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Doping and manipulation are undesirable companions of
professional and amateur sport. Numerous adverse analytical
findings as well as confessions of athletes have demonstrated the
variety of doping agents and methods as well as the inventiveness
of cheating sportsmen. Besides ‘conventional’ misuse of drugs such
as erythropoietin and insulins, experts fear that therapeutics that
are currently undergoing clinical trials might be part of current or
future doping regimens, which aim for an increased functionality
and performance or organs and tissues. Emerging drugs such as
selective androgen receptor modulators (SARMs), hypoxia-induc-
ible factor (HIF) complex stabilizers or modulators of muscle fiber
calcium channels are considered relevant for current and future
doping controls due to their high potential for misuse in sports.

Introduction

Doping has been observed and documented in various facets, all
of which arose from the desire of athletes to gain the cutting edge
advantage over their competitors. The wish to artificially increase
athletic performance and to win by all legal, and sometimes illegal,
means is not a contemporary issue but was reported also at the time
of the ancient Olympic Games where bribery of judges, manipula-
tion of equipment, and special “diets” to enhance endurance and
strength were noted.! However, the constantly increasing knowledge
in medicine, physiology and pharmaceutical sciences have provided
virtually unlimited possibilities to influence athletic performance,
and numerous sportsmen were convicted of drug abuse and manipu-
lation since sports drug testing was officially established in 1967 by
the International Olympic Committee (IOC). The list of prohibited
substances and methods of doping has been updated on an annual
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basis, and since 2001, the World Anti-Doping Agency has taken over
the responsibility for the world-wide anti-doping fight.?

Anabolic agents, which include anabolic androgenic steroids but
also compounds of non-steroidal structure such as the B,-agonist
clenbuterol, have been the most frequently detected prohibited
compounds in doping control specimens for more than 20 years
and still represent one of the most prevalent threats to the integrity
of sport. The major goal of their misuse is reportedly the increase
of muscle strength and presumably an accelerated recovery from
intense exercise in training or competition periods. In addition, the
availability of recombinantly prepared peptide hormones such as
erythropoietin (EPO), insulins, human growth hormone (hGH),
etc., have challenged sports drug testing laboratories, and detection
methods were established years after the misuse of these (glycol)
proteins had become evident.3® The complex task of differentiating
endogenously produced peptide hormones from recombinantly
prepared analogs necessitated sophisticated strategies, which have
been constantly complemented and improved.” EPO has been
misused to increase endurance by stimulating the erythropoiesis
and, thus, the oxygen transport capacities of athletes. Insulin and
hGH have been administered for their anabolic and anti-catabolic
properties, which supposedly improve muscle tssue growth and
preservation from degradation as well as accelerated recovery and
reloading of muscle glycogen stores.?

In addition to the assumed and proved misuse of these drugs,
new substances and methods of doping and manipulation are
suspected that aim for the same ‘beneficial” effects but using different
approaches, because attempts using ‘old fashioned’ compounds
might result in adverse analytical findings in doping controls.
Hence, preventive doping research has been initiated that shall
enable an early implementation of new therapeutics that have not
(yet) received clinical approval and might enter the pharmaceutical
market in months or years.”!? Development pipelines are frequently
scouted by anti-doping researchers for new substances with great
potential for misuse in sports, and detection assays will be developed
before a widespread abuse is possible. Selected candidates such as
new anabolic agents termed selective androgen receptor modulators
(SARM), rapid acting synthetic insulins such as Humalog or Apidra,
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hypoxia-inducible factor (HIF) complex stabilizers and modulators
of muscle fiber calcium channels (e.g., S107) are presented in the
following to provide an impression which challenges sports drug
testing might have to face now or in the near future.

Selective Androgen Receptor Modulators (SARMs)

Androgen replacement therapies have been indicated in cases of
hypogonadism and wasting diseases; however, common undesirable
effects such as benign prostate hyperplasia, acne, various impaired
blood parameters and atherosclerosis have necessitated the search
alternatives, for instance non-steroidal anabolic agents.!'! A first
breakthrough was accomplished in 1998, when a SARM based on an
arylpropionamide nucleus was synthesized.!? Subsequent structure-
activity-relationship studies yielded several lead drug candidates,
which are currently undergoing phase II clinical trials, and proof-
of-concept study results have shown great promise in terms their
clinical utility. The daily administration of 3 mg of Ostarine to a
cohort of healthy volunteers over a period of 3 months yielded a
highly significant increase of 1.4 kg of lean body mass with improved
muscle strength and functionality without applying a particular diet
or exercise program.'? Besides, no undesirable effects as commonly
found in conventional steroid replacement therapies were observed
due to the tissue-selective nature of SARMs. Only androgen recep-
tors in target tissues such as muscles and bones are activated (Fig. 1),
while the stimulation of receptors in other, undesired organs such as
the prostate, are either not affected or even inhibited. Hence, it is
conceivable that these drugs, when legally or even illegally available,
will find their way into elite and amateur sport. As a consequence,
the World Anti-Doping Agency has added the class of SARMs to the
prohibited list in 2008,2 and doping control laboratories have started
screening for these drugs. A selection of most advanced SARMs with
arylpropionamide-, bicyclic hydantoin-, quinoline- and tetrahydro-
quinoline-derived nuclei is illustrated in Figure 2.

Analytically, these compounds represent new classes of targets,
which are not covered by a general detection assay due to their
diverse physicochemical properties. Arylpropionamide-based SARMs
(Fig. 2, Parts 1 and 2) are poorly detected using gas chromatographic
(GC) separation before mass spectrometric (MS) analysis, a proce-
dure that is commonly applied to anabolic steroids and respective
metabolites. In contrast, liquid chromatography-(tandem) mass
spectrometry [LC-MS(/MS)] has demonstrated excellent limits of
detection (LODs) for these SARMs, and first approaches targeting
the active drugs as well as common metabolites were recently
published.' While arylpropionamide-derived SARMs are sensitively
measured using LC-MS/MS,'> bicyclic hydantoin-based analogs
(Fig. 2, Parts 3 and 4) are hardly ionized using positive or negative
electrospray.'®!7 In order to accomplish LODs adequate for an effec-
tive anti-doping fight, adduct ion formation using methanol was
suggested to provide sufficient amounts of precursor ions for sensi-
tive and selective product ion generation and, thus, detection of these
compounds in complex matrices such as urine. In contrast, SARMs
with 2-quinolinone nucleus such as LGD-2226 (Fig. 2, Part 5) are
measured efficiently using both strategies, GC-MS and LC-MS/MS,
due to the considerable volatility of the analyte that is supported
by nine fluorine atoms within the molecule.’1? Most recently,
the analysis of a tricyclic tetrahydroquinoline-based SARM
(Fig. 2, Part 6) in spiked urine specimens was demonstrated using
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Figure 1. Stimulation (blue) and inhibition (yellow) of androgen receptors
accomplished by non-steroidal SARMs. The tissue selectivity and the simul-
taneously occurring but different effects on distinct organs is of particular
importance for steroid replacement therapies.

LC-MS/MS with positive electrospray ionization, which outlines
the enormous effort that doping control laboratories have been
dedicating to the upcoming issue of SARMs in sport.2 However,
all studies also stress the complexity of comprehensively measuring
new drugs and possible metabolites, in particular when the metabolic
pathways have not been evaluated or published.

Rapid Acting Synthetic Insulins

The number of people suffering from diabetes mellitus has been
constantly increasing over the last decades, and experts from the
International Diabetes Federation expect the disease to become the
epidemic of the 21 century.21 Hence, the need for efficient and
more convenient drugs for the treatment of diabetes mellitus has
prompted pharmaceutical companies to develop rapid- and long-
acting synthetic insulins, which differ from human insulin in their
primary structure (Fig. 3) and possess different pharmacokinetic
properties.?? Typical representatives of rapid-acting synthetic insulins
are Humalog LisPro (Fig. 3B) and Glulisine Apidra (Fig. 3C), which
are modified compared to human insulin (Fig. 3A) at the amino
acid residues B28/B29 and B3/B29, respectively.?? The effect of an
altered sequence of amino acid is the reduced aggregation of the
bioactive monomers to non-covalent hexamers, which results in
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Figure 2. Representatives of different classes of SARMs: Arylpropionamide-derived SARMs (Parts 1 and 2), bicyclic hydantoins (Parts 3 and 4), quinoline

(Part 5) and tricyclic tetrahydroquinoline (Part 6) derivatives.

a rapid availability of the active drug after subcutaneous injection
and, thus, a considerably improved controllability of the therapeutic
agent.

Insulins have been prohibited in sports for athletes that do not
suffer from insulin-dependent diabetes mellitus since 1999. Assumed
advantages resulting from the misuse of the peptide hormone are
anabolic stimuli, anti-catabolic activities as well as accelerated recov-
eries from intense exercise by an improved reloading of glycogen
stores of muscles.® In addition to the assumption that athletes might
abuse insulins for performance-enhancing properties, confessions of
sportsmen, case reports in medical journals as well as popular science
literature proved the issue of doping by means of insulin and its
synthetic derivatives. Due to the improved ease-of-use of modified
insulins, rapid-acting analogs in particular were ‘recommended’ for
misuse, 242>
synthetic derivatives was a great challenge for sports drug testing
authorities for numerous years, which enabled cheating athletes to

and the complexity to differentiate human insulin from

use the peptide hormone without getting caught in doping controls.
In 2005, a first assay enabling the mass spectrometric detection of
synthetic rapid-acting insulins in doping control plasma samples was
established based on the fact that modified primary sequences of
synthetic insulins either yield different molecular weights or different
product ion mass spectra under collision-induced dissociation
conditions. Following an immunoaffinity purification step, isolated
insulins are chromatographically separated and subjected to tandem
mass spectrometry yielding unambiguous results for three different
rapid-acting insulin analogs.?® As urine has always been the primary
specimen for doping control purposes, the assay was modified in
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2006 to allow the detection of insulin derivatives in urine samples.
Although the concentration of intact insulin was found to be at least
a factor of 10 lower than in plasma specimens, the new approach
demonstrated to be an efficient way to identify biotechnologically
modified insulins in sports drug testing.”” However, the test has
not yet allowed proving the administration of recombinant human
insulin to athletes, who are not suffering from diabetes mellitus.
Recent preliminary results on the detection of metabolic products
of insulins in human urine have shown considerable differences in
relative abundances of major metabolites when either administered
subcutaneously or produced endogenously and secreted into the
blood stream.?® Hence, the evaluation of the renally eliminated
metabolites might be an adequate way to determine whether recom-
binant human insulin is misused by athletes, if future studies will
substantiate the preliminary data.

Hypoxia-Inducible Factor Complex Stabilizers

Human oxygen sensing is primarily based on the formation of
large protein complexes, which stimulate the production of red blood
cells.?-3! In the presence of oxygen, prolyl hydroxylase isoforms cata-
lyze the modification of conserved prolines of two oxygen dependent
degradation domains in the hypoxia-inducible factor (HIF)-1c..3234
The hydroxylation of the proline residues 402 and 564 of HIF-1a
represents a ‘label’ for ubiquitylation and subsequent proteasomal
destruction.?>37 As a consequence, the presence of HIF-1a in organ-
isms is regulated in an oxygen-dependent manner, which represents
the basis of cellular oxygen sensing®®3138 and, thus, the activity of

hypoxic response genes that control angiogenic®®4? and erythropoietic
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processes.*1"43 Based on these findings, new drug candidates were
designed and tested regarding their properties to inhibit prolyl
hydroxylase activities to counteract and correct symptoms of anemia.
One of the most promising classes of candidates, which currently
undergoes phase-1T clinical trials,** comprises an isoquinoline core
such as the model compound shown in Figure 4. Various studies
proved the efficiency of the lead drug candidate FG-2216, an
orally active compound in stimulating erythropoiesis, the complete
structure of which has not been disclosed yet.4>4¢ Although not yet
commercially available, such substances possess great potential for
misuse in sports as conventional drug tests for EPO would fail if
HIF complex stabilizers would be applied. In such cases, only endog-
enously formed EPO would be detected, which does not represent
a doping violation; however, the detection of drugs stimulating the
EPO production and, thus, artificially increase the amount of red
blood cells, is considered a doping offence. EPO has been a serious
issue in sports, and numerous confessions of its misuse especially in
the 1990s have revealed the dimensions of the former and presum-
ably current prevalence. With the development of detection assays for
recombinant EPO, cheating athletes tried to find alternatives, which
some of them found in homologous and autologous blood doping.4”
Due to the laborious and dangerous nature of blood doping, drugs
such as FG-2216 might become subjects of doping attempts and
require consideration by doping control authorities. The xenobiotic
composition should allow sports drug testing laboratories to detect
trace amounts of the active drug or its metabolites in urine specimens
as recently demonstrated with a model HIF complex stabilizer, which
was analyzed and characterized using high resolution/high accuracy

tandem mass spectrometry (Fig. 4).48

Calstabin-Ryanodine-Receptor Complex Stabilizers

Muscle fatigue can have various reasons, and ventricular arrhyth-
mias resulting in sudden cardiac death have recently been associated
with the depletion of the channel-stabilizing protein calstabin2
from the ryanodine receptor-calcium release channel®-% and the
resulting aberrant release of Ca?* into the cytoplasm. Ca?* ions are of
particular importance for muscle contraction, and intracellular leaks
can cause a loss of the depolarization-induced activity. Studies on the
influence of low molecular weight compounds based on 1,4-benzo-
thiazepine structures such as JTV 519 (Fig. 5, Part 1) on ventricular
arrhythmias have demonstrated great therapeutic utility as these
substances increase the affinity of calstabin2 for ryanodine receptor
and, thus, stabilize the closed position of the Ca?* channel. In the
course of these investigations, the positive effect of benzothiazepine
derivatives on skeletal muscle exercise capacity was observed, which
resulted in improved binding of calstabinl to the skeletal muscle
ryanodine receptor (RyR1) and correspondingly in the prevention of
“leaky” Ca?* channels that would entail muscle fatigue.>>>¢ In addi-
tion to JTV 519, a structurally related drug candidate termed S107
(Fig. 5, Part 2) demonstrated great potential in increasing endurance
performance as proved with a 3-week daily swimming protocol for
mice. Wild-type animals were placed in a pool and induced to swim
twice daily, and exercise capacities were assessed once per week by
means of treadmill run to exhaustion. A significant increase of the
endurance capacity was observed, which allowed the treated mice to
run approximately 13 min longer (77.7 + 4.6 min vs. 64.7 + 1.4 min)
than the control group, which received the vehicle only. The authors
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Figure 3. Primary structures of (A) human insulin, (B) Humalog and (C)
Apidra. Modifications are highlighted by a grey background.
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Figure 4. Product ion mass spectrum of the protonated molecule of a model
compound representing a new class of HIF-complex stabilizers.

concluded that the reduction of exercise-induced Ca®* leakage
by drugs inhibiting the calstabinl depletion from RyR1 prevents
muscle damage, enhances muscle function and exercise capacity.>®
Consequently, sports drug testing authorities will have to consider a
new dimension of performance manipulation, and detection assays
are required that will allow the identification of such drugs in doping
control specimens. The structures of the lead drug candidates (Fig. 5)
indicate that common drug testing methods will be able to determine
the active drug and/or respective metabolites in urine specimens.

Conclusion

The dynamic nature of drug research and development constantly
increases the pool of therapeutics that are potentially misused in
sports due to assumed or verified performance enhancing proper-
ties. In order to minimize the risk of a head start of cheating athletes
that might administer compounds that are still undergoing clinical
evaluation, sports drug testing laboratories apply preventive doping
research approaches. These imply the monitoring of clinical trials
and the implementation of compounds, which are relevant for
doping controls, into screening methods as early as possible.

Questions and Answers

Dr. Marc R. Hammerman (Chromalloy Professor of Medicine,
Washington University School of Medicine): Thank you, Mario, for
a very interesting talk. Recently, we have collaborated with you on a
project for which you employed mass spectrometry to detect porcine
insulin in the circulation of diabetic rhesus macaques that had been
transplanted with pig pancreatic tissue.’” Could you comment on
the use of techniques you are developing for uses in addition to
detection of permormance- enhancing agents?

Dr. Mario Thevis: One of the interesting aspects of our work is
the fact that the employed techniques and methods are applicable in
various other fields of analytical chemistry. Our collaboration with

268 Organogenesis

your group is one of such examples that the sensitive and specific
detection and identification of drugs in various biological matrices
can be helpful in projects aside sports drug testing. We have been
in frequent contact also with forensic scientists and endocrinolo-
gists with regard to insulin determinations to provide supporting
information in cases of attempted or successful murders. In addition,
our analytical approaches were used to characterize growth hormone
mutants in studies concerning dwarfism, adaptation processes of
tissues, etc.

Dr. Hammerman: Can you provide us with some specific
examples (minus names) of how athletes who have used illegal
performance enhancing agents have tried to confound the testing
procedures?

Dr. Mario Thevis: Various strategies were used to beat the doping
control tests, which included for instance urine substitution. Athletes
used condoms filled with a clean urine, which were adhered to the
skin beyond the scrotum or hidden in the vagina. Using a tiny capil-
lary or simply puncturing the condom caused the clean urine to flow
into the collection beaker. Due to various reasons, some of these
attempts were revealed, for instance when a male athlete was found
‘pregnant’ because he used his wife’s urine. Another group of three
athletes provided identical urine specimens, which was uncovered
by means of steroid profiling, and DNA comparison of the doping
control urine specimens and saliva freshly collected from the athletes
demonstrated that none of the sportsmen was the producer of the
urine but very likely a relative of one of them. A more recently
uncovered strategy to undermine the drug tests was based on
proteases. Cyclists in particular confessed that they were using EPO
to boost their endurance, but they were never tested positive because
they were introducing ‘rice grains (protease granules) into their
urethra shortly before being guided to the urine collection booth.
The protease rapidly dissolved and destroyed all urinary proteins,
including the recombinant EPO, which made the test fail due to
the absence of any measurable amount of EPO. However, nowadays
protease activity and xenobiotic proteases can be detected and identi-
fied in urine specimens.

Dr. Hammerman: What has been the most ‘difficult case’ for you
to break?

Dr. Mario Thevis: Sports drug testing has been facing numerous
challenges, and several still remain unsolved, but we are not the ones
to give up. We have been working hard on detection methods for
autologous blood transfusions, growth hormones, designer drugs,
etc., and in some cases we were successful as recently demonstrated
with the finding of 3'4 generation EPO during the Tour de France.
My personally most interesting and difficult case was the discovery
of systematic doping in the Finnish cross-country skiing team in
2001. All team members, which were gold, silver and bronce medal
winners at that time, were misusing the plasma volume expander
hydroxyethyl starch (HES), and a new procedure that was developed
in my group allowed to prove the administration in respective urine
specimens. It was a great success and a great catastrophy at the same
time as | was an invited external expert supporting the local doping
control laboratory in Helsinki (Finland) and, thus, responsible for
the most probably biggest doping scandal in Finland ever.

Dr. Sanjay Jain, (Assistant Professor of Medicine and Immunology
and Pathology, Washington University School of Medicine): Are
drugs used to treat mitochondrial deficiencies used for doping
purposes by athletes?
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Dr. Thevis: A few drugs that are currently in clinical trials are
suspected to be misused, especially PPARdelta receptor activators
that are active at the mitochondrial level. There is one particular
compound termed GW1516, which has been added to the WADA
prohibited list of the forthcoming year. Also here, we are facing
a compound that has not entered the pharmaceutical market yet,
but there are other approved drugs, especially biguanides such as
metformin, which supposedly activate the PPARdelta receptor and
are widely available. However, the side effects of these on healthy
subjects have been reported unfavourable, and so it remains ques-
tionable if these are misused.

Dr. Hammerman: Could you comment about long-term side
effects related to the use of doping agents such as anabolic steroids or
human growth hormone?

Dr. Thevis: It strongly depends on what kind of drug is misused,
also in terms of anabolic androgenic steroids (AAS). AAS can lead to
cardiovascular issues such as cardiac hypertrophy, impaired diastolic
function and atherosclerosis attributed to decreased serum levels
of HDL and increased concentrations of LDL. Prostate growth,
acne, and in case of women, virilisation that includes a deeper voice
and increased facial hair, were reported. Severe cases were docu-
mented regarding female athletes of the former German Democratic
Republic (GDR), who converted to male persons. A particular liver
toxicity was observed with 17-alkylated steroids such as methyltes-
tosterone and metandienone that reportedly cause benign hepatic
adenomas as well as hepatocellular carcinoma. In addition, men
frequently suffered from irreversible gynaecomastia as a share of
AAS is converted into female sex hormones, and those promote the
growth of breasts in men.

Dr. Eduardo Slatopolsky (Joseph Friedman Professor of Medicine,
Washington University School of Medicine): What are the levels of
circulating testosterone that you measure in athletes who misuse
these anabolic agents? Do high levels correlate with more severe side
effects?

Dr. Thevis: That is very difficult to answer because the people
that have misused AAS are commonly not permanently under
clinical observation. We see undesired effects 10 or 15 years later,
and then it becomes speculation whether these are all due to the
misuse of steroids and, if so, caused by which amounts. In addition,
we commonly measure urine samples rather than plasma or blood
specimens.

Dr. Slatopolsky: Is this bound or free testosterone that you are
measuring?

Dr. Thevis: This is usually total and free testosterone.

Dr. Adriana Dusso (Associate Professor of Medicine, Washington
University School of Medicine): Does the use of hypoxia-inducible
factor (HIF) complex stabilizers correlate with development of renal
carcinoma?

Dr. Thevis: Unfortunately, I can not comment on this question. I
looked up clinical trial data for HIF stabilizers, but to my knowledge
there is no information on long term consequences available.

Dr. George Jarad (Instructor in Medicine, Washington University
School of Medicine): Why is insulin is on the banned substance list?

Dr. Thevis: There are several reasons. Insulin has an anabolic
effect, in particular in combination with growth hormone and
anabolic steroids, which results in a cockrail that cheating athletes
prefer to use, and in addition to that, insulin has proven to accelerate
the restoration of glycogen stores. If you are competing each day or
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Figure 5. Product ion mass spectra of the drug candidates modulating
calcium ion channels in muscle fibers: JTV 519 (A) and S107 (B).

even several times a day, an accelerated regeneration is rather impor-
tant and helpful.

Dr. Jarad: It seems to me that if erythropoietin is a banned
substance, the use of a hypoxia chamber should be considered
doping, or perhaps even training at high altitudes.

Dr. Thevis: I perfectly agree, and the use of hypoxia chambers has
been questioned several times if this is technical doping or not. With
regard to high altitude training, we should consider what finally
constitutes a doping offense. It is the misuse of drugs and methods.
So everything which you can accomplish with natural, normal work-
out and training is not doping, but the administration of a drug
without indication is.

Dr. Hammerman: Could you comment about record-setting
performances in decades prior to development of definitive drug
testing that haven’t been approached since?

Dr. Thevis: A good example how important efficient sports drug
testing is, is the comparison of results obtained for instance in 1980

269



Doping and manipulation

and 2008. The gold medal winner in women’s shot put this year in
Beijing reached 20.56 m; at the Olympic Games in Moscow 1980,
the gold medal winner was able to beat this result by almost 2 m
(22.41 m), and it is very likely that this year’s Olympic champion
would not even have reached the finals. So we can assume that such
records will be unbroken forever.

Dr. Hammerman: Does the use of muscle fiber calcium channels
modulators ever result in a post-exertional rhabdomyolysis?

Dr. Thevis: That is a good question; of course we do not know
anything about the side effects yet, especially not in healthy humans.
The studies we know about so far were using rat models but not
healthy human elite athletes. But what was demonstrated is that
the modifications of rat muscles and human cyclists under exercise
conditions were highly comparable, and thus it is conceivable that
drugs such as S107 might enable human athletes to compete longer
and/or better than usual. However, if signals of fatigue are not sent or
recognized anymore, severe health problems and possibly even more
serious consequences are possible.
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