
toxics

Article

Peroxisome Proliferator-Activated Receptor Delta Agonist
(PPAR- δ) and Selective Androgen Receptor Modulator (SARM)
Abuse: Clinical, Analytical and Biological Data in a Case
Involving a Poisonous Combination of GW1516 (Cardarine) and
MK2866 (Ostarine)

Pascal Kintz 1,* , Laurie Gheddar 1, Camille Paradis 2 , Mickael Chinellato 3, Alice Ameline 1,
Jean-Sébastien Raul 1 and Magali Oliva-Labadie 2

����������
�������

Citation: Kintz, P.; Gheddar, L.;

Paradis, C.; Chinellato, M.; Ameline,

A.; Raul, J.-S.; Oliva-Labadie, M.

Peroxisome Proliferator-Activated

Receptor Delta Agonist (PPAR- δ)

and Selective Androgen Receptor

Modulator (SARM) Abuse: Clinical,

Analytical and Biological Data in a

Case Involving a Poisonous

Combination of GW1516 (Cardarine)

and MK2866 (Ostarine). Toxics 2021, 9,

251. https://doi.org/10.3390/

toxics9100251

Academic Editors: Elisabetta Bertol

and Claudia Trignano

Received: 8 September 2021

Accepted: 5 October 2021

Published: 7 October 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Institut de Médecine Légale, 11 rue Humann, 67000 Strasbourg, France; l.gheddar@gmail.com (L.G.);
ameline.alice@gmail.com (A.A.); js.raul@unistra.fr (J.-S.R.)

2 Centre Antipoison et de Toxicovigilance, Groupe Hospitalier Pellerin, Place Amélie Raba Léon, CEDEX,
33076 Bordeaux, France; camille.paradis@chu-bordeaux.fr (C.P.); magali.labadie@chu-bordeaux.fr (M.O.-L.)

3 Service des Urgences, Centre Hospitalier de Marmande, 76 rue du Dr Courret, 47200 Marmande, France;
n.chinellato@gmail.com

* Correspondence: pascal.kintz@wanadoo.fr

Abstract: A 43-year-old male, sport coach, presented him-self at the Emergency unit of a local
hospital for epigastric pain, myalgia pain and severe headache. He claimed having used for some
days a combination of GW1516 (cardarine), a peroxisome proliferator-activated receptor delta agonist
(PPAR- δ) and MK2866 (ostarine), a selective androgen receptor modulator (SARM) to gain skeletal
muscles. Cytolysis with marked increase of alanine aminotransferase or ALT (up to 922 UI/L) and
aspartate aminotransferase or AST (up to 2558 UI/L) and massive rhabdomyolysis with elevated
creatine phosphokinase or CPK (up to 86435 UI/L) were the main unusual biochemistry parameters.
Using a specific liquid chromatography coupled to tandem mass spectrometry method, cardarine
and ostarine tested positive in blood at 403 and 1 ng/mL, respectively. In urine, due to extensive
metabolism, the parent GW1516 was not identified, while ostarine was at 88 ng/mL. Finally, both
drugs were identified in hair (2 cm in length, brown in colour), at 146 and 1105 pg/mg for cardarine
and ostarine, respectively. This clearly demonstrates repetitive abuse over the last 2 months. Asthenia
was persistent for 2 weeks and 6 weeks after the admission, the subject fully recovered.
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1. Introduction

The abuse of performance-enhancing drugs is not a recent phenomenon. Since the 60’s,
anabolic steroid drugs, such as testosterone derivatives, have been used to promote muscle
growth. Nandrolone, trenbolone, stanozolol or boldenone and more recently tetrahydro-
gestrinone are associated with famous doping cases, including state doping programs.
These products were manufactured by pharmaceutical groups and were available, as oral
tablet forms but mostly as oily injectable preparations. In most cases, they were available
from pharmacies in some legal less-regarding countries. With the development of e-shops
on the Internet and the continuous research for testosterone substitutes, new pharmaco-
logical classes have emerged, including selective androgen receptor modulators (SARMs)
such as ligandrol (LGD-4033), testolone (RAD140), ostarine (MK2866) or andarine (S-4)
and peroxisome proliferator-activated receptor delta agonists (PPAR- δ) such as cardarine
(GW1516 or GW501516) [1–3].

These drugs are abused because athletes and amateurs have claimed that they in-
crease lean body mass, increase strength, increase aggressiveness and lead to a shorter
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recovery time between workouts. SARMs present high anabolic potency, in addition to
limited androgenic effects [4,5]. PPAR- δ are lipid-activated transcription factors playing
important regulatory functions in development and metabolism. Activation of the receptor
promotes fatty acid burning by up-regulation of fatty acid uptake, ß-oxidation and energy
uncoupling [6,7]. According to the World Anti-Doping Agency (WADA), SARMs and
PPAR- δ are prohibited at-all times (in- and out-competition) as they are listed on the
prohibited list under sections S1.2 (other anabolic agents) and S4.5 (metabolic modulators),
respectively [8]. The number of adverse analytical findings involving SARMs and PPAR- δ
during doping controls is continuously increasing in the recent years [9] and many cases of
dietary supplements contamination have been reported [10,11].

SARMs have been proposed to treat hypogonadism, muscular atrophy or osteoporosis
but the different compounds did not demonstrate enough safety and efficacy to gain clinical
approval in the United States or in Europe. Indeed, they can produce heart attack, liver
damage and blood clots [12,13]. Due to the induction of intestinal adenoma in rats during
the initial clinical trials, Glaxo Smith Kline decided to stop all investigations involving
GW1516 [14].

Ostarine and cardarine are mostly available as liquid solutions and tablets (Figure 1),
but it is possible to buy larger quantities as bulk material (powders), essentially in China.
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Figure 1. Typical material sold on the Internet.

Even though SARMs and PPAR- δ are easily available on the Internet, very few poi-
soning cases have been reported in the medical literature. Several reasons can account for
this under-representation, including the absence of recreational effects but this situation is
mainly due to the poor interest of analytical laboratories to test for SARMs and PPAR- δ.
Indeed, anti-doping accredited laboratories have published quite most detection methods
in urine [15–17] and they do not perform tests for clinical samples. As a consequence, in
the limited case reports involving SARMs or PPAR- δ, there is no toxicological data (identi-
fication of the substance and evaluation of its concentration). Testing for ostarine [9,18–20]
and GW1516 [21] in human hair is the privilege of our laboratory as no other citation is
available in the scientific literature.

This technology was used to document a poisoning case after repetitive consumption
of ostarine and GW1516, requiring the hospitalization of the abuser.
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2. Case Report

A 43-year-old male, sport coach, presented him-self at the Emergency unit of a local
hospital for epigastric pain, myalgia pain, severe headache and brown urine. He claimed
having used for some days a combination of GW1516 (4 days, 20 mg per day) and MK2866
(1 day, 20 mg) to gain muscle mass. This occurred 10 days before he went to the hospital.
Both products were bought on the Internet (10 g of GW1516 and 46 g of MK2866 for a
total of 200 euros). The day before he went to the hospital, he cycled 120 km. Vital signs
included a blood pressure of 135/70 mmHg and a heart rate of 76 beats per minute and
no respiratory distress (SpO2 at 99%). The ECG was normal. The abdomen was supple
but painful. Initial laboratory tests showed serum creatinine of 109 µmol/L (clearance at
76 mL/min), elevated liver enzymes (alanine aminotransferase or ALT 966 UI/L, aspartate
aminotransferase or AST 1000 UI/L), normal bilirubin and creatine phosphokinase or CPK
elevated at 10,000 UI/L. Blood (green Vacutainer), urine without preservative and hair
(2 cm in length, brown in colour) were immediately collected and sent to the laboratory
for toxicological investigations. Some hours later, rhabdomyolysis worsened with a rise
of CPK at 57,000 UI/L. Treatment consisted of intra-venous (IV) re-hydrating at 3 L per
24 hours. The next day, biochemical tests included CPK at 86435 UI/L, ALT at 922 UI/L
and AST at 2558 UI/L. No kidney insufficiency was noticed and urine started to become
clearer. Muscle pain remained but abdominal pain was gone. The subject was allowed
to turn home, despite the installation of an asthenia that lasted for 15 days. Five days
later, during a control, CPK were at 1765 UI/L, ALT at 726 UI/L and AST at 331 UI/L.
Normal values were obtained after 2 weeks. Six weeks after the event, the subject totally
recovered. Both white powders used by the subject were also submitted to the laboratory
for confirmation of identity and determination of purity.

3. Materials and Methods

Powders were diluted in methanol to obtain a 10 mg/mL solution. This solution was
compared to reference standards (supplied as powders) obtained from Cayman Chemical
Company (Ann Arbor, MI, USA).

The biological specimens (blood, urine and hair) were tested by liquid chromatog-
raphy coupled to tandem mass spectrometry (LC-MS/MS), using previously described
methods for ostarine [18,19] and cardarine [20]. Briefly, 1 mL of blood or hydrolyzed
urine (with 20,000 UI of ß-glucuronidase at pH 5.2) was extracted in 1 mL borate pH 9.5
buffer and 5 mL of diethyl ether/dichloromethane/hexane (50/30/20, v/v) in presence
of 100 ng of bicalutamide-d4 used as internal standard. After centrifugation, collection of
the supernatant and its evaporation to dryness, the residue was reconstituted in 30 µL of
5 mM ammonium formate buffer adjusted at pH 3.

The whole hair strand was first decontaminated by 2 baths of 5 mL dichloromethane
for 2 min and then cut into small pieces (< 1 mm) with small scissors. Drugs were extracted
from 20 mg decontaminated cut hair in the presence of 1 ng of bicalutamide-d4, after
overnight incubation in 1 mL of pH 9.5 borate buffer at 40 ◦C. After cooling, the mixture
was extracted as blood.

The conditions of use of the equipment (Waters Acquity class I ultra-high performance
liquid chromatography and XEVO TQS micro triple quadrupole mass spectrometer) have
been described in previous papers [18–20]. Briefly, separation was achieved using a Waters
Acquity HSS C18 column (150 × 2.1 mm × 1.8 µm) at 50 ◦C using a gradient elution with
pH 3 formate buffer (phase A) and 0.1% formic acid in acetonitrile (phase B) and a flow
rate at 0.4 mL/min. The initial gradient was 60% phase A for 30 s to 5% at 1.5 min, kept
for 1.5 min and a return at 4 min, maintained for 2 min. The injection volume was 3 µL.
Ionization was achieved using electrospray in the negative ionization mode (ES-). Collision
energy and cone voltage were adjusted to optimize the signal for the 2 most abundant
product ions and are presented in Table 1.
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Table 1. Mass spectrometric and chromatographic data for the tested compounds.

Drug Retention Time
min

Transitions
m/z

Collision Energy
eV

Cone Voltage
V

Ostarine 2.64 388.1 > 117.9
388.1 > 269.1

18
14

8
8

Cardarine 3.16 452.1 > 137.9
454.0 > 257.0 (+)

30
26

58
18

Bicalutamide-d4 2.57 433.1 > 255.1 14 14

4. Results

The analysis of the powders confirmed the identity of the drug. No other organic
chemical was identified in each item. Ostarine purity was 28%. Cardarine purity was 100%.
Purity was established by comparing the chromatographic response (area) obtained after
injection of a powder solution at 10 mg/L in methanol with a solution of certified standard
at the same concentration.

The major validation parameters of the analytical method in blood and hair are
presented in Table 2. The validation was achieved using the ISO 17025 guidelines.

Table 2. Validation parameters in blood and hair.

Parameters Ostarine Cardarine

Linearity in blood 1 to 1000 ng/mL 5 to 1000 ng/mL

Linearity in hair 0.5 to 1000 pg/mg 1 to 1000 pg/mg

Limit of detection in blood 0.2 ng/mL 1 ng/ml

Limit of detection in hair 0.1 pg/mg 0.3 pg/mg

Limit of quantitation in blood 1 ng/mL 5 ng/mL

Limit of quantitation in hair 0.5 pg/mg 1 pg/mg

Precision in blood (50 ng/mL) 12.8% 14.6%

Precision in hair (100 pg/mg) 11.9% 12.4%

To date, and to the best of the authors’ knowledge, ostarine or cardarine detection
has not been reported in clinical specimens. The biological samples were submitted to
LC-MS/MS and both drugs tested positive in blood and hair, while only ostarine was
identified in urine. This is not surprising as it has been reported that cardarine is extensively
metabolized and that the parent drug is measurable only for a very short period of time,
i.e., no more than 5 days [22,23]. For example, Sobolevsky et al. [22] identified the parent
drug for 3 days after oral administration of 15 mg to a volunteer. Given the urine specimen
of the present subject was collected 10 days after drug discontinuation, it seems consistent
that the parent compound was no more present. Major metabolites include the oxidized
GW1516-sulfoxide and the GW1516-sulfone, the later being found in notably higher internal
standard than the first one during controlled studies [22]. Unfortunately, these metabolites
are not available from reference material suppliers. To date, only WADA accredited
laboratories have published data involving these by-products. Concentrations obtained in
the submitted biological specimens are reported in Table 3.

Chromatograms obtained after extraction of blood, urine and hair are presented in
Figures 2–4, clearly demonstrating suitable sensitivity of the method.
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Table 3. Measured concentrations in biological specimens from the admission.

Biological Specimens Ostarine Cardarine

Blood 1 ng/mL 403 ng/mL

Urine 88 ng/mL Not detected

Hair 1105 pg/mg 146 pg/mgToxics 2021, 9, x FOR PEER REVIEW 5 of 9 
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5. Discussion

The subject was admitted to the hospital for severe pain. Major biochemical disruption
included rhabdomyolysis and liver cytolysis, as evidenced by enhanced creatine phosphok-
inases and transaminases. The use of SARMs and PPAR- δ and subsequent rhabdomyolysis
has not yet been described. However, it is common to observe rhabdomyolysis in body-
builders, abusing long-term anabolic steroids, a pharmacological class that is close to
SARMs [24,25]. Repetitive abuse of clenbuterol, a ß2-agonist with anabolic properties can
also induce rhabdomyolysis [26]. It must be emphasized that rhabdomyolysis is commonly
associated with parallel rises in aminotransferases, as these enzymes are also present in
muscle.

Even though nothing has been reported for cardarine, human liver injury has been
described with ostarine [12,27,28]. However, in these cases, ostarine was always abused
on a long-term basis, for several weeks. This is in total contradiction with the claims of
the subject, reporting intake of ostarine for 1 day and intake of cardarine for 4 days. The
discrimination between these 2 opposite situations was achieved with the hair test results.

Indeed, although hair is not a routine specimen for the WADA, its use as a specimen
of investigation is accepted in clinical toxicology [29] and in forensic toxicology [30]. Hair
testing is a useful measure of drug intake of an individual, in any situation in which a
history of past rather than recent drug use is expected, as it reflects consumption over a long
period of time. For practical purposes, it is commonly accepted that each cm of head hair
represents the growth, and therefore drug accumulation, for one month. Hair test results
allow establishing a retrospective calendar of drug exposure over weeks to months based
on a standard head hair growth rate of 1 cm per month. Using segmental hair analysis,
statements about the course of drug intake and chronological correlations are possible.
While a constant regular profile along the hair shaft is in favour of permanent drug use, any
variation of concentration indicates a change in drug intake. Given the submitted material
from the subject was limited, there was no attempt to perform segmental analysis in this
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case. The advantages of hair tests for active substances over blood and/or urine testing
include non-invasive and ease of collection to prevent adulteration or substitution.

It must be acknowledged that a single exposure to SARMs is not detectable in hair [9],
except for GSK2881078 [31]. There is no data about GW1516 detection after a single ex-
posure. In a case of a subject abusing cardarine for improving athletic performances,
concentrations of 32 and 22 pg/mg were measured in 2 × 2 cm segments [21]. Ostarine
has been identified on several occasions, including doping challenges or drug traffick-
ing [9,18–20]. Concentrations ranged from 1 to 168 pg/mg and individual results are
presented in Table 4.

Table 4. Ostarine concentrations in human hair reported in the literature.

Case Purpose of the Test Concentrations References

1 Doping challenge 26 and 89 pg/mg in 2 × 3 cm [9]

2 Doping challenge 6, 9, 4, 2, 2 and 1 pg/mg in 6 × 1 cm [9]

3 Drug trafficking 3, 8, 14 and 21 pg/mg in 4 × 2 cm [18]

4 Doping challenge 12 and 138 pg/mg, in 2 × 3 cm [19]

5 Drug trafficking 146, 168, 93 and 101 pg/mg in 4 × 3 cm [20]

Even though in these published cases, the doses and frequencies of consumption
are unknown, it appears clearly that the subject did not use ostarine and cardarine on
a limited number of occasions. His measured hair concentrations are much higher than
those previously reported. This can be the reason why he experienced clinical troubles that
improved after ostarine and cardarine discontinuation.

6. Conclusions

The recent widespread of new drugs all over the world via Internet has demonstrated
that there is a need of analytical approaches to document these new habits of consumption.
Therefore, implementing tests for SARMs seems of great importance, not only for anti-
doping purposes, but also for clinical toxicologists or poison centres, in order to correctly
establish a diagnosis of addiction or to document unusual side effects. Given the increasing
popularity of SARMs abuse, vigilance and identification of new cases are required. As
hair allows retrospective and long-term investigations, these specimens present all suitable
properties to be qualified for SARMs or PPAR- δ detection, as the long-term abuse of these
drugs can be harmful and potentially life-threatening [32]. Even though liver injury or
rhabdomyolysis from SARMs and PPAR- δ have not been reported frequently, one can
anticipate that this may be observed more often as the abuse of these drugs increases in the
athletic and aesthetic markets.

Author Contributions: Conceptualization, P.K.; methodology, P.K. and A.A.; validation, L.G. and
J.-S.R.; investigation, C.P., M.C. and M.O.-L.; chromatographic analyses, L.G. and A.A.; writing—
original draft preparation, P.K. and L.G.; writing—review and editing, P.K. and J.-S.R. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable. As the subject was admitted at the hospital
for diseases.

Informed Consent Statement: Patient consent was waived due to the fact that biological specimens
were collected during hospitalization with a purpose of toxicological diagnostic.

Data Availability Statement: All data are available upon request sent directly to the corresponding
author.

Conflicts of Interest: The authors declare no conflict of interest.



Toxics 2021, 9, 251 8 of 9

References
1. Zhang, X.; Sui, Z. Deciphering the selective androgen receptor modulators paradigm. Expert Opin. Drug Discov. 2013, 8, 191–218.

[CrossRef]
2. Bhasin, S.; Jasuja, R. Selective androgen receptor modulators (SARMs) as function promoting therapies. Curr. Opin. Nutr. Metab.

Care 2009, 12, 232–240. [CrossRef]
3. Narkar, V.A.; Downes, M.; Yu, R.T.; Embler, E.; Wang, Y.X.; Banayo, E.; Mihaylova, M.M.; Nelson, M.C.; Zou, Y.; Juguilon, H.; et al.

AMPK and PPARdelta agonists are exercice mimetics. Cell 2008, 134, 405–415. [CrossRef]
4. Chen, J.; Kim, J.; Dalton, J. Discovery and therapeutic promise of selective androgen receptor modulators. Mol. Interv. 2005, 5,

173–188. [CrossRef]
5. Furuya, K.; Yamamoto, N.; Ohyabu, Y.; Morikyu, T.; Ishige, H.; Albers, M.; Endo, Y. Mechanism of the tissue-specific action of the

selective androgen receptor modulator S-101479. Biol. Pharm. Bull. 2013, 36, 442–451. [CrossRef] [PubMed]
6. Luquet, S.; Lopez-Soriano, J.; Holst, D.; Gaudel, C.; Jehl-Pietri, C.; Fredenrich, A.; Grimaldi, P.A. Roles of peroxisome proliferator-

activated receptor delta (PPARdelta) in the control of fatty acid catabolism. A new target for the metabolic syndrome. Biochimie
2004, 86, 833–837. [CrossRef] [PubMed]

7. Tailleux, A.; Wouters, K.; Staels, B. Roles of PPARs in NAFLD: Potential targets. Biochim Biophys Acta 2012, 1821, 809–818.
[CrossRef] [PubMed]

8. WADA List 2021. Available online: https://www.wada-ama.org/sites/default/files/resources/files/2021list_en.pdf (accessed
on 24 August 2021).

9. Kintz, P.; Gheddar, L.; Ameline, A.; Raul, J.-S. Human hair testing for selective androgen receptor modulators (SARMs): Current
knowledge and limitations. Toxicol. Anal. Clin. 2021, (in press). [CrossRef]

10. Walpurgis, K.; Rubio, A.; Wagener, F.; Krug, O.; Knoop, A.; Görgens, C.; Guddat, S.; Thevis, M. Elimination profiles of microdosed
ostarine mimicking contaminated products ingestion. Drug Test. Anal. 2020, 12, 1570–1580. [CrossRef]

11. Leaney, A.E.; Beck, P.; Biddle, S.; Brown, P.; Grace, P.B.; Hudson, S.C.; Mawson, D.H. Analysis of supplements available to
UK consumers purporting to contain selective androgen receptor modulators. Drug Test. Anal. 2021, 13, 122–127. [CrossRef]
[PubMed]

12. Flores, J.E.; Chitturi, S.; Walker, S. Drug-induced liver injury by selective androgenic receptor modulators. Hepatol. Commun. 2020,
4, 450–452. [CrossRef] [PubMed]

13. Christiansen, A.; Lipshultz, L.I.; Hotaling, J.M.; Pastuszak, A.W. Selective androgen receptor modulators: The future of androgen
therapy? Transl. Androl. Urol. 2020, 9 (Suppl. 2), S135–S148. [CrossRef] [PubMed]

14. Lagu, B.; Kluge, A.F.; Goddeeris, M.M. Highly selective peroxisome proliferator-activated receptor δ (PPAR- δ) modulator
demonstrates improved safety profile compared to GW501516. Bioorg. Med. Chem. Lett. 2018, 28, 533–536. [CrossRef] [PubMed]

15. Thevis, M.; Möller, I.; Thomas, A.; Beuck, S.; Rodchenkov, G.; Bornatsch, W.; Geyer, H.; Schänzer, W. Characterization of two
major urinary metabolites of the PPAR- δ agonist GW1516 and implementation of the drug in routine doping controls. Anal.
Bioanal. Chem. 2010, 396, 2479–2491. [CrossRef] [PubMed]

16. Stacchini, C.; Botrè, F.; Comunità, F.; de la Torre, X.; Dima, A.P.; Ricci, M.; Mazzarino, M. Simultaneous detection of different
classes of selective androgen receptor modulators in urine by liquid chromatography-mass spectrometry-based techniques. J.
Pharm. Biomed. Anal. 2021, 195, 113849. [CrossRef]

17. Sobolevsky, T.; Ahrens, B. High-throuput liquid chromatography tandem mass spectrometry assay as initial testing procedure for
analysis of total urine fraction. Drug Test. Anal. 2021, 13, 283–298. [CrossRef]

18. Kintz, P.; Gheddar, A.; Amelie, A.; Raul, J.-S. Perspectives in evaluating selective androgen receptor modulators in human hair: A
short communication. Ther. Drug Monit. 2021, 43, 298–300. [CrossRef]

19. Kintz, P.; Ameline, A.; Gheddar, L.; Raul, J.-S. LGD-4033, S-4, and MK-2866—Testing for SARMs in hair: About 2 doping cases.
Toxicol. Anal. Clin. 2019, 31, 56–63. [CrossRef]

20. Kintz, P.; Gheddar, A.; Amelie, A.; Raul, J.-S. Identification of S22 (ostarine) in human nails and hair using LC-HRMS. Application
to two authentic cases. Drug Test. Anal. 2020, 12, 1508–1513. [CrossRef]

21. Kintz, P.; Ameline, A.; Gheddar, L.; Raul, J.-S. Testing for GW501516 (cardarine) in human hair using LC/MS-MS and confirmation
by LC/HRMS. Drug Test. Anal. 2020, 12, 980–986. [CrossRef]

22. Sobolevsky, T.; Dikunets, M.; Sukhanova, I.; Virus, E.; Rodchenkov, G. Detection of PPARδ agonists GW1516 and GW0742 and
their metabolites in human urine. Drug Test. Anal. 2012, 4, 754–760. [CrossRef] [PubMed]

23. Thevis, M.; Möller, I.; Beuck, S.; Schänzer, W. Synthesis, mass spectrometric characterization, and analysis of the PPARδ agonist
GW1516 and its major human metabolites: Targets in sports drug testing. Methods Mol. Biol. 2013, 952, 301–312. [PubMed]

24. Hageloch, W.; Appell, H.J.; Weicker, H. Rhabdomyolysis in a body builder using anabolic steroids. Sportverletz Sportschaden 1998,
2, 122–125. [CrossRef] [PubMed]

25. Kryzak, M.; Elangovan, N. Rhabdomyolysis in a patient taking both oxandrolone and methamphetamine. Cureus 2017, 9, e1843.
26. Grimmer, N.M.; Gimbar, R.P.; Bursua, A.; Patel, M. Rhabdomyolysis secondary to clenbuterol use and excercice. J. Emerg. Med.

2016, 50, e71–e74. [CrossRef] [PubMed]
27. Bedi, H.; Hammond, C.; Sanders, D.; Yang, H.M.; Yoshida, E.M. Drug-induced liver injury from enobosarm (ostarine), a selective

androgen receptor modulator. ACG Case Rep. J. 2021, 8, e00518. [CrossRef]

http://doi.org/10.1517/17460441.2013.741582
http://doi.org/10.1097/MCO.0b013e32832a3d79
http://doi.org/10.1016/j.cell.2008.06.051
http://doi.org/10.1124/mi.5.3.7
http://doi.org/10.1248/bpb.b12-00885
http://www.ncbi.nlm.nih.gov/pubmed/23449329
http://doi.org/10.1016/j.biochi.2004.09.024
http://www.ncbi.nlm.nih.gov/pubmed/15589693
http://doi.org/10.1016/j.bbalip.2011.10.016
http://www.ncbi.nlm.nih.gov/pubmed/22056763
https://www.wada-ama.org/sites/default/files/resources/files/2021list_en.pdf
http://doi.org/10.1016/j.toxac.2021.07.002
http://doi.org/10.1002/dta.2933
http://doi.org/10.1002/dta.2908
http://www.ncbi.nlm.nih.gov/pubmed/32748554
http://doi.org/10.1002/hep4.1456
http://www.ncbi.nlm.nih.gov/pubmed/32140660
http://doi.org/10.21037/tau.2019.11.02
http://www.ncbi.nlm.nih.gov/pubmed/32257854
http://doi.org/10.1016/j.bmcl.2017.11.006
http://www.ncbi.nlm.nih.gov/pubmed/29275935
http://doi.org/10.1007/s00216-009-3283-x
http://www.ncbi.nlm.nih.gov/pubmed/19946680
http://doi.org/10.1016/j.jpba.2020.113849
http://doi.org/10.1002/dta.2917
http://doi.org/10.1097/FTD.0000000000000859
http://doi.org/10.1016/j.toxac.2018.12.001
http://doi.org/10.1002/dta.2902
http://doi.org/10.1002/dta.2802
http://doi.org/10.1002/dta.1413
http://www.ncbi.nlm.nih.gov/pubmed/22977012
http://www.ncbi.nlm.nih.gov/pubmed/23100242
http://doi.org/10.1055/s-2007-993678
http://www.ncbi.nlm.nih.gov/pubmed/3242160
http://doi.org/10.1016/j.jemermed.2015.09.006
http://www.ncbi.nlm.nih.gov/pubmed/26482831
http://doi.org/10.14309/crj.0000000000000518


Toxics 2021, 9, 251 9 of 9

28. Koller, T.; Vrbova, P.; Meciarova, I.; Molcan, P.; Smitka, M.; Adamcova Selcanova, S.; Skladany, L. Liver injury associated with the
use of selective androgen receptors modulators and post-cycle therapy: Two case reports and literature review. World J. Clin.
Cases 2021, 9, 4062–4071. [CrossRef]

29. Cuypers, E.; Flanagan, R.J. The interpretation of hair analysis for drugs and drug metabolites. Clin. Toxicol. 2018, 56, 90–100.
[CrossRef]

30. Kintz, P. Hair analysis in forensic toxicology: An update review with a special focus on pitfalls. Curr. Pharm. Des. 2017, 23,
5480–5486. [CrossRef]

31. Rading, A.; Anielski, P.; Thieme, D.; Keiler, A.M. Detection of the selective androgen receptor modulator GSK2881078 and
metabolites in urine and hair after songle oral administration. Drug Test. Anal. 2021, 13, 217–222. [CrossRef] [PubMed]

32. Richards, J.R.; Scheerlinck, P.H.; Owen, K.P.; Colby, D.K. Bodybuilding supplements leading to copper toxicity, encephalopathy,
fulminant hepatic failure and rhabdomyolysis. Am. J. Emerg. Med. 2020, 38, e1–e5. [CrossRef] [PubMed]

http://doi.org/10.12998/wjcc.v9.i16.4062
http://doi.org/10.1080/15563650.2017.1379603
http://doi.org/10.2174/1381612823666170929155628
http://doi.org/10.1002/dta.2943
http://www.ncbi.nlm.nih.gov/pubmed/33037775
http://doi.org/10.1016/j.ajem.2020.05.096
http://www.ncbi.nlm.nih.gov/pubmed/32532617

	Introduction 
	Case Report 
	Materials and Methods 
	Results 
	Discussion 
	Conclusions 
	References

