioassay

After overnight culture of cells in phenol-red free DMEM, cells were treated with steroids in
triplicate over a concentration range of 2.33 M to 1.3 M (in a final volume of 2 pL
steroid/well) for 24 hours. After 24 hours, cell culture supernatant was assayed for SEAP
activity using SEAP substrate reagent (Clontech), as described (Methods section 2.3.5.1)

across 6 independent experiments.

4.2.3 Determination of Steroid ECso Values, Relative Potencies, and Activation Factors

A DHT standard dose-response curve was included in triplicate with every AR bioassay. The
ECso values were determined from a sigmoidal curve fit using GraphPad Prism 6 software. The

ECso values for each test steroid were used to determine the relative potency (RP) of the test
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steroid with respect to DHT. AR bioactivity of steroid relative to DHT was determined using

the equation:

EC50 [Dihydrotesterone]
EC50 [Test Steroid]

x 100%

To determine the activation of the test steroids, the following equation was used:

EC50 steroid [Yeast]

Activation Factor =
ctivatton Factor =g 50 steroid [HuH7]

If the activation factor was <1, then the inverse of this equation was used to calculate the

deactivation factor.

4.3 Results

A total of 22 steroids that were derived from sports supplements were evaluated for their AR
bioactivity in the HuUH7 androgen bioassay. Sigmoidal dose-response curves were generated
for each steroid to determine the ECsp values. The ECso values were then used to calculate the
relative potency (RP) to DHT. Activation (or deactivation) factors were calculated to

determine if HuH7-mediated metabolism increased or decreased the RP of the steroid.

4.3.1 Androgenic Bioactivity of DHT-Derived Steroids

The endogenous androgen DHT was used as a reference for potent AR activation. The

calculated ECso value was 7.51 nM. Out of the 22 steroids tested in the HuH7 androgen
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bioassay, ten were DHT-derivatives and the ECso and RP values were calculated for each
steroid (Figure 4.1). There were four steroids with strong RPs ranging from 62 to 393.1%
(Figure 4.2 A). Five steroids were moderately strong with RP values ranging from 1.6 to 22.3%
(Figure 4.2 B). One steroid was a weak androgen with an RP more than 1000-fold lower than

DHT (Figure 4.2 C).

Of the ten DHT-derivatives, six were intrinsically strong androgens. Three of these androgens
were activated further in the HuH7 androgen bioassay with activation factors ranging from
1.2 to 3.4 (Figure 4.3). One intrinsically strong androgen was deactivated but still remained a
strong androgen. The other two intrinsically strong androgens were deactivated into

moderately strong androgens (Figure 4.3).

There were three androgens that were intrinsically moderately strong. Two of these
androgens were deactivated but remained moderately strong, while the third was
deactivated into a weak androgen. The remaining steroid was intrinsically a weak androgen
that was activated into a moderately strong androgen in the HuH7 androgen bioassay (Figure

4.3).
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Figure 4.1 ECso values of DHT-derived steroids. DHT-derivative steroids were tested in the
HuH7 androgen bioassay and ECso values were calculated from sigmoidal dose-response
curves. T and DHT were included as reference androgens. Steroids with ECso values above the
dotted line were less potent than DHT, while steroids with ECso values below the dotted line
were more potent than DHT. A) Steroids that had strong AR bioactivity; B) steroids that had

moderate AR bioactivity; and C) steroids that had weak AR bioactivity.
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Figure 4.2 Relative potency of DHT-derived steroids. DHT-derived steroids were tested in the
HuH7 androgen bioassay and ECso values were calculated from sigmoidal dose-response
curves. T and DHT were included as reference androgens. The relative potency (RP) of each
steroid to DHT was calculated. Steroids with RP values above the dotted line were more
potent than DHT, while steroids with RP below the dotted line were less potent than DHT. A)
Steroids that had strong AR bioactivity; B) steroids that had moderate AR bioactivity; and C)

steroids that had weak AR bioactivity.
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Figure 4.3 Metabolism in the HuH7 androgen bioassay altered the bioactivity of DHT-
derived steroids. This figure shows the activation factor (AF) or deactivation factor (DF) of
each steroid that was classed intrinsically as either strong, moderate, or weak. A downward
arrow indicates that a steroid was deactivated into a weaker androgen, and an upward arrow
indicates that a steroid was activated into a stronger androgen. A dash indicates the steroid
remained in the same group. The colour of the symbol indicates which group the steroid
belongs to as a result of being activated or weakened: Green = strong; Yellow = moderate;

and red = weak.
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4.3.2 Androgenic Bioactivity of T-Derived Steroids

Three of the T-derived steroids were strong activators of AR (Figure 4.4). These three steroids
had RP values ranging from 253.7 to 1028.8% (Figure 4.5 A). One steroid was intrinsically
moderately strong that was activated into a strong androgen, while the other two were
intrinsically strong androgens that were activated further (Figure 4.6). A fourth steroid was a
weak activator of AR with an RP of 0.01% (Figure 4.5 B). This steroid was intrinsically weak

and was deactivated further in the HuH7 androgen bioassay (Figure 4.6).
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Figure 4.4 ECso values of T-derived steroids. T-derived steroids were tested in the HuH7
androgen bioassay and ECsp values were calculated from sigmoidal dose-response curves. T
and DHT were included as reference androgens. Steroids with ECsg values above the dotted
line were less potent than DHT, while steroids with ECsg values below the dotted line were
more potent than DHT. A) Steroids that had strong AR bioactivity; and B) steroids that had

weak AR bioactivity.
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Figure 4.5 Relative potency of T-derived steroids. T-derived steroids were tested in the HuH7
androgen bioassay and ECsp values were calculated from sigmoidal dose-response curves. T
and DHT were included as reference androgens. The relative potency (RP) of each steroid to
DHT was calculated. Steroids with RP above the dotted line were more potent than DHT, while
steroids with RP below the dotted line were less potent. A) Steroids that had strong AR

bioactivity; and B) steroids that had weak AR bioactivity.
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steroids. This figure shows the activation factor (AF) or deactivation factor (DF) of each steroid
that was classed intrinsically as either strong, moderate, or weak. A downward arrow
indicates that a steroid was deactivated into a weaker androgen, and an upward arrow
indicates that a steroid was activated into a stronger androgen. A dash indicates the steroid
remained in the same group. The colour of the symbol indicates which group the steroid
belongs to as a result of being activated or deactivated: Green = strong; Yellow = moderate;

and red = weak.
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4.3.3 Androgenic Bioactivity of Androstenedione-Derived Steroids

Five of the steroids were derivatives of the proandrogen, androstenedione (Figure 4.7). Of
the five androstenedione derivatives, two were moderately strong AR activators, with RP
values ranging from 8.4 to 22.2% (Figure 4.8 A). The other three were weak activators of AR
(Figure 4.8 B). One steroid was inactive in the HuH7 androgen bioassay and so an RP value

could not be calculated, while the other two had RP values ranging from 0.1 to 0.5%.

One of the moderately strong steroids was intrinsically moderately potent that was activated
further, while the other was intrinsically a weak androgen that was activated by over 33-fold
(Figure 4.9). Of the three weak androgens in the HuH7 bioassay, one was intrinsically a strong
androgen that was deactivated by over 1371-fold, while the other was intrinsically
moderately strong that was deactivated by approximately 16-fold (Figure 4.9). The steroid

which did not have any activity in the HUH7 bioassay was intrinsically a weak androgen.
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Figure 4.7 ECso values of androstenedione-derived steroids. Androstenedione-derived
steroids were tested in the HuH7 androgen bioassay and ECsp values were calculated from
sigmoidal dose-response curves. T and DHT were included as reference androgens. Steroids
above the dotted line were less potent than DHT while steroids below the dotted line were
more potent than DHT. A) Steroids that had moderate AR bioactivity; and B) steroids that had

weak AR bioactivity.
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Figure
4.8 Relative potency of androstenedione-derived steroids. Androstenedione-derived
steroids were tested in the HuH7 androgen bioassay and ECsp values were calculated from
sigmoidal dose-response curves. T and DHT were included as reference androgens. The
relative potency (RP) of each steroid to DHT was calculated. Steroids with RP above the dotted
line were more potent than DHT, while steroids below the dotted line were less potent than

DHT. A) Steroids that had moderate androgenic bioactivity; and B) steroids that had weak

androgenic bioactivity.
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Figure 4.9 Metabolism in the HuH7 androgen bioassay altered the bioactivity of
androstenedione-derived steroids. This figure shows the activation factor (AF) or
deactivation factor (DF) of each steroid that was classed intrinsically as either strong,
moderate, or weak. A downward arrow indicates that a steroid was deactivated into a weaker
androgen, and an upward arrow indicates that a steroid was activated into a stronger
androgen. A dash indicates the steroid remained in the same group. The colour of the symbol
indicates which group the steroid belongs to as a result of being activated or deactivated:

Green = strong; Yellow = moderate; and red = weak.
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4.3.4 Androgenic Bioactivity of Remaining Steroids

Three steroids that were not classed as DHT-, T-, or androstenedione-derivatives were tested
for their androgenic bioactivity in the HuH7 androgen bioassay (Figure 4.10). The three
steroids were all moderate activators of AR, with RP values ranging from 6.9 to 42.5% (Figure
4.11). One of these androgens was intrinsically strong, that was deactivated over 4-fold to a

moderate AR activator. The other two were intrinsically moderately strong activators (Figure

4.12).
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Figure 4.10 ECso values of remaining steroids. Three steroids that were not classed as DHT-,
T- or androstenedione-derivatives were tested in the HuH7 androgen bioassay and ECsg
values were calculated from sigmoidal dose-response curves. T and DHT were included as
reference androgens. Steroids with ECso values above the dotted line were less potent than

DHT, while steroids with ECso values below the dotted line were more potent than DHT.
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Figure 4.11 Relative potency of remaining steroids. Three steroids not classed as DHT-, T-, or
androstenedione-derivatives were tested in the yeast androgen bioassay and ECso values
were calculated from sigmoidal dose-response curves. T and DHT were included as reference
androgens. The relative potency (RP) of each steroid to DHT was calculated. Steroids with RP
above the dotted line were more potent than DHT, while steroids with RP below the dotted

line were less potent than DHT.
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Figure 4.12 Metabolism in the HuH7 androgen bioassay altered the bioactivity of remaining
steroids. This figure shows the activation factor (AF) or deactivation factor (DF) of each steroid
that was classed intrinsically as either strong, moderate, or weak. A downward arrow
indicates that a steroid was deactivated into a weaker androgen, and an upward arrow
indicates that a steroid was activated into a stronger androgen. A dash indicates the steroid
remained in the same group. The colour of the symbol indicates which group the steroid
belongs to as a result of being activated or deactivated: Green = strong; Yellow = moderate;

and red = weak.

4.4 Discussion
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In this study, 22 sports supplement-derived steroids were assessed for their potential
androgenic bioactivity in the HuH7 bioassay. This is because metabolism may activate or
inactivate the steroid. Importantly, this screen allows for the detection of inactive
proandrogens which may not be detected in the yeast androgen bioassay. This provides
additional information to the intrinsic androgenic bioactivity of the steroids. Of the 10
intrinsically strong androgens tested, 6 remained strong activators of AR, while 4 were
deactivated. Additionally, there was 1 moderately strong androgen that was activated into a
potent androgen, while 2 were deactivated into weak androgens. Further, 2 androgens that

were intrinsically weak were activated into moderately potent androgens.

The most important finding of this study was that H-Drol was activated into a potent androgen
by metabolism. Therefore, liver cell metabolism is able to produce active metabolites more
androgenic than the parent compound. This could potentially classify this androgen as a
prohormone, which is being sold as a sports supplement, despite being banned for sale as

such, as well as being banned by WADA for use in sports.

H-Drol is a known anabolic steroid that was first synthesised in 1960 and was the most abused
androgen by East Germany (Schanzer et al, 1996). Several reports exist describing the
metabolism of H-Drol in humans. Diirbeck et al report the detection of 3 main hydroxylated
metabolites and no parent compound after a single ingestion in man using GC-MS and
capillary columns (Durbeck et al, 1983). Additional metabolites were later reported by
Schanzer et al (Schanzer et al, 1996), and Sobolevsky and Rodchenkov (Sobolevsky and
Rodchenkov, 2012) in human urine excretion studies. This study shows that H-Drol is more

potent after exposure to HuH7 cells that metabolise it into potent androgenic metabolites.
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High doses of this androgen have been associated with adverse side effects such as the

development of intratesticular leiomyosarcoma (Froehner et al, 1999).

Along similar lines to H-Drol, Tren 250 and 2B, 3B-epithio were converted from very weak
androgens into moderately potent androgens. This indicates that these androgens are also
prohormones, although the active metabolites are not strongly androgenic. This was also
seen with 1, 4 AD Bold 200 and Finaflex 550-XD, which increased in androgenic activity but
remained moderately strong androgens. Therefore, measuring the androgenic activity of the
active metabolites after metabolism is key to recognising the full bioactivity potential of
androgens. This high bioactivity potential of androgens may be missed if using only the yeast

androgen bioassay.

The findings of this study are in keeping with in vivo studies in which metabolism may activate
androgens into more potent androgens. Early studies show several androgens had between
59 and 800% RP of the control androgen, methyltestosterone, in growth of levator ani muscle,
when administered by gavage to orchidectomised rats (Kincl and Dorfman, 1963). In humans,
oral consumption of oxymethelone has been associated with increases in fat-free mass and
strength in older men (Schroeder et al, 2003) and haemodialysis patients (Supasyndh et al,
2013). In another example, old, but otherwise healthy men and women, were given
oxandrolone orally for 14 days, resulting in an increase in skeletal muscle protein synthesis
(Sheffield-Moore et al, 2006). In young, healthy men, oral administration of 1-Androsterone
increased lean body mass and strength over a 4 week duration (Granados et al, 2014).
Together, these reports indicate that androgens can be effective when subjected to first pass

metabolism after being administered orally. Therefore, it is possible that the designer
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androgens tested in this study which were activated in the HuH7 androgen bioassay may be

physiologically effective.

While it is more interesting to determine that metabolism converts some steroids into more
potent active metabolites, it was also found that some were inactivated into weaker
androgens. LG Formadrol Extreme was intrinsically a potent androgen that was inactivated
into a very weak androgen. Similarly, The One (Oxime) and DS Rebound XT were moderately
strong androgens that were inactivated into weak androgens. Therefore, detection of these
androgens could potentially be missed if using the HuUH7 androgen bioassay alone. Thus, it is
necessary to screen androgens with both the yeast androgen bioassay and the HuH7

androgen bioassay.

These findings are similar to in vivo studies of several androgens showing that androgens may
be inactivated by metabolism after oral consumption and first pass metabolism. In a study by
Rasmussen et al, the endogenous proandrogen androstenedione was given orally as a
supplement to six healthy males for 5 days. Measured plasma samples did not show elevated
levels of testosterone, but instead found elevated levels of oestradiol, indicating that the
androstenedione was not activated into the more potent testosterone, but was inactivated
by metabolism (via aromatisation) (Rasmussen et al, 2000). Parr et al demonstrated that the
prohormone 19-norandrostenedione was unable to significantly stimulate growth of the
androgen responsive skeletal muscle levator ani in rats when given orally, but did after
subcutaneous injection, indicating that this steroid was inactivated after metabolism from the
liver (Parr et al, 2009a). Interestingly, the authors did not detect major differences in
metabolites in serum and plasma samples for both subcutaneous and oral routes of

administration. This was also shown with the potent androgen methyl-1-testosterone (Parr

Chapter 4



141

et al, 2011c). Parr et al report that methyl-1-testosterone was intrinsically a potent androgen
in a yeast androgen bioassay and was able to stimulate growth of levator ani muscle after
subcutaneous injection in rats. However, no effect was observed after oral administration,
indicating its inactivation. Oral ingestion still did however, exhibit signs of toxicity via
measurement of tyrosine aminotransferase expression (a marker of liver toxicity). With
regards to androgens tested in this study, Superdrol has been shown to have decreased
anabolic activity after oral administration compared to when administered subcutaneously in
rats, indicating poor absorption and rapid metabolism (DEA Federal Register 44456). This
steroid has been linked to various adverse side effects, including cholestatic jaundice and IgA
nephropathy (Jasiurkowski et al, 2006) and severe cholestasis and renal failure (Nasr and
Ahmad, 2009). This highlights that even though a steroid may be deactivated, it can still

produce unwanted side effects, and should be of concern for consumers.

Of major interest is that some of the intrinsically strong designer androgens remained strong
androgens and are activated into very potent androgens after metabolism. The designer
androgens, Ultradrol and The One (hydrazone), did not greatly increase in potency and their
bioactivities only increased by approximately 20% from their intrinsic bioactivity. As there is
no data reported on The One (hydrazone), it is unknown if this slight increase in bioactivity is
due to the steroid resisting metabolism, or if the metabolites produced have similar
androgenic activity to the parent compound. However, both the 5a-reduction and the 17a-
methyl group are known to resist aromatisation and metabolism on the A-ring and D-ring,
respectively (Kicman, 2008; Schanzer, 1996). This may suggest that The One (hydrazone) is
not heavily metabolised, although this needs to be determined. On the other hand, it is known

that Ultradrol is rapidly metabolised. Both Cavalcanti et al and Geldof et al identified two
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long-term metabolites (different metabolites in each study) in excreted urine samples from
humans and chimeric mice with humanized livers, respectively, with no parent compound
being detected by 48 hours in both studies (Cavalcanti et al, 2013; Geldof et al, 2014). The
results from this study therefore suggest that these metabolites are highly androgenic, even

though the parent compound is rapidly metabolised.

In contrast, the strong designer androgens Mechabol and Jungle Warfare are activated by
metabolism by a much larger extent, with increases in bioactivity by approximately 800 and
1350%, respectively. This suggests that these two androgens are heavily metabolised and
produce highly androgenic metabolites. Parr et al report that only 6% of the parent compound
of Jungle Warfare is detected in human male urine samples after 11 days (Parr et al, 2011a).
Similarly, Mechabol is also heavily metabolised, as Lootens et al report with an excretion
study of Mechabol in chimeric mice with humanized livers. In the excretion study, urine was
collected 24 hours after administration of Mechabol, in which the parent compound and
several hydroxylated metabolites were detected, which included the known androgen,

promagnon (Lootens et al, 2011).

Determining bioactivity after metabolism is an important factor when considering the
potential physiological activity of androgens. This is because metabolism can drastically alter
the bioactivity, as was shown in this study. Those androgens that were deactivated from
metabolism would likely not be physiologically very effective, at least through oral route of
administration due to metabolism in the liver. However, those androgens that remained
potent androgens or became potent androgens after metabolism would possibly have a

strong physiological effect at the target site (i.e. skeletal muscle). The potential for the potent
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androgens identified in this study to have a strong anabolic effect in skeletal muscle is

explored further in the next chapter.

4.5 Summary and Conclusions

This study shows for the first time that several designer androgens are activated into potent
androgenic metabolites after metabolism. The HuH7 androgen bioassay provided a suitable
screen into determining the androgenic bioactivity of the designer steroids after metabolism.
In contrast to the yeast androgen bioassay, the presence of steroid metabolising enzymes in
the HuH7 cells allowed for the determination of bioactivity after metabolism. Of the 22
steroids tested, 7 were potent androgens. These designer androgens could potentially have
potent physiological effects in vivo, but this is not known for many of these compounds,

despite being sold as performance enhancing substances.
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Chapter 5

Determination of the Anabolic Potential of Designer
Androgens in an In Vitro Mouse Skeletal Muscle

Myoblast Cell Model
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5.1 Introduction

Androgens play a crucial role in regulating skeletal muscle mass and have been abused by
athletes for over 60 years. It has been shown that treating healthy eugonadal men with
androgens such as testosterone and nandrolone can enhance skeletal muscle mass beyond
normal levels (Lichtenbelt et al, 2004; Bhasin et al, 2001a). Skeletal muscle fibre hypertrophy
is caused by increases in net muscle protein synthesis, which is facilitated by enhanced
myonuclear accretion in the syncytial muscle fibre by precursor satellite cells (Qaisar et al,
2012). Skeletal muscle strength is also improved in response to androgens, typically as a result
from the increased expression of contractile proteins such as myosin heavy chain isoforms

(Miller et al, 2015; Frese et al, 2011).

Although mechanisms detailing how androgens exert their anabolic effects in skeletal muscle
are not fully understood, it has been suggested that the AR plays a central role (Hughes et al,
2015; Basualto-Alarcon et al, 2013). In vitro studies of skeletal muscle myoblast cell models
have shown hypertrophy in response to testosterone, the effect of which is negated by
specific AR antagonists (Hughes et al, 2015; Basualto-Alarcon et al, 2013). These findings have
been supported by in vivo studies involving AR-knockout mice showing impaired muscle
strength and size in comparison to normal mice (Dubois et al, 2014; MacLean et al, 2008).

Together, these studies show an important role of AR activation in skeletal muscle anabolism.

While androgens such as testosterone and nandrolone have been extensively studied for their
anabolic effects, very little is known about the anabolic effects of designer steroids. In
Chapters 3 and 4, 18 designer steroids derived from sports supplements were determined to
be moderate or strong AR activators using the HuH7 androgen bioassay. This suggests that
these designer androgens may retain their bioactivity when consumed orally in a sports

Chapter 5



146

supplement and stimulate AR present in skeletal muscle. In this chapter, the hypothesis that

these potent designer steroids may potentiate an anabolic effect in skeletal muscle is tested.

Traditionally, androgenic and anabolic effects of steroids are assessed using an in vivo animal
model such as the Hershberger assay. In this assay, the animal is orchidectomised to minimise
endogenous androgen production, and the weight of androgen-dependent tissue is weighed
after a treatment period with the exogenous steroid (Kennel et al, 2004). This allows the
measurement of androgenic tissue such as prostate and seminal vesicles, as well assessment
of anabolic activity via the measurement of skeletal muscle, typically levator ani muscle
(Dalbo et al, 2016; Kennel et al, 2004). However, due to the use of animals and ethical

considerations using in vivo models, these screens are not high throughput.

There are also several in vitro models used for studying the anabolic effects of steroids. Such
models often involve primary human skeletal muscle as well as primary and established
skeletal muscle cell lines of rodents (Palsgaard et al, 2009; Clarke et al, 2007; Jacquemin et al,
2004). In this study, such a model was used to assess the anabolic potential of 5 designer
androgens. The steroids chosen were those that tested positive for both the yeast and HuH7
AR bioassay. The assay used was based on mouse myoblast C2C12 cells. Specifically, myotube
formation including the size and number of myotubes and myonuclear accretion as well as

myosin heavy chain (MHC) expression was measured.
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5.2 Methods

5.2.1 C2C12 Cell Culture

Mouse myoblast C2C12 cells were cultured in growth media (DMEM, Gibco Life Technologies)
containing high glucose (4500 mg/L), L-glutamine (584 mg/L) without sodium pyruvate, and
supplemented with 20% FCS. Cells were seeded at low confluence (~15,000 cells/ cm?) in a
24-well plate and were grown to 100% confluence in growth media (3-4 days). After reaching
100% confluence, cells were washed with PBS and cultured in differentiation media (DMEM,
Gibco Life Technologies) containing high glucose (4500 mg/L), L-glutamine (584 mg/L) without
sodium pyruvate, and supplemented with 2% charcoal-stripped adult horse serum, as
described (Methods section 2.3.3). Cells were treated daily with steroids diluted in ethanol

(final concentration <1%) with fresh media, for 5 days to allow myotube formation.

5.2.2 Immunocytochemistry

After myotube formation, cells were washed 3x with PBS before fixing with ice-cold methanol
for 10 min at room temperature. Following fixation, cells were washed 3x with PBS and non-
specific binding was blocked with 3% skim milk blocking solution for 3x 5 min incubations.
After blocking, cells were again washed 3x with PBS before incubating with the primary anti-
sarcomeric myosin heavy chain MF-20 antibody (Developmental Studies Hybridoma Bank,
University of lowa) for 1.5 hours at room temperature. An optimising experiment was
performed to determine the optimal primary antibody concentration and also to check
specificity of the primary and secondary antibodies, as described below (Figure 5.1). After
incubation with the primary antibody, cells were washed 3x with PBS and the fluorescein-
isothiocyanate (FITC)-conjugated anti-mouse IgG secondary antibody (Abcam, ab6785)

(1/1000) was incubated for 1.5 hours at room temperature, protected from light exposure.
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Nuclei were counterstained with DAPI for 30 minutes before image analysis was performed
on the IN Cell Analyzer 2200, GE Healthcare, as described (Methods section 2.4.2). For each
treatment, 15 images were taken from random fields of view generated by the IN Cell

Analyzer 2200 software and analysed using Imagel software.

5.2.3 Assessment of Myotube Area

Myotubes were defined as cells that stained positive for sarcomeric MHC expression and
contained a minimum of 3 nuclei. The MF-20 antibody recognises all MHC isoforms.
Measurement of myotube area was conducted using the polygon selection tool in Imagel to
trace the edges of myotubes and measuring the total area of pixels. An average was taken

over 15 random fields of view per treatment, across 10 independent experiments.

5.2.4 Threshold of MHC Expression

Measurement of total MHC expression was conducted using a colour threshold in ImageJ.
Total MHC expression was measured in both defined myotubes as well as undifferentiated
myoblasts expressing MHC. An average was taken over 15 random fields of view per

treatment, across 10 independent experiments.

5.2.5 Statistical Analysis

Data are presented as mean + SEM. Treatments were compared using a One-way ANOVA and
Dunnet’s posthoc test. Non-parametric data was compared using Kruskal-Wallis test with
Dunn’s posthoc test, where appropriate. A value of p < 0.05 was considered to be statistically

significant.
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5.3 Results

Five designer steroids were tested for their anabolic potential in a mouse myoblast C2C12 cell
line. Ultradrol, The One (Hydrazone), P-Plex, and Mechabol were shown to be potent
activators in the yeast androgen bioassay and H-Drol was moderately potent. All five steroids
were potent activators of AR in the HuH7 androgen bioassay. The endogenous androgen,
DHT, was used as a positive control. All treatments were compared to an ethanol-vehicle

control.

5.3.1 Optimising Antibody Concentration and Specificity

To determine the optimal concentration of primary antibody, differentiated myotubes were
fixed and stained as described above, using a range of primary antibody concentrations. It
was determined that 0.75 pg/ mL was optimal for staining of MHC positive C2C12 cells. To
determine the specificity of the primary antibody binding to the fluorescent secondary
antibody and ensure no background fluorescence was detected, differentiated C2C12 cells
were stained with or without the primary and secondary antibody. It was determined that
fluorescence was only detected in the presence of primary and secondary antibody together,
indicating no background fluorescence or unspecific binding of the secondary antibody.
Additionally, there was negligible fluorescence detected in undifferentiated C2C12 myoblasts.
A minimal amount of MHC expression is expected in undifferentiated myoblasts in these
conditions due to the high cell confluence causing partial differentiation to occur upon cell to

cell contact (Figure 5.1).
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Figure 5.1 Immunocytochemistry control reactions to verify efficacy and specificity of
primary and secondary antibodies. Representative image of control immunocytochemistry
reactions. Primary antibody 0.75 pug/ mL; secondary antibody (1/1000). 1) Positive control
primary antibody plus secondary antibody with DAPI and differentiated myotubes; 2)
negative control (no secondary antibody); 3) negative control (no primary antibody); and 4)
negative control (undifferentiated myoblasts). Images are at 20x magnification. Scale bar: 60

LM,
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5.3.2 Assessment of Myotube Area in Response to Designer Androgens

To assess the ability of the designer androgens to promote myotube hypertrophy by
increasing the morphological size of the myotubes, C2C12 cells were treated with steroids at
concentrations of 4, 40, and 400 nM. The area of the myotubes was then measured compared
to the control. The results are expressed as a percentage compared to the vehicle control,
which was normalised to 100%. The positive control, DHT, produced significant increases in
average myotube area with all concentrations tested (Figure 5.2). There were no significant
differences observed between DHT treatments. Treatments with the five designer androgens
also significantly increased relative myotube area at 40 and 400 nM (4 nM was not tested for
these steroids) (Figure 5.2). Representative images of myotube formation for ethanol and

DHT treatments, and one of the designer androgens can be seen in Figure 5.3.
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Figure 5.2 Designer androgens increase myotube area. C2C12 cells were differentiated for 5
days and treated with designer androgens at 40 and 400 nM each day, and cross-sectional
area of the myotubes was measured. Treatment with designer androgens (40 or 400 nM)
increased mean + SEM myotube area, compared to control. ** p<0.005; *** p<0.001; #

p<0.0001.
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Figure 5.3 Representative images of myotube formation in C2C12 cells. C2C12 cells were
differentiated for 5 days and treated with designer androgens at 40 and 400 nM or DHT at 4,
40, and 400 nM. Ethanol was used as a vehicle control. Myotubes were stained with
sarcomeric MHC (green) and myonuclei were counterstained with DAPI (blue). Myotubes
were defined as cells that were positive for MHC expression and contained a minimum of
three nuclei. An average of myotube size was taken over 15 random fields of view per
treatment, across 10 independent experiments. This figure shows a representative image of
the vehicle control and the positive control, DHT, and one of the designer androgens (P-Plex).

Examples of myotubes measured in each treatment group are indicated by a white arrow.
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5.3.3 Quantification of Myotube Formation in Response to Designer Androgens

It was next sought to determine if the designer androgens influenced the number of
myotubes formed during 5 days of differentiation. The mean number of myotubes per field
of view per treatment were counted and compared to the vehicle control. DHT was used as
an endogenous androgenic control and was shown to not increase myotube number.

Similarly, no effect was measured for any of the designer androgens tested (Figure 5.4).
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Figure 5.4 Designer androgens had no effect on myotube number. Counts of defined
myotubes per field of view were averaged for each steroid treatment and compared to the
ethanol control. No significant difference was determined by One-way ANOVA and Dunnet’s

posthoc test.
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5.3.4 Quantification of Myosin Heavy Chain Expression in Response to Designer Steroids

To determine if the designer androgens increased the expression of sarcomeric MHC, a
marker of differentiation, total MHC expression was quantified. Measurements of MHC
positive cells included differentiated myotubes as well as undifferentiated myoblasts (i.e. did
not contain a minimum of three nuclei). All treatments were compared to the vehicle control,
which was normalized to 100% MHC expression. The endogenous control, DHT, increased
total MHC expression at 400 and 40 nM, but not 4 nM. H-Drol, Mechabol and The One
(Hydrazone) increased total MHC expression compared to the vehicle control at both 40 and
400 nM (Figure 5.5). P-Plex and Ultradrol increased total MHC expression at 40 nM, but not

at 400 nM.
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Figure 5.5 Designer androgens increased total MHC expression. Treatment with DHT, H-Drol,
Mechabol and The One (Hydrazone) increased mean + SEM MHC expression at 40 and 400

nM compared to the vehicle control. Treatment with Ultradrol and P-Plex increased mean +
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SEM MHC expression at 40 nM, but not 400 nM, compared to the vehicle control. * P <0.05;

** P <0.005; *** P <0.001.

5.3.5 Assessment of Nuclei Accretion in Response to Designer Androgens

To assess myonuclear accretion in the formed myotubes in response to the designer
androgens, nuclei were counted in each myotube and then myotubes were grouped
according to the number of nuclei. Between 3 and 5 nuclei per myotube was considered ‘low’;
between 6 and 9 nuclei per myotube was considered ‘medium’; and greater than 9 nuclei per
myotube was considered ‘high’ (Figure 5.6). The number of myotubes in each group was then
expressed as a percentage of total number of myotubes. This classification is based on that
used by Deane et al, 2013, but modified slightly (Deane et al, 2013). DHT treatment of 400
nM showed a significant difference in the number of myotubes in the ‘medium’ group
compared to the control, but not at 4 or 40 nM. DHT did not change the number of myotubes
in the ‘low’ or ‘high’ group (Figure 5.7). This was also seen with P-Plex (Figure 5.8). Treatment
with H-Drol showed significantly less myotubes in the ‘low’ group compared to the control at
40 and 400 nM (Figure 5.8). It also showed significantly more myotubes in the ‘medium’ and
‘high” group compared to the control. Both The One (Hydrazone) and Mechabol showed
significantly less myotubes in the ‘low’ group compared to the control and significantly more
myotubes in the ‘medium’ group compared to the control (Figure 5.8). No significant changes
were observed in the ‘high’ group. Ultradrol did not alter nuclei accretion compared to the

control (Figure 5.9).
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Medium

/

Figure 5.6 Myotubes grouped into number of myonuclei. Myonuclei were counted in each
myotube and grouped based on the number of nuclei. ‘Low’ = 3-5 myonuclei, ‘medium’ = 6-9
myonuclei, and ‘high’ = >9 myonuclei. Red arrows indicate examples of nuclei that were

counted.
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Figure 5.7 Nuclear accretion in C2C12 myotubes was increased by DHT. The number of nuclei
were counted in each myotube and grouped into low (3-5 nuclei), medium (6-9 nuclei), or
high (>9) nuclear accretion, and expressed as a percentage of total number of myotubes. DHT
at 400 nM had significantly higher nuclear accretion in the medium group compared to the

control. * p <0.05.
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Figure 5.8 Nuclear accretion in C2C12 myotubes was increased by designer androgens. The
number of nuclei were counted in each myotube and grouped into low (3-5 nuclei), medium
(6-9 nuclei), or high (>9) nuclear accretion, and expressed as a percentage of total number of
myotubes. The H-Drol, The One (Hydrazone), and Mechabol) had significantly less nuclear
accretion in the low group compared to the control. P-Plex, H-Drol, The One (Hydrazone), and
Mechabol) had significantly more nuclear accretion in the medium group compared to the
control. H-Drol had significantly more nuclear accretion in the high group compared to the

control using a One-way ANOVA and Dunnet’s posthoc test. * p<0.05; ** p <0.005.
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Figure 5.9 Nuclear accretion in C2C12 myotubes was not increased by Ultradrol. The number
of nuclei were counted in each myotube and grouped into low (3-5 nuclei), medium (6-9
nuclei), or high (>9) nuclear accretion, and expressed as a percentage of total number of
myotubes. Ultradrol did not significantly alter the number of nuclei accretion in the low,
medium or high group at either 40 or 400 nM compared to the control using a One-way

ANOVA and Dunnet’s posthoc test.
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5.4 Discussion

The isolation and synthesis of testosterone in the 1930s led to the aim of synthesising
androgens capable of achieving an optimal balance between beneficial anabolic effects and
negative androgenic effects (Gao and Dalton, 2007). This led to the development of many
synthetic testosterone and dihydrotestosterone analogues. Many of these steroids were
unsuccessful and were not used clinically. However, regardless of the lack of safety and
efficacy data, athletes began, and continue to, abuse some of them in sport. Further, there
have been recent attempts in the clandestine synthesis of novel testosterone and
dihydrotestosterone analogues that were not created for clinical use, but solely for abuse in
sports (Parr et al, 2011b). The first reported designer steroids were tetrahydrogestrinone and
norbolethone, in the early 2000s (Catlin et al, 2002 and 2004), and newer steroids continue
to emerge in sports supplements (Rahnema et al, 2015; Parr et al, 2011a, 2011b, 2011c and
2009b). These steroids, and those created in the 1950s and 1960s, are being abused by

athletes, despite having minimal scientific reporting on efficacy and safety.

In this study, five designer androgens were assessed for their anabolic potential usinga C2C12
mouse myoblast cell model. The five androgens, H-Drol, P-Plex, Ultradrol, Mechabol and The
One (Hydrazone) were studied because of their potent AR activation in the yeast and HuH7
androgen bioassays. This led to the hypothesis that these androgens would potentiate an
anabolic effect in skeletal muscle given that they are potent AR activators after HuH7 liver cell

metabolism.

Androgens are well characterised for their anabolic properties. Androgens have been
reported to significantly increase the cross-sectional area of skeletal muscle myotubes,
(Basualto-Alarcon et al, 2013; Wu et al, 2010b), muscle fibres in animals (Serra et al, 2013;
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Yarrow et al, 2011; Brown et al, 2009), and in human skeletal muscle (Eriksson et al, 2005;
Lichtenbelt et al, 2004; Sinha-Hikim et al, 2002). However, the exact mechanisms are not fully
understood. Thus, assessment of anabolic activity (in vitro and in vivo) often involves
measurements of several markers. These include expression of contractile proteins such as
MHC (Frese et al 2011), increased myonuclei (Eriksson et al, 2005; Sinha-Hikim et a/, 2003 and
2006), and hypertrophy of muscle fibres or myotubes (Eriksson et al, 2005; Sinha-Hikim et al,
2002, 2003, and 2006). Therefore, to assess the anabolic potential of the designer androgens,

these markers were measured in the C2C12 mouse myoblast model.

This study shows for the first time that H-Drol, P-Plex, Mechabol, Ultradrol and The One
(Hydrazone) have potent anabolic activity in a C2C12 cell model. The effects of the designer
steroids are comparable to DHT. These findings suggest that designer steroids in sports
supplements are potent anabolic agents, and have important implications for anti-doping
authorities, due to the widespread use of sports supplements by athletes (Maughan et al,

2007).

The findings of this study are in agreement with other cell culture models showing anabolic
activity of androgens. Several reports have indicated testosterone increases myotube size by
up to approximately 50% in vitro, supporting the findings of this study (Hughes et al, 2015;
Deane et al, 2013; Basualto-Alarcon et al, 2013; Wu et al, 2010b). Similarly, reports have
shown increases in myonuclei content in myotubes (Hughes et al, 2015; Deane et al, 2013),
and increases in MHC expression (Singh et al, 2003), as measured in this study. The increased
myonuclei content is important to sustain increased protein synthesis during hypertrophy
(Egner et al, 2013). The increased protein content and mass of muscle fibres during

hypertrophy is largely due to increases of contractile proteins, like MHC (Balagopal et al,
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1997). Therefore, the C2C12 model used in this study is a valid model for screening androgens

and assessing anabolic activity as increases in these anabolic markers were measured.

Although the findings of this study agree with other in vitro reports, the C2C12 model has
several limitations in determining anabolic activity compared to in vivo models. Firstly,
myotube hypertrophy is limited due to a fixed growth surface area. This may help explain why
myotube hypertrophy is restricted to an approximately 50% increase in size, both in this
study, as well as other in vitro studies (Deane et al, 2013; Basualto-Alarcon et al, 2013). In in
vivo studies, testosterone has been shown to have a greater increase in hypertrophy.
Increases in cross-sectional area of muscle fibres have been reported to be as high as 69
(Brown et al, 2009) and 77% (Egner et al, 2013) in mice gastrocnemius muscle and rat soleus
muscle compared to controls, respectively, although other studies have reported relative
changes comparable to that found in this study (Eriksson et al, 2005; Sinha-Hikim et al, 2002,
2003 and 2006). This indicates that androgens have the potential to induce hypertrophy to a
greater extent in vivo compared to in vitro models. It has also been noted that androgens such
as testosterone display dose-response relationships between androgen concentrations and
skeletal muscle hypertrophy in vivo (Sinha-Hikim et al, 2002; Storer et al, 2008 and 2003;
Bhasin et al, 2005), but a dose-response relationship was not observed in this study. Thus, the
40 nM doses of androgens already reached the “saturable” amount of myotube hypertrophy
in this culture model. Forty nM represents 4 to 10 times the physiological concentration so
this finding is not unexpected. Secondly, continual myotube hypertrophy is sustained by a
replenishment of myoblast cells which donate extra nuclei. This will only occur for a limited
time in vitro as the myoblasts will partially fuse on cell to cell contact and no longer

proliferate. Thus, the myotubes only have a finite source of myonuclei for growth, whereas in
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vivo, satellite cells are capable of replenishing the myoblast cell pool (Zhang et al, 2015;
Bellamy et al, 2014). Therefore, the in vitro C2C12 model is not suitable for determining the
full anabolic potential of a compound, but rather that it has anabolic activity per se and thus,
warrants further investigation in vivo. This can limit the need for using animal models as the
in vitro model can be used as a high throughput screen of anabolic activity for novel

compounds.

The results for P-Plex are in agreement with previous in vivo studies showing anabolic activity.
In 1964, Kincl and Dorfman showed that P-Plex had 437% RP compared to methyltestosterone
in stimulating levator ani muscle growth in rats after oral administration (Kincl and Dorfman,
1964). In a more recent study, Diel et al demonstrated that P-Plex restored absolute weight
of levator ani muscle in orchidectomised rats to normal baseline levels, comparable to the
androgen control, testosterone proprionate when injected subcutaneously (Diel et al, 2007).
In a similar assay, Frese et al demonstrated that P-Plex restored levator ani muscle in
orchidectomised rats, but to a significantly less extent than testosterone proprionate (Frese
et al,2011). These reports validate the findings in this study suggesting that the C2C12 model

is appropriate in determining the anabolic potential of designer androgen:s.

5.5 Summary and Conclusions

The emergence of designer androgens as anabolic agents in sports has highlighted the
importance of anti-doping screening to adopt proactive measures as well as reactive counter-
measures to combat illicit drug use in sports. Unfortunately, the detection of a novel designer
androgen typically indicates that the compound is already being abused by athletes in sports,

such as tetrahydrogestrinone and norbolethone (Catlin et al, 2004 and 2002). This is also true
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with companies manufacturing sports supplements containing designer steroids on a large

scale ready for purchase.

However, the identification of a novel designer steroid does not result in an immediate
banning of the compound in sport. Banning of a substance by WADA in sport requires that
the substance is performance enhancing, detrimental to user health, or both (Barroso et al,
2008). Unfortunately, this information is often very limited and with many novel designer
steroids there exists no data. This is of particular concern with regards to sports supplements

containing designer steroids for both sports doping purposes as well as user health.

With the recent insurgence of designer steroids in sports supplements, it was sought to
determine the anabolic potential of a number of potent AR activating designer steroids as
determined in the previous chapters. The designer steroids H-Drol, P-Plex, Mechabol,
Ultradrol, and The One (Hydrazone) were rapidly screened for their anabolic potential in a
C2C12 myoblast cell model in this study. It was shown for the first time that these steroids
displayed anabolic activity in a C2C12 cell model, and the results for P-Plex are in agreement
with previous studies demonstrating significant levator ani hypertrophy in rodent models
(Frese etal, 2011; Diel et al, 2007; Kincl and Dorfman, 1964). In conclusion, screening designer
steroids with the yeast and HuH7 androgen bioassays together with this C2C12 cell model can
be used to identify steroids that have anabolic activity. This can then help identify steroids
which should require further testing in vivo, thus limiting the use for animal models.
Moreover, additional testing in the C2C12 model with androgens that have had in vivo testing
may reveal a correlation between anabolic activity in vitro and in vivo. This may help predict
if an androgen has anabolic activity in vitro it will also be anabolic in vivo and further limit the

use of animals. This may be useful in higher throughput screening assays of new compounds.
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Chapter 6

Evaluation of the Australian Sports Supplement Market
for the Presence of Undeclared Androgenic Substances

Using Yeast and Mammalian Cell Androgen Bioassays
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6.1 Introduction

The sports supplement market is an exponentially growing industry due to its popularity
amongst athletes and the general population (Maughan et al, 2007). The sports supplement
market has been estimated to be worth $142.1B USD and expected to reach $204.8B USD by
2017 (Transparency market research, accessed 2014). Most regulatory bodies, such as the
Food and Drug Administration (FDA) in the US, class sports supplements as food products,
and not medicinal products. They are therefore not subject to strict manufacturing guidelines
such as those enforced on medicinal products (Brownie, 2005). Because of the poor
manufacturing guidelines, unregulated practices can lead to the contamination of sports
supplements with molecules not specified on the product label, including androgens (Thuyne
et al, 2006). Most regulation of sports supplements occurs after the product is on the market,
making it difficult to monitor sports supplements, and in some instances even allow

previously banned products to re-enter the market (Cohen et al, 2014).

Several reports have demonstrated that the contamination of sports supplements with
androgens can occur as a result of cross contamination from manufacturing equipment and
transport vessels, as well as contaminated raw ingredients (Judkins et al, 2010).
Contaminated sports supplements may contain varying concentrations of androgens ranging
from trace amounts (ng range/serving) to relatively high, supratherapeutic concentrations
(mg range/serving) (Geyer et al, 2004 and 2003). There are also reported instances of the
intentional addition of androgens to sports supplements. Many marketers of these sports
supplements bypass regulatory bodies using unscrupulous strategies including the
declaration of the androgen under the guise of a fake or unofficial name (Parr et al, 2011a
and 2007), or the addition of the androgen without any declaration on the product label
(Geyer et al, 2008).
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The presence of non-declared androgens in sports supplements is a major concern for
consumers. Primarily, there are the potential health risks associated with androgen abuse.
Several clinical reports have suggested that sports supplements containing androgens can
cause serious acute hepatic complications (Khurana and Dasanu, 2014; Nasr and Ahmad,
2009; Shah et al, 2008; Jasiurkowski et al, 2006). For example, Jasiurkowski et al reported the
development of severe cholestatic jaundice and IgA nephropathy after an athlete consumed
the “recommended” dose of a sports supplement containing the androgen, methasterone
(Jasiurkowski et al, 2006). Other reports have indicated similar findings with methasterone
(Khurana and Dasanu, 2014; Nasr and Ahmad, 2009; Shah et al, 2008) as well as other oral-
based synthetic androgens such as those found in sports supplements (Agbenyefia et al, 2014,
Girgis et al, 2014; Vilella et al, 2013; Wingert et al, 2010). Many of these open label androgen-
containing supplements “recommend” use of the supplement for short periods of time,
usually around 4 to 6 weeks to minimise the risk of adverse side effects (Agbenyefia et al,
2014; Vilella et al, 2013; Jasiurkowski et al, 2006). By contrast, regular sports supplements
that do not declare androgens can often be taken indefinitely (Maughan et al, 2011).
Therefore, non-declared androgens may be unknowingly taken for long periods of time by

consumers, increasing the risk of adverse health effects.

Sports supplements with undeclared androgens may also be a problem for athletes that
undergo routine or random drug testing. A positive doping test may occur as a result of
consuming a sports supplement containing an androgen (Maughan, 2005). Although it is the
athletes responsibility to know the contents of all supplements they use, if a supplement
contains an undeclared androgen the athlete faces a lengthy legal battle to prove this (Striegel

et al, 2005). This is a real concern as it has been corroborated by a number of reports. Watson
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et al reported that ingestion of 5 pug of 19-norandrostenedione from a “contaminated”
creatine supplement resulted in the detection of the metabolite 19-norandrosterone in the
urine of 75% (15/20) of volunteers in excess of the WADA 2 ng/ mL threshold. Reducing this
to 2.5 pg of 19-norandrostenedione resulted in 25% urine samples testing positive 6 hours
after ingestion (Watson et al, 2009). Similar findings were also reported by van der Merwe
and Grobbelaar and Catlin et al, highlighting that even trace contaminations present a high
risk for athletes for testing positive in a doping test (van der Merwe and Grobbelaar, 2005;

Catlin et al, 2000).

During the last decade, several studies have reported that there is a 10-25% prevalence of
sports supplements containing undeclared androgens (Plotan et al, 2011; Judkins et al, 2007
Martello et al, 2007; Geyer et al, 2004). Many of these studies were based in Europe and
North America. Given that the number of products available on the global sports supplement
market has increased exponentially over the last few years (Gilard et al, 2015), the current
prevalence of undeclared androgens in sports supplements is not known. Furthermore, the
US recently introduced the Designer Anabolic Steroid Control Act (2014), which targeted a
number of newer designer steroids that were being sold on the supplement market, classing
them as anabolic steroids which therefore made their sale illegal. Manufacturer’s that were
selling these products must now cease, which consequently may lead to these products being

sold without declaration of the androgen.

To date, no screening of the Australian sports supplement market for the presence of
undeclared androgens has been completed. In Australia, sports supplements are regulated by
the Therapeutic Goods Administration (TGA) and Food Standards Australia New Zealand

(FSANZ) (Brownie, 2005). These two regulatory bodies maintain similar guidelines for sports
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supplements to that of the FDA in the US in that they are considered food products and not
medicinal. They are still subject to Good Manufacturing Practices (GMP), however, and this
may help reduce the risk of contamination (Baylis et al, 2001). However, 6.4% of doping
violations between 2006 and 2013 in Australia have been associated with supplement use
(Outram and Stewart, 2015). Given the 10-25% prevalence of undeclared androgens in the
European and US markets coupled with the association of positive doping tests in Australia
with sports supplements, it was hypothesized that the Australian sports supplement market
may also contain undeclared androgens in products marketed to the public. The aim of this
study was to screen sports supplements available on the Australian market for undeclared
intrinsic androgenic substances using the in vitro yeast cell-based androgen bioassay and the
HuH7 mammalian cell-based androgen bioassay to detect proandrogens. The androgenic
activity of any positive samples were then tested in the yeast progestogen bioassay to

determine cross reactivity with the progesterone receptor.
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6.2 Methods

6.2.1 Details of Sports Supplements Tested in This Study

Sports supplements (n=112) were randomly purchased from 7 different stores. Four of these
stores were based in Sydney; 2 were based in Queensland; and 1 online US store that sold
sports supplements in Australia. The sports supplements included protein powders, amino
acids, creatine powders, fat metabolisers, ‘testosterone- and growth-hormone boosters’,
carbohydrates, stimulant/nitric oxide ‘pre-workout’-based supplements and vitamin and
herbal extracts (Table 6.1). The only inclusion factor for the supplements was that the labelled
ingredients did not declare an androgen. The sports supplements were in the form of
powders, capsules or tablets. One supplement was a liquid. The sports supplements
represented 77 different companies. 11 companies were based in Australia. One company
was Canadian and another company was from New Zealand. The remaining companies were
based in the US. Five of the US-based companies did market androgens declared in other
products, so there is a chance of cross-contamination from manufacturing processes. A
supplement which declared the presence of the androgen, DHEA, was purchased in Sydney

and was used as an androgen-positive control supplement in this study.
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Table 6.1 The type of sports supplements screened in this study. No. of products tested
denotes the number of products screened belonging to the respective product category. No.
of different companies shows how many companies these products encompass in that

respective product category.

Product category No. of products tested No. of different companies

Protein Powders 25 19
Stimulants/Nitric Oxide (Pre-workouts) 24 21
Amino Acids 12 12
Testosterone and Growth Hormone Boosters 18 11
Fat Metabolisers 9 9
Carbohydrates 2 2
Creatine Formulations 6 6
Vitamin and Herbals Extracts 16 16
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6.2.2 Steroid Extraction Procedure

The amount of each supplement used for the extraction was dependent upon the
manufacturer’s recommended serving size (Table 6.2). Steroid extracts were prepared from
sports supplements using a standard solid-phase extraction (SPE) method, with minor
alterations (Rijk et al, 2009). Briefly, capsules were emptied and solid tablets were pulverised
using a mortar and pestle. The powders were suspended in water/methanol 1:1 v/v and
dissolved by sonication for 5 min. The suspension was then centrifuged at 3000 g for 10 min
and the pellet was discarded. The pH of the supernatant was adjusted to 4.8 using 4N acetic
acid and sodium acetate. The supernatant then underwent SPE using a C18 column (0.5 g
Bond Elut, Agilent Technologies) that was previously conditioned with 4 ml methanol/sodium
acetate (pH 4.8). After the sample was loaded, the columns were washed sequentially with 2
mL water, 1.5 mL sodium carbonate (10% w/v), 2 mL water, and 2 mL water/methanol (1:1,
v/v). The columns were then air-dried and the sample was eluted with 4 mL acetonitrile. The

eluate was concentrated by evaporation then resuspended in 50 uL 100% ethanol.
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Table 6.2 Details of sports supplements screened in this study. This table designates a number to

each of the supplements tested in this study along with product information including the country of

origin, product type, and serving size.

1 1 us Amino Acids 23 g 31 us Pre-Workout 6.4g
2 2 us Creatine 2 32 18 us Protein Powder 27g
capsules
3 3 uUs Testosterone - ocule | 33 19 us Pre-Workout 10g
Booster
. 4 New
4 us Creatine 34 20 Pre-Workout 2 capsules
Capsules Zealand
Testosterone 3 .
5 us 35 21 us Protein Powder 30g
Booster Capsules
6 us Testosterone 1 Capsule | 36 us Amino Acids 19¢g
Booster
7 4 Australia Pre-Workout 155¢g 37 22 us Pre-Workout 5g
8 5 us Creatine 5g 38 23 Australia Pre-Workout 2 capsules
9 6 Australia Pre-Workout 12¢g 39 24 us Protein Powder 50g
10 7 Us Testosterone 6 40 25 Us Testosterone 1 capsule
Booster capsules Booster
1 Us Testosterone 1capsule | 41 Us Testosterone 1 capsule
Booster Booster
12 8 Australia Amino Acids 1lg 42 26 us Pre-Workout 30g
13 us Fat 1capsule | 43 us Pre-Workout 2
Metaboliser P g
Protein Testosterone
14 us Powder 35g a4 27 us Booster 10g
15 9 us Protein 30g as 28 us Amino Acids 1g
Powder
16 Us Protein 23g 46 29 us Amino Acids 4 tablets
Powder
Testosterone Growth
17 10 us 1capsule | 47 30 us Hormone 3 capsules
Booster
Booster
18 us Testosterone . sule | 48 31 us Protein Powder  45g
Booster
19 us Testosterone 1capsule | 49 32 us Testosterone 3 capsules
Booster Booster
20 us Pre-Workout 8g 50 33 us Amino Acids 12g
21 11 us Protein 23g 51 34 us Pre-Workout 13g
Powder
22 us Protein 23g 52 us Fat Metaboliser 3 capsules
Powder
23 12 Australia Protein 25g 53 35 us Fat Metaboliser 4.5 g
Powder
24 us Protein 25g 54 36 Canada Creatine 5g
Powder
25 13 us Pre-Workout 5g 55 us Protein Powder 118 g
26 us Fat 4 56 us Protein Powder 32
Metaboliser g g
27 14 us Pre-Workout 57g 57 us Carbohydrate 40¢g
28 15 us Testosterone 2 58 37 Australia  Creatine 5g
Booster capsules
29 16 us Amino Acids l4g 59 us Protein Powder  24g
30 17 us Pre-Workout 6.4g 60 38 us Amino Acids
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Table 6.2 Continued

Country of Serving Country Serving
Company Origin Size Company of Origin Size
Protein .
61 us Powder 36g 87 us Creatine 5g
62 us Pre-Workout 6g 88 54 us Protein Powder 30g
Fat 3
63 39 us . 89 55 us Pre-Workout 3.65g
Metaboliser capsules
64 40 us Pre-Workout 3 90 56 Australia Protein Powder 24 g
capsules
65 41 us Amino Acids 9g 91 57 us Fat Metaboliser 2
capsules
Protein
66 us Powder 36g 92 58 us Carbohydrate 41g
67 us Protein 304¢g 93 Us Pre-Workout 19¢g
Powder
Protein . 1
68 us 39g 94 59 us Fat Metaboliser
Powder capsule
69 42 us Testosterone 1 capsule | 95 60 us Fat Metaboliser 1.95g
Booster
70 43 us Pre-Workout 6g 96 61 Australia Protein Powder  22g
Vitamins and
71 us Pre-Workout 29g 97 62 us Herbal Extracts 2g
Vitamins and
72 44 us Pre-Workout 1 tablet 98 63 us Herbal Extracts 4g
. . Vitamins and
73 us Amino Acids 1 tablet 929 64 us Herbal Extracts 75g
Vitamins and
74 us Pre-Workout 1 tablet 100 65 us Herbal Extracts 3g
Fat 2 Vitamins and
s 45 us Metaboliser capsules 101 66 us Herbal Extracts 3¢
76 46 us Pre-Workout 14 g 102 67 Us Vitamins and 12¢g
Herbal Extracts
Protein Vitamins and
7 us Powder 278 103 68 us Herbal Extracts 108
Testosterone Vitamins and
78 47 us Booster d4e 104 69 us Herbal Extracts g
Vitamins and
79 48 us Pre-Workout 8¢g 105 70 us Herbal Extracts 4g
Growth ) .
80 us Hormone 8g 106 71 us Vitamins and 45¢g
Herbal Extracts
Booster
Testosterone Vitamins and
81 us Booster 8 107 2 us Herbal Extracts o8
Protein Vitamins and 2
82 49 us Powder 30g 108 3 us Herbal Extracts capsules
. . Vitamins and
83 50 us Amino Acids 13g 109 74 us Herbal Extracts 11g
. Protein Vitamins and
84 51 Australia Powder 29g 110 75 us Herbal Extracts 125¢g
. Protein Vitamins and
85 52 Australia Powder 75¢g 111 76 us Herbal Extracts 5g
86 53 us Amino Acids 4 tablets 112 77 Australia Vitamins and 50 mL
Herbal Extracts
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6.2.3 Yeast Cell Culture

Yeast transformants were grown overnight at 30 °C with orbital shaking (300 rpm) in CSM-
leu-ura (androgen bioassay, BIO 101, Inc) or CSM-trp-ura (progestogen bioassay, BIO 101)
selective media. The yeast culture was then subcultured in fresh medium and grown until
early mid-log phase (ODsoo = 0.5-0.7 for androgen bioassay; 1.0 for progestogen bioassay)

(Methods 2.1.2).

6.2.4 Yeast Cell-Based Androgen and Progestogen Bioassays

For the androgen and progestogen bioassays, yeast from mid-log phase growth was diluted
in selective medium to ODeggo = 0.5-0.7 (CSM-leu-ura; AR) or 1.0 (CSM-trp-ura; PR) plus 100
KM CuSOa to induce receptor expression via the CUP1 promoter. Yeast cells were then treated
with testosterone (T) or progesterone (P) (5 L per well) concentrations ranging from 7x10-
M to 1.3x101° M or 1x10® M to 2x10° M respectively, and yeast cells were incubated
overnight at 30 °C with vigorous orbital shaking (300 rpm) before yeast cells were lysed and
assayed for B-galactosidase activity, as previously described (Death et al, 2004b) (Methods
2.1.2). For sports supplement extracts, yeast cells were treated in duplicate with 5 pL per well
in a 24-well plate. Following overnight incubation, yeast cells were lysed and assayed for B-
galactosidase activity. The androgenic activation of the sports supplement was determined

according to the equation:

1000 x 0D420—1.75 X ODSSO
Vol.(mL)x time (min)x ODggg

B-galactosidase activity (Miller units) =

Chapter 6



181

6.2.5 HuH7 Cell Culture

Human hepatocarcinoma (HuH7) cells stably co-transfected with the human AR-puromycin
and enhancer/ARE/SEAP expression plasmids (Akram et al, 2011) were cultured in DMEM
(Gibco, Life Technologies) containing high glucose (4500 mg/L), L-glutamine (584 mg/L) and
sodium pyruvate (110 mg/L) and supplemented with 10% FCS and puromycin dihydrochloride
(5.5 pg/mL). Once confluent, cells were seeded at a concentration of 1x10° cells/mL in 96-
well plates with phenol-red free DMEM supplemented with 10% charcoal-stripped FCS, as

described (Methods section 2.3.3).

6.2.6 HuH7 Androgen Bioassay

The HuH7 androgen bioassay cells were seeded in 96-well plates (1x10° cells/mL) and grown
in a volume of 200 pL/well phenol red-free DMEM media supplemented with 10% charcoal-
stripped FCS and 5.5 pg/mL puromycin dihydrochloride. After 24 hours, cells were treated
with T concentrations ranging from 7x10> M to 1.3x107® M and incubated for a further 24
hours. For sports supplement extracts, cells were treated in triplicate with 2 uL/well and also
incubated for 24 hours. After incubation, 25 plL of culture supernatant was aliquoted into
white opaque 96-well plates before being heated to 65 °C for 35 min to deactivate
endogenous alkaline phosphatase. The plate was then cooled on ice for 3 to 5 min before
equilibrating to room temperature. SEAP activity was measured by adding 50 uL SEAP reagent
(Clontech) and incubating for 35 min at room temperature before measuring luminescence

using the Infinite m200 Pro microplate reader (Tecan) (Methods 2.5.3.1).
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6.2.7 Decision Limit (CCa) and Detection Capability (CCB)

To determine the CCa and CCB of the yeast androgen bioassay, a known androgen-free sports
supplement (Supplement 54, a creatine product) spiked with dihydrotestosterone (DHT) was
used. Twenty unspiked sports supplement samples and two sets of 20 DHT spiked sports
supplement samples were prepared. The DHT concentration in the spiked samples was 2x10°
%M or 2.8x10”7 M. The spiked samples underwent SPE and were assayed with either the yeast
androgen bioassay or HUH7 androgen bioassay as described above. The CCa was calculated
as the mean B-galactosidase (or luminescence) activity of the 20 blank sports supplement
samples plus 2.33 times the corresponding standard deviation. The CCB was calculated as the
CCa plus 1.64 times the standard deviation of the mean B-galactosidase (or luminescence)

activity of the 20 spiked sports supplement samples (Plotan et al, 2012).

6.2.8 Viability Assays

To determine if the sports supplement extracts affected yeast growth, a growth curve was
performed. To do this, yeast from mid-log phase growth was diluted in selective medium to
ODgoo = 0.1 and 200 puL was added per well in a 96-well plate. Yeast were then treated in
triplicate with 2 pL of T (5 nM) or sports supplement extract, and incubated at 30 °C with
orbital shaking (300 rpm). The optical density (ODsoo) of the yeast was measured every hour
for 20 hours to generate a growth curve. The slope (R?) of the growth curve of the supplement

extract was then compared to T using GraphPad Prism 6.0 nonlinear regression analysis.
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6.2.9 Statistical Analysis

Unless otherwise indicated, results are presented as mean + SEM and comparative statistical

tests were performed using a Student’s t-test.

6.3 Results

6.3.1 Steroid Recovery Evaluation

To assess the recovery of steroids from the extraction procedure, two 1 g portions of a sports
supplement (Supplement 54) negative for androgens were spiked with 2.5x10 M or 3.5x10
9 M DHT at the beginning of the sample preparation, prior to SPE (pre-spike). Two other 1 g
portions underwent SPE extraction and after elution with acetonitrile were spiked with either
2.5x10® M or 3.5x10° M DHT (post-spike). The activities of the pre- and post-spike samples
were assessed in the yeast androgen bioassay to determine the percent recovery of DHT from
the extraction procedure. Figure 6.1 demonstrates that for both 2.5x10® M (high) and 3.5x10°
° M (low) DHT concentrations there was 100 *+ 0.96% and 102 + 0.97% steroid recovery,
respectively. This indicates that the pre-spike androgen bioactivity was equal to that of the
post-spike androgen bioactivity for both concentrations demonstrating that there was no

androgen loss during the extraction procedure.
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Figure 6.1 Determining the efficacy of the SPE extraction procedure used in this study. 1 g

of a sports supplement was spiked with 2.5x10-6 (high) or 3.5x10-9 (low) M DHT, prior to
extraction (PRE) and after (POST) extraction. The extracts were then assayed in the yeast
androgen bioassay. Results are presented as mean + SEM of 3 independent experiments. The
POST extractions were then compared to the PRE extractions using a Student’s t-test, where

NS = not significant.

6.3.2 Decision Limit (CCa) and Detection Capability (CCB)

The CCa and CCP for DHT were determined in the yeast and HuH7 androgen bioassay to
determine the minimum DHT concentration needed to elicit a detectable positive response
in the androgen bioassays (Table 6.3). Based on the calculated CCB, DHT can be detected at a
minimum concentration of 3.9x101° M or 8x10*! M for the yeast or HuH7 androgen bioassay,

respectively.
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Table 6.3 Yeast and HuH7 androgen bioassay decision and detection limits. The decision

limit and detection capability for DHT in the yeast and HuH7 androgen bioassays.

Yeast HuH?7
Decision limit (CCa) 4.1 (B-galactosidase Miller units) 19.7 (RLU)
Detection capability (CCB) 6.7 (B-galactosidase Miller units) 32.3 (RLU)

6.3.3 Androgen Bioactivity Measurements

6.3.3.1 Yeast Androgen Bioassay

The androgen bioactivity of sports supplement extracts was determined using the yeast
androgen bioassay. T was used as a reference androgen to show androgenic bioactivity in the
bioassay. The ECso of T was previously calculated to be 5 nM (Chapter 3) and was used in this
study. A known DHEA supplement was used as a positive control for the extraction procedure
of the sports supplement extracts. The DHEA supplement demonstrated approximately 50%
bioactivity of T (5 nM) and is in keeping with what was expected as DHEA is known to be a
weaker androgen than T (Figure 6.2). This data demonstrated that both the extraction
procedure and bioassay were functioning effectively and were capable of detecting

androgenic molecules in supplement extracts.

The 112 sports supplement extracts were next tested. Of the 112 extracts, 24 belonged to the
‘pre-workout’ category and it was found that 3 (Supplement 30, 34 and 94) of these extracts

demonstrated significant androgenic bioactivity (Figure 6.2) (p<0.0001). Supplements 30, 34,
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and 94 will be referred to as supplement B, E and F, respectively for the remainder of this
chapter. These three products were from different companies. Eighteen supplements
belonging to the ‘testosterone and growth hormone-booster’ category were also tested, and
it was found that 2 (Supplement 5 and 3) of these extracts demonstrated significant
androgenic bioactivity (Figure 6.2) (p<0.0001). These supplements will be referred to as
supplement A and D, respectively for the remainder of this chapter. These two supplements
were from the same company. A third supplement (supplement 4) from this company, a
creatine product, also demonstrated significant androgenic bioactivity (p<0.0001) and
represented 1/6 of the creatine products tested in this study (Figure 6.2). Supplement 4 will
be referred to as supplement C for the remainder of this chapter. There were 0 products that
demonstrated androgenic bioactivity from the protein (0/25), amino acids (0/12),

carbohydrates (0/2), fat metaboliser (0/9) or vitamin and herbal extracts (0/16) categories.

Together, the 6 positive supplement extracts represent 4 different companies. Five of the
supplements (A-D, F) were manufactured by companies based in the US, while 1 supplement
(supplement E) was manufactured by a company based in New Zealand. There were 0

products (out of 11) manufactured in Australia that tested positive.

It should be noted that 3/112 supplement extracts led to yeast cytotoxic effects that meant
the androgenic bioactivity of these extracts could not be reliably assayed, as the R? values
from the growth curve assay were significantly different (p<0.0001) from the T control (Figure
6.3). These 3 extracts were supplement 91 (fat metaboliser), 49 (testosterone-booster) and

62 (pre-workout).
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Figure 6.2 Bioactivity of sports supplement extracts as measured in the yeast androgen
bioassay. Sports supplement extracts were tested for bioactivity using the yeast androgen
bioassay. Results are presented as mean + SEM of 3 independent experiments. T (5 nM, ECso
concentration) was included as a reference value while the DHEA-containing supplement
(DHEA suppl.) was included as an androgen positive control supplement. *** = p<0.001; # =

p<0.0001.
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Figure 6.3 Viability growth curves of supplement extracts 49, 62 and 91. Sports supplement
extracts were tested for toxicity in the yeast androgen bioassay. Results are presented as
mean £ SEM of 3 independent experiments. Due to the lag period of growth, the gradients

were calculated from 5 hours onwards. The R? of the supplement extract was compared to T.

6.3.3.2 HuH7 Androgen Bioassay

Sports supplements may be contaminated with proandrogens that are not intrinsically potent
because they require metabolic activation (Rijk et al, 2008). Such proandrogens would be
difficult to detect in the yeast androgen bioassay. By contrast, the HuH7 liver cells express
steroid metabolising enzymes and therefore increase the chance for the detection of
proandrogens (Akram et al, 2011). Furthermore, the HuH7 androgen bioassay can be used to
test if the positive supplement extracts from the yeast androgen bioassay are metabolised

into stronger androgens or inactivated to weak androgens by liver cell metabolism.

Figure 6.4 shows that the DHEA-containing supplement was positive for androgenic
bioactivity in the HuH7 androgen bioassay, as expected. Of the 112 extracts, 5 were positive
for androgenic bioactivity, while the remaining supplement extracts did not display any
androgenic bioactivity (Figure 6.4). The 5 extracts that tested positive in the HUH7 androgen
bioassay were 5/6 positive extracts from the yeast androgen bioassay screen. Strikingly, 4/5
of these supplements were markedly androgenic, with androgenic bioactivity stronger than
T. Interestingly, supplement F showed no androgenic bioactivity in the HuH7 androgen
bioassay, despite being positive in the yeast androgen bioassay. This suggests the androgen

contained in supplement F was deactivated by liver cell metabolism.
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Figure 6.4 Bioactivity of sports supplement extracts as measured in the HuH7 androgen
bioassay. One hundred and twelve sports supplement extracts were tested for AR bioactivity
in the HUH7 androgen bioassay. T (5 nM, ECso concentration) was included as a reference value
while the DHEA-containing supplement (DHEA Suppl.) was included as an androgen-positive
control supplement. Results are presented as mean + SEM from triplicates of one experiment.

* = p<0.05, ** =p <0.01, # = P <0.0001, and NS = not significant.
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6.3.4 Progestogen Bioactivity Screen

6.3.4.1 PR Dose-Response Curve

To establish a reference value of progestogenic activity for comparison to sports supplement
extracts in the yeast progestogen bioassay, the ECso of progesterone was required. To
determine the ECso value of progesterone, a dose-response curve was performed with
progesterone concentrations ranging from 1x10°® M to 2x101° M. The ECsp was determined

to be 3.8 nM (Figure 6.5).
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Figure 6.5 Progesterone dose-response curve. A sigmoidal-dose response curve was used to

determine the EC,, of progesterone in the yeast progestogen bioassay over a concentration

range of 1x10° M to 2x10™'° M. Results are presented as mean + SEM from 6 independent

experiments.
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6.3.4.2 Yeast Progestogen Bioassay

The AR and PR show high homology at the protein level, especially in the ligand binding
domain (Ojasoo et al, 1987). This results in progesterone and progestins able to bind and
activate AR. Therefore, to ensure AR activation as detected in the androgen bioassays was by
an androgen rather than a progestin (or progesterone), the positive supplement extracts were
tested using a yeast progestogen bioassay. Of the 6 supplement extracts tested, supplements
B to E did not demonstrate any PR bioactivity (Figure 6.6). Supplement A showed very weak
progestogenic activity (compared to the ECso of progesterone), while supplement F showed
relatively strong progestogenic activity, albeit still only about 70% of the bioactivity of elicited

by the ECso concentration of progesterone.
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Figure 6.6 Bioactivity of sports supplement extracts as measured in the yeast progestogen
bioassay. Sports supplement extracts that were positive in the yeast androgen bioassay were
tested for PR activation in the yeast progestogen bioassay. Results are presented as mean +
SEM from 3 independent experiments. P (3.8 nM, ECso concentration) was included as a

positive control. *** = p <0.001, # = P <0.0001, and NS = not significant.
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6.4 Discussion

This study shows for the first time that 5.4% (6/112) sports supplements marketed to the
Australian population contain androgenic molecules, despite no declaration of an androgen
on the product label. Most supplements (74/112) tested were purchased over the counter in
Sydney-based stores while others (38/112) were purchased from online stores including two
from Queensland and one US-based online store. A tandem screening approach was used
based on the yeast- and HuH7 androgen bioassays. The yeast androgen bioassay detected 6
supplement extracts that were capable of intrinsically activating AR. Of these 6 supplement
extracts, 5 remained potent activators of AR after steroid metabolism in the HuUH7 androgen
bioassay. One supplement extract was deactivated after steroid metabolism in the HuH7
androgen bioassay. There were no additional intrinsically weak androgenic supplement
extracts that were detected in the HuUH7 androgen bioassay after metabolism. The finding of
6 intrinsically potent androgenic supplement extracts has important implications for users of

sports supplements because of potential health issues and the risk of a positive doping test.

The most important findings of this study is that extracts from 6/112 sports supplements had
potent androgenic activity. High concentrations of androgens in sports supplements have
potential health risks for consumers. Oral androgens are reported to cause liver complications
such as jaundice and cholestasis, hepatic adenomas and haemorrhages, hepatocellular
necrosis and hepatitis (Khurana and Dasanu, 2014; Nasr and Ahmad, 2009; Shah et al, 2008;
Jasiurkowski et al, 2006). There have been several reports of acute hepatic complications due
to the consumption of the “recommended” dose of androgen-containing sports supplements
(Agbenyefia et al, 2014; Nasr and Ahmad, 2009; Jasiurkowski et al, 2006). Although the

concentrations (or identity) of the androgenic molecules found within the 6 positive sports
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supplements in this study are unknown, the fact that they would be detected by the androgen
bioassay suggest they are at a concentration greater than nM range and the potential health

risks for consumers should be of concern.

Androgens in sports supplements also raise the risk for a urine sample to test positive for a
banned substance during routine drug testing. There have been several reports of
contaminated sports supplements leading to a positive drug test. Merwe and Grobbelaar
showed that consumption of 1 capsule of a sports supplement containing 8.4 — 31.8
ug/capsule of 19-nor-androstenedione and 0.1 — 0.4 ug/ capsule of 4-androstenedione would
lead to a positive test for the detection of the metabolite of 19-nor-4-androstenedione, 19-
norandrosterone, for up to 36 hours (Merwe and Grobbelaar, 2005). Similarly, Catlin et al
showed that ingestion of a sports supplement contaminated with 10 pg of 19-
norandrostenedione would cause a positive urine sample under |I0C guidelines (2 ng/ mL for

males) for 20 out of 24 athletes for up to 8 hours post consumption (Catlin et al, 2000).

The 112 sports supplements tested show a lower rate of detection of undeclared androgens
than what has been previously reported for the USA- and European markets (Judkins et al,
2007; Martello et al, 2007; Geyer et al, 2004). In 2004, Geyer et al reported that the countries
with the highest prevalence of undeclared androgenic molecules in ‘non-hormonal’ products
are the Netherlands, Austria, the UK, the US and Italy, with percentages of 25.8%, 22.7%,
18.9%, 18.8% and 14.3%, respectively (Geyer et al, 2004). However, not all countries had high
rates, and were in keeping with the finding of this study of 5.4%. Belgium, France, and Norway
all reported lower than 7% prevalence rates, albeit only 30 products were tested from each
country. Similarly, van der Merwe and Grobbelaar found 6.7% (2/30) supplements contained

undeclared androgens in the South African market (Merwe and Grobbelaar, 2004). Other
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countries such as Switzerland, Sweden and Hungary showed no undeclared androgens,
although only 13, 6, and 2 products each, respectively, were tested (Geyer et al, 2004) and
this may under represent the real situation. This underrepresentation is evidenced by a later
study in Switzerland showing that 4.6% (3/65) of supplements tested contained undeclared

androgens (Baume et al, 2006).

The data above represents a screen of US and several European markets from over a decade
ago, before the ban of sale of prohormones in the US. Given that the sale of prohormones in
sports supplements has been banned since 2004, the frequency of contamination in sports
supplements may be lower. However, there have been few large scale supplement screens in
recent years. Determining the prevalence of contaminated or undeclared androgens in sports
supplements is therefore difficult. In 2007, Martello et al reported that 10% (6/60)
supplements purchased in Italy were positive for an androgenic molecule, showing a similar,
but lower rate of detection than in the earlier Geyer et al study for the Italian market (Martello
et al, 2007). Alarmingly, Judkins et al reported that 25% (13/52) supplements purchased in
the US contained an undeclared androgen using GC-MS methods; which is higher than the
previous estimate by Geyer et al for the US (Judkins et al, 2007). More recently, Plotan et al
reported that 19% (12/63) supplements purchased on the Irish market contained undeclared
androgenic molecules detected using an AR bioassay (Plotan et al, 2011). Therefore, the 5.4%
of positive supplements detected in this study appears to be low compared to that reported

for other countries.

The yeast androgen bioassay is appropriate for detecting intrinsically potent androgens such
as T or DHT due to the lack of steroid metabolising enzymes. The yeast androgen bioassay has

been previously used to detect potent androgens in a variety of matrices, including food
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supplements (human and animal feed) (Akram et al, 2011; Rijk et al, 2009 and 2008), hair
samples (Becue et al, 2011), and environmental samples (Chou et al, 2015; Pickford et al,
2015). It therefore served as a suitable primary screen for androgenic substances in sports
supplements for this current study. The results suggest that six products from the Australian
market contained intrinsically potent androgenic molecules. This was confirmed by the HuUH7
androgen bioassay where 5/6 products still showed potent androgenic activity, even after
being subjected to liver cell metabolism. The remaining steroid extract was deactivated
indicating the non-declared steroid is readily metabolised to inactive metabolites. Of the 5
that remained potent, 4 of them increased in potency with metabolism suggesting the

formation of strong androgenic metabolites.

The combined data from the dual androgen bioassay approach provides more information
than either bioassay alone. For example, the liver cell metabolism allows insight into the
potential activation or inactivation of the androgenic molecule as may happen in vivo. By
contrast, the yeast cell provides intrinsic androgenic potency, something that can be missed
with the liver cell assay due to the rapid formation of inactive metabolites. Although in the
supplements tested no proandrogens were detected, the HuH7 androgen bioassay has
previously been shown by our laboratory to successfully identify oxyguno (4-chloro-17a-

methyl-etioallochol-4-ene-17-ol-3,11-dione) as a proandrogen (Akram et al, 2011).

The limitations of the current study include the lower sensitivity of detection of the androgen
bioassays. The detection limit for the bioassays is in the nM range, whereas for conventional
GC-MS-based techniques, detection is in the order of pM. Therefore, GC-MS is much more
likely to detect trace amounts of contaminating androgens. However, typically, deliberately

added androgens are at higher concentrations than what would be expected from
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contamination of a sports supplement (Geyer et al, 2003; Parr et al, 2007). Geyer et al
reported that more than 28% (27/94) positive supplements contained between 0.01 and 0.2
ug /g supplement (Geyer et al, 2004). Similar concentrations were reported by van der Merwe
and Grobbelaar (van der Merwe and Grobbelaar, 2004). These low concentrations, when
diluted during extraction and application in the bioassay, will not be detected by the yeast
and HuH7 androgen bioassays. This however, gives more importance to the positive findings
in this study because to be detected they need to be at greater than nM concentrations.
Deliberate addition of androgens to sports supplements have been reported to be as high as
16.8 mg/ g (Parr et al, 2007) and 28.93 mg/ g (Geyer et al, 2003) of supplement. Further
testing is required to determine the concentrations of the androgenic molecules as well as
several batches of each supplement in order to confirm if the androgenic molecules were
deliberately added. A further limitation of the study is that the identity of the androgenic

molecule is unknown as well as the exact concentration.

6.5 Summary and Conclusions

In conclusion, marketed sports supplements in Australia may contain undeclared androgenic
molecules. This may be an issue for elite athletes, or other athletes that consume these
inadvertently, due to the potential of testing positive for banned substances (Merwe and
Grobbelaar, 2005; Thuyne and Delbeke, 2004). There are also a number of potential health
risks associated with androgens (Agbenyefia et al, 2014; Girgis et al, 2014; Vilella et al, 2013;
Wingert et al, 2010), highlighting the danger with their inadvertent consumption. This is an

issue that authorities and consumers need to be aware of given the increase in popularity of
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sports supplements over recent years. Future work needs to be done in order to identify the

structure of the androgenic molecules that are responsible for the positive results.
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Conclusions
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7.1 Summary, Conclusions and Limitations

Androgens are the most widely abused prohibited substances in sports. The extent of
androgen abuse spans from elite Olympic athletes to amateur athletes, both adults and
adolescents (Dunn and White, 2011; Leifman et al, 2011). Detection of androgens for anti-
doping purposes involves gas chromatography-mass spectrometry (GC-MS) and liquid
chromatography (LC)-based methods (Abushareeda et al, 2014). These techniques require
structural knowledge of the test compound in order to be detected. This criteria led to the
development of ‘designer’ steroids with novel, unknown structures for abuse by athletes in

sports to avoid detection.

Designer steroids first appeared in doping samples in the early 2000s, with the detection of
norbolethone in 2002 (Catlin et al, 2002) and tetrahydrogestrinone in 2004 (Catlin et al, 2004).
These designer steroids were synthesised and used in a clandestine fashion by select athletes.
The use of designer steroids has since evolved to their incorporation in sports supplements
that are mass produced and available to the general public. Many of these designer steroids
were initially synthesised in the 1950s and 1960s for clinical purposes, but were never
marketed. There are also several novel designer steroids that have only ever been detected

in sports supplements.

There is limited data on the safety and efficacy of designer androgens. Numerous deleterious
side effects, including cholestatic jaundice, (Agbenyefia et al, 2014; Nasr and Ahmad, 2009;
Jasiurkowski et al, 2006) have been associated with the consumption of sports supplements
containing designer androgens. Furthermore, it is often not known if consumption of these

designer androgens results in a beneficial anabolic effect. These sports supplements are of
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major concern for anti-doping authorities due to the ease of access of these products for

athletes.

Also of concern is that some sports supplements may contain androgens without any
indication on the product label. Several studies have reported sports supplements may
contain unlabelled androgens (Thuyne et al, 2006). The origin of these androgens may be
through accidental contamination of low concentrations (Geyer et al, 2004), or deliberate
additions of high concentrations of androgens (Parr et al, 2007). The presence of unlabelled
androgens is therefore of concern to the general public and also anti-doping authorities due
to the potential health risks associated with androgen abuse and the potential for a positive

doping test.

The main aim of this thesis was to assess the androgenic and anabolic activity of designer

steroids derived from sports supplements using in vitro androgen bioassays.

Chapter 3 assessed the androgenic bioactivity of 22 designer steroids derived from sports
supplements using the in vitro yeast androgen bioassay. The yeast androgen bioassay uses
Saccharomyces cerevisiae as the host strain, which does not endogenously express steroid
receptors or steroid metabolising enzymes. This allowed for the determination of intrinsic
androgenic bioactivity of the test compounds. This study demonstrated that 45% of the

designer steroids had potent intrinsic androgenic bioactivity.

Chapter 4 assessed the androgenic bioactivity of these 22 designer steroids using the in vitro
HuH7 androgen bioassay. The HuH7 cell line is a human liver cell line and was used as a host
cell line for this bioassay due to the presence of steroid metabolising enzymes. This therefore
allowed the assessment of androgenic bioactivity after metabolism. Complimenting Chapter
3, this study demonstrated that H-Drol was activated into a potent androgen, while 6 other
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steroids remained potent androgens. Together, Chapter 3 and Chapter 4 demonstrated that
sports supplements may contain potent androgens, freely available to athletes and the

general public.

The hypothesis that these potent androgens would have an anabolic effect on skeletal muscle
was addressed in Chapter 5. Chapter 5 assessed the anabolic potential of 5 designer steroids
which displayed strong AR bioactivity after metabolism in a mouse C2C12 myoblast cell
model. This chapter demonstrated that H-Drol, Ultradrol, P-Plex, Mechabol and The One
(Hydrazone) had anabolic activity in the C2C12 myoblast model, through increases in

myotube hypertrophy, myonuclei accretion, and MHC expression.

Finally, Chapter 6 determined the prevalence of unlabelled androgenic substances in sports
supplements available to the Australian public. Sports supplements underwent solid-phase
extraction for steroidal compounds and the extracts were then tested in the yeast androgen
bioassay. This study demonstrated that 5.3% (6/112) sports supplements were positive for
androgenic activity. When the extracts were tested in the HuH7 androgen bioassay, 5 of these
extracts were activated further, whilst one supplement extract was deactivated. The results
of this chapter suggest that while the percentage of positive findings was low, it is still of
concern for the general public and athletes due to the possible positive doping test and also

the potential side effects associated with androgen abuse.

There are a number of limitations to the studies undertaken in this thesis which may be
addressed in future work. Firstly, while the C2C12 myoblast model is a suitable screen for
determining the anabolic potential of steroids, the full anabolic potential cannot be
established. For this to be determined, in vivo models need to be used. Thus, future work may

entail in vivo models with the designer androgens that demonstrated high AR bioactivity, and
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high anabolic activity in the C2C12 model. This data may help validate the C2C12 model in

identifying steroids with anabolic activity.

Secondly, more sports supplements can be screened for unlabelled androgenic substances to
achieve greater power for the study in Chapter 6. Although the number of sports supplements
screened was larger than many other similar studies conducted in other countries, the sports
supplement market is an ever increasing market. Therefore, increasing the sample size of
products tested may give a more accurate representation of the prevalence of androgenic
substances present in sports supplements. Additionally, only one batch of each supplement
was tested. It would be useful to test multiple batches of those supplements that tested
positive. This would help determine if the positive findings were consistently identified across
multiple batches, and help determine if the androgenic substances were deliberately added

to the sports supplements.

Furthermore, the androgenic substances detected in the sports supplement extracts were not
identified in this study. Further work can be done to determine the identity and
concentrations of the compounds responsible for eliciting the androgenic response. This may
identify a novel compound that is being added to sports supplements. Determining the
concentration of the compounds may also help determine if the compounds were
deliberately added or were likely an accidental contamination, as the concentrations would

be checked across various batches (if present).

In summary, some sports supplements freely available to the general public may contain
designer steroids. These designer steroids have very limited data concerning safety and
efficacy. The data presented in this thesis suggests that several of these designer steroids are

potent androgens, with high AR bioactivity and anabolic activity in a C2C12 myoblast cell

Chapter 7



205

model. Furthermore, the Australian market may contain a small percentage of androgenic
substances not identified on the product label. These findings should be of concern to anti-

doping authorities, as well as the Australian public.

Although GC-MS-based techniques are highly sensitive, they are not suitable for identifying
novel compounds, such as designer steroids, as part of routine doping control. Biological-
based assays such as the androgen bioassay are more suited to detecting the presence of
unknown androgenic compounds due to not being reliant on knowing chemical structure. The
bioassay could therefore work in parallel to chemical-based detection methods to identify
novel androgenic compounds. Unfortunately, however, the androgen bioassay in its current
format is not suited to high throughput screening of samples. Furthermore, in light of these
findings, it may be possible for supplement companies to produce new supplements
containing micro-doses of novel designer androgens which would be undecetectable in the
androgen bioassay. Although these doses would likely not result in a beneficial anabolic effect
for the consumer, it may still cause a positive doping test (once the novel steroid had been
identified) as well potential harmful side-effects. Therefore, there is a need to develop an
assay that is more sensitive than the current bioassays in use. More importantly, androgen
bioassays need to be more high throughput in order for them to be successfully incorporated

into routine anti-doping screening.

Furthermore, this thesis demonstrates the need for further regulation of the sports
supplement market. In most countries, sports supplements are classed as food products and
not medicinal products, and therefore the manufacturing guidelines are not as strict (Brownie
et al, 2005). This is also true with Australian manufacturing standards of sports supplements

(Brownie et al, 2005). The overt addition of potent androgens in sports supplements
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(Chapters 3, 4 and 5) demonstrates the ease of which steroids may be incorporated into
sports supplements and sold to the general public. Although there have been recent
legislative attempts at prohibiting this, such as the Designer Anabolic Steroid Control Act of
2014 in the United States, there are little preventative measures of these products being
manufactured and sold. The results of Chapter 6 further augment the need for tighter

regulation in the manufacturing of sports supplements.

Finally, it is important for athletes and the general public to be made more aware of the
potential risks associated with sports supplements. Better educational programs should
emphasise to both athletes and general public that sports supplements may contain
androgens and that not only do athletes risk testing positive for a banned substances, but also

of the serious potential health risks associated with androgen use.

It can thus be concluded that androgen bioassays are suitable for detecting designer
androgens due to activation of the androgen receptor and are not reliant on knowing the
chemical structure like GC-MS-based methods. Sports supplements available on the
Australian market may contain potent androgens, and athletes and the general public should

be aware of the potential risks of sports supplements.
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