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The class of selective androgen receptor modulators (SARMs) has been the subject of intense and
dedicated clinical research over the past two decades. Potential therapeutic applications of SARMs are
manifold and focus particularly on the treatment of conditions manifesting in muscle loss such as general
sarcopenia, cancer-associated cachexia, muscular dystrophy, etc. Consequently, based on the substantial
muscle- and bone-anabolic properties of SARMs, these agents constitute substances with signiﬁcant
potential for misuse in sport and have therefore been added to the Word Anti-Doping Agency's (WADA's)
Prohibited List in 2008. Since then, numerous adverse analytical ﬁndings have been reported for various
different SARMs, which has underlined the importance of proactive and preventive anti-doping measures concerning emerging drugs such as these anabolic agents, which have evidently been misused in
sport despite the fact that none of these SARMs has yet received full clinical approval. In this review,
analytical data on SARMs generated in the context of research conducted for sports drug testing purposes
are summarized and state-of-the-art test methods aiming at intact drugs as well as diagnostic urinary
metabolites are discussed. Doping control analytical approaches predominantly rely on chromatography
hyphenated to mass spectrometry, which have allowed for appropriately covering the considerable variety of pharmacophores present in SARMs such as the non-steroidal representatives ACP-105, BMS564929, GLPG0492 (DT-200), LG-121071, LGD-2226, LGD-4033/VK 5211, ostarine/enobosarm, RAD-140,
S-40503, etc. as well as steroidal compounds such as MK-0773 and YK-11.
© 2017 Elsevier B.V. All rights reserved.
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1. Introduction
The utility of anabolic agents as therapeutics in addressing
conditions of muscle wasting, particularly in cases of different
forms of cachexia (Dalton et al., 2013; Srinath and Dobs, 2014;
Bhasin et al., 2006; Cadilla and Turnbull, 2006; Chen et al., 2002,
2005; Gao and Dalton, 2007; Mohler et al., 2009; Zilbermint and
Dobs, 2009), has been considered frequently in the past. In addition, the management of sarcopenia and frailty (O'Connell and Wu,
2014; Siparsky et al., 2014; Kilbourne et al., 2007) as well as
hypogonadism (Coss et al., 2014) by means of anabolic agents has
been shown to receive continuously growing interest, supported
and fueled by the constantly expanding information on new drug
entities commonly referred to as selective androgen receptor
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modulators (SARMs). To date, no SARM has yet received full clinical
approval. Nevertheless, due to the enormous muscle- and boneanabolic properties of SARMs as evidenced in numerous preclinical and clinical studies (Dalton et al., 2013; Choi and Lee, 2015;
Zhang and Sui, 2013), the potential for misuse in the context of
amateur and elite sport has been recognized and led to the inclusion of SARMs into the World Anti-Doping Agency's (WADA's)
Prohibited List (World Anti-Doping Agency, 2016a) in 2008. First
adverse analytical ﬁndings (AAFs) for SARMs were reported in 2010
(Grata et al., 2011; Starcevic et al., 2013; Cox and Eichner, 2017) and
since the number of AAFs for this class of compounds has been
constantly increasing (World Anti-Doping Agency, 2016b), indicating the relevance of doping control analytical procedures
enabling the comprehensive detection of SARMs misuse.
Most sports drug testing approaches allowing to efﬁciently
analyze for SARMs are based on multi-analyte low- or highresolution mass spectrometric methods (Thevis et al., 2015a,
2016, 2011a). These methods largely necessitate the knowledge
about the drugs’ composition and metabolic fate in humans, but
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especially the information on metabolic biotransformation is, to
date, rather limited in the scientiﬁc literature. Therefore, drug
candidates (where available) have commonly been subjected to indepth chromatographic-mass spectrometric studies in order to
provide analytical data for the evaluation of subsequent in vitro or
animal metabolism studies. From these, preliminary target analytes
for human sports drug testing procedures can be construed until
conﬁrmed or substituted by analytes derived from authentic drug
elimination study specimens offering e.g. superior detection windows. An emerging alternative strategy to the aforementioned
mass spectrometric approaches enabling comprehensive initial
testing for anabolic agents in sports has been the use of androgen
receptor-based bioassays. While currently not routinely employed
in doping control laboratories, advantages and limitations of this
methodology for sports drug testing purposes have been assessed
as recently summarized elsewhere (Cadwallader et al., 2011; Bailey
et al., 2016; Campana et al., 2015). In this review, an overview about
mass spectrometric data of selected SARMs of steroidal and nonsteroidal pharmacophores is presented, and principles and performance characteristics of corresponding routine doping control
analytical assays are discussed.
2. Mass spectrometry of SARMs
The class of drug candidates referred to as SARMs includes a
considerable variety of chemical core structures, which can
generally be categorized into steroidal and non-steroidal compounds (Table 1). Within these categories, drug entities of substantially different physico-chemical properties exist, which have
necessitated comprehensive studies concerning the substances'
ionization and collision-induced dissociation (CID) behaviors to
generate the information required for the analytes’ implementation
into existing routine sports drug testing programs or for establishing dedicated and SARM-speciﬁc analytical assays.
Mass spectrometric data and detection methods for selected
arylpropionamide-, quinolinone-, tetrahydroquinoline, and
hydantoin-derived SARMs such as the compounds 1e6, 7 and 10, 11,
and 15, respectively (Fig. 1), have been the subject of comprehen€nzer, 2008; Thevis, 2010).
sive reviews before (Thevis and Scha
Hence, in this report, mass spectral data of SARMs and corresponding metabolites comprising of phenyl-oxadiazole-, tropanol-,
pyrrolidinyl-benzonitrile-, diarylimidazolidinedione-, and steroidrelated pharmacophores such as RAD140 (17), ACP-105 (18), LGD4033 (20), GLPG0492 (30), and MK-0773 (34) as well as YK-11
(37), respectively, are discussed.
2.1. RAD140
RAD140
(2-chloro-4-(((1R,2S)-1-(5-(4-cyanophenyl)-1,3,4oxadiazol-2-yl)-2-hydroxypropyl)amino)-3-methylbenzonitrile,
Fig. 1, 17) was ﬁrst referred to as a new drug entity with SARM-like
properties in 2011 (Miller et al., 2011). Owing to the presence of a
1,3,4-oxadiazole moiety (Trifonov and Ostrovskii, 2006), RAD140 is
readily ionized using positive electrospray ionization (ESI). The
protonated molecule [MþH]þ of 17 is found at m/z 394 and dissociates under CID conditions into three major product ions observed
at m/z 223, 205, and 172 (Fig. 2a), the formation of which was
suggested to result from a charge-driven dissociation process as
illustrated in Scheme 1 (Thevis et al., 2013). Following protonation
of 17, the oxadiazole residue was shown to be eliminated inclusive
of the 2-positioned substituent, yielding the abundant product ion
at m/z 223, attributed to the protonated species of 2-chloro-4-((2hydroxypropylidene)amino)-3-methylbenzonitrile. This ion was
shown to undergo further dissociation processes including the loss
of water and a chlorine radical, resulting in additional diagnostic
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product ions at m/z 205 and 170 (Scheme 1). Moreover, a product
ion characterizing the 4-(1,3,4-oxadiazol-2-yl)benzonitrile residue
of 17 is given at m/z 172, which was proposed to represent the
counterpart to m/z 223 as supported by the analysis of a ﬁrst generation analog to RAD140. Due to the presence of a 2-phenyl-1,3,4oxadiazole moiety instead of a 4-(1,3,4-oxadiazol-2-yl)benzonitrile
residue in the RAD140 analog, a product ion decremented by 25 Da
was found accordingly at m/z 147 (Thevis et al., 2013).
Complementary, Sobolevsky et al. studied RAD140 using negative ESI (Sobolevsky et al., 2013). Following deprotonation, the
precursor ion of RAD140 [M-H]- at m/z 392 rapidly eliminates
acetaldehyde (44 Da), yielding the product ion at m/z 348 as
depicted in Fig. 2b. Further abundant and/or diagnostic product
ions are observed at m/z 321, 175, 165, and 127, attributable to the
loss of HCN (27 Da) from m/z 348 and the formation of deprotonated 4-chloro-indole-5-carbonitrile, deprotonated 4-amino-2chloro-3-methylbenzonitrile, and deprotonated terephthalonitrile,
respectively. This information was subsequently utilized to study
in vitro-as well as in vivo-derived biotransformation products. The
analyses of metabolism study samples demonstrated a substantial
metabolic stability of RAD140 and only two monohydroxylated
species of yet unconﬁrmed structure were observed. Due to an
increment of the drug candidate's product ion at m/z 175, which
was tentatively assigned to the 2-chloro-3-methylbenzonitrile
moiety of RAD140 (vide supra), by 16 Da, hydroxylation at this
residue was proposed (Sobolevsky et al., 2013). Using liquid chromatography (LC)-tandem mass spectrometry (MS/MS) employing a
triple quadrupole (QqQ) instrument, administration study urine
samples were analyzed in multiple reaction monitoring (MRM)
mode. Both the administered drug as well as the monohydroxylated metabolites were detected using diagnostic
precursor-product ion pairs following enzymatic hydrolysis of
respective glucuronic acid conjugates. Since unconjugated metabolites were not observed, the implementation of RAD140 into
routine doping controls either necessitates targeting the intact
conjugates (when applying direct urine injection procedures) or
the inclusion of the deconjugated analytes into methods that
employ hydrolytic sample work-up steps. According to Sobolevsky
et al., aiming at RAD140 rather than its hydroxylated metabolites is
favored due to more abundant signals observed in the pilot drug
elimination study (Sobolevsky et al., 2013).
2.2. ACP-105 and AC262536
The SARM-like properties of the tropanol-based compounds
such as AC262536 and ACP-105 (Fig. 1, 18 and 19) were ﬁrst reported in 2008 (Piu et al., 2008; Schlienger et al., 2009), justifying a
preventive and proactive consideration of these substances in an
anti-doping context. Due to the alkaline nature of most tropine
derivatives (Prankerd, 2007), positive ESI efﬁciently produces
protonated species of both SARMs, which dissociate into various
diagnostic product ions under CID conditions as illustrated in
Fig. 3a and b. The dissociation pattern of ACP-105 was studied in
great detail (Thevis et al., 2013), suggesting distinct routes of
product ion formation that are applicable also to the structural
analog AC262536. As exempliﬁed with AC262536 in Scheme 2,
protonation of the analytes is followed by comprehensive fragmentation of the tropine moiety upon collisional activation,
yielding product ions that indicate the immediate as well as stepwise elimination of the azabicyclo[3.2.1]octan-3-ol residue. The
formation of the product ions at m/z 169 and 195 for instance are
plausibly explained by losses of cycloheptadienol (110 Da) and
cyclopentenol (84 Da), respectively, while the ions at m/z 235 and
179 as well as m/z 261 and 181 are proposed to result from
consecutive eliminations of acetaldehyde (44 Da) plus butene
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Table 1
Structure characteristics of selected SARMs.
No.

SARM

Elemental
composition

Pharmacophore

Molecular
mass (Da)

Refs.
structure

test method
(Thevis et al., 2006)
(Grata et al., 2011; Starcevic et al., 2013; Guddat
et al., 2011; Musenga and Cowan, 2013; Thevis
et al., 2006)
(Thevis et al., 2006)
(Musenga and Cowan, 2013; Thevis et al.,
2011b)
(Thevis et al., 2010)

1
2

S-1
S-4 (Andarine)

C17H14F4N2O5
C19H18F3N3O6

arylpropionamide
arylpropionamide

402.0839
441.1148

(Kim et al., 2005)
(Zhang and Sui, 2013)

3
4

S-9
S-22 (Ostarine)

C17H14ClF3N2O5
C19H14F3N3O3

arylpropionamide
arylpropionamide

418.0543
389.0987

(Marhefka et al., 2004)
(Zhang and Sui, 2013)

5
6
7
8
9
10
11
12
13
14
15

S-23
S-24
LGD-2226
LGD-2941
LGD-3303
LG-121071
S-40503
S-101479
S-49288
JNJ-28330835
BMS-564929

C18H13ClF4N2O3
C18H14F4N2O3
C14H9F9N2O
C17H16F6N2O2
C16H14ClF3N2O
C15H15F3N2O
C15H23N3O3
C26H24F2N4O3
C25H26N4O
C14H10F6N4O
C14H12ClN3O3

arylpropionamide
arylpropionamide
quinolinone
quinolinone
quinolinone
quinolinone
tetrahydroquinoline
tetrahydroquinoline
tetrahydroquinoline
phenyl-pyrazol-carboxamide
hydantoin

416.0551
382.0941
392.0571
394.1116
342.0747
296.1136
293.1739
478.1816
398.2107
364.0759
305.0567

(Jones et al., 2009)
(Krug et al., 2012)
(Zhang and Sui, 2013)
(Zhang and Sui, 2013)
(Zhang and Sui, 2013)
(Gerace et al., 2011a)
(Zhang and Sui, 2013)
(Dalton et al., 2013)
(Furuya et al., 2013)
(Zhang and Sui, 2013)
(Zhang and Sui, 2013)

16
17
18
19
20

JNJ-37654032
RAD140
AC262536
ACP-105
LGD-4033/VK 5211

C11H7Cl2F3N2O
C20H16ClN5O2
C18H18N2O
C16H19ClN2O
C14H12F6N2O

benzoimidazole
phenyl-oxadiazole
tropanol
tropanol
pyrrolidinyl-benzonitrile

309.9888
393.0993
278.1419
290.1186
338.0854

(Zhang and Sui, 2013)
(Zhang and Sui, 2013)
(Zhang and Sui, 2013)
(Zhang and Sui, 2013)
(Krug et al., 2014)

21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38

RAD35010
Ly2452473
FTBU-1
2-FPA
Compound 6
Compound 15
Compound 17h
Compound 17j
Compound 17m
GLPG0492 (DT-200)
GLPG0634
MK-3984
NEP28
MK-0773
Cl-4-AS-1
TFM-4AS-1
YK-11
S-42

C13H11ClF3NO
C23H23N3O2
C19H16FN5OS
C17H19FN2O
C14H17ClN2O
C19H17FN2O3
C16H16N2O
C17H18N2O
C16H16N2O
C19H14F3N3O3
C19H14F3N3O3
C17H12F7NO2
C10H10BrF3N2S
C27H34FN5O2
C26H33ClN2O2
C27H33F3N2O2
C25H34O6
C21H28O

indole
indole
benzoimidazole
pyridinylmethanamide
cyclopentyl-benzonitrile
phenoxypropanoyl-indoline
pyrrolidinyl-naphthonitrile
pyrrolidinyl-naphthonitrile
pyrrolidinyl-naphthonitrile
diarylhydantoin
diarylhydantoin
phenylmethanamide
thiophene
steroidal
steroidal
steroidal
steroidal
steroidal

289.0481
373.1790
381.1060
286.1481
264.1029
340.1223
252.1263
266.1419
252.1263
389.0987
389.0987
395.0756
325.9700
479.2697
440.2231
474.2494
430.2355
296.2140

(Zhang and Sui, 2013)
(Dalton et al., 2013)
(Zhang and Sui, 2013)
(Zhang and Sui, 2013)
(Saeed et al., 2016)
(Chekler et al., 2014)
(Aikawa et al., 2015)
(Aikawa et al., 2015)
(Aikawa et al., 2015)
(Nique et al., 2012b)
(Dalton et al., 2013)
(Dalton et al., 2013)
(Akita et al., 2013)
(Zhang and Sui, 2013)
(Zhang and Sui, 2013)
(Zhang and Sui, 2013)
(Zhang and Sui, 2013)
(Zhang and Sui, 2013)

(56 Da) and water (18 Da) plus 2-methyl-cyclohexa-1,3-diene
(80 Da) (Scheme 2). Noteworthy, despite compositional differences in the charge-retaining aromatic structures of AC262536 and
ACP-105 (i.e. 4-amino-naphthonitrile and 4-amino-2-chloro-3methylbenzonitrile, respectively), dissociation pathways were
found to be of particular similarity. Based on these data, tentative
structure assignments for in vitro and in vivo generated metabolites
of these SARMs have become feasible as demonstrated in Fig. 3c
and d. Using human liver microsomal preparations, AC262536
yielded several monohydroxylated analogs with oxygenations being located at the naphthyl residue of the drug candidate as supported by the accurate mass of the hydroxylated intact analyte and
diagnostic product ions observed at m/z 185, 195, and 211 (Fig. 3c).
Especially the shift of m/z 169 of the unmodiﬁed AC262536 to m/z
185 limits the potential hydroxylation sites exclusively to the aromatic ring system of the drug candidate. For ACP-105, in vivo
metabolism data were available derived from animal studies
(Thevis et al., 2014). Eight abundant phase-I metabolites including
three mono- and ﬁve bishydroxylated compounds were reported,
with bishydroxylated analytes being detectable for more than 6
days in the animals’ urine samples following a single oral dose of
ACP-105. The product ion mass spectrum of a representative
metabolic product is depicted in Fig. 3d, where (based on MS data

(Thevis et al., 2007)

(Gerace et al., 2011b; Knoop et al., 2015)
(Thevis et al., 2009b; Thevis et al., 2008a)

(Thevis et al., 2008b; Thevis et al., 2008c; Thevis
et al., 2008d)
(Thevis et al., 2013; Sobolevsky et al., 2013)
(Thevis et al., 2013; Thevis et al., 2014)
(Cox and Eichner, 2017; Thevis et al., 2015b;
Geldof et al., 2016; Sobolevsky et al., 2015)

(Lagojda et al., 2016)

interpretation) both newly introduced hydroxyl functions were
located within the tropanol residue.
For the analysis of ACP-105 and its metabolites, a routine doping
control test method was applied employing enzymatic hydrolysis
with b-glucuronidase followed by liquid-liquid extraction (LLE) of
the hydrolyzed urine specimen and subsequent LC-MS/MS analysis
using a quadrupole-orbitrap high resolution/high accuracy mass
spectrometer, demonstrating the capability of the approach to
unequivocally identify ACP-105 biotransformation products in
urine samples. Whether the metabolites observed in the laboratory
rodent study represent the best target analytes also for humans will
necessitate further investigations; however, a comprehensive
whilst preliminary picture on potential metabolic conversion
products is given.
2.3. LGD-4033
Reports on LGD-4033 (4-(2-((S)-2,2,2-triﬂuoro-1-hydroxyethyl)
pyrrolidin-1-yl)-2-(triﬂuoromethyl)-benzonitrile, Fig. 1, 20), its
pharmacokinetics and effects on healthy young male individuals
were published only in 2013 (Basaria et al., 2013); however, LGD4033 has readily found its way into illicit distribution (Krug et al.,
2014) and use (Cox and Eichner, 2017), necessitating adequate
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Fig. 1. Structures of selected SARMs; numbers are in accordance to Table 1.
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Fig. 2. Product ion mass spectra of RAD140 (17) following a) positive ESI and b) negative ESI.

Scheme 1. Proposed dissociation pathway of the protonated molecule [MþH]þ of RAD140 under CID conditions.

test methods and information on the drug's and its metabolites'
analytical behavior. LGD-4033 and corresponding in vitro as well as
electrochemically derived phase-I metabolites were ﬁrst studied
using LC-MS(/MS) with negative ESI (Thevis et al., 2015b). The
formation of abundant and diagnostic product ions of LGD-4033
(Fig. 4a) from [M-H]- included the species at m/z 267, 239, and
170, which were attributed to the consecutive losses of triﬂuoromethane (70 Da), ethene (28 Da), and azirine-3-carbaldehyde
(69 Da). Further, positive ESI-MS/MS studies were conducted
(Geldof et al., 2016; Sobolevsky et al., 2015), where the protonated
molecule of LGD-4033 [MþH]þ at m/z 339 dissociated predominantly into product ions at m/z 240, 220, and 199 (Fig. 4b), which
were suggested to result from the elimination of a triﬂuoroethanol
radical (99 Da) followed by the loss of HF (20 Da), and the formation
of a 4-cyano-N-methylene-3-(triﬂuoromethyl)benzenaminium ion,

respectively (Geldof et al., 2016). Albeit no supporting evidence for
the rather unusual radical formation of both the leaving group as
well as the charge-retaining moiety was given, the accurate masses
of the obtained product ions corroborate the proposed pathways.
Further, electron ionization (EI)-MS was employed to provide
additional information on the target analyte following trimethylsilylation (Fig. 4c) (Geldof et al., 2016; Sobolevsky et al., 2015),
yielding a mass spectrum primarily characterizing the pyrrolidinyl2-triﬂuoromethyl-benzonitrile moiety. Here, fragment ions at m/z
239 (attributed to the loss of trimethyl(2,2,2-triﬂuoroethoxy)silane
from the molecular ion at m/z 410), and 197 (subsequent loss of
cyclopropane) indicate the charge-remaining structures of the trimethylsilylated derivative of LGD-4033. The combined information
on in vitro-derived metabolites is illustrated in Fig. 5, accounting for
a total of nine metabolites, two of which have been conﬁrmed by
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Fig. 3. ESI product ion mass spectra of a) AC262536 (18), b) ACP-105 (19), and corresponding metabolites. The monohydroxylated species of 18 was derived via in vitro incubation
using human liver microsomal preparations (c), and the bishydroxylated ACP-105 (d) was found in rat urine after oral administration of the SARM drug candidate.

nuclear magnetic resonance spectroscopy (Thevis et al., 2015b). By
means of an administration study with a single oral dose of 6 mg of
LGD-4033 (Sobolevsky et al., 2015) as well as in the course of
authentic AAFs (Cox and Eichner, 2017), the relevance and utility of
particularly the bishydroxylated species of LGD-4033 (Fig. 5, M4)
was demonstrated, which was traceable at least up to 10 days post
application. Noteworthy, all three approaches using LC-MS/MS in
positive and negative ESI mode and gas chromatography (GC)-EIMS/MS proved capable of analyzing LGD-4033 and relevant metabolic products in urine specimens (Cox and Eichner, 2017;
Sobolevsky et al., 2015). Due to the fact that LGD-4033 is excreted
predominantly as glucuronic acid conjugate (Sobolevsky et al.,
2015), the implementation of the SARM and its main metabolite(s) into routine doping control procedures employing an enzymatic hydrolysis step is recommended, although M4 was shown to
be eliminated unconjugated and can readily be targeted also by
dilute and inject approaches.
2.4. GLPG0492 (DT-200)
The capability of diarylhydantoins to exhibit SARM-like

properties was reported in 2012 as exempliﬁed with the compound
(þ)-4-[3,4-dimethyl-2,5-dioxo-4-(4-hydroxyphenyl)imidazolidin1-yl]-2-(triﬂuoromethyl)-benzonitrile (Nique et al., 2012a) and,
furthermore, the subsequently identiﬁed lead drug candidate
GLPG0492 (Fig. 1, 30) (Nique et al., 2012b). Its therapeutic potential
regarding the treatment of musculo-skeletal atrophy was studied in
2013 and 2014, demonstrating improved muscle performance and
reduced loss of muscle tissue in animal models of Duchenne
muscular dystrophy (DMD) and hindlimb immobilization, respectively (Cozzoli et al., 2013; Blanque et al., 2014). Availability and
therapeutic promise suggest its preventive and proactive implementation into sports drug testing programs; however, mass
spectral information on the active drug and potential metabolic
products is currently scarce. In Fig. 6a, the ESI product ion mass
spectrum of the protonated molecule [MþH]þ of GLPG0492 at m/z
390 is shown, which readily eliminates formaldehyde (30 Da) under CID conditions to yield the product ion at m/z 360. The loss of
formaldehyde is suggested to include the 4-positioned hydroxymethyl group of GLPG0492, and the charge-retaining product ion
(m/z 360) is proposed to further yield m/z 340 by the loss of HF
(20 Da) and m/z 118 (C8H8Nþ), tentatively attributed to the cation of
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Scheme 2. Suggested dissociation route of the protonated molecule [MþH]þ of AC262536 under CID conditions.

N-benzylmethanamine. Additional diagnostic ions are observed at
m/z 150 and 132, which are postulated to result from a cleavage of
the hydantoin moiety consecutively forming the cations of 2(methylamino)-2-phenylethanol (m/z 150) and its dehydratisation
product (m/z 132). Accordingly, the in vitro derived metabolite
illustrated in Fig. 6b is suggested to contain a hydroxyl function at
the phenyl residue as supported by respective product ions incremented by 16 Da. In particular, the ions at m/z 132 and 150 have
shifted to m/z 148 respectively m/z 166, corroborating the introduction of a hydroxyl group into the 4-positioned phenyl moiety.
Further studies are however necessary to provide sufﬁcient insights
into the formation of (urinary) metabolites of GLPG0492, which
allow for monitoring a more comprehensive metabolite pattern
and thus enable more efﬁcient doping controls for this compound.
2.5. MK0773
In 2010, Schmidt et al. reported on the design and discovery of
the steroidal SARM MK-0773 (Fig. 1, 33) (Schmidt et al., 2010),
which was particularly interesting considering an apparent trend
towards non-steroidal SARMs observed over the past decade. The
drug candidate comprising of a 4-aza-steroid nucleus has since
been developed and underwent phase-IIa clinical trials in 2013
(Papanicolaou et al., 2013), where androgenization was not
observed but a signiﬁcant increase in lean body mass was noted. In
order to allow for appropriate analytics in doping controls, also this
drug candidate was studied using positive ESI-MS/MS, providing
valuable information on the analyte's dissociation behavior and
characteristic product ions that support identifying metabolically
induced modiﬁcations of the molecule. In Fig. 7a, the product ion
mass spectrum of MK-0773 is shown, indicating the dissociation of
the molecule predominantly into a steroidal and an imidazo[4,5-b]
pyridinyl-methanamine-derived moiety following protonation and
CID (Lagojda et al., 2016). More accurately, the product ion at m/z
304 was tentatively suggested to result from the neutral loss of N((3H-imidazo[4,5-b]pyridin-2-yl)methyl)formamide (176 Da) and
m/z 149 was proposed to consist of protonated (3H-imidazo[4,5-b]
pyridin-2-yl)methanamine as supported by accurate mass

measurements. The product ion at m/z 132 was shown to result
from a subsequent elimination of ammonia (17 Da) from m/z 149
(Lagojda et al., 2016).
In the absence of published data on metabolites formed from
MK-0773, metabolic transformation reactions were simulated using human liver microsomal preparations and electrochemical
conversion to provide analytical data on potential target analytes
for routine doping controls (Lagojda et al., 2016). These in vitro
metabolism studies led to the identiﬁcation of 10 monooxygenated
species of MK-0773 including MS- and NMR-conﬁrmed metabolites
hydroxylated at position 5 (M1), position 20 (M3), and position 7’
(M7) as well as tentatively assigned N-oxides as supported by
comparative ESI/APCI analytics. Oxygenation of the imidazo[4,5-b]
pyridinyl moiety is readily identiﬁed by an increment of the
product ions at m/z 132 and 149 to m/z 148 and 165 (Fig. 7c),
respectively, while conversely the hydroxylation at position 20
(M3) is characterized using MS/MS experiments by a considerably
fragile precursor ion at m/z 496 and the immediate loss of formaldehyde (30 Da) forming the base peak at m/z 466 (Fig. 7b).
Further, the product ion at m/z 290 corresponds to m/z 304 of the
unmodiﬁed MK-0773 (Fig. 7a), supporting the formal dealkylation
of the steroidal core structure. In both metabolism simulation approaches, i.e. using human liver microsomal preparations and
electrochemical conversion, M3 was found to be the main metabolite, which was particularly noteworthy considering the fact that
N-hydroxymethyl species are commonly considered as metabolic
intermediates in oxidative dealkylation reactions (Karki et al.,
1995). Only in vivo studies will allow to clarify whether this
metabolite M3 (Fig. 7b) will be eliminated into urine or if other
analytes such as the imidazo[4,5-b]pyridinyl-hydroxylated M7
(Fig. 7c) or the proposed N-oxides M8 and M9 (Fig. 7d) represent
superior target compounds for routine doping controls.
2.6. YK-11
Reference to YK-11 ((17a,20E)-17,20-[(1-methoxyethylidene)
bis(oxy)]-3-oxo-19-norpregna-4,20-diene21-carboxylic
acid
methyl ester, Fig. 1, 37) as a steroidal SARM with partial agonistic

€nzer / Molecular and Cellular Endocrinology 464 (2018) 34e45
M. Thevis, W. Scha

41

Fig. 4. ESI product ion mass spectra of LGD-4033 following a) negative ionization and b) positive ionization. Under c) the EI mass spectrum of LGD-4033 after trimethylsilylation is
shown.

activity was ﬁrst published by Kanno et al. in 2011 (Kanno et al.,
2011). Its mode of action was reported to include the induction of
follistatin expression (Kanno et al., 2013), an extracellular protein
that inhibits the myogenic differentiation rate-limiting signaling
cascade triggered by selected transforming growth factor b (TGF-b)
family members. Whilst clinical trial data are not available, YK-11
has become available via Internet-based suppliers and controlling
its potential misuse in professional sport necessitates expanding
existing analytical approaches. Due to its steroidal nature, both GCMS and LC-MS(/MS)-based test methods appear to represent viable
options to target YK-11 and/or its metabolic products in doping
controls. EI-MS and ESI-MS/MS spectra of YK-11 are illustrated in
Fig. 8, with the EI-MS spectrum recorded after trimethylsilylation of
the analyte. The molecular ion Mþ is observed at m/z 502 and a
fragment ion indicating the loss of CH4O (32 Da) is found at m/z 470,
suggesting an immediate ionization-induced or rearrangementcaused elimination of methanol from the substituted 1,3dioxolane moiety of the molecule. A subsequent loss of ketene
(42 Da) is proposed to yield the radical cation at m/z 428, which
then forms the fragment ion at m/z 327 by releasing C4H5O3
(tentatively attributed to the radical of methyl 3-oxopropanoate).

The ions at m/z 327, 194 and 133 are suggested to characterize the
steroidal moiety with m/z 133 and 194 being complementary
fragments of the steroid's C/D- and A/B-ring, respectively.
Using positive electrospray ionization, the obtained protonated
molecule [MþH]þ of YK-11 at m/z 431 follows a similar dissociation
pattern as the trimethylsilylated YK-11 under EI conditions
(Fig. 8b). It was found to be of low stability, and depending on the
ion source geometry and applied voltages, not the protonated
molecule but an in-source generated product ion at m/z 399 is
obtained (unpublished data). The loss of methanol (32 Da) from
[MþH]þ at m/z 431 is suggested to give rise to the product ion at m/z
399, which subsequently expels ketene (42 Da) to form the product
ion at m/z 357. The base peak generated from [MþH]þ using gentle
CID (collision offset voltage of 10 V) is found at m/z 325, the generation of which is proposed to involve also the formation of m/z
399, arguably via the elimination of methanol from the methyl
ester moiety. The intermediately formed ion at m/z 399 then allows
for a 1,3-dioxolane ring opening resulting in the loss of methyl
acetate (74 Da), which produces the product ion at m/z 325.
While this information supports the identiﬁcation of YK-11 itself, additional data on its metabolism is required to enable
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Fig. 5. Proposed structures of in vitro-derived metabolites of LGD-4033 (Cox and Eichner, 2017; Thevis et al., 2015b; Geldof et al., 2016; Sobolevsky et al., 2015). M1 and M4 were
conﬁrmed by NMR (Thevis et al., 2015b) with M4 representing a viable target analyte identiﬁed in doping control urine samples (Cox and Eichner, 2017) as well as elimination study
urine specimens (Sobolevsky et al., 2015). All other structures are tentatively assigned by mass spectrometric data only.

Fig. 6. ESI product ion mass spectra of a) GLPG0492 (30) and a corresponding in vitro derived phase-I metabolite with tentatively assigned structure.

effective doping controls. In accordance to structurally related
steroidal compounds such as e.g. 19-nortestosterone, biotransformation affecting the A-ring of YK-11 are anticipated; however,
predictions concerning the metabolic behavior of the substituted
1,3-dioxolane moiety remain difﬁcult. Hence, in vitro and/or in vivo
metabolism studies are required to provide sports drug testing
laboratories with appropriate target analytes, enabling them to
sensitively test for this SARM drug candidate.
3. (Multi-analyte) test methods
In consideration of the continuously growing exigencies that
anti-doping laboratories are facing (Thevis et al., 2016; Thevis and

€nzer, 2016), methodology-driven rather than drug-class
Scha
dictated multi-analyte test methods have been established
€nzer and Thevis, 2017) to allow for the timely and fast inclu(Scha
sion of target analytes into routine doping controls. Among these
target analytes, also SARMs have been implemented into dedicated
€nzer, 2008, 2010) as well as multi-analyte test
(Thevis and Scha
methods (Guddat et al., 2011; Musenga and Cowan, 2013) and
references for recommended further reading are listed in Table 1.
For instance, Musenga and Cowan (2013) described a high
throughput initial testing method utilizing ultrahigh pressure LC
interfaced to high resolution MS, covering a total of 182 target
analytes classiﬁed as prohibited by WADA. Among these, andarine
and ostarine were explicitly covered with LODs <5 ng/mL using full
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Fig. 7. ESI product ion mass spectra of a) MK-0773 (33) and corresponding phase-I metabolites with NMR-conﬁrmed (b and c) as well as proposed (d) structures.

Fig. 8. a) EI-MS spectrum of YK-11 following trimethylsilylation; b) ESI product ion mass spectrum of YK-11.

scan data acquisition with and without enabled CID. In general, the
majority of analytical approaches reported in the literature employs LC-MS(/MS)-based test methods, which is attributed to the

commonly prevailing physico-chemical properties of SARMs
allowing for excellent liquid chromatographic separation and
electrospray ionization in either positive or negative mode (Thevis
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€nzer, 2014). Consequently, adequate detection limits at
and Scha
concentrations of low ng/mL have been accomplished for
numerous SARMs and respective metabolites, which have become
integral parts of routine doping controls utilizing non-targeted
initial testing approaches. These test methods allow to continuously expand the analyte portfolio along with the constantly
growing body of information on SARMs and their metabolic fate as
well as retrospective data mining enabling targeted re-analyses of
suspicious doping control specimens.
4. Conclusions
SARMs have received substantial and continuously growing
attention in the context of clinical applications, and numerous drug
candidates have been subjected to early as well as advanced clinical
trials over the past decade. Besides the undisputed therapeutic
relevance of these emerging anabolic agents, their misuse in elite
and amateur sport has been suspected and proven as evidenced by
AAFs in doping controls (World Anti-Doping Agency, 2016b) as well
as conﬁscated materials and Internet-based sales (Krug et al., 2014;
Geldof et al., 2016; Thevis et al., 2009a). Consequently, analytical,
pharmacokinetic, and metabolism data have been in great demand
to allow for comprehensive doping controls concerning this new
generation of anabolic agents. In this review, data relevant for
sports drug testing programs collected on a subset of more recently
studied SARMs have been compiled to facilitate future efforts
focusing on in-depth investigations into drug metabolism, longterm metabolite identiﬁcation, designer analog characterization,
etc., all of which represent vital steps in updating and enhancing
doping control analytical strategies.
Acknowledgments
The authors thank Oliver Krug for technical assistance and
Antidoping Switzerland (Berne, Switzerland) for supporting the
presented work.
References
Aikawa, K., Miyawaki, T., Hitaka, T., Imai, Y.N., Hara, T., Miyazaki, J., Yamaoka, M.,
Kusaka, M., Kanzaki, N., Tasaka, A., Shiraishi, M., Yamamoto, S., 2015. Synthesis
and biological evaluation of novel selective androgen receptor modulators
(SARMs). Part I. Bioorg Med. Chem. 23, 2568e2578.
Akita, K., Harada, K., Ichihara, J., Takata, N., Takahashi, Y., Saito, K., 2013. A novel
selective androgen receptor modulator, NEP28, is efﬁcacious in muscle and
brain without serious side effects on prostate. Eur. J. Pharmacol. 720, 107e114.
Bailey, K., Yazdi, T., Masharani, U., Tyrrell, B., Butch, A., Schaufele, F., 2016. Advantages and limitations of androgen receptor-based methods for detecting
anabolic androgenic steroid abuse as performance enhancing drugs. PLoS One
11, e0151860.
Basaria, S., Collins, L., Dillon, E.L., Orwoll, K., Storer, T.W., Miciek, R., Ulloor, J.,
Zhang, A., Eder, R., Zientek, H., Gordon, G., Kazmi, S., Shefﬁeld-Moore, M.,
Bhasin, S., 2013. The safety, pharmacokinetics, and effects of LGD-4033, a novel
nonsteroidal oral, selective androgen receptor modulator, in healthy young
men. J. Gerontol. A Biol. Sci. Med. Sci. 68, 87e95.
Bhasin, S., Calof, O.M., Storer, T.W., Lee, M.L., Mazer, N.A., Jasuja, R., Montori, V.M.,
Gao, W., Dalton, J.T., 2006. Drug insight: testosterone and selective androgen
receptor modulators as anabolic therapies for chronic illness and aging. Nat.
Clin. Pract. Endocrinol. Metab. 2, 146e159.
Blanque, R., Lepescheux, L., Auberval, M., Minet, D., Merciris, D., Cottereaux, C.,
Clement-Lacroix, P., Delerive, P., Namour, F., 2014. Characterization of
GLPG0492, a selective androgen receptor modulator, in a mouse model of
hindlimb immobilization. BMC Musculoskelet. Disord. 15, 291.
Cadilla, R., Turnbull, P., 2006. Selective androgen receptor modulators in drug discovery: medicinal chemistry and therapeutic potential. Curr. Top. Med. Chem. 6,
245e270.
Cadwallader, A.B., Lim, C.S., Rollins, D.E., Botre, F., 2011. The androgen receptor and
its use in biological assays: looking toward effect-based testing and its applications. J. Anal. Toxicol. 35, 594e607.
Campana, C., Pezzi, V., Rainey, W.E., 2015. Cell-based assays for screening androgen
receptor ligands. Semin. Reprod. Med. 33, 225e234.
Piatnitski Chekler, E.L., Unwalla, R., Khan, T.A., Tangirala, R.S., Johnson, M., St
Andre, M., Anderson, J.T., Kenney, T., Chiparri, S., McNally, C., Kilbourne, E.,

Thompson, C., Nagpal, S., Weber, G., Schelling, S., Owens, J., Morris, C.A.,
Powell, D., Verhoest, P.R., Gilbert, A.M., 2014. 1-(2-Hydroxy-2-methyl-3phenoxypropanoyl)indoline-4-carbonitrile derivatives as potent and tissue selective androgen receptor modulators. J. Med. Chem. 57, 2462e2471.
Chen, F., Rodan, G.A., Schmidt, A., 2002. Development of selective androgen receptor modulators and their therapeutic applications. Zhonghua Nan Ke Xue 8,
162e168.
Chen, J., Kim, J., Dalton, J.T., 2005. Discovery and therapeutic promise of selective
androgen receptor modulators. Mol. Interv. 5, 173e188.
Choi, S.M., Lee, B.M., 2015. Comparative safety evaluation of selective androgen
receptor modulators and anabolic androgenic steroids. Exp. Opin. Drug Saf. 14,
1773e1785.
Coss, C.C., Jones, A., Hancock, M.L., Steiner, M.S., Dalton, J.T., 2014. Selective
androgen receptor modulators for the treatment of late onset male hypogonadism. Asian J. Androl. 16, 256e261.
Cox, H.D., Eichner, D., 2017. Detection of LGD-4033 and its metabolites in athlete
urine samples. Drug Test. Anal. 9, 127e134.
Cozzoli, A., Capogrosso, R.F., Sblendorio, V.T., Dinardo, M.M., Jagerschmidt, C.,
Namour, F., Camerino, G.M., De Luca, A., 2013. GLPG0492, a novel selective
androgen receptor modulator, improves muscle performance in the exercisedmdx mouse model of muscular dystrophy. Pharmacol. Res. 72, 9e24.
Dalton, J.T., Taylor, R.P., Mohler, M.L., Steiner, M.S., 2013. Selective androgen receptor
modulators for the prevention and treatment of muscle wasting associated
with cancer. Curr. Opin. Support Palliat. Care 7, 345e351.
Furuya, K., Yamamoto, N., Ohyabu, Y., Morikyu, T., Ishige, H., Albers, M., Endo, Y.,
2013. Mechanism of the tissue-speciﬁc action of the selective androgen receptor modulator S-101479. Biol. Pharm. Bull. 36, 442e451.
Gao, W., Dalton, J.T., 2007. Expanding the therapeutic use of androgens via selective
androgen receptor modulators (SARMs). Drug Discov. Today 12, 241e248.
Geldof, L., Pozo, O.J., Lootens, L., Morthier, W., Van Eenoo, P., Deventer, K., 2016.
In vitro metabolism study of a black market product containing SARM LGD4033. Drug Test. Anal. http://dx.doi.org/10.1002/dta.1930.
Gerace, E., Salomone, A., Fasano, F., Costa, R., Boschi, D., Di Stilo, A., Vincenti, M.,
2011. Validation of a GC/MS method for the detection of two quinolinonederived selective androgen receptor modulators in doping control analysis.
Anal. Bioanal. Chem. 400, 137e144.
Gerace, E., Salomone, A., Fasano, F., Costa, R., Boschi, D., Di Stilo, A., Vincenti, M.,
2011. Validation of a GC/MS method for the detection of two quinolinonederived selective androgen receptor modulators in doping control analysis.
Anal. Bioanal. Chem. 400, 137e144.
Grata, E., Perrenoud, L., Saugy, M., Baume, N., 2011. SARM-S4 and metabolites
detection in sports drug testing: a case report. Forensic Sci. Int. 213, 104e108.
Guddat, S., Solymos, E., Orlovius, A., Thomas, A., Sigmund, G., Geyer, H., Thevis, M.,
Sch€
anzer, W., 2011. High-throughput screening for various classes of doping
agents using a new 'dilute-and-shoot' liquid chromatography-tandem mass
spectrometry multi-target approach. Drug Test. Anal. 3, 836e850.
Jones, A., Chen, J., Hwang, D.J., Miller, D.D., Dalton, J.T., 2009. Preclinical characterization
of
a
(S)-N-(4-cyano-3-triﬂuoromethyl-phenyl)-3-(3-ﬂuoro,
4chlorophenoxy)-2-hydroxy-2-methyl-propanamide: a selective androgen receptor modulator for hormonal male contraception. Endocrinology 150,
385e395.
Kanno, Y., Hikosaka, R., Zhang, S.Y., Inoue, Y., Nakahama, T., Kato, K., Yamaguchi, A.,
Tominaga, N., Kohra, S., Arizono, K., Inouye, Y., 2011. (17alpha,20E)-17,20-[(1methoxyethylidene)bis(oxy)]-3-oxo-19-norpregna-4,20-diene -21-carboxylic
acid methyl ester (YK11) is a partial agonist of the androgen receptor. Biol.
Pharm. Bull. 34, 318e323.
Kanno, Y., Ota, R., Someya, K., Kusakabe, T., Kato, K., Inouye, Y., 2013. Selective
androgen receptor modulator, YK11, regulates myogenic differentiation of
C2C12 myoblasts by follistatin expression. Biol. Pharm. Bull. 36, 1460e1465.
Karki, S.B., Dinnocenzo, J.P., Jones, J.P., Korzekwa, K.R., 1995. Mechanism of oxidative
amine dealkylation of substituted N,N-Dimethylanilines by cytochrome P-450:
application of isotope effect proﬁles. J. Am. Chem. Soc. 117, 3657e3664.
Kilbourne, E.J., Moore, W.J., Freedman, L.P., Nagpal, S., 2007. Selective androgen
receptor modulators for frailty and osteoporosis. Curr. Opin. Investig. Drugs 8,
821e829.
Kim, J., Wu, D., Hwang, D.J., Miller, D.D., Dalton, J.T., 2005. The para substituent of S3-(phenoxy)-2-hydroxy-2-methyl-N-(4-nitro-3-triﬂuoromethyl-phenyl)-propionamides is a major structural determinant of in vivo disposition and activity
of selective androgen receptor modulators. J. Pharmacol. Exp. Ther. 315,
230e239.
€nzer, W., Thevis, M., 2015. In vitro metabolism
Knoop, A., Krug, O., Vincenti, M., Scha
studies on the selective androgen receptor modulator (SARM) LG121071 and its
implementation into human doping controls using liquid chromatographymass spectrometry. Eur. J. Mass Spectrom. 21, 27e36.
Krug, O., Thomas, A., Beuck, S., Schenk, I., Machnik, M., Sch€
anzer, W., Bondesson, U.,
Hedeland, M., Thevis, M., 2012. Characterization of in vitro synthesized equine
metabolites of the selective androgen receptor modulators S24 and S4. J. Equine
Vet. Sci. 32, 562e568.
€nzer, W.,
Krug, O., Thomas, A., Walpurgis, K., Piper, T., Sigmund, G., Scha
Laussmann, T., Thevis, M., 2014. Identiﬁcation of black market products and
potential doping agents in Germany 2010-2013. Eur. J. Clin. Pharmacol. 70,
1303e1311.
€nzer, W.,
Lagojda, A., Kuehne, D., Krug, O., Thomas, A., Wigger, T., Karst, U., Scha
Thevis, M., 2016. Identiﬁcation of selected in vitro-generated phase-I metabolites of the steroidal selective androgen receptor modulator MK-0773 for

€nzer / Molecular and Cellular Endocrinology 464 (2018) 34e45
M. Thevis, W. Scha
doping control purposes. Eur. J. Mass Spectrom. 22, 49e59.
Marhefka, C.A., Gao, W., Chung, K., Kim, J., He, Y., Yin, D., Bohl, C., Dalton, J.T.,
Miller, D.D., 2004. Design, synthesis, and biological characterization of metabolically stable selective androgen receptor modulators. J. Med. Chem. 47,
993e998.
Miller, C.P., Shomali, M., Lyttle, C.R., O'Dea, L.S.L., Herendeen, H., Gallacher, K.,
Paquin, D., Compton, D.R., Sahoo, B., Kerrigan, S.A., Burge, M.S., Nickels, M.,
Green, J.L., Katzenellenbogen, J.A., Tchesnokov, A., Hattersley, G., 2011. Design,
synthesis, and preclinical characterization of the selective androgen receptor
modulator (SARM) RAD140. Med. Chem. Lett. 2, 124e129.
Mohler, M.L., Bohl, C.E., Jones, A., Coss, C.C., Narayanan, R., He, Y., Hwang, D.J.,
Dalton, J.T., Miller, D.D., 2009. Nonsteroidal selective androgen receptor modulators (SARMs): dissociating the anabolic and androgenic activities of the
androgen receptor for therapeutic beneﬁt. J. Med. Chem. 52, 3597e3617.
Musenga, A., Cowan, D.A., 2013. Use of ultra-high pressure liquid chromatography
coupled to high resolution mass spectrometry for fast screening in high
throughput doping control. J. Chromatogr. A 1288, 82e95.
Nique, F., Hebbe, S., Peixoto, C., Annoot, D., Lefrancois, J.M., Duval, E., Michoux, L.,
Triballeau, N., Lemoullec, J.M., Mollat, P., Thauvin, M., Prange, T., Minet, D.,
Clement-Lacroix, P., Robin-Jagerschmidt, C., Fleury, D., Guedin, D., Deprez, P.,
2012. Discovery of diarylhydantoins as new selective androgen receptor modulators. J. Med. Chem. 55, 8225e8235.
Nique, F., Hebbe, S., Triballeau, N., Peixoto, C., Lefrancois, J.M., Jary, H., Alvey, L.,
Manioc, M., Housseman, C., Klaassen, H., Van Beeck, K., Guedin, D., Namour, F.,
Minet, D., Van der Aar, E., Feyen, J., Fletcher, S., Blanque, R., RobinJagerschmidt, C., Deprez, P., 2012. Identiﬁcation of a 4-(hydroxymethyl)diarylhydantoin as a selective androgen receptor modulator. J. Med. Chem. 55,
8236e8247.
O'Connell, M.D., Wu, F.C., 2014. Androgen effects on skeletal muscle: implications
for the development and management of frailty. Asian J. Androl. 16, 203e212.
Papanicolaou, D.A., Ather, S.N., Zhu, H., Zhou, Y., Lutkiewicz, J., Scott, B.B.,
Chandler, J., 2013. A phase IIA randomized, placebo-controlled clinical trial to
study the efﬁcacy and safety of the selective androgen receptor modulator
(SARM), MK-0773 in female participants with sarcopenia. J. Nutr. Health Aging
17, 533e543.
Piu, F., Gardell, L.R., Son, T., Schlienger, N., Lund, B.W., Schiffer, H.H., Vanover, K.E.,
Davis, R.E., Olsson, R., Bradley, S.R., 2008. Pharmacological characterization of
AC-262536, a novel selective androgen receptor modulator. J. Steroid Biochem.
Mol. Biol. 109, 129e137.
Prankerd, R.J., 2007. Critical Compilation of PKA Values for Pharmaceutical Substances. Academic Press, Amsterdam.
Saeed, A., Vaught, G.M., Gavardinas, K., Matthews, D., Green, J.E., Losada, P.G.,
Bullock, H.A., Calvert, N.A., Patel, N.J., Sweetana, S.A., Krishnan, V., Henck, J.W.,
Luz, J.G., Wang, Y., Jadhav, P., 2016. 2-Chloro-4-[[(1R,2R)-2-hydroxy-2-methylcyclopentyl]amino]-3-methyl-benzonitrile: a transdermal selective androgen
receptor modulator (SARM) for muscle atrophy. J. Med. Chem. 59, 750e755.
€nzer, W., Thevis, M., 2017. Human sports drug testing by mass spectrometry.
Scha
Mass Spectrom. Rev. 36, 16e46.
Schlienger, N., Lund, B.W., Pawlas, J., Badalassi, F., Bertozzi, F., Lewinsky, R., Fejzic, A.,
Thygesen, M.B., Tabatabaei, A., Bradley, S.R., Gardell, L.R., Piu, F., Olsson, R., 2009.
Synthesis, structure-activity relationships, and characterization of novel
nonsteroidal and selective androgen receptor modulators. J. Med. Chem. 52,
7186e7191.
Schmidt, A., Kimmel, D.B., Bai, C., Scafonas, A., Rutledge, S., Vogel, R.L., McElweeWitmer, S., Chen, F., Nantermet, P.V., Kasparcova, V., Leu, C.T., Zhang, H.Z.,
Duggan, M.E., Gentile, M.A., Hodor, P., Pennypacker, B., Masarachia, P., Opas, E.E.,
Adamski, S.A., Cusick, T.E., Wang, J., Mitchell, H.J., Kim, Y., Prueksaritanont, T.,
Perkins, J.J., Meissner, R.S., Hartman, G.D., Freedman, L.P., Harada, S., Ray, W.J.,
2010. Discovery of the selective androgen receptor modulator MK-0773 using a
rational development strategy based on differential transcriptional requirements for androgenic anabolism versus reproductive physiology. J. Biol.
Chem. 285, 17054e17064.
Siparsky, P.N., Kirkendall, D.T., Garrett Jr., W.E., 2014. Muscle changes in aging:
understanding sarcopenia. Sports Health 6, 36e40.
Sobolevsky, T., Dikunets, M., Prasolov, I., Rodchenkov, G., 2013. In vitro and in vivo
metabolism of RAD140, a novel nonsteroidal SARM. In: 31st Cologne Workshop
on Dope Analysis. Manfred-Donike Institute, Cologne, Germany.
Sobolevsky, T., Dikunets, M., Dudko, G., Rodchenkov, G., 2015. Metabolism Study of
the Selective Androgen Receptor Modulator LGD-4033. In: Sch€
anzer, W.,
Thevis, M., Geyer, H., Mareck, U. (Eds.), Recent Advances in Doping Analysis.
Sport & Buch Strauss, Cologne.
Srinath, R., Dobs, A., 2014. Enobosarm (GTx-024, S-22): a potential treatment for
cachexia. Future Oncol. 10, 187e194.
Starcevic, B., Ahrens, B.D., Butch, A.W., 2013. Detection of the selective androgen
receptor modulator S-4 (Andarine) in a doping control sample. Drug Test. Anal.
5, 377e379.
Thevis, M., 2010. Mass Spectrometry in Sports Drug Testing - Characterization of
Prohibited Substances and Doping Control Analytical Assays. Wiley, Hoboken.
€nzer, W., 2008. Mass spectrometry of selective androgen receptor
Thevis, M., Scha
modulators. J. Mass Spectrom. 43, 865e876.

45

Thevis, M., Sch€
anzer, W., 2010. Synthetic anabolic agents: steroids and nonsteroidal
selective androgen receptor modulators. Handb. Exp. Pharmacol. 195, 99e126.
€nzer, W., 2014. Analytical approaches for the detection of emerging
Thevis, M., Scha
therapeutics and non-approved drugs in human doping controls. J. Pharm.
Biomed. Anal. 101, 66e83.
€nzer, W., 2016. Emerging drugs affecting skeletal muscle function
Thevis, M., Scha
and mitochondrial biogenesis - potential implications for sports drug testing
programs. Rapid Commun. Mass Spectrom. 30, 635e651.
Thevis, M., Kamber, M., Sch€
anzer, W., 2006. Screening for metabolically stable arylpropionamide-derived selective androgen receptor modulators for doping
control purposes. Rapid Commun. Mass Spectrom. 20, 870e876.
€rer, N., Kamber, M., Sch€
Thevis, M., Kohler, M., Maurer, J., Schlo
anzer, W., 2007.
Screening for 2-quinolinone-derived selective androgen receptor agonists in
doping control analysis. Rapid Commun. Mass Spectrom. 21, 3477e3486.
€ rer, N., Scha
€nzer, W., 2008. Doping control
Thevis, M., Kohler, M., Thomas, A., Schlo
analysis of tricyclic tetrahydroquinoline-derived selective androgen receptor
modulators using liquid chromatography/electrospray ionization tandem mass
spectrometry. Rapid Commun. Mass Spectrom. 22, 2471e2478.
€rer, N., Kamber, M., Kuhn, A., Linscheid, M.W.,
Thevis, M., Kohler, M., Schlo
Sch€
anzer, W., 2008. Mass spectrometry of hydantoin-derived selective
androgen receptor modulators. J. Mass Spectrom. 43, 639e650.
€ rer, N., Fussho
€ller, G., Scha
€nzer, W., 2008. Screening for
Thevis, M., Kohler, M., Schlo
two selective androgen receptor modulators using gas chromatography-mass
spectrometry in doping control analysis. Eur. J. Mass Spectrom. (Chichester,
Eng. 14, 153e161.
€ rer, N., Kamber, M., Scha
€nzer, W.,
Thevis, M., Kohler, M., Thomas, A., Maurer, J., Schlo
2008. Determination of benzimidazole- and bicyclic hydantoin-derived selective androgen receptor antagonists and agonists in human urine using LC-MS/
MS. Anal. Bioanal. Chem. 391, 251e261.
€nzer, W., 2009. Detection of the
Thevis, M., Geyer, H., Kamber, M., Scha
arylpropionamide-derived selective androgen receptor modulator (SARM) S-4
(Andarine) in a black-market product. Drug Test. Anal. 1, 387e392.
Thevis, M., Beuck, S., Thomas, A., Kortner, B., Kohler, M., Rodchenkov, G.,
Sch€
anzer, W., 2009. Doping control analysis of emerging drugs in human
plasma - identiﬁcation of GW501516, S-107, JTV-519, and S-40503. Rapid
Commun. Mass Spectrom. 23, 1139e1146.
€ rer, N., Kearbey, J.D.,
Thevis, M., Gerace, E., Thomas, A., Beuck, S., Geyer, H., Schlo
€nzer, W., 2010. Characterization of in vitro generated metaboDalton, J.T., Scha
lites of the selective androgen receptor modulators S-22 and S-23 and in vivo
comparison to post-administration canine urine specimens. Drug Test. Anal. 2,
589e598.
€nzer, W., 2011. Current role of LC-MS(/MS) in doping
Thevis, M., Thomas, A., Scha
control. Anal. Bioanal. Chem. 401, 405e420.
€ller, I., Geyer, H., Dalton, J.T., Scha
€nzer, W., 2011. Mass
Thevis, M., Thomas, A., Mo
spectrometric characterization of urinary metabolites of the selective androgen
receptor modulator S-22 to identify potential targets for routine doping controls. Rapid Commun. Mass Spectrom. 25, 2187e2195.
€nzer, W., 2013. Expanding sports drug
Thevis, M., Piper, T., Beuck, S., Geyer, H., Scha
testing assays: mass spectrometric characterization of the selective androgen
receptor modulator drug candidates RAD140 and ACP-105. Rapid Commun.
Mass Spectrom. 27, 1173e1182.
€nzer, W., 2014. Liquid
Thevis, M., Thomas, A., Piper, T., Krug, O., Delahaut, P., Scha
chromatography-high resolution/high accuracy (tandem) mass spectrometrybased identiﬁcation of in vivo generated metabolites of the selective
androgen receptor modulator ACP-105 for doping control purposes. Eur. J. Mass
Spectrom. 20, 73e83. http://dx.doi.org/10.1255/ejms.1236.
Thevis, M., Kuuranne, T., Geyer, H., Sch€
anzer, W., 2015. Annual banned-substance
review: analytical approaches in human sports drug testing. Drug Test. Anal.
7, 1e20.
Thevis, M., Lagojda, A., Kuehne, D., Thomas, A., Dib, J., Hansson, A., Hedeland, M.,
Bondesson, U., Wigger, T., Karst, U., Schanzer, W., 2015. Characterization of a
non-approved selective androgen receptor modulator drug candidate sold via
the Internet and identiﬁcation of in vitro generated phase-I metabolites for
human sports drug testing. Rapid Commun. Mass Spectrom. 29, 991e999.
€nzer, W., 2016. Annual
Thevis, M., Kuuranne, T., Walpurgis, K., Geyer, H., Scha
banned-substance review: analytical approaches in human sports drug testing.
Drug Test. Anal. 8, 7e29.
Trifonov, R.E., Ostrovskii, V.A., 2006. Basicity of 2-phenyl-5-R-1,3,4-oxadiazoles.
Chem. Hetero Comp. 42, 657e664.
World Anti-Doping Agency, 2016. The 2016 Prohibited List. https://wada-mainprod.s3.amazonaws.com/resources/ﬁles/wada-2016-prohibited-list-en.pdf, 0401-2016.
World Anti-Doping Agency, 2016. Anti-doping Testing Figures - Archive. https://
www.wada-ama.org/en/resources/laboratories/anti-doping-testing-ﬁgures, 1705-2016.
Zhang, X., Sui, Z., 2013. Deciphering the selective androgen receptor modulators
paradigm. Expert Opin. Drug Discov. 8, 191e218.
Zilbermint, M.F., Dobs, A.S., 2009. Nonsteroidal selective androgen receptor
modulator Ostarine in cancer cachexia. Future Oncol. 5, 1211e1220.

