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Orientation générale de la these

On parle de substances de la performance lorsque l'action recherchée par I'utilisateur est
I’'amélioration des performances physiques et/ou mentales. Dans cette thése, je me suis intéressée a
trois familles pharmacologiques dont les agents anabolisants comprenant les stéroides anabolisants
androgeénes (SAA) et les modulateurs sélectifs des récepteurs des androgénes (SARMs), les

diurétiques et également a deux modulateurs métaboliques associés a la prise d’agents anabolisants.

Ces substances sont utilisées dans un but de dopage (augmentation de la masse musculaire,
diminution du temps de repos, masquer la prise d’autres substances dopantes) et sont interdits
d’utilisation en permanence (pendant et hors compétition) par I'’Agence Mondiale Anti-Dopage
(AMA) mais ont été, pour la plupart, développées initialement a des fins thérapeutiques. Comme
pour toute drogue, I'abus de ces substances peut provoquer des risques sur la santé physique et/ou
psychologique. C'est pour cette raison qu’il est important de les caractériser dans un laboratoire de

toxicologie médico-légale.

Au début de ma these, en 2018, il n’existait pas au laboratoire de Strasbourg de méthode dédiée a
I'identification et a la quantification des agents anabolisants et des diurétiques. Trois méthodes ont
donc été optimisées, développées et validées pour les stéroides anabolisants androgenes, les
modulateurs sélectifs des récepteurs des androgenes et les diurétiques. Les parametres des

méthodes sont présentés dans ce manuscrit.

L'identification dans les matrices kératinisées permet d’élargir la fenétre de détection des analytes.
C'est pour cette raison que j'ai décidé d’orienter mes travaux de thése sur I'analyse des phaneres,

incluant les cheveux, les poils du corps et les ongles.

A ce jour, le screening des agents dopants dans les cheveux permet d’identifier 30 SAA, 11 SARMs
(dont deux modulateurs métaboliques associés aux SARMs) et 9 diurétiques. Ces méthodes sont
désormais appliquées en routine a des cas de dopage, dans le cadre d’expertises médico-légales et
de demandes cliniques.

Les cas observés et les résultats associés sont présentés sous forme d’articles publiés ou en cours

d’évaluation.




Premiére partie - Contexte




1.1. Les substances de la performance

Un produit utilisé a des fins d’amélioration de la performance physique ou mentale est nommée
« substance de la performance ». Ces substances regroupent un grand nombre de produits comme
des produits naturels (dérivés de plantes, par exemple la caféine), des médicaments ou encore des
produits stupéfiants. L'usage de substances aidant a I'amélioration des performances n’est pas
nouveau et remonte a la Gréce antique.

On parle de dopage uniquement dans le milieu sportif. Mes travaux de thése portent sur les analytes
qui sont ceux utilisés dans le milieu du dopage et interdits par I’/AMA mais également utilisés a des
fins thérapeutiques et détournés par les consommateurs dans le but d’améliorer leur apparence
physique.

L'’AMA a vu le jour en 1999 apres le scandale dans le cyclisme avec I'affaire Festina. A partir de cette
situation, '’AMA a été créée afin d’harmoniser les pratiques et la liste des substances interdites dans
tous les sports et dans tous les pays.

Les activités de I’AMA sont multiples et on retrouve plus particulierement la supervision du Code
Mondial anti-dopage. Le Code regroupe et classe les pratiques et les produits interdits. Les
substances sont classées par famille et par période d’interdiction. En effet, certains composés sont
interdits en permanence comme les stéroides anabolisants, d’autres sont interdits uniquement en
compétition comme les amphétamines et enfin d’autres selon les sports comme les corticoides.

Dans le cadre d’un controle antidopage, toute substance détectée est considérée comme une
violation du Code et il en résulte un résultat analytique anormal (RAA).

Chaque année, 'AMA publie un rapport d’activité et présente les différentes données liées au
contréle antidopage dont les chiffres de RAA par famille et par sport. En 2019, les agents

anabolisants représentaient 44 % des RAA et les diurétiques 16 % (figure 1) [rapport AMA, 2019].

WORLD
.aurl-nnrmn 2019 Anti-Doping Testing Figures
AGENCY Samples Analyzed and Reported by Accredited Laboratories in ADAMS

Table 17: Summary - Substances Identified as AAFs in Each Drug Class in ADAMS (All Sports)

% of all ADAMS
Substance Group Occurrences  reported findings
§1 Anabolic Agents 1825 4%
56 Stimulants 611 15%
§5 Diuretics and Other Masking Agents §77 8%
S§4 Hormone and Metabolic Modulators 362 %
89 Glucocorticosteroids 230 6%
$3 Beta-2 Agonists 153 4%
S8 Cannabinoids 130 %
&2 Peptide Hormonos, Growth Factors and Related Substances 138 %
§7 Narcotics 30 1%
P1 Beta-Blockers 20 0.5%
M1 Enhancoment of Oxygen Transfor 2 0.06%
M2  Chemical and Physical Manipulation 2 0.05%

TOTAL* 4180

Figure 1: Résultats analytiques anormaux par famille de substances - AMA —2019



Au niveau national, le laboratoire accrédité AMA est I’Agence Francaise de Lutte contre le Dopage
(AFLD), basé a Chatenay-Malabry qui, chaque année également, publie ses propres statistiques dans
son rapport d’activité [Rapport AFLD 2019, Rapport AFLD 2020]. De méme que le rapport de 'AMA,
les stéroides anabolisants sont les produits ayant le plus gros pourcentage des RAA. En 2019, ils
représentaient 34 % des RAA totaux et en 2020, 33 % (figure 2). Les diurétiques représentaient

respectivement 15 et 16 % en 2019 et en 2020 (figure 2).

REPARTITION DES Ri_SIJuAIS POSITIFS EN 2019
en fonction des différentes classes de substances interdites R EPART|T|ON DES RESU LTATS POSITIES DE
CONTROLE ANTIDOPAGE, EN FONCTION

Dans I'urine 2018 .
DES DIFFERENTES CLASSES DE SUBSTANCES
S1A SAA exogine
S1 S1.1B SAA endogéne 56 2020

$1.2 Autres anabo

S1 AGENTS ANABOLISANTS

2 Hormones peptidiques, facteurs de croissance 7 =
Wil anae anarantioe 52. HORMONES PEPTIDIQUES, FACTEURS DE :
CROISSANCE ET SUBSTANCES APPARENTEES
S B2 s 53. BETA-2 AGONISTES 3
$4 Modulateurs hormonaux et métaboliques 8 S4. MODULATEURS HORMONAUX ET METABOUQUES 3
S5 Diurétiques et agents 25 S5. DIURETIQUES ET AGENTS MASQUANTS 5
% i 7 $6. STIMULANTS 5
S7. NARCOTIQUES 0
ST Narcotiques 2
S8. CANNABINOIDES 5
S8 Cannabincides 14 $9. GLUCOCORTICOIDES 12
$9 Glucocorticoides 26 P1. BETA BLOQUANTS 0
P1 Bétabloguants 1 TOTAL 57
TOTAL 164

Figure 2: Résultats analytiques anormaux par famille de substances - AFLD - 2019 et 2020

Il est intéressant de noter que chaque année, la classe des agents anabolisants représente le plus
gros pourcentage de RAA. Par ailleurs, ces substances ont un tropisme clinique et médico-légal. C’est
pour cette raison que le laboratoire de I'Institut de Médecine Légale (IML) de Strasbourg s’intéresse
particulierement a cette classe.

Une deuxiéeme classe a attiré notre attention : la classe S5. Diurétiques et agents masquant. Ces
substances ont quant a elles un tropisme plutot clinique puisque utilisées par des sujets souhaitant
perdre rapidement du poids.

J'ai intégré deux autres substances a mes travaux du fait de leur association aux agents anabolisants :
il s’agit de la cardarine et du SR 9009 qui font partie de la classe S4. Hormone et modulateurs
métaboliques. La classe S4 représentait 9 % des RAA en 2019 au niveau mondial et 5 % en 2020 au
niveau national (figure 1 et figure 2).

Par ailleurs, depuis plusieurs années, de nouveaux agents anabolisants ont fait leur apparition. Il

s’agit des « designer steroids » et des SARMs.



Les SARMs sont classés dans la sous-section 1.2. Autres agents anabolisants et sont utilisés dans le

méme but que les stéroides anabolisants. Leur analyse fait I'objet de la partie 3 du manuscrit.

Les « designer steroids » sont classés dans la section 1.a. Stéroides agents anabolisants. La liste des
substances interdites n’est pas exhaustive mais L'AMA a prévu de les inclure dans la liste des
substances interdites en ajoutant la phrase suivante dans le Code : « et autres substances possédant
une structure chimique similaire ou un (des) effet(s) biologique(s) similaire(s). » [Liste d’interdiction
AMA, 2021].

Les « designer steroids » ne font pas I'objet de recherche dans ma these. Néanmoins, j’ai publié une
revue de littérature qui expose les problématiques analytiques et les problemes de santé induits par
I’abus de ces nouveaux produits. Les problématiques soulevées sont superposables a celles des NPS
[Ameline, 2019]. Cette publication est une revue de la littérature sur les nouveaux produits de la
performance, les « designer steroids ». lls sont apparus dés les années 1960 et ont été mis en
lumiere avec le tétrahydrogestrinone (THG) en 2003 lors du scandale de I'affaire Balco. Ils sont
synthétisés a partir de stéroides anabolisants existants. Ces produits sont utilisés par les sportifs de
haut niveau et les amateurs pour améliorer leurs performances physiques et mentales.

Par ailleurs, leur mésusage peut mener a des problémes de santé comme des cancers des testicules,
ou a des maladies neuropsychiques. Leur détection est un réel challenge pour les laboratoires anti-
dopage mais également pour les laboratoires de toxicologie car il n’existe pas de standard de
référence pour ces nouveaux produits. De nombreuses stratégies sont d’ailleurs mises en place pour
pouvoir les détecter. Pour finir, toutes substances ayant les mémes structures chimiques et les

mémes effets pharmacologiques sont interdits par I’AMA [Article 1].



Article 1 : Designer anabolic steroids: a challenge for toxicologists
Laurie Gheddar, Alice Ameline, Jean-Sébastien Raul, Pascal Kintz
Toxicologie Analytique et Clinique. 2019;31:293-297.
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Summary Novel substances of performance have appeared since the 1960s. These substances
are synthesized from anabolic androgenic steroids and are presented as designer steroids. They
are used by top athletes for doping purposes as they increase lean body mass, strength, aggres-
siveness and lead to a shorter recovery time between workouts, but also by amateurs to improve
their body aesthetic. Indeed, the use of designer steroids enables to improve performance and
increase muscle mass. However, an overconsumption can cause health issues such as testicular
cancer, hypogonadism or neuro-psychic disorders, including domestic violence. The designer
steroids are available on the internet as dietary supplements. Their easy access and the diffi-
culty of their detection is a big challenge for toxicological and forensic laboratories. The use of
these drugs is problematic for doping, clinical and forensic aspects. As it is the case with other
new psychoactive substances, obtaining reference material can be a challenge for toxicology
laboratories. This short review of the literature aims to highlight some issues related to the
abuse of designer steroids.

© 2019 Société Francaise de Toxicologie Analytique. Published by Elsevier Masson SAS. All
rights reserved.

sexual characteristics. After its discovery, the pharmaceuti-
cal laboratories but also university groups began chemical

In the 1930s, testosterone was discovered and purified
for the first time. Testosterone is an endogenous anabolic
androgenic steroid (AAS); it is the male sex hormone for
the development of male sexual organs and secondary

* Corresponding author.
E-mail address: |.gheddar@gmail.com (L. Gheddar).

https://doi.org/10.1016/j.toxac.2019.07.001

and pharmacological studies for purpose of healthcare.
This research involved the development of new exogenous
anabolic androgenic steroids to be active against muscle
weakness, anaemia, hormonal disorders, hormone-related
cancers, and post-operative treatment [1].

In the 1960s, some endogenous and exogenous AAS
were used for doping purposes by athletes, as these sub-
stances allow them to improve their sports performance,

2352-0078/© 2019 Société Francaise de Toxicologie Analytique. Published by Elsevier Masson SAS. All rights reserved.
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increase their muscle mass and reduce the recovery
time.

In 1968, AAS were banned by the International Olympic
Committee and in 1975 AAS were registered on the list of
banned substances. In 1998, a scandal broke out in the world
of cycling, i.e. the Festina case. In order to respond to this
crisis in sport, the World Anti-Doping Agency (WADA) was
created in 1999. A document, harmonizing prohibited prac-
tices and substances in sport, named the CODE, was set up.
It includes all the aspects of doping, including the control
issues. To date, 31 laboratories are accredited by WADA.
AAS drugs were classified by WADA (class S1) as prohibited
anabolic agents in and out-of-competition. In 2017, 44% of
adverse analytical findings were due to the consumption of
anabolic androgenic steroids [2].

These substances are used by top athletes but also by
amateurs and even by children. In 2000, Laure published
that doping products were used by 3 to 5% of the sports
children and teenagers and by 5 to 15% of adult amateurs
[3]. Another study showed figures ranging from 2.2% to 4%
among young consumers (13—19 years). In addition, it was
shown that the drugs were more consumed by the male sex
[4].

Because of extensive controls, as their detection ranked
first since many years, in the early 2000s, a new family of
AAS appeared, the designer steroids (DS). This review of the
literature aims to highlight the issues related to the use of
DS, the areas in which they are used, the pharmacological
and toxicological aspects and the methods used for their
detection.

Method

This review aims to describe recent trends about DS and
their abuse. We searched Pubmed, Scopus, Research Gate
and Google using the key words ‘‘designer steroids’’, "AAS
designer’’, ""Balco’’, and ‘'legal steroids’’.

History

In 2003, the first DS which was identified was tetrahydro-
gestrinone (THG), during the Balco case. This case, involving
several top athletes such as Marion Jones, is a sport scandal
for which the laboratory Bay Area Laboratory Co-Operative
(Balco) was found guilty. In June 2003, the American body of
doping (USADA) was contacted anonymously, to report the
use a new drug. The athletes were banned and the president
of the laboratory Balco was sentenced to jail [2,5]. THG is
considered as the first DS released on the black market. A DS
is a drug which is derivated from an AAS known and chemi-
cally modified to mimic the effects of an AAS and circumvent
the anti-doping law [6].

The DS are designed to be undetectable by the anti-
doping laboratories, due to a lack of the reference standard,
extensive metabolism or shorter presence in the body
although they have similar androgenic effects. They share
the same mechanism of action as testosterone, i.e., acting
on androgen receptors. In addition, to attract customers,
DS can take healthier names, such as pro-hormone, natural
steroids, testosterone booster [6].

Some compounds were synthetized in the 1960s and were
forgotten by the scientific community. It’s the case for
norboletone and desoxymethyltestosterone. However, these
compounds can be considered as false DS. A true DS is a
compound which is completely new and unknown, at the
time it is put on the market, by the scientific community, as
it was the case with THG [2,5].

Designer steroids are direct or indirect derivatives of
testosterone. From a known chemical structure, several
transformations are possible: 17-a-methylation, halogena-
tion or hydroxylation [7]. Joseph et al. have published
possible modifications of the testosterone structure to
yield designer anabolics. For instance, Rahnema et al. had
published structural similarities between methylstenbolone
(designer steroid) and stenbolone, mentabolan (designer
steroid) and trenstolone or epistane (designer steroid) and
epitiostanol [6]. For all these reasons, DS can be considered
very close to new psychoactive substances (NPS).

In comparison with testosterone, chemical structures of
some DS are presented in Table 1.

Pharmacological properties and clinical
issues

In the literature, there is no scientific information about the
pharmacological properties and clinical issues due to the
absence of controlled study. However, to get these data,
some authors have compared DS to known AAS.

AAS have anabolic and androgenic effects. An anabolic
effect facilitates the biosynthesis of proteins, favouring the
growth of muscles and enables faster regeneration of red
blood cells. An androgenic effect enables to develop male
sexual organs and secondary sex characteristics such as body
hair, aggressiveness and increase of libido. Chemical mod-
ifications can modify the anabolic: androgenic ratio. Some
DS (as methylstenbolone) can be more anabolic than previ-
ously known AAS [6]. Structural modification, for example
for methasteron, can also modify the oral bioavailability.
Kazlauskas et al. reported that a 17-« alkylated molecule
can improve the oral bioavailability but this will increase
toxicity, due to the increase of the circulating blood con-
centrations [8].

Furthermore, a long-term exposure period over months
can induce several health issues, such as vascular dis-
eases, testicular cancer (hormone-dependent), liver cancer
(hormone-dependent) [9,10] or some neuro-psychic dis-
orders (psychological dependence and violence). More
recently, Coward et al. have published that an overconsump-
tion of AAS can cause hypogonadism in young men [11].

Dietary supplement

As it is the case with NPS, the DS are easily obtained. These
drugs are sold as dietary supplements (oral tablet or injec-
tion) on the internet but also in fitness shops. The main issue
is the bad labelling and the lack of control of the ingre-
dients. Indeed, all compounds are not always cited, and
the amounts quoted are often not true. This has also been
observed for conventional anabolic steroids [12].
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Table 1 Chemical structures of testosterone and some designer steroids.

Name of compound

Chemical structures

Testosterone

Trestione or mentabolan

Methasteron

Boldione

Methylstenbolone

According to Geyer et al., 20% of dietary supplements
have been contaminated by designer steroids since 2002
[13]. These authors have listed several DS found in dietary
supplements such as methasteron, 4-hydroxytestosterone,
prostanozolol [13]. Recently Lorenz et al. have identified
androsta-3,5-diene-7,17-dione in a dietary supplement [14].
It appears that these compounds were not always listed in
the ingredients list. As a result, due to the lack of informa-
tion on the labels, consumers often do not know what they
exactly ingest.

These compounds can be used by top athletes but also by
amateurs. In a world where beauty has become an important
criterion, the use of DS helps to get closer to this goal.

According to the literature and websites of abusers, DS
are consumed daily over a period of 1 to 2 months [15-18].
Dosage depends on the nature of DS and varies generally
between 4 and 10mg [19,20]. The industry tends to find
rather molecules to be taken orally vs injectable as shown
by Rahnema et al. For example, boldione is oral derivatives
of boldenone [6].
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Case reports

Few clinical cases have been reported following ingestion
of DS. In the literature, there are 4 papers dealing with
DS bought in the internet. Shah et al. reported 5 cases of
cholestatic liver injury associated with methasteron supple-
ment. There were 5 males aged from 20 to 33 years. All
showed jaundice, pruritus and dark urine. The period of sup-
plement use varied between 1 and 1.5 months [15]. Singh
et al. presented 3 cases of severe hepatotoxicity induced
by methasteron, including 3 males aged from 25 to 51 years
and the symptoms were identical to those described by Shah
[16]. The period of consumption varied between 3 weeks and
2 months with a reported dosage of 10mg for 1 case (2—3
times daily) [16]. Nasr et al. presented 1 case of cholestatic
and renal failure after repetitive administration of methas-
teron. A 42-year-old male presented the same symptoms as
the previous cases after a consumption of methasteron for
1.5 months [17]. Another DS was implicated in a cholestatic
jaundice, as Agbenyefia et al. reported a case of 26-year-old
male abusing methylstenbolone and dimethazine supple-
ments [18].

For all these cases, the symptoms went stronger about
2 weeks after discontinuation of taking the DS and 1 month
after stopping the symptoms completely disappeared. It can
be observed from these cases that the DS are preferably
abused by young men.

The use of DS has clinical impacts but can also be
observed during forensic work. One of the authors has been
involved in a case of a 34-year-old male, amateur body-
builder, charged with sexual assault on a minor. He told
to the judge that he used 3 times a week a THG tablet
bought on the internet, which he said would have changed
his libido and enhanced its aggressivity. A hair test analy-
sis confirmed the detection of THG with a concentration of
17 pg/mg (personal data, not published).

The identification and quantification of DS are a real
challenge for laboratories because of the lack of informa-
tion in the literature, particularly on drug metabolism and
the lack of reference standards to calibrate the analytical
equipment. An interesting alternative for the forensic labo-
ratories involved in DS detection is to buy the drugs on the
internet and to verify their purity using nuclear magnetic
resonance or infra-red spectroscopy, as it has been done for
other NPS. As usual methods have limitations, some labora-
tories have implemented analytical strategies to detect DS
without reference material.

Analytical strategies

The standard use of chromatography systems requires know-
ing the chemical structure of a molecule. Moreover, in order
to quantify a drug in an authentic matrix, it is essential
for a laboratory to use reference materials. In order to
avoid the use of reference standards that are either too
expensive, of poor quality or inexistent, specific strate-
gies have been put in place by laboratories. The structural
tools, such as NMR can be used to determine the struc-
ture of a compound. This method was applied to the
identification of cathinones, synthetic opioids or cannabi-
noids, which have the same problem than DS, as shown by

Ameline et al. for various NPS [21]. Using this approach,
Cawley et al. were able to identify a new DS, i.e. 3-chloro-
17a-methyl-5a-androstan-173-ol [22]. A combination of
techniques involving liquid chromatographic/electrospray
ionization orthogonal acceleration time-of-flight mass spec-
trometry and gas chromatographic/electrospray ionization
orthogonal acceleration time-of-flight mass spectrometry
was used by Georgakopoulos to detect DS with accurate
full scan MS data [23]. Voelker et al. proposed to use UV
spectroscopy in order to compare structures and molar
absorption with data from known steroid standards [24].
Another strategy was applied by Yuan and his colleagues.
The idea is to identify compounds which bind to the andro-
gen receptor [25]. Finally, the test for identical fragments
with known AAS using accurate mass techniques can also
be considered. The accurate mass techniques enable too
to making retrospective analysis; this strategy was used by
Hopker et al. for analysis of doping agents [26]. It is also
possible to gain information, particularly for metabolite(s)
detection to perform, in vitro, experiments using human
liver microsomes, as it has been proposed for another chal-
lenging class of performance enhancing drugs very close to
AAS, the SARMs, for selective androgen receptor modula-
tors, including ligandrol, for example [27].

Conclusion

Today, the use of DS has reached a wide audience and is
becoming a widespread public health problem. The easy pur-
chase on the internet attracts new customers, such as young
men. In order to protect the athletes, WADA has written in its
code that AAS "‘and other substances with a similar chemical
structure or similar biological effect(s)’” are prohibited [2].
Despite this list of banned compounds, the abuse of these
products is in constant progression. For toxicology laborato-
ries, the identification of these new products remains a daily
challenge. The combination of structural, chromatographic
and high-resolution techniques should be considered as the
gold standard to detect these new DS.
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1.2. Black market

La vente des substances de la performance est illégale mais est bien réelle sur le marché noir par le
biais d’Internet et c’est notamment le cas pour les SAA, les diurétiques et les SARMs.

Ces dernieres années, de nombreuses études ont été publiées a propos de la vente illégale des
produits de la performance et discutent des multiples problemes liés a ce phénomene. Les
problématiques d’étiquetage (absence de données ou non corrélation avec les résultats d’analyse),
de composition, de quantité ont été soulevées.

Par exemple, en Allemagne, une étude a eu lieu de 2010 a 2013. 337 suppléments ont été analysés et
288 correspondaient a des SAA. De plus, 55 % des suppléments SAA analysés ne correspondaient pas
aux informations indiquées sur les étiquettes [Krug, 2014]. En Suisse, 1190 suppléments ont été
analysés et 75 % étaient des stéroides anabolisants [Weber, 2017]. Et enfin, en Italie, une étude
réalisée de 2017 a 2019 a montré que 64 % des produits saisis étaient des SAA [Odoardi, 2021].

Ces études témoignent de la dangerosité de ce phénoméne car les produits et les quantités
retrouvées ne correspondent pas toujours a ce qui est annoncé sur les étiquettes. Cela peut
engendrer des problémes de dopage non voulu et des effets négatifs sur la santé. De plus, il a été
rapporté que les quantités utilisées par les amateurs et les sportifs étaient de 10 a 100 fois
supérieures que les quantités administrées de fagon thérapeutique [Trenton, 2005].

Par ailleurs, le fait que ces produits existent sur les chaines de production peut provoquer des
contaminations lors de la fabrication d’autres suppléments diététiques et compléments alimentaires
[Geyer, 2008].

Les mémes observations ont été faites pour les produits vendus comme SARMs. Dans cette étude,
Leaney et al. ont analysé des produits vendus comme SARMs et ont montré que la plupart des

produits étaient contaminés par d’autres SARMs [Leaney, 2021].

En France, les mémes conclusions peuvent étre établies. Le marché noir des substances de la
performance est un phénomeéne sous-estimé et un réel probleme de santé publique. Cette étude a
donné lieu a une publication.

En collaboration avec I'équipe du Professeur Alvarez (Garches, France), une étude a été menée de
janvier 2016 a décembre 2019. Apres la saisie de nombreux produits de contrebande par la justice
francaise, le laboratoire a recu et analysé 110 produits par chromatographie liquide couplée a un
spectrometre de masse haute résolution (LC-HRMS) et par chromatographie en phase gazeuse
couplé a un spectrométre de masse (GC-MS) dont 75 médicaments et 35 suppléments diététiques.
Cette étude a révélé qu’une grande partie des produits était soit adultérée soit sous-dosée. 54

produits contenaient des SAA. Le manque de contréle de qualité ainsi que I'administration par voie
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intraveineuse, pour la plupart des SAA vendus sur Internet, peuvent mener a des risques accrus

d’intoxication [Article 2].
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Article 2 : Analysis of pharmaceutical products and dietary supplements seized from the black
market among bodybuilders.

Nicolas Fabresse, Laurie Gheddar, Pascal Kintz, Adeline Knapp, Islam Amine Larabi, Jean-Claude
Alvarez. Forensic Science International. 2021;doi: 10.1016/j.forsciint.2021.110771.
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Artic{e history: Substandard/counterfeit drugs are a growing global problem. According to the World Health Organisation,
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and/or source. In high income countries, drugs seized are mainly represented by performance and image
enhancing drugs (PIEDs). The aim of this study was to present the qualitative and quantitative results of
toxicological analyses of pharmaceutical and dietary supplements seized from the black market among
bodybuilders in France. All dietary supplements and pharmaceuticals seized from the black market and

i:}:f),slriis‘androgenic steroids addressed to the laboratory for a qualitative and quantitative analysis between January 2016 and December
Performance enhancing drugs 2019 were included in the study. A screening was carried out by gas chromatography-mass spectrometry and
Doping liquid chromatography-high resolution mass spectrometry. Identified compounds were quantified by liquid
Toxicology chromatography-tandem mass spectrometry. One hundred and ten products were seized and submitted to the
Forensics laboratory for identification of active compounds and quantification: 75 pharmaceuticals and 35 dietary

supplements. This included 39 oily and 3 aqueous solutions for intramuscular injection, 34 tablets, 13 capsules,
14 powders, 4 liquids and 3 lyophilizates. Among the pharmaceuticals, 25/75 (33%) were substandard (dosage
not on the acceptable range defined for original products), 24/75 (32%) were counterfeit (qualitative
formulation does not match the label) and 14/75 (19%) were original (qualitative formulation and levels of
active ingredients fully matches the declared formulation. The analysis of the 12 remaining products revealed a
correct qualitative content for 11/75 (15%), but quantitation could not be carried out because of the lack of
reference standards at the time of the analysis. Fifty-four pharmaceuticals contained anabolic-androgenic
steroids (AAS). Four out of 54 (7.4%) AAS were found as original, 8/54 (15%) could not be quantified (one with
wrong active ingredient), corresponding to 43/54 (80%) AAS being non-original. In contrast, only 1/35 dietary
supplement (3%) was adulterated, with a doping substance (1,3-dimethylbutylamine, DMBA). This work allows
to show that France is not spared by the trafficking of PIEDs. The use of counterfeit drugs in mainstream
population is an underestimated public health issue.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction meet quality standards or are deliberately manufactured to imitate a
legitimate product [ 1]. They may contain no active ingredient, a wrong

Counterfeit drugs are considered by the World Health Organization active ingredient, the true active ingredient associated with other ac-
(WHO) as those which are substandard and falsified, and either fail to tive substances or an incorrect amount of the correct active ingredient.
These products can lead to a panel of life-threatening adverse events

up to deaths due to therapeutic inefficacy or toxicity [2-4|. Counterfeit

* Correspondence to: Laboratoire de Pharmacologie - Toxicologie, Université Paris- drUgS affect mainly low income countries with a 10% risk of experi-
Saclay (Versailles Saint-Quentin en Yvelines), Inserm U-1173, Hépital Raymond encing this problem, whereas this risk fall to 1% in high income

Poincaré, AP-HP, 104, Boulevard R. Poincaré, 92380 Garches, France. countries [1,5].
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As part of the fight against drug trafficking, Interpol organized in
2018 an operation (Pangea) mobilizing police, customs and health
regulatory authorities from 116 countries targeting the illicit online
sale of medicines and medical products [6]. This operation resulted
in 859 arrests worldwide and the seizure of potentially dangerous
pharmaceuticals worth more than USD 14 millions. Focusing on
delivery services manipulated by organized criminal networks, the
operation saw 3671 web links closed down, including websites, so-
cial media pages, and online marketplaces. Almost one million
packages were inspected during the week of action (9-16 October),
with 500 tons of illicit pharmaceuticals seized worldwide. These
figures allow us to appreciate the extent of the black market for
drugs in the world.

In high income countries, drugs seized are mainly represented by
performance and image enhancing drugs (PIEDs). These molecules
are taken with the aim of improving athletic performance, body
image and as a complement or even substitute for physical exercise.
Focus and preoccupation on body image is increasingly common for
both genders in recent decades |7]. Use of enhancement drug sup-
plements is reportedly widespread among athletes at all ages and
competitive levels [8]. Several analytical studies have been con-
ducted on drugs and nutritional supplement seized on the black
market [9-14]. The most common substances found are anabolic
androgenic steroids (AAS). In France, only one testosterone ester
(enanthate) is still marketed under medical prescription to treat
hypogonadism. The multitude of websites selling PIEDs and the low
cost offered have led to an explosion in their consumption among
mainstream fitness groups or even among people who do not
practice sport, and has contributed to an emergent public health
issue. The use of such product poses a health risk to consumers, who
have reported harms such as infections at injecting sites when
counterfeit or contaminated products are used [15]. Furthermore,
chronic exposure to AAS is responsible for many complications:
cardiovascular, endocrine, hepatic and behavioral [16].

To our knowledge, no study carried out on the analysis of phar-
maceuticals products from the black market has been conducted in
France. The aim of this study was to present the qualitative and
whenever possible quantitative results of toxicological analyses of
pharmaceutical and dietary supplements seized from the black
market among bodybuilders in France.

2. Materials and methods
2.1. Chemicals and reagents

Water, formic acid and methanol (MeOH) were MS grade and pro-
vided by Merck (Darmstadt, Germany). All other chemicals were
analytical grade and provided by Sigma Aldrich (USA). 13-
dimethylbutylamine, 4-chlorodehydromethyltestosterone (or turinabol),
anastrozole, androstenedione, androstanolone (or dihydrotestosterone),
boldenone, boldenone undecylenate, clenbuterol, dehydroepian-
drosterone (DHEA), drostanolone propionate, epitestosterone, letrozole,
lormetazepam, mesterolone, methandienone, methenolone enanthate,
methoxsalen, methyltestosterone, nandrolone (19-nortestosterone),
nandrolone decanoate, nandrolone phenylpropionate, nefopam, noran-
drostenedione, oxandrolone, sibutramine, sildenafil, stanozolol, tadalafil,
tamoxifen, testosterone, testosterone-D3, testosterone benzoate, testos-
terone cypionate, testosterone undecanoate, testosterone isocaproate,
testosterone enanthate, testosterone propionate, testosterone phenyl-
propionate, testosterone decanoate, testosterone undecanoate, trenbo-
lone enanthate and trenbolone acetate were supplied by Sigma Aldrich.

Methanolic solutions of each standard were prepared from pure
powders at a concentration of 1 mg/mL and stored at -20 °C.
A working solution mixture, containing all the standards at a con-
centration of 1 pg/mL in methanol, was then prepared from the
above-mentioned standard solutions and stored at =20 °C. Internal
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standard solution containing testosterone-Ds3 at a concentration of
1 pg/mL in methanol was prepared and stored at =20 °C.

2.2. Samples

All dietary supplements and pharmaceuticals seized by the
Justice in sport halls and addressed to the laboratory for a qualitative
and quantitative analysis between January 2016 and December 2019
were included in the study. Samples were classified as original,
counterfeit or substandard, according to the classification suggested
by Neves et al. [11]:

Original:

- Qualitative formulation fully matches the one declared on the
label.

- Levels of active pharmaceuticals ingredients are between 80%
and 130% of the declared formulation.

- Qualitative formulation fully matches the one declared.
- Levels of active ingredients detected are not within the accep-
table range defined for original products.

Substandard:

- Qualitative formulation does not match the label.
- Fake packaging, or no indication of the active ingredient included.

Counterfeit:
2.3. Sample preparation

Tablets and granules contained in the capsules were weighed and
ground into a fine powder. Ten milligrams of powders were solubi-
lized in MeOH to obtain a concentration of 1 mg/mL. The solutions
were sonicated for 10 min and centrifuged for 10 min

Regarding liquid samples, 50-100 pL of aqueous solutions or
20-100 pL of oil solutions were transferred to falcon tubes, and
diluted into 10 mL with MeOH. Falcon tubes were vortexed and
sonicated for 10 min. When dissolution was not achieved, a first 1/10
dilution in heptane was conducted and then a second 1/10 dilution
in MeOH.

Fifty pL of internal standard working solution were added to all
samples prior to gas chromatography-mass spectrometry (GC-MS)
and liquid chromatography-high resolution mass spectrometry
(LC-HRMS) analysis. Identified compounds were then quantified by
liquid chromatography-tandem mass spectrometry (LC-MS/MS) when
a commercial reference standard was available. Peptides and thyroid
hormones were identified with dedicated analytical methods.

2.4. GC-MS analysis

Samples were analyzed with a simple sample preparation pro-
cedure, and no derivatization step. GC-MS analysis was carried out
on a Focus GC equipped with a Triplus Duo autosampler and coupled
with a DSQ II single quadrupole all supplied by Thermo Fisher
(Les Ulis, France). Separation was performed using an UptiBond 5
(5% phenyl - 95% dimethylpolysiloxane) column from Interchim
(Montlugon, France) (dimensions: 1 = 30 m, LD. = 0.25 mm,
dF = 0.25 pm) with helium as carrier gas at a constant flow of
1.2 mL.min™". Injection mode was splitless and injector temperature
was maintained at 250 °C. The GC conditions were as follows:
column temperature began at 45 °C, was held for 1 min, then in-
creased to 115 °C at a rate of 30 °C/min, then held at 115 °C for 2 min
before increasing to 300 °C at a rate of 3 °C/min and held 14 min.
Total run duration was 56 min. Data acquisition was performed using
the Xcalibur v2.1 software (Thermo Fisher, Les Ulis, France). The MS
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was operated in full scan with a mass range 30-560 m/z. Samples
were not derivatized and data were processed with RIHunter soft-
ware (Idecos, France) using three different MS library: N.LS.T. 17
library, Maurer, Pfleger and Weber v3 and SWGDrug v3.6.

2.5. LC-HRMS analysis

Liquid chromatography was performed on a Thermo Ultimate
3000 (Thermofisher, Les Ulis, France) pump and separation was
carried out on a Hypersil GOLD column (100 x 2.1 mm x 1.9 pm,
Thermo, USA) maintained at 40 °C. The device was completed with a
pre-column (Hypersil GOLD, 10 x 2.1 mm, 3 pm, Thermo, USA).
Elution was achieved according to Fabresse et al. method [17], the
mobile phase gradient being as follow: 60% A (water/methanol 90/10
with 0.1% formic acid) for 1 min, linear gradient to 100% B (methanol
with 0.1% formic acid) in 7 min, held for 5.0 min. The column re-
equilibration was performed with linear gradient to 60% A in
3.0 min, held for 3.0 min. The flow rate was set at 400 pL/min. The
sample injection volume was 10 pL. lonization was performed in
positive ionization mode by heated electrospray ionization (HESI).
Nitrogen (N2-45 nitrogen generator, VWR International, Fontenay
sous bois, France) was employed as sheath and auxiliary gas. The
source parameters were as follows: ion spray voltage: 3500 V;
vaporizer temperature: 150 °C; sheath and auxiliary gas pressure: 45
and 10 arbitrary units, respectively; ion transfer tube tempera-
ture: 350 °C.

Compounds were detected using an Orbitrap mass spectrometer
(Q-Exactive, Thermo, USA). Data were acquired in data dependent
acquisition mode according to a previously published method [18].
The masses of precursors and their related fragments ions were
measured with a resolution of 70,000 and 17,500 FWHM at m/z 200,
respectively, in the range 125-650 m/z. The mass isolation window
was 1 m/z. The normalized collision energy (NCE) was set at 55%.
Chromatographic data acquisition was performed using Xcalibur
software (v.4.0, Thermo, USA). Raw data were processed with
Compound Discoverer 2.0 software (Thermo, USA). Exact mass
spectra identification was performed with the mzCloud™ data base
(https://www.mzcloud.org/).

2.6. LC-MS/MS

Quantification was achieved using the same equipment (LC
system, chromatographic column) and conditions as those described
in the Section 2.5. for LC-HRMS. Compounds were then detected
with a triple quadrupole TSQ Quantiva mass spectrometer (Thermo,
USA) using multiple reaction monitoring (MRM). Argon (Messer,
Puteaux, France) was used as a collision gas with a pressure set at 1.5
mTor, Q1 and Q3 resolutions were set at 0.7 FWHM and cycle time
1 s. Identified analytes were confirmed and quantified by using the
corresponding reference standard solutions and product ion scan
experiments. The method was validated for quantitation by LC-MS/MS
in the range 10-1000 ng/mL according to EMA guidelines [19].

2.7. Peptide and thyroid hormone analysis

CJC-1295 was analyzed by LC-HRMS according to a previously
published method [20]. Human chorionic gonadotrophin (HCG) was
quantified on a Siemens™ dimension EXL (Siemens, Munich, Germany)
automated system by enzyme-linked immunosorbent assay (ELISA)
using an antibody specific for HCG. Dilutions are carried out auto-
matically according to the concentration obtained. The analytical range
is from 1 to 1000 international units per liter (IU/L). Triiodothyronine
assay was performed on a fully automated ADVIA Centaur CP analyzer
(Siemens Healthcare Diagnostics, Munich, Germany). The TSH3-UL
assay is based upon a two-site sandwich principle.
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3. Results and discussion

During the study period, a total of 110 products were seized by
justice in sport halls and submitted to the laboratory for identifica-
tion of active compounds and quantification: 35 dietary supple-
ments and 75 pharmaceuticals. The pharmaceuticals included 39
oily and 3 aqueous solutions for intramuscular injection, 30 tablets
or capsules and 3 lyophilizates. Dietary products were 17 tablets or
capsules, 14 powders and 4 oral liquids.

All the results are detailed in “Supplemental Table 1",

All oil based injectables contained AAS esters (n = 39). This result
was consistent with previous published results [11,12,21]. Steroid es-
ters are widely used by bodybuilders, since they allow a slow release of
steroids from the injection site for periods of up to 4 weeks. Two
substances should not be found among injectable products: stanozolol
and methandrostenolone since they are 17-alpha-methyled steroids,
and designed to be taken orally since they did not have a first-pass
hepatic effect. However, since they present hepatotoxicity, parenteral
form could limit this side effect, but required a daily injection rather
than a daily oral intake, which seems more restrictive. Thus, one out of
the 6 methandrostenolone-containing products and 2 out of the 4
containing-stanozolol products analyzed in the present study were
injectable forms. The two products containing stanozolol were aqu-
eous solution for injection. A third aqueous solution for injection
contained nefopam, an analgesic, probably used to reduce pain during
or after exercise. Interestingly, this substance did not belong to the
WADA list of prohibited substances [22].

Pharmaceutical tablets and capsules (n = 30) contained 17-alpha-
alkylated steroids (n = 12), other AAS like boldenone and DHEA both
associated with oxandrolone (n = 1), non-steroid anabolic agent like
clenbuterol (n = 3), anti-estrogenics (anastrozole, n = 1, letrozole,
n = 2, tamoxifen, n = 1), anxiolytic (lormetazepam, n = 2), photo-
sensitizer (methoxsalen, n = 1), amphetamine related (sibutramine,
n = 1), phosphodiesterase-5 enzyme inhibitors (PDE5i, sildenafil,
n = 1, tadalafil, n = 2) and thyroid hormone (triiodothyronine, n = 1).
No substance was detected in two tablets: clenbuterol 0.02 mg
named «kaenGyrepon® (clenbuterol) sold originally by Codapma
(Sopharma) and mesterolone 25 mg named Proviron® sold originally
by Bayer.

17-alpha-alkylated steroids, clenbuterol and DHEA are commons
substances reported to be abused by athletes [23] since they are
administered orally. Boldenone does not belong to AAS designed to
be taken orally, because it presents a weak bioavailability. Boldenone
is normally a veterinary pharmaceutical marketed as a prodrug
(boldenone undecylenate, Equipoise®) [24]. Tamoxifen is a Selective
Estrogen Receptor Modulator (SERMs). Letrozole and anastrozole
are aromatase inhibitors, blocking the transformation of testos-
terone into estrogen. The athletes could illicitly use SERMs or
aromatase inhibitors to increase endogenous testosterone levels,
with the aim to by-pass the specific testing regimens for known
synthetic androgens including exogenous testosterone, and to
balance the feminizing adverse effects of an extensive abuse of AAS
[25,26]. Methoxsalen is a pharmaceutical drug marketed under the
brand name Meladinine®, prescribed in several skin diseases
(psoriasis, vitiligo, and dermatitis). It is a photosensitizing agent
probably used for tanning by bodybuilders, however it provides a
high risk of skin burns. PDE5i are usually used by bodybuilders in
order to compensate the erectile dysfunction caused by long term
use of AAS.

CJC-1295 (n = 1) and HCG (n = 2) were identified in the 3 lyophili-
sates. CJC-1295 is an analog of growth hormone releasing hormone
(GHRH), developed by ConjuChem Biotechnology Inc. (Montreal,
Canada) and in its original form, it utilizes a novel bioconjugation
technology referred to as Drug Affinity Construct (DAC™). A mal-
eimidopropionamide derivative of lysine at the C-terminus allows this
compound to bind covalently to albumin in vivo thereby significantly
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extending its half-life [27]. However, the substance identified in this
study is lacking the DAC™ feature, and should therefore have a shor-
tened half-life [20]. HCG is used in male athletes to stimulate testos-
terone  production and normalize suppressed  testosterone
concentrations due to prolonged use of anabolic steroids [28,29]. Ana-
lysis of the two samples described as HCG revealed the presence of the
hormone at the concentrations indicated on the label.

Among the 75 pharmaceuticals, 25/75 (33%) were substandard,
2475 (32%) were counterfeit and 14/75 were original (19%). For the
remaining 12 products, 11/75 (15%) revealed a correct qualitative
content, but quantitation could not be carried out because we did
not have the standard at the time of the analysis. The last one had
the true active ingredient (4-chlorodehydromethyltestosterone) but
was associated with methandrostenolone (not mentioned on the
label). According to the qualitative composition of the samples,
51/75 (68%) were accurately labeled, showing the interest in quan-
tification of the compounds in these kinds of studies.

Fifty-four pharmaceuticals were anabolic agents (72%), 22/54
(41%) were counterfeit, 20/54 (37%) were substandard, 8/54 (15%)
were not quantified (7/54 were qualitatively accurately labeled) and
solely 4/54 (7%) were original. In most cases, steroid esters were
substituted by another steroid ester (e.g. boldenone undecylenate by
nandrolone decanoate or drostanolone propionate by testosterone
enanthate). Similarly, a steroid ester could be replaced by another
ester (e.g. testosterone cypionate substituted by testosterone
propionate) (Fig. 1).

Several qualitative and quantitative studies have been realized on
doping substances seized from the black market, and are summar-
ized in Table 1. The proportion of products accurately labeled varies
between 13% and 58.9%. These observations are in accordance with
the results of our study, which showed a high-rate of non-original
products (at least 25/75 of pharmaceuticals, 66%), and an even
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higher rate among AAS (at least 80%) seized from the black market
among bodybuilders in France. As suggested by Coomber et al.,
adulteration does occur with substances that mimic or enhance the
drug being supplied [30]. These adulterations do not seem to follow
arule, they are probably related to the good availability and low cost
of one product rather than another at a given time [21].

Only 1/35 dietary supplement (3%) was adulterated with a
doping substance (capsule containing 1,3-dimethylbutylamine,
DMBA) in a product named “Thermo Shock™ sold by Sci Labs
Nutrition. DMBA is an analog of dimethylamylamine. DMBA has
been found in a number of dietary supplements labeled as sport
supplements, weight loss supplements, and supplements that claim
to enhance brain function [31,32]. The rate of adultered dietary
supplements is very low in comparison with previous studies
showing rates over 50% [11,33-35]. This could reflect an improve-
ment in the quality of the products. However, we cannot exclude the
presence of new doping substances absent from the mass spectral
libraries used in this study, although this was unlikely given the use
of LC-HRMS and on-line libraries.

Most of these products are bought on the internet, and come
from South East Asian countries. Fourteen products analyzed in this
study were sold by the Pacific Pharmaceutical Company LTD. Malay
Tiger. The French Medicines Safety Agency (ANSM) launched an alert
|36] in February 2019 regarding two products analyzed in our study
(Stanox-10® and Clenox®) recalling the health risks associated with
exposure to these products after the death of an athlete identified by
a forensic toxicologist laboratory [38]. The label of the two products
mentioned stanozolol 10 mg for Stanox-10® and clenbuterol 0.04 mg
for Clenox®. The forensic laboratory found a dosage of 11.5 mg and
0.073 mg, respectively, while the ANSM laboratory found 0.6 mg and
0.22mg on other batches, respectively. In our study, these two
compounds contained 6.5mg and 0.05mg, respectively, with the
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Fig. 1. Photography of sample n°55, theoretical content, experimental content and LC-HRMS extracted ion chromatograms of testosterone cypionate (m/z=413.3050) and

testosterone propionate (m/z=345.2424) (ND: not detected).
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Table 1
Published analytical studies carried out on seizures of doping products.
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References Country, study period, number of products Results

analyzed

Tircova et al. [37] Czech Republic and Slovakia, October 2017

to January 2018, N=358

58.9% contained the declared active substances at the declared concentrations, 15.9% no active
substances, 16.8% underconcentrated, 4.5% contained pharmaceutical substance different of the

label, 3.6% over concentrated

Weber et al. [21] Switzerland, January 1st 2013 to December

31st 2014, N=1190

AAS (n =889):
- 41% accurately labeled

- 23% adultered
- 31% substituted

- 6% inert

Peptide hormones, growth factor-related substances and mimetics (n = 146):
- 66% accurately labeled
- 0% adultered
- 5% substituted

- 30% inert

Hormone and metabolic modulators (n=113):
- 88% accurately labeled
- 4% adultered
- 3% substituted

5% inert

Krugetal. [12] Germany, 2010 - 2013, N =337

AAS (n=288):

- 45% accurately labeled
- 55% not labeled
Others doping and non-doping agents (n=56):
- 38% accurately labeled
- 62% not labeled

Coopman et al. [10]
Pellegrini et al. [38]

Belgium, 2012, N=74
Italy, 2012, N=15

33.8% contained other or did not contained the labeled active ingredients
13% accurately labeled

53% contained other substances
20% underconcentrated
13% did not contained any substance

Neves etal. [11] Brazil, 2011-2016, N=328

42.1% counterfeit

11% substandard

Shapira et al. [39] Israel, 2018, N=113

38.9% had labels misrepresenting content

18% contained other substances

Hullstein et al. [ 13} Norway, 2011-2014, N =296

20% did not contained any substances

same concentration claimed by the label, showing the very im-
portant variation of the concentration in the same products over
time. Despite this alert, the website remains functional where users
can freely continue to buy these products. This underlines the dif-
ficulty of the authorities in tracking the trafficking of PIEDs.

4. Conclusion

This study shed light on the issue related to the trafficking of
anabolic products in France. The majority of the products analyzed
were counterfeit or substandard. Two products were devoid of active
substances. The low quality of these products associated with in-
vasive modes of administration (injection) exposes users to risks of
acute and chronic toxicity. Regarding food supplements, only one
sample was adulterated with DMBA, this proportion is clearly lower
than those reported in previous studies. This may reflect an im-
provement in the quality of the marketed products. Few studies have
been carried out on anabolic steroids in France, this work allows to
show that France is not spared by the trafficking of PIEDs. The use of
DCs in mainstream population is an underestimated public health.
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1.3. Intérét de I'analyse des phanéres

Les phaneres regroupent les cheveux, les poils du corps et les ongles. Ce sont des matrices
kératinisées présentant comme intérét majeur d’augmenter la fenétre de détection.

Les xénobiotiques s’incorporent dans les cheveux par 4 voies : le sang, le sébum, la sueur ou encore
par contamination environnementale [Kronstrand, 2007].

C’est la seule matrice, a ce jour, permettant de caractériser une contamination environnementale ou
une contamination par un supplément alimentaire.

Depuis une quarantaine d’années, I'analyse des cheveux est pratiquée en médecine légale mais ce
n’est qu’en 2000 que I'analyse des cheveux a été utilisée pour la recherche de xénobiotiques dans le
domaine du dopage. Dans cette étude, Gaillard et al. ont montré que les cheveux permettaient
d’identifier autant voire plus de molécules que les urines. C'était le cas principalement pour les
anabolisants [Gaillard, 2000].

Les laboratoires accrédités anti-dopage analysent les produits dopants dans les urines et le sang pour
I'identification des hormones peptidiques. Dans |'urine, la majorité les produits présents et
détectables sont des produits de transformation ou métabolites. Les métabolites ne sont pas
toujours connus et/ou commercialisés. De plus, le colt est assez élevé pour un laboratoire hospitalo-
universitaire pour se les procurer.

20 ans aprés, les matrices usuelles utilisées dans les laboratoires anti-dopage n’ont pas changé.
Néanmoins, les phaneres présentent de nombreux avantages. Dans les phaneéres, la molécule cible
est généralement la molécule parent ce qui permet de discriminer deux molécules ayant le méme
métabolite.

Il semble important de caractériser l'incorporation des substances de la performance dans les
phaneres et d’appliquer une approche médico-judiciaire pour interpréter au mieux les résultats.

Les matrices kératinisées présentent néanmoins certaines limites comme une mauvaise
incorporation des molécules acides et neutres. Toutes ces limites sont a prendre en compte lors de
I'interprétation des résultats. L'article 3 présente les limites et les intéréts de I'analyse des matrices

kératinisées pour l'identification des substances de la performance [Article 3].
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1 | INTRODUCTION

Testing for drugs in hair to document exposure is receiving more and
more attention by scientists and lawyers due to is long detection win-
dow, particularly when compared to blood and urine, its less
embarrassing conditions of collection and its storage at ambient tem-
perature. By providing information on exposure to drugs over time,
hair analysis may be useful in verifying self-reported histories of drug
use in any situation in which a history of past rather than recent drug
use is desired. Hair analysis can also provide a retrospective calendar
of an individual's drug use. For this, multi sectional analysis is required
and involves taking a length of hair and cutting it into sections to mea-
sure drug use during shorter periods of time. Given an average growth
rate of 1 cm per month, each cm of hair in the vertex region repre-
sents what has circulated in the body during the corresponding
month. Therefore, hair analysis is suitable for monitoring relative
changes in drug intake in the same individual, i.e. the dosage of drug,
and the switch from one to another compound with the same phar-
macological activity. Depending on the physico-chemical properties of
the drug, some parameters are able to influence drug concentrations,
including hair colour and cosmetic treatments. Researchers have dem-
onstrated that different hair types incorporate differing amounts of
drugs when exposed under identical conditions. There is a higher
accumulation of alkaline substances (such as cocaine or amphetamine)
in black hair when compared with blond hair. Hair is continuously sub-
jected to natural factors, such as sunlight, weather, water, pollution,
etc., which affect and damage the cuticle but hair cosmetic treatments
enhance the damage. The authors have recently reviewed all these
aspects.

Although hair is not yet a valid specimen for the International
Olympic Committee or the World Anti-Doping Agency (WADA), it is

accepted in most courts of justice in the world. The Society of Hair
Testing (SoHT) has established in 19992 during its annual meeting a
consensus on hair testing for doping agents. The statement includes
that hair specimens are not suitable for general routine control and
that a negative hair result cannot exclude the administration of the
detected drug and cannot overrule the adverse analytical finding
(AAF). In the early 2000, some forensic scientists®* have suggested to
use hair to document drug abuse in sport. This was simply an exten-
sion to doping agents from what was possible with drugs of abuse
such as cocaine, stimulants or narcotics. However, very rapidly, it
became obvious that forensic toxicology is not doping control and
that numerous points remained unknown in this new field of investi-
gation. As a general rule in doping control, any doping substance
which is detectable in urine (or blood) was - more or less -
ingested/incorporated. It seems more complicated when using hair as
a matrix to document drug exposure. Among the unanswered ques-
tions, several were of critical importance. For example, Kintz et al®
questioned the minimal amount of drug detectable in hair after admin-
istration. They published that a single injection of nandrolone unde-
canoate is not detectable in hair, while the urine remained positive for
more than 8 months for norandrosterone. At the same time, Rivier®
also published that hair reference ranges for anabolic agents, including
endogenous substances remain to be established. He also indicated
that the incorporation rate into blond hair is poorer than that of dark
coloured hair, raising the questions of individual equality against the
controls, a important matter of concern for the sport's authorities. In
addition, because there are different classes of restriction in- and out-
competition, Thieme et al” reported that a differentiation between
training and competition period is impossible by means of hair analysis
due to the uncertainty of hair growth rate. They concluded that the
most interesting target substances are certainly the anabolic agents.
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Some years later, in 2005, Ambrose® published that any hair from the
body provides a viable source for doping agent testing. Although not
detailed, it must be emphasized that the window of detection of head
hair is far different from the one of body hair, each anatomical loca-
tion having some specificities.! Despite major issues in the use of hair
testing to document doping practices and the lack of consideration by
WADA, some papers’ provided further evidence of the interest of
hair in this particular field.

More recently, two papers have reviewed the advantages and
limitations of alternative specimens in doping control. In the first one,
Thieme?© indicated that compounds prohibited at all times, such as
clenbuterol, 3, agonists or estrogen-receptor modulators, may be suc-
cessfully tested and clearly interpreted in hair. However, the author
pointed some issues, including substances limited to time ranges, such
as stimulants or those permitted according to their administration
routes, such as glucocorticosteroids that cannot be properly differen-
tiated in hair. To the best of the authors' knowledge, the discrimina-
tion in urine between systemic (forbidden) and topical use of
glucocorticoids is still a daily challenge. Thieme concluded, on a more
optimistic mode, that the detection of social drugs, such as new psy-
choactive substances represents promising applications of hair tests in
doping control. In their review, Thevis et al*! seemed less enthusiastic
when discussing the potential interest of hair in doping control, as
they considered that the combined use of blood and urine does pro-
vide the majority of the desired information with respect to the goals
of protecting the honest athlete and identifying the cheating individ-
uals. In their manuscript, when comparing several alternative speci-
mens (exhaled breath, oral fluid, dried blood spots and hair) for testing
doping agents, obviously hair had the less citations of applications.

Twenty years after the publication of the SoHT consensus for
doping agents? and the regular increase of hair test requests to docu-
ment AAF, it seems important to spend some lines on what is possible
to detect in hair, what can be interpreted and what remains to achieve
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before hair testing for doping agents could be considered as a suitable
specimen in doping control.

Each year WADA issues a prohibited list of compounds, which is
part of the world anti-doing code. The latest version has been recently
published.*? It contains the list of substances prohibited at all times
and those prohibited in-competition. With respect to the list, Table 1
presents a compendium of selected literature papers*®2# dealing with
doping agent detection in human hair. Although several compounds
from the same class have been identified in hair, the aim of this table
was just to indicate whether within each specific class one substance
has already been identified. In addition, some animal applications have
been described, including the detection of anabolic steroids in
horses?® or dogs?¢ hair and glucocorticoids in racing camels hair.?”

Obviously, substances from each WADA controlled class have
been identified in human hair, except from the S2 class, i.e. peptide
hormones, growth factors, related substances, and mimetics. This is
not surprizing, due to the large molecule size of the substances
belonging to the S2 class that does not allow the passive diffusion
from the blood capillaries to the hair follicle. To the best of the author
knowledge, the biggest drug identified in hair is cyclosporin A, with a
molecular weight of 1202.6 Da.?® Although one could consider that
the absence of detection of hormones is a major limitation of hair
testing for doping agents, one should focus on the fact that it is possi-
ble to test for all the other drug classes. However, if a lot of work has
been done for the detection and the interpretation of drugs of abuse,
such as cocaine, amphetamines, narcotics or cannabis, considerable
improvements are necessary for other classes, particularly for anabolic
agents and diuretics and other masking agents, which represented in
2017, 44 and 15% of all ADAMS reported findings.?’ Unfortunately,
due to their neutral (steroids, glucocorticoids) or acidic (diuretics)
chemical properties, these drugs are badly incorporated in hair, which
makes challenging their detection. At this time, testing for new com-
pounds in hair (i.e. not yet published), irrespective they are approved

TABLE 1 Substance identification in human hair within each class of the WADA list

Class

S1 exogenous anabolic agents

S1 endogenous anabolic agents

S1 other anabolic agents

S2 peptide hormones, GF

S3 B-2-agonists

S4 hormone & metabolic modulators, aromatase
inhibitors

S4 hormone & metabolic modulators, SERMs

S5 diuretics and masking agents

S6 stimulants, non-specified

Sé stimulants, specified

S7 narcotics

S8 cannabinoids

S9 glucocorticoids

P1 beta-blockers

In- & out-competition Substance Reference
All time Clostebol 13
All time DHEA 14
All time Ostarine 15
All time =

All time Clenbuterol 16
All time Letrozole 47
All time Tamoxifen 18
All time Hydrochlorothiazide 19
In- Cocaine 20
In- Cathinones 21
In- Fentanyl 22
In- Synthetic cannabis 23
In- Methylprednisolone 24
Specific sport Sotalol 16
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or non-approved substances (SO class), should be considered feasible,
given the available analytical instruments. Of course, the analytical
procedure has to follow the international criteria, as per the SoHT rec-
ommendations.? However, if establishing a new method is one thing,
interpreting the generated data is another one, much more compli-
cated, as it requires careful evaluation of numerous parameters. For
such drugs, it is very difficult, with a single detection, to put any suit-
able discussion as the toxicological significance of the measured con-
centrations is difficult to establish given the lack of suitable reference.
It is therefore not possible to interpret the data in terms of dosage
and frequency of use. In particular, little or even nothing (for example
for SARMs) is known about the incorporation into the keratin matrix
after intake and the correlation between dose and hair concentra-
tions. One should also considered different scenarios such as passive
exposure vs. active consumption, mindful vs. unaware intake, and spo-
radic vs. chronic use.

Since 1997, the authors have been asked to test for doping
agents in hair specimens to document AAFs. In all these cases, care
was taken to collect the hair specimens several weeks after the dop-
ing control in order to cover the period when the AAF occurred.
When head hair was not available, body hair can be an alternative
source of keratin matrix. However, with body hair, due to irregular
hair growth, it is not possible to achieve segmental analyses. Most
body hair specimens (axillary, pubic, chest) have a window of detec-
tion of 4 to 8 months.

During these years, 3 major situations have occurred:

e situation 1: the hair specimen is positive for the drug challenged in
urine

e situation 2: a. the hair specimen is positive at very low
concentration(s) with a specific pattern of distribution for the drug
challenged in urine or b. the hair specimen is positive for another
substance with common metabolite(s)

e situation 3: the hair test result is negative for the drug challenged

in urine

In the first case (situation 1), the interpretation is simple. The donor of
the hair has used the substance and segmental analyses allowed esta-
blishing the pattern of drug use, and, for some drugs, the frequency
and rough estimate of the dosage.! In this situation, there is no possi-
bility claiming for no doping and in most cases, and the defence, even
do not use the results. In the author's experience, this occurred in one
third of the cases and some findings have been published.>*
Situation 2 is close to forensic science and was observed in less
than 5% of the submitted requests. The hair test results will help
interpretation. Scientists have accepted® that the major analyte found
in hair is the parent drug and not the metabolite(s). This has been
used®? to discriminate in hair the parent compound (nandrolone,
norandrostenediol and norandrostenedione) after an AAF involving
their common metabolite, 19-norandrosterone (19-NA). Although it
documented the source of exposure, it was with no consequence on
the doping offence as all 3 substances are banned. Unlike in urine, the
interpretation of testosterone concentrations in hair can be difficult.

The range between physiological concentrations of testosterone and
those found in abusers is small. Therefore, to complement testoster-
one determination, the identification of unique testosterone esters in
hair enables an unambiguous determination of doping because the
esters are exogenous substances and therefore could not come from
endogenous testosterone. It must be emphasized that isotope ratio
mass spectrometry (IRMS) was never used to test for endogenous
compounds in hair, such as testosterone or DHEA, probably due to a
lack of instrument sensitivity. Another application-based on parent
drug detection is the discrimination between zeranol, a S1 banned
substance and zearalenone, a mycotoxin, which share the same
metabolite(s). This is possible with hair tests and has been used to
demonstrate no significant fault or negligence.®® In theory, this should
also be used to discriminate the prohibited S4 metabolic modulator
trimetazidine from the metabolic conversion of the permitted drug
lomerizine, a drug used for the treatment of migraines. Testing human
hair for clenbuterol, a B-adrenergic agonist with anabolic properties
allows discriminating therapeutic use from contamination, based on
the measured concentrations.*®

External contamination is a controversial issue for hair testing, as
it has been demonstrated that there is no technique which allows to
fully eliminated the contaminant(s), even after tedious decontamina-
tion procedures, including complex washes.* Table 2 reports the hair
test results of a young athlete who failed a doping control when
benzoylecgonine, a cocaine metabolite was identified in his urine.
Cocaine and benzoylecgonine, but not norcocaine nor cocaethylene,
2 hepatic metabolites, were identified in hair, at low concentrations,
far from the SoHT positive cut-off at 500 pg/mg. The specific pattern
of cocaine (linear increase of concentrations from the root to the tip)
is consistent with external cocaine contamination, the older hair being
in contact with the drug for a longer period of time. In addition, it was
possible, by other tests, to demonstrate that the athlete was living in a
place where cocaine was being used. His international sport federa-
tion accepted his claims and he was dismissed of any doping
offence.®* Situation 2 requires complex investigations and close dis-
cussions between all the parts (athlete, lawyers, sport authorities and
toxicologists) involved in the case, where hair testing results are only
one of the pieces of evidence. This is also the case for salbutamol, a
threshold substance according to WADA TD2019DL, with a valid
threshold concentration for urine samples. Establishing the pattern of
drug use can be of interest in subject with occasional medical receipts
to avoid tedious discussions.>®

Situation 3 is the more frequent situation, and also the more con-
troversial, as a negative hair test can be interpreted in 2 different
ways: for the athlete, a negative hair test means no doping, while for
the sport authorities, it means that there is nothing in hair but this is
not enough to be qualified as no doping, due to hair limitations. These
limitations include a major issue linked to the minimal detectable dos-
age in hair. Indeed, the key point is to know if the analytical method is
sensitive enough to identify traces of drugs, when the urine specimen
of the athlete was positive and the hair sample turned back negative.
It has been accepted that a negative hair result cannot exclude the
administration of a specific drug and the negative findings should not
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TABLE 2 Segmental hair test results indicating environmental contamination

Item Cocaine Benzoylecgonine Cocaethylene Norcocaine

Segment 0-1 cm 15 Not detected Not detected Not detected
Segment 1-2 cm 36 12 Not detected Not detected
Segment 2-3 cm 60 14 Not detected Not detected
Segment 3-4 cm 77 19 Not detected Not detected
Segment 4-5 cm 130 33 Not detected Not detected
Segment 5-6 cm 122 30 Not detected Not detected
Segment 6-7 cm 145 41 Not detected Not detected
Segment 7-8 cm 135 37 Not detected Not detected

All concentrations are in pg/mg
The limit of quantitation for each drug is 10 pg/mg

overrule a positive urine result. However, the negative hair findings
can, on occasion, cast doubt on the positive urine analysis, resulting in
substantial legal debate and several consequences for the athlete.

The concept of minimal detectable dosage in hair is of major
importance to document the negative hair test results, but limited
data is currently available in the scientific literature.*® This is particu-
larly true for doping agents, as most studies have focused on drugs of
abuse or popular pharmaceuticals, such as benzodiazepines or hyp-
notics, with a focus on drug-facilitated crimes.* The sensitivity of the
analytical procedure is very important for such purposes. For example,
it has been published that a 4 mg dose of cocaine is not detectable in
hair (with a LOD at 10 pg/mg),®> while a single 35 mg is detectable,
(with a LOQ at 0.1 ng/mg).” As a consequence, minute amounts of
cocaine (1 or 2 mg), with no pharmacological effect, are undetectable
in hair, while the major metabolite, benzoylecgonine, can peak up to
2800 ng/mL in urine.® Contamination of an athlete by kissing a part-
ner using cocaine was supported by negative hair tests and accepted
by the Court of Arbitration for Sport (CAS) in Lausanne during the
hearing in the Richard Gasquet case.®? At this time, the limit of detec-
tion of the laboratory was 10 pg/mg. Nevertheless, because laborato-
ries can buy more sensitive equipment, the published data about
method performance are not always those of the current method that
was run for a specific case. With respect to doping agents, it has been
published that a single dose of nandrolone undecanoate,’® testoster-
one esters,*® betamethasone®! or hydrochlorothiazide'? is not detect-
able in hair, even when using the most sophisticated instruments,
such as high resolution mass spectrometry. Although it is always pos-
sible to claim that anabolic steroids have to be administered on a
long-term basis to be active, meaning that they should be present in
hair, the absence of detection of a single dose is a key point during
discussion with a panel at the time of the hearing. It has been advo-
cated that anabolic steroids are mostly detectable in hair collected
from bodybuilders or powerlifters,*? which is an over-estimated state-
ment of the authors. Several anabolic steroids have been detected in
“standard” athletes, including clostebol® in two boxers and one run-
ner, methanedienone®® in one football player, norandrostenedione in
a runner®? or nandrolone and testosterone undecanoate®® in two
cyclists. Obviously, there is a default in controlled studies involving
the incorporation into hair of performance-enhancing drugs. For some

drugs, such as selective androgen receptor modulators (SARMs), the
data are also missing for urine. For example, very few (if any) data are
available for andarine, ligandrol or ostarine. These studies should
address the current known limitations of hair analysis, i.e. dose neces-
sary to give a positive result, variable incorporation into hair, external
factors (cosmetic treatment) that may have an impact on drug concen-
tration. Although one can easily document a negative hair test result
for cocaine, stimulants or narcotics, no data is available for several
classes of the WADA prohibited list. As a consequence, the interpre-
tation of isolated results from single cases appears tedious. To circum-
vent this problem, controlled administration study seems to be the
unique possibility, but this must be achieved under secured condi-
tions. Given the lack of therapeutic use of some of the WADA prohib-
ited drugs, achievement of such evaluations will probably never occur.

It has been advocated that hair testing has little interest for test-
ing substances only prohibited in-competition, due to a lack of retro-
spective accuracy as prohibition is limited to time ranges. It has been
repetitively published”-*%*! that stimulants, narcotics or cannabinoids
testing in hair has particular significance in forensic toxicology but lim-
ited utility in doping control. Although this would be true if hair test-
ing would be used as a screening matrix for doping control, such as
urine or blood, this statement is inappropriate in practice. For exam-
ple, testing for the social drug cocaine, which represents about 25%
of the authors' requests, has demonstrated strong importance to doc-
ument the AAFs as for this drug (and some others from the S6, S7 and
S8 classes). Indeed, a lot of published data allows estimating the
moment of drug exposure, its dosage and the conditions of exposure,
particularly when the hair test result is negative.

When dealing with an unusual drug (for example, a drug which
has gain no interest in clinical or forensic toxicology), one should
encourage the laboratory performing the hair test to address the fol-
lowing questions:

e s a single pharmacological dose detectable in hair?

e what is the minimal detectable dose?

e what are the expected hair concentrations of patients using the
same drug for therapeutic purposes?

e what (if any) is the influence of hair colour?

e what (if any) is the influence of hair cosmetic treatment?
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In 2019, these points have been published for letrozole,'” a $4 aroma-
tase inhibitor and for hydrochlorothiazide,'? a S5 diuretic, allowing to
document the negative hair findings and it was concluded by the
authors that hair analysis turned to be a possibility for the discrimina-
tion of drug repetitive use vs inadvertent exposure.

Even after complete analytical validation using the same stan-
dards as WADA accredited laboratories, including estimation of inter-
ference and contamination risks, the key point of hair analysis for
doping agents remains the final interpretation of the results. Segmen-
tal analyses are also recommended, as the owner of the hair is his/her
own control. It must be noticed that segments should be no longer
than 1 cm to avoid dilution of a single dose over larger segments (of 3
or 6 cm), which would facilitate obtaining a negative resuit.

An important issue of concern for drug analysis in hair is the
change in the drug concentration induced by cosmetic treatment of
hair. Hair is continuously subjected to natural factors, such as sunlight
(UV), weather, water, pollution, etc., which affect and damage the
cuticle but hair cosmetic treatments enhance that damage. The
chemicals used for cosmetic treatments (bleaching, permanent
waving, dyeing or relaxing) are generally strong bases and will cause
hair damage and affect drug content (by loss) or affect directly drug
stability. It has been published many times that after cosmetic treat-
ments, drug concentrations decline dramatically by decreasing from
50-80% the original concentration. Although repeated shampooing
was found to have no significant action on the drug content of hair,**
it has been advocated that shampoos like Ultra Clean can reduce drug
concentrations in hair.*> When the expected hair concentrations are
very low, such as after a single administration, these effects can lead
to a negative result, which has to be considered.

Taking into consideration the above mentioned limitations and
those pointed in previous reviews (overlap in the window of detection
for drugs only prohibited in competition, lack of discrimination about
the route of administration for corticoids), hair analysis remains a fan-
tastic tool to document drug exposure.

A negative hair test result is also a result.* However, this can be
interpreted in two different ways: 1, the owner of the hair did not
take or was not exposed to the specific drug, or 2, the procedure is
not sensitive enough to detect the drug. Interpretation is difficult in
case of suspected single exposure, but on the opposite, repeated drug
use will favour identification by hair analysis.

Hair is a unique and challenging matrix for drug testing in that
detailed information on historical use is recorded over time as com-
pared to traditional blood and urine matrices. In order to make best
use of hair testing in doping casework, a thorough understanding of
the advantages and limitations of this matrix is essential.

Due to the recent development of imaging instruments and
their availability in toxicological laboratories, it has been proposed
to use these tools to test for drugs using a single hair. Matrix-
assisted laser desorption/ionization (MALDI) combined with imaging
is an innovative and powerful tool used since few years, especially
in forensic research. Some authors have proposed innovative
methods to monitor drugs consumption through direct mapping of
the compounds with a high spatial distribution in human hair

samples by MALDI-MS, including for example, cocaine,”” synthetic

48 zolpidem® or methamphetamine.®® In addition to

cannabinoids,
higher temporal resolution, this approach can be used to document
potential external contamination.

However, mass spectrometry imaging techniques are very expen-
sive and do not seem to be useful for routine analysis during the next
few years. Since a dozen of years, it has been published that drug(s)
can be detected in a single hair using highly sensitive conventional
LC-MS/MS or LC-HRMS. Alibe et al®* have recently reviewed such
possibilities. For example, using GC/MS, cocaine and heroin®? or
methamphetamine and amphetamine®® were identified in segmented
hair. Using LC-MS/MS, other compounds, such as zuclopenthixol,**
fentanyl, quetiapine or doxylamine®® and chlorpheniramine®® were
also detected. It seems that the use of a single segmented hair in com-
parison with a complete lock of hair may be more informative to
obtain a retrospective timeline of drug exposure. To exclude the risk
of using hair fibres in different growth cycles (anagen vs catagen +
telogen), one has to test several single hairs. The variations due to hair
thickness between individual hairs can be limited by expressing the
results in pg per length unit, such as mm. Segmental analysis of a sin-
gle hair can overcome the issues of poor alignment and irregular hair
growth which are sometimes observed after segmentation of a com-
plete hair lock.

Because hair testing for drugs increases the window of detection
and permits the differentiation of long-term use from a single expo-
sure when performing segmental analyses, this matrix should be con-
sidered as a suitable complement, and not an alternative, to standard
investigations. In addition, hair testing can significantely contribute to
exculpation of athletes by demonstrating alternative administration
patways with contamination risks, for example with ecstasy (MDMA)
or clenbuterol.*®**#2 Under all the above mentionned conditions, the
application of hair testing, which is a non-invasive and a non-intrusive
matrix, is a viable approach to document the case after an AAF.
Finally, given hair is not proposed to replace urine for general routine
control, aesthetic consequences of repetitive hair collection do not
exist as hair will not be collected on a regular basis.
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1.4. Intérét de la recherche des substances de la performance dans un laboratoire de
toxicologie

L’émergence de nouveaux produits de la performance ainsi que la facilité d’acces a des produits
dopants par Internet attire le grand public et ne s’arréte plus aux sportifs de haut niveau.

En effet, les amateurs veulent également perdre du poids et/ou se muscler rapidement pour plaire a
un monde ou l'apparence est devenue trés importante. Ce public naif est trés mal averti en
comparaison des sportifs de haut niveau qui sont suivis, entourés et conseillés par une équipe
médicale. Ces produits présentent un tropisme médico-légal et/ou clinique. C’est le cas pour les SAA,

les SARMs et les diurétiques.

Certains produits sont commercialisés a des fins thérapeutiques. La testostérone est commercialisée
sous la forme d’ester « énanthate » et est vendue sous la dénomination Androtardyl®. Ce
médicament est utilisé dans le traitement de I’'hypogonadisme.

Les diurétiques sont quant a eux associés a des hypotenseurs dans le traitement contre
I’hypertension. Les SARMs n’ont aucune indication thérapeutique a ce jour.

Il semble donc important, pour un laboratoire de toxicologie, d’identifier et de quantifier ces

molécules pour le suivi thérapeutique de patients.

Par ailleurs, de nombreux effets secondaires ont été décrits dans la littérature aprés exposition sur le
long terme d’agents anabolisants. En effet, a haut dosage et ou sur une longue période, les SAA sont
connus pour provoquer des risques sur la santé. lls sont connus pour leur toxicité cardiaque,
hépatique, rénale, et ils peuvent également provoquer une augmentation de la pression artérielle ou
encore un dysfonctionnement du systéme sexuel [Van Amsterdam, 2010 ; Hernandez-Guerra, 2019].
Des problemes d’ordre dermatologique ont également été décrits dans la littérature avec I'apparition
de nécrose au point d’injection [Friedman, 2016].

L'usage répété de SAA peut également engendrer des problemes sur la santé psychologique comme
des modifications dans le comportement et peuvent augmenter I'agressivité des individus pouvant
mener a des cas d’extrémes violences comme des agressions sexuelles et des homicides. En effet, il a
été démontré dans la littérature que I'abus de ces substances provoquait des effets psychologiques
séveres comme des délires, des comportements maniaques, des dépressions [Ganson, 2019;
Khoodoruth, 2020]. Une altération de la densité des récepteurs sérotinergiques HHT1B et 5HT2 a été
établi. Un lien entre la testostérone et la sérotonine a été démontré, ce qui pourrait expliquer des
modifications dans le comportement et dans le systeme émotionnel [Kindlundh, 2003 ; Anderson

2012]. Une autre étude a montré que I'abus de SAA peut moduler I'activité des récepteurs de la
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sérotonine car celle-ci est associée a une diminution de la neurotransmission de la sérotonine
[Birger, 2003].

Les diurétiques ont également des effets négatifs connus. Il a été observé de I'hyponatrémie, de
I'nypovolémie, de I'hypotension ou encore de I'hyperkaliémie a la suite d’un traitement prolongé par
diurétiques [Laurent, 2017].

L'intérét d’identifier de fagon formelle les produits de la performance réside également dans la
nécessité d’analyser des produits de saisie dans des affaires médico-judiciaires.

Pour les nouveaux agents dopants, les « designer steroids » et les SARMs, il y a un manque de

connaissance important sur les effets secondaires aprés un usage régulier.

Pour finir, certains cas de dopage sont dus a des contaminations. Les affaires peuvent alors se
transformer en affaire médico-judicaire impliquant des dépots de plainte comme cela a été le cas
pour Richard Gasquet qui a été controlé positif a la cocaine aprés un échange de baisers avec une
journaliste [CAS WADA, 2009]. |l s’agit de la premiere affaire de dopage pour lesquels les cheveux ont
été acceptés par le Tribunal Arbitral du Sport (TAS).

L'activité privée existante au laboratoire de Strasbourg a permis de prendre en charge des défenses

de sportifs dans des cas de contamination par suppléments diététiques.

Les objectifs de ma thése étaient les suivants. Le premier objectif a été de développer des méthodes
d’analyse dans les cheveux, puis d’appliquer une approche médico-judiciaire en utilisant des matrices
alternatives pour expliquer au mieux les résultats, d’établir les criteres d’interprétation dans les
phaneéres lorsque cela était réalisable et enfin d’appliquer les méthodes développées a des cas de

dopage, des expertises médico-légales et des cas cliniques.

Durant ces trois années, je me suis intéressée a trois catégories de substances interdites en
permanence, ayant un tropisme médico-légal et clinique et pour lesquels il y a peu de données dans

les phanéres dans la littérature et notamment pour les diurétiques et les SARMs.

La suite du manuscrit décrit la mise en place des méthodes analytiques et les applications de ces
méthodes pour les stéroides anabolisants androgenes (partie 2), pour les substances classées comme

autres agents anabolisants (partie 3) et enfin pour les diurétiques (partie 4).
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Deuxieme partie — Les stéroides anabolisants
androgenes
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2.1. Présentation

Les stéroides anabolisants androgénes sont des hormones dérivées de la testostérone sécrétée par
les gonades chez les hommes et par les ovaires, en petites quantités, chez les femmes.

Les SAA exogenes sont soit des dérivés de la testostérone soit de la nandrolone et accessibles
facilement sur Internet. lls se consomment par voie orale (mestérolone, méthandiénone) ou par voie
intra-musculaire (esters de SAA come la testostérone énanthate).

Du fait de leurs propriétés anabolisantes, les sportifs de haut niveau ainsi que les sportifs amateurs
les utilisent pour augmenter la quantité de masse musculaire ou réduire le temps de récupération
entre les entrainements.

Les SAA sont les produits les plus utilisés par les sportifs et sont interdits en permanence par 'AMA.
En France, ces produits n’ont pas d’autorisation de mise sur le marché (AMM) hormis I’Androtardyl®
(testostérone énanthate) - utilisé comme traitement substitutif -, le Danazol® - utilisé dans les cas
d’endométriose - , le Nilevar® (noréthandrolone) et I'Androgéne® (testostérone) - créme utilisée
comme traitement substitutif. La vente ou I'achat de ces produits méme pour sa consommation
personnelle est interdits.

Il peut étre important dans un laboratoire de toxicologie de savoir les identifier et de les quantifier
pour deux raisons : l'utilisation sur le long terme provoque des risques sur la santé physique et
psychologique et I'importance de suivre les taux des SAA endogenes pour surveiller le profil
stéroidien dans le traitement contre I’hypogonadisme, par exemple, et de répondre ainsi aux
demandes des services cliniques du CHU de Strasbourg.

Dans la littérature, 'analyse des SAA dans les phanéres existent depuis 30 ans. Néanmoins, il est
nécessaire d’apporter de nouvelles données dans la littérature pour étre capable d’expliquer au

mieux les résultats observés en médico-légal et clinique.

2.2. Développement d’'une méthode d’identification et de quantification dans les cheveux

Afin d’identifier tous les SAA couramment utilisés dans le milieu sportif et en thérapeutique, j'ai
adapté les méthodes publiées [Gaillard, 1999] dans la littérature au sein du laboratoire de toxicologie
de Strasbourg.

30 mg de cheveux sont nécessaires pour l'identification des analytes. Le protocole suivant a été
optimisé et validé pour identifier 30 SAA. La liste des molécules, les transitions utilisées, les temps de
rétention (tg) et les limites de quantification (LQ) et de détection (LD) sont résumés dans les tableaux

2 et 3.
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Les SAA sont identifiés et quantifiés soit par de la chromatographie liquide ultra haute performance
couplée a la spectrométrie de masse en tandem (UHPLC-MS/MS), soit par de la chromatographie en
phase gazeuse couplée a la spectrométrie de masse en tandem (GC-MS/MS). Certains analytes ne
sont pas détectables par UHPLC-MS/MS comme la mestérolone.

Les méthodes de chromatographie en phase liquide et gazeuse sont des techniques séparatives. En
chromatographie en phase liquide, une compétition d’affinité s’installe entre analytes-phase mobile
liguide et entre analytes-phase stationnaire (colonne de chromatographie liquide). En
chromatographie gazeuse, il y a également une compétition d’affinité avec la phase stationnaire
(colonne de chromatographie gazeuse).

Le spectrometre de masse est un détecteur permettant de détecter et d’identifier les molécules
d’intérét selon leur rapport masse/charge. Les acquisitions se font en mode « Multiple Reaction

Monitoring ».

Protocole d’extraction

Le type d’extraction choisi est une extraction liquide-liquide suivie d’une purification par extraction
sur phase solide (SPE).
30 mg de matrices kératinisées (cheveux coupés finement a I'aide d’une paire de ciseaux /ongles
pulvérisés par un broyeur a billes Retsch MM200) sont pesés. Les phanéres sont incubés dans 1 mL
de méthanol pendant 90 min dans un bain a ultrasons en présence de 1 ng d’'un mélange de
standards internes (SI) (testostérone-Ds;, clenbutérol-Ds, nandrolone-D;, stanozolol-D; et 19-
norandrostérone-D,) afin d’extraire les esters de SAA.
Aprés centrifugation, la phase organique est recueillie et évaporée sous un flux d’azote puis reprise
avec un tampon phosphate 1 M pH 7,0 (partie A). Le reste de la matrice du tube, est recueilli et
hydrolysé avec 1 mL d'hydroxyde de sodium (NaOH) a 1M (partie B) afin d’extraire les autres SAA
non-esters. Une extraction liquide-liquide est réalisée sur les parties A et B avec 2,5 mL d'acétate
d'éthyle. Les extraits sont combinés et évaporés. Le résidu sec est dissous dans 1 mL de
dichlorométhane, qui est soumis a de la SPE en utilisant des colonnes Isolute C18. Les colonnes sont
conditionnées avec 3 mL de dichlorométhane, puis la séquence suivante est réalisée :

— 1 mLde I'échantillon dans le dichlorométhane

— 1 mLde dichlorométhane

— 2 mLl de dichlorométhane/acétate d'éthyle (3/1)
Les 3 phases (1, 2, et 3) sont collectées et évaporées en utilisant un concentrateur SpeedVac (Thermo
Scientific SPD121P) et solubilisées dans 30 uL de méthanol.

2 uL sont ensuite injectés sur le systéme LC-MS/MS (Waters TQS micro).
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Aprés analyse, le résidu est évaporé. 35 pL de I'agent dérivant (MSTFA/NH41/2-mercaptoéthanol,
1000:2:5) sont ajoutés. Les échantillons sont dérivés pendant 20 minutes a 60°C puis 1 pL est injecté

sur le systéme GC-MS/MS (Agilent 7010B).

Parameétres du systéme UHPLC-MS/MS

Les échantillons sont injectés sur un systéme UHPLC-MS/MS (Waters Acquity UPLC (Waters
Corporation, Milford, MA, USA)) muni d’une colonne Acquity™ UPLC BEH C18 (100 x 2,1 mm, 1,7
pum) (Waters), thermostatée a 50 °C, permettant de travailler en phase inverse.

Le débit de travail est fixé a 0,4 mL/min. Une élution en gradient a été réalisée en utilisant un tampon
acétate a 1,0 mM et de I'acétonitrile de qualité LCMS acidifié a 0,1 % d'acide formique (HCOOH). Le

temps d'analyse est de 11,0 min. Le gradient a été optimisé et est présenté dans le tableau 1.

s i Tampon z?\cétate Acétonitrile + 0,1 % HCOOH

d'ammonium (%) (%)

0 80 20

1 80 20

6 5 95

7,5 5 95

7,6 80 20

11 80 20

Tableau 1 : Gradient d’analyse UHPLC — méthode des SAA

La détection a été effectuée a I'aide d’un triple quadripdle (XEVO™ TQ-S Micro, Waters Corporation,
Milford, MA, USA) équipé d’une source d’ionisation Z-spray-TM-électrospray (ESI) et utilisé en mode
positif et négatif (ES+/ES-). L’azote a été utilisé comme gaz de nébulisation. Les paramétres optimisés
sont les suivants: température de la source: 150°C; débit du gaz de désolvatation: 800 L/h;
température de désolvatation : 500°C ; gaz de collision : argon. La tension capillaire est réglée a 3,0
kV. Les transitions ainsi que les temps de rétention et les LD et LQ pour chaque SAA ont été optimisés

durant la période de développement et sont décrits dans le tableau 2.

Parameétres du systéme GC-MS/MS

Les analyses par GC-MS/MS ont été réalisées en mode impact électronique (El) a ions positifs sur un
Agilent 8890 GC System équipé d’une colonne capillaire a phase liée HP-5MS ultra inerte (30 m, 25
mm, 0,25 um d’épaisseur de film). Les conditions de fonctionnement étaient les suivantes : temps
pour l'injection en mode splitless : 1 min; température initiale fixée a 80°C pendant 2 min et

augmentation jusqu’a 300°C avec une pente de 30°C/min. La température de 300°C est maintenue
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14 min pour permettre I'élution des esters de SAA. Les échantillons ont été analysés sur un
spectrometre de masse en tandem quadripolaire 7010B avec une source High Efficiency Source de
chez Agilent, fonctionnant en mode El+ (70 eV). Les analytes sont élués en 24 min. Les transitions
ainsi que les temps de rétention et les LD et LQ pour chaque SAA ont été optimisés durant la période

de développement et sont décrits dans le tableau 3.
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UHPLC-MS/MS

Transition de

Transition de

Analytes quantification | confirmation Tr(min) | LD (pg/mg) | LQ (pg/mg)
Androstedione 287,2>97,0 287,2 >109,0 4,83 0,5 1
Boldenone 287,2>121,1 | 287,2>135,1 4,32 0,2 1
Clenbuterol 277,1>203,0 277,1>1319 1,6 5 10
DHEA 289,4>97,1 | 289,4>109,0 4,62 0,5 1
DHT 290,2>109,3 | 290,2>97,2 4,62 0,5 1
Epitestosterone 289,2>97,1 289,2 >109,0 4,95 0,5 1
Gestrinone 309,1>241,2 | 309,1>199,1 4,76 0,5 1
Méthandienone 301,2>121,1 | 301,2>149,1 4,52 0,2 1
Méthénolone 303,2 >187,3 303,2>83,0 4,85 0,5 1
Méthyltestostérone 303,2 >97,0 303,2 > 108,9 4,85 0,5 1
Nandrolone 275,2 > 109 275,2>82,9 4,40 0,5 1
Oral turinabol 335,2 > 155,0 335,2>91,0 5,09 0,5 1
Stanozolol 329,3>81,1 329,3>95,1 4,68 0,2 1
Testostérone 289,2 >97,0 289,2 >109,0 4,63 0,5 1
THG 313,3>241,2 | 313,3>159,1 5,25 0,5 1
Trenbolone 271,2>199,1 | 271,2>253,2 4,18 0,4 1
Testostérone benzoate 393,1>104,9| 393,1>97,0 6,84 5 10
Testostérone propionate 345,1>97,0 345,1>109,0 6,35 5 10
Testostérone acétate 331,3>109,0 331,3>97,0 5,92 5 10
Testostérone décanoate 443,5>97,0 443,5>109,0 8,45 5 10
Testostérone isocaproate 387,4>97,0 387,4>81,0 7,20 5 10
Nandrolone décanoate 429,4 > 155,1 429,4>71,0 8,24 5 10
Testostérone 17B-cypionate 413,2>97,0 413,2>78,9 7,61 5 10
Testostérone enanthate 401,4>97,0 401,4 >113,1 7,52 5 10

S|
Clenbuterol-Dq 286,1>168,9 / 1,62 / /
Nandrolone-Ds 278,2 >109,0 / 4,41 / /
Stanozolol-Ds 332,3>81,1 / 4,67 / /
Testostérone-Ds 292,2 >109,0 / 4,62 / /

Tableau 2 : Liste des SAA analysés — transitions — temps de rétention — LD et LQ
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GC-MS/MS

Transition de

Transition de

Analytes quantification | confirmation Tr (min) | LD (pg/mg) | LQ(pg/mg)
19-Norandrostenedione 416,4 > 234,2 416,4 > 401,4 10,50 5 10
Mesterolone 448,0 > 141,0 448,0 > 156,0 10,80 0,6 1
Drostanolone 448,0 > 141,0 448,0 > 156,0 10,90 0,5 1
Drostanolone enanthate 488,4 > 141,0 488,4 > 156,1 15,50 3 5
Drostanolone propionate 432,4>141,1 432,4 > 156,1 11,80 3 5

SI
Testostérone-D; 453,4 >209,1 / 10,89 / /
19-Norandrostérone-D, 409,4 >229,3 / 9,95 / /

Tableau 3 : Liste des SAA analysés — transitions — temps de rétention — LD et LQ — SUITE
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2.3. Applications a des cas de dopage et des expertises médico-judiciaires

Les méthodes développées au laboratoire ont été appliquées a des affaires de dopage dans des cas
de suspicion de contamination par le biais de I'activité privée menée au laboratoire.

Elles ont également été appliquées a des affaires médico-légales pour lesquelles il y avait des
suspicions d’abus d’agents anabolisants qui auraient provoqués des accés de violence et/ou des
déces.

Cette méthode est également applicable a des demandes hospitalieres pour le suivi des profils
stéroidiens et a I'analyse de produits de saisie dans le cadre d’affaires médico-judiciaires.

Les applications de cette méthode d’identification ont donné lieu a 8 publications nationales et

internationales et sont décrites ci-dessous.

Cas de dopage et autres matrices :

Les 3 publications suivantes montrent I'intérét de I'analyse des cheveux et des autres matrices

kératinisées (ongles, poils du corps) en comparaison a I'analyse urinaire :

Article 4 : Pendant une période de compétition, une athléte de haut niveau s’est faite contrélée par
un laboratoire anti-dopage. Ses urines ont révélé un résultat anormal pour le stanozolol et ses
métabolites.

L'athlete a contesté avoir consommé délibérément du stanozolol et a pensé a une contamination par
un supplément diététique. Afin de prouver qu’il n’y a pas eu consommation, son avocat, en
discussion avec I'expert, a demandé une analyse complémentaire dans les cheveux et les poils du
corps.

Des cheveux, des poils de jambes, des poils de bras, axillaires et pubiens ont été recus au laboratoire.
Une méthode et une extraction spécifique ont été développées et appliquées. Le stanozolol est le
seul SAA a avoir un noyau d’azote dans sa structure chimique. Une extraction dans des conditions
alcalines est donc préférable.

Le stanozolol a été identifié et quantifié dans tous les poils de I'athléte : 73 pg/mg (cheveux), 454
pg/mg (poils pubiens), 238 pg/mg (poils de bras), 244 pg/mg (poils de jambes) et 7100 pg/mg (poils
axillaires).

Pour la premiere fois, le stanozolol a été observé simultanément dans cing types de poils prélevés
sur cing régions anatomiques différentes chez un méme sujet avec un large éventail de
concentrations, ce qui est cohérent avec les vitesses de pousse et les taux d’incorporation différents
de chaque poil. Ces résultats montrent que le stanozolol s’incorpore mieux dans les poils du corps

gue dans les cheveux.
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Article 5 : La recherche des agents anabolisants dans les cheveux n’est pas nouvelle et a plusieurs
applications dans les domaines du dopage, d’expertise médico-légale et clinique. Néanmoins, il y a un
certain nombre de limites a prendre en compte : l‘indisponibilité de la matrice ou encore les
traitements cosmétiques pouvant altérer les concentrations dans les cheveux. Pour remédier a ces
problématiques, il est possible d’utiliser d’autres poils du corps. Il est a noter que les taux
d’incorporation ainsi que les vitesses de pousse sont différents de celle des cheveux. Ces paramétres
seront pris en compte lors de l'interprétation. Dans cet article, plusieurs SAA sont mis en évidence

dans les poils. Les concentrations sont souvent plus hautes dans les poils que dans les cheveux.

Article 6 : Les SAA sont généralement analysés dans les urines et rarement dans les cheveux dans le
cadre antidopage. Dans le cadre médico-légal, les cheveux sont utilisés pour documenter les profils
de consommation.

Lorsque les cheveux ou les autres poils ne sont pas disponibles, il reste une matrice kératinisée qui
permet d’avoir une fenétre de détection importante : les ongles. Les fenétres de détection sont de 3
a 8 mois pour les ongles de mains et de 4 a 12 mois pour les ongles de pieds. L’analyse des ongles,
dans un cadre de dopage, est une nouvelle approche pour documenter une exposition répétée.

Le stanozolol (7 et 24 pg/mg), la nandrolone (6 pg/mg), la trenbolone (26, 67, 81 et 89 pg/mg), la
drostanolone (8 et 11 pg/mg) et la testostérone enanthate (14 pg/mg) ont été identifiés dans des
ongles dans 6 affaires de dopage, et d’expertises médico-légales (déces lié a I'abus de stéroides,

violence).

L'analyse des phanéres dans des cas de dopage permet d’apporter des informations sur le profil de

consommation et permet d’obtenir des informations rétrospectives.
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Cas de déces liés a I'abus de SAA :

L'abus et I'utilisation répétée des SAA peuvent provoquer des problemes hépatiques et cardiaques
comme décrits en partie 1. De plus, les consommateurs utilisent la plupart du temps plusieurs SAA et
a des cycles de consommation différents.

Des cas de déces ont été observés a I'IML de Strasbourg. Les analyses complémentaires demandées
par les magistrats ont permis de mettre en évidence un usage régulier de SAA.

Deux cas mettent en évidence lI'importance de rechercher les SAA dans les phanéres suite a

I’observation de problémes cardiaques, a I'autopsie :

Article 7 : Un homme de 59 ans a été retrouvé mort chez lui. A c6té de lui, 2 flacons vides de
solutions huileuses sans étiquette ont été retrouvés. L’homme était connu pour s’entrainer dans une
salle de musculation et comme consommateur de SAA. Le procureur a ordonnée une levée de corps
et a estimé que des analyses toxicologiques supplémentaires suffisaient. Il n’y a donc pas eu
d’autopsie.

Dans le sang, uniqguement de la testostérone a été identifiée a une concentration inférieure a 1
ng/mL. Dans les urines, le ratio T/E était de 1,56 et de la boldenone a été quantifiée a 9 ng/mL. Enfin,
dans les cheveux, plusieurs SAA ont été identifiés: testostérone (140 pg/mg), testostérone
propionate (605 pg/mg), testostérone décanoate (249 pg/mg), boldenone (160 pg/mg), trenbolone
(143 pg/mg) et méthandiénone (60 pg/mg).

L’analyse des cheveux a permis dans ce cas de mettre en évidence une consommation multiple et
répétée de SAA, contrairement a l'urine et au sang. Les experts ont attribué le décés a une

insuffisance cardiaque due a I'abus de SAA.

Article 8 : Un homme de 60 ans est retrouvé décédé a son domicile par sa femme. Cette derniére
rapporte qu’il s’entrainait régulierement dans une salle et qu’il consommait des SAA de maniére
quotidienne. L’autopsie a révélé une cardiomégalie ainsi qu’une congestion multi viscérale. Les
analyses toxicologiques ont mis en évidence de la trenbolone dans le sang fémoral (3,9 ng/mL), dans
le sang cardiaque (3,2 ng/mL), dans la bile (231 ng/mL), dans ’lhumeur vitrée (< 0,5 ng/mL) et dans
les cheveux (9 pg/mg).

Les experts ont conclu que la prise répétée des SAA pouvait expliquer les problemes cardiaques

avancés.
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Cas d’agressivité lié a I’'abus de SAA :

L'usage répété des stéroides anabolisants peut avoir un impact négatif sur le comportement des
consommateurs (partie 1). Durant ma these, plusieurs cas de violence induits par I'abus d’agents
anabolisants ont été observés et étudiés dans le cadre médico-légal. Trois cas ont donné lieu a des

publications dont une chez I'animal et sont décrits ci-dessous :

Article 9 : Un homme de 32 ans s’est rendu aux forces de police pour dénoncer son acte, celui d’avoir
tué sa petite amie aprés lui avoir infligé plusieurs coups de couteau. L'homme était tres agité et
agressif. Il était inconnu de la police et était videur de boite de nuit. Deux tubes de sang ont été
prélevés au commissariat. Trois semaines apres les faits, 3 méches de cheveux ont été prélevées
(brunes, 3 cm, orientées). La recherche d’AAS a mis en évidence dans le sang de la méthandiénone
(32 ng/mL) et de la trenbolone (9 ng/mL). Les cheveux étaient également positifs pour la
méthandienone (11 et 3 pg/mg) et pour la trenbolone (14 pg/mg).

Ce cas met en évidence la dangerosité psychique de |'usage répétée d’agents anabolisants.

Article 10 : Un homme de 21 ans est arrété et placé en prison aprés avoir tué son rival suite a une
crise de jalousie. Plusieurs mois aprés sa condamnation, I'homme annonce qu’il est un ancien
consommateur de SAA. Pour documenter cette exposition, seule I'analyse de cheveux permet de
réaliser une analyse rétrospective. Une méche de 9 cm segmentée en 3 segments de 3 cm a été
analysée et I'analyse a mis en évidence de la drostanolone et son ester, la drostanolone énanthate.
Seul le segment correspondant au moment de I’homicide était positif avec des concentrations de 3 et

14 pg/mg respectivement pour la drostanolone et son ester.

Article 11 : Trois chiens sont devenus de jour en jour plus agressifs envers leurs maitres mais
également entre eux. Inquiets, les maitres ont décidé de se tourner vers un laboratoire de toxicologie
pour savoir si un produit pharmaceutique pouvait modifier les comportements de leurs chiens. En
discussion avec I'expert, les poils des chiens ont été analysés. La méthandiénone, un SAA exogene, a
été identifiée a 42, 13 et 32 pg/mg. Afin de rechercher la source de contamination, 16 produits
pharmaceutiques et compléments alimentaires ont été analysés. Parmi ces produits, deux
suppléments diététiques étaient contaminés par de la méthandiénone a 452 et 25 ng/g. Les chiens
ont retrouvé un comportement qualifié de normal par leur maitres quatre mois aprées arrét complet

de la consommation de ces suppléments.

45



Les différentes publications décrivent les dangers liés a [l'utilisation répétée des stéroides
anabolisants et montrent également I'importance d’identifier les composés dans les phanéres afin

d’identifier les molécules mises en cause dans des cas de violence, d’homicide et de déces.
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Abstract

An athlete challenged the result from an in-competition doping test which returned with an adverse
analytical finding for stanozolol, claiming it was due to supplement contamination. Her lawyer
asked the laboratory to analyze several hair specimens simultaneously collected from five different
anatomical regions, head, arm, leg, pubis and armpit, to document the pattern of drug exposure.
A specific UPLC-MS-MS method was developed. After decontamination with dichloromethane,
stanozolol was extracted from hair in the presence of stanozolol-d; used as internal standard,
under alkaline conditions, with diethyl ether. Linearity was observed for concentrations ranging
from 5 pg/mg to 10 ng/mg. The method has been validated according to linearity, precision and
matrix effect. Concentrations of stanozolol in head hair, pubic hair, arm hair, leg hair and axillary
hair were 73, 454, 238, 244 and 7,100 pg/mg, respectively. The concentration of stanozolol in head
hair is in accordance with data published in the literature. When comparing the concentrations,
body hair concentrations were higher than the concentration found in head hair. These results are
consistent with a better incorporation rate of stanozolol in body hair when compared to head hair.
The simultaneous positive concentrations in different hair types confirm the adverse analytical
finding in urine of the top athlete, as the measured concentrations do not support the theory of
contamination. For the first time, an anabolic agent was simultaneously tested in hair collected from
five different anatomical regions from the same subject, with a large distribution of concentrations,
due to anatomical variations, and these findings will help interpretation in further doping cases
when documented with hair.

Introduction

OXFORD

The widespread use of anabolic in sports causes numerous problems
of integrity and sport ethics. That’s why, in 1999, the World Anti-
Doping Agency (WADA) has created a document, called the CODE,
to harmonize prohibited practices and substances in and out of
competition. Despite the ban of some drugs by the WADA, the use
of anabolic steroids continues to grow. For example in 2017, they
represent 44% of adverse analytical findings (AAFs). Among the
anabolic steroids, stanozolol accounted for 20% of AAFs (1).

© The Author(s) 2020. Published by Oxford University Press on behalf of The International Association of Forensic Toxicologists, Inc.

All rights reserved. For Permissions, please email: journals.permissions@oup.com

Stanozolol is marketed as Stanozolol® 5 Stromha® and Winstrol®,
and it is available as 2, 10 and 50 mg tablets for oral administration
and at 50 and 75 mg/mL for injectable administration (2). It has
been prohibited by the International Olympic Committee since 1974
and is classified in the S1.1.a class as exogenous anabolic androgenic
steroid (3). Stanozolol is a derivative of testosterone and the only
anabolic drug containing two nitrogen atoms. It has been established
since many years that the presence of a nitrogen atom allows a better
incorporation into hair, due to electric interaction with the negatively
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Testing for Stanozolol Using UPLC-MS-MS and Confirmation by UPLC-g-TOF-MS 835

charged melanin, which is the major protein in the hair matrix. In
addition, a basic drug (stanozolol has a pKa 2.9) is more easily
incorporated into hair because it has a better penetrating ability to
break through the membrane, based on pH gradient between blood
and the acidic hair matrix (2, 4-5).

In the literature, analysis of stanozolol in human head hair has
been seldom reported, mainly by the same groups. In addition,
there is a major lack of information about stanozolol identification
in body hair. Only Kintz et al. (6) and Thieme et al. (7) reported
concentrations in the leg, chest and axillary, but they did not
compare the data with head hair. To the best of the knowledge
of the authors, there is no publication where hair specimens
collected from five different anatomical regions from the same
subject was described. This is of importance when the standard
head hair test cannot be performed (bald subject, cosmetic
treatment, religious reasons, aesthetic issues, etc.). The aim of this
report is to document the distribution of stanozolol in different
hair collected from different anatomical regions for the same
subject.

Case report and hair specimens

During in-competition period, an anti-doping laboratory tested the
urine of a top athlete (woman) and returned an adverse analytical
finding for stanozolol and its metabolites (3-OH-stanozolol, 4-OH-
stanozolol and 163-OH-stanozolol). The athlete challenged the result
and denied any voluntary intake of the drug. Her lawyer requested
our laboratory for further analysis because of possible contami-
nation by food or supplements. Contamination of supplements by
stanozolol has been previously reported in literature. Geyer et al.
(8) and Odoardi etal. (9) reported concentrations of stanozolol
in nutritional supplements between 10 and 40 ng/g and in one
supplement at 25 pg/g. In addition, Campos et al. presented during
the 2019 TIAFT meeting that 90% of the supplements from a
seizure were contaminated by stanozolol (analysis of seizure for-
mulations of stanozolol in south Brazil by high-resolution mass
spectrometry).

The athlete confirmed that she did not cosmetically treat her
head hair for at least 6 months. In addition, she also confirmed
no leg and axillary hair shaving for the last 2 months. At the
request of her lawyer, the laboratory received five hair specimens
collected from five different anatomical regions to establish the
pattern of stanozolol use at the time of the urinary control. Hair
specimens included head hair, leg hair, arm hair, pubic hair and
axillary hair. The hair was collected by a US point of collection with
suitable chain of custody about 1 month after the urinary control.
The head hair was 4 cm in length, curvy and black in color. No
segmentation of the head hair was possible because of its curvy
nature. All body hair specimens were 0.5-1.5 cm in length and black
in color.

Each hair specimen was received in a separate envelope and stored
at ambient temperature in the laboratory before analysis.

Blank hair for method validation was obtained from laboratory
staff.

Chemicals and reagents

Stanozolol and stanozolol-d3 were obtained from Cerilliant (Texas,
USA). Ammonium acetate, dichloromethane and sodium hydrox-
ide (NaOH) were purchased from Merck (Darmstadt, Germany).

Methanol for HPLC LC-MS grade (MeOH), acetonitrile for HPLC
LC-MS grade (ACN) and formic acid were purchased from VWR
Chemicals Prolabo (Fontenay-sous-Bois, France). Diethyl ether was
purchased from Honeywell Riedel-de Haén (Seelze, Germany).

The standard solutions, prepared in ACN, were stored at —20°C.

Sample treatment

The hair strands were decontaminated twice with § mL of
dichloromethane for 1 min at room temperature and dried.

Thirty milligrams of decontaminated hair was incubated in 1 mL
1 M NaOH for 10 min at 95°C, in the presence of 300 pg
of stanozolol-d3 used as internal standard (IS). After cooling,
5 mL of diethyl ether were added. After agitation for 15 min and
centrifugation (15 min, 3,000 rpm), the organic phase was collected
and evaporated to dryness under a nitrogen flow. The dry residue
was dissolved in 50 pL of MeOH, and § pL was injected into the
UHPLC-system.

Instrumentation

Chromatographic separation was performed with a liquid chro-
matography Waters Acquity uPLC™ system (Waters Corporation,
Milford, MA, USA) using an Acquity UPLC HSS C18 column (150 x
2.1 mm, ID 1.8 pm particle size). The column temperature was set to
50°C and the flow rate at 0.3 mL/min. The mobile phase consisted
of 1.0 mM ammonium acetate in water (eluent A) and ACN, 0.1%
formic acid (eluent B). Analysis time was 6.0 min, and the following
gradient pattern (eluent A) was used for the separation of stanozolol
and the IS, 0 min, 95%; 2.00 min, 95%; 4.00 min, 0%; 4.10 min,
0%; 4.30 min, 95%; 6.00 min, 95%. Stanozolol and stanozolol-D3
were eluted both in 4.93 min.

Detection was performed using a triple quadrupole (XEVO™
TQD, Waters Corporation, Milford, MA, USA) mass spectrometer
equipped with a Z-sprayM-electrospray ionization source (ESI)
and used in the positive mode (ES+). Nitrogen was used as drying
gas as well as nebulizing gas. The desolvation gas flow was set
to 800 L/h and the desolvation temperature was 400°C. The
source temperature was 150°C. The capillary voltage was set
at 1.50 kV. Cone voltage and collision energy were adjusted to
optimize the signal of the two most abundant product ions of
stanozolol, m/z 329.3 > 81.1 and 329.3 > 121.1 and for stanozolol-
d3: m/z 332.3 > 81.1. MassLynx 4.1 software was used for
quantification.

To confirm the head hair result, an UPLC-q-TOF-MS system was
used. Chromatographic separation was performed with an identical
equipment as per UPLC-MS-MS. The applied parameters (column
temperature, mobile phase, gradient pattern, flow) were the same
compared to UPLC-MS-MS.

Detection was performed using a high-resolution (XEVO™
G2XS Q-TOF, Waters Corporation, Milford, MA, USA) mass
spectrometer operating in positive ion mode and in sensitivity mode.
The desolvation gas flow was set to 800 L/h at a temperature of
600°C with the cone gas set to 20 L/h and the source temperature
set to 150°C. The capillary voltage and the cone voltage were set to
1,500 and 30V, respectively. Leucine-enkephalin was used as the lock
mass (m/z §56.2766) for accurate mass calibration and introduced
using the LockSpray interface at 10 pl/min and a concentration
of 200 pg/pL in 50% aqueous ACN, 0.1% formic acid. In MS
scanning, data were acquired from 70 to 800 m/z. As for MS-MS
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Figure 1. Chromatograms of head hair specimen and blank sample. (A) Head hair; (B) blank hair sample. From top to bottom: first transition of stanozolol, second

transition of stanozolol, quantification transition of stanozolol-d 3.

fragmentation of target ions, collision energy ranging from 10 to
40 V was applied. Unifi software was used for data, chromatograms
and spectra acquisition.

Validation method

A nine-point calibration curve (# = 3) was obtained by spiking blank
hair at 5, 10, 50, 100, 150, 200, 500, 1,000 and 10,000 pg/mg. The

limit of quantification (LOQ) was defined as the first point of calibra-
tion. The limit of detection (LOD) was the lowest concentration of
analyte that could be detected with signal-to-noise ratio superior than
3. For the repeatability, two calibration points at 10 and 500 pg/mg
were evaluated eight times. With respect to matrix effect, 15 different
hair blank specimens were extracted, and 50 pL of standard solution
of stanozolol (1 mg/L) was added at the end of extraction. These
specimens were compared to 50 pL of standard solution of stanozolol
in MeOH (1 mg/L).
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Arm hair: 238 pg/mg

Leg hair: 244 pg/mg >

Head hair: 73 pg/mg

Axillary hair: 7100 pg/mg

Pubic hair: 454 pg/mg

Iy

Figure 2. Body distribution of stanozolol hair concentrations.

Results and discussion

Validation

Three calibration curves based on analyte/internal standard peak area
ratios were obtained on three separate days and analyzed by weighted
linear regression to validate the linearity of the method. The assay
was linear in the concentration range 5-10,000 pg/mg (* > 0.990)
with a LOQ of 5 pg/mg. The LOD was 2 pg/mg. QC samples (10 and
500 pg/mg), analyzed in duplicate in eight independent experimental
assays, were used to determine a coefficient of variation for precision.
These CVs were lower than 20% (8.7 and 5.2% for intra-assay and
15 and 18% for inter-assay, for 10 and 500 pg/mg respectively). The
matrix effect was less than 20%.

Hair test results

Figure | shows the chromatograms obtained after extraction of head
hair specimen and blank hair sample. The use of UPLC-MS-MS
allowed to measure the following concentrations: head (73 pg/mg),
arm (238 pg/mg), leg (244 pg/mg), pubis (454 pg/mg) and axillary
(7,100 pg/mg) hair. It is also possible to represent this distribution
according to the representation in Figure 2. Moreover, the decontam-
ination wash was analyzed and was negative.

More and more often, WADA-accredited laboratories use high
specificity properties of HRMS method to document their positive
findings. As indicated in the consensus of the Society of Hair Testing
for doping agents (10), it is suggested for additional data using hair
analysis in the field of doping control to use the same sophisticated

equipments. Therefore, the concept of testing anabolic drugs in hair
using HRMS has emerged, and recently Fabresse et al. (11) have
published some interesting results. The UPLC-q-TOF-MS system
therefore confirmed the presence of stanozolol in head hair (m/z
329.2580) with a mass error of —2.2 ppm, when compared to a
reference standard (m/z 329.2588). A common fragment is also
identified (81.0447 for the reference standard and 81.0441 for head
hair). Figure 3 presents the chromatogram and high and low spectra
obtained with UPLC-g-TOF-MS.

When compared, the concentrations of body hair showed a large
variation. This variation can be explained by the difference in growth
rate and the incorporation rate for each type of hair. Xenobiotics
are only incorporated into hair during the anagen stage (12). It
appears that the concentration in head hair was the lowest. A similar
observation was already published by Kintz et al. (13), who presented
in one article that the concentrations of DHEA, another anabolic
steroid, are much higher in axillary and pubic hair when compared
to head hair. Concentrations measured in arm hair and in leg hair
are quite similar. These results are consistent with a close growth
rate (0.6 and 0.9 cm/month for leg and arm) and similar duration
of the anagen stage (25 and 30% for leg and arm) (12). The highest
concentrations were found in the pubic and axillary hair. This can be
explained by the incorporation routes, given that a xenobiotic can be
incorporated in hair by three body routes: blood, sweat and sebum
and by external contamination (5, 12). In the case of axillary hair
and pubic hair, contribution by sweat and contamination by urine,
respectively, are possible.
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Figure 3. Comparison of responses between standard reference (left) and head hair (right).
Table I. Concentrations of Stanozolol in Head Hair, Data of Litera- Conclusion

ture

Head hair concentration (pg/mg)  Sport practice Reference
135 and 156 Bodybuilding (14)

180 Bodybuilding (15)

15 Bodybuilding (16)
2-84 Bodybuilding (17)
5-86.3 Bodybuilding and other ~ (18)

112 Bodybuilding (6)

1-60 Bodybuilding and other (7)
17-1,992 Bodybuilding (19)

11 Fitness (20)

The concentration found in head hair (73 pg/mg) is consistent
with the data from the scientific literature. In various papers, mostly
written by few groups, concentrations ranged from 1 to 1,992 pg/mg.
It is interesting to note that the concentration found for the case
involving fitness practice (11 pg/mg) is part of the low range when
compared to what can be measured in specimens from bodybuilders.
In view of the results reported in Table I, it is conceivable to con-
clude that the measured concentration in head hair from the athlete
(73 pg/mg) is highly indicative of repeated abuse and does not support
the claim of contamination by supplement(s).

This is the first report of simultaneous identification of stanozolol in
hair collected from five different anatomical regions from the same
subject. The presence of stanozolol in all hair specimens supports
the adverse analytical finding in the urine and is consistent with
repeated abuse of stanozolol. In addition, the results seem to show
that stanozolol incorporates better into body hair than in head hair.
As a consequence, it appears that the analysis of the body hair
can be performed when head hair is not available. According to
the consensus of the Society of Hair Testing, hair analysis can be
performed as a complement to urinalysis (10).
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1 | INTRODUCTION

Abstract

Since the late 90s, hair testing for anabolic steroids in humans has found numerous
forensic, clinical, and anti-doping applications. In most cases, analyses were per-
formed on head hair, collected in the vertex regions. However, for various reasons
(shaved subject, bald subject, religious belief, cosmetic treatment and aesthetic rea-
son), hair collectors can face the lack of head hair, and therefore, body hair can be
the unique alternative choice. Although there is no possibility to perform segmental
analyses with body hair, their use has two major advantages: (1) In most cases, ana-
bolic steroids are more concentrated in body hair when compared with head hair,
which allows detecting abuse at lower frequency and for lower dosages; and (2) the
window of drug detection is generally much longer in body hair when compared with
head hair, particularly in male athlete presenting short head hair. To document the
relevance of simultaneous collection of head and body hair, the authors present eight
authentic cases of anabolic steroids abuse, including clostebol (one case),
drostanolone (one case), metandienone (one case), 19-norandrostenedione (one
case), stanozolol (two cases) and trenbolone (three cases). In all cases, body hair
concentrations were higher than head hair concentrations. Even in three cases, no
steroid was identified in head hair, although present in body hair.

KEYWORDS
anabolic steroids, body hair, doping, forensic toxicology, hair

publications, in the 80s and early 90s, were devoted to drugs of
abuse, mainly opiates and cocaine. It is only late in the 90s that

In the recent years, hair specimens have been proposed to document
drug exposure in any situation in which a history of past rather than
recent drug use is requested. In addition, keratinous matrices are the
unique matrices allowing to document long-term exposure to drugs.
Finally, testing head hair by segmentation allows establishing a retro-
spective calendar of an individual's drug use and the distinction
between single and repetitive use.

Testing for anabolic steroids in human hair was not an initial
priority for scientists involved in hair analysis. The first series of

pioneers presented the first procedures for the detection of ana-
bolic steroids, all using gas chromatography coupled to single mass
spectrometry (GC-MS).** Rapidly, Gaillard et al> and Thieme
et al.° proposed methods with higher selectivity, using tandem mass
spectrometry (MS/MS) or high-resolution mass spectrometry,
respectively. Ten years later, analytical approaches using liquid chro-
matography coupled to tandem mass spectrometry (LC-MS/MS)”
and liquid chromatography coupled to high-resolution mass
spectrometry®® were described. Initially, these procedures were

Drug Test Anal. 2021;13:1445-1451.

wileyonlinelibrary.com/journal/dta

© 2021 John Wiley & Sons, Ltd. I 1445

55



KINTZ et AL

s | WILEY

proposed for anti-doping analyses when the athlete challenged an
adverse analytical finding. Later, they have been used in forensic
science to document changes in behaviour, enhanced libido and the
associated risk of sexual assault, aggressiveness and cardiac side
effects in sudden deaths.

However, all these publications were based on the identifica-
tion of anabolic steroids in hair collected from head hair (=scalp
hair). In some special cases, head hair can be missing or is not
available for sampling. This can happen with shaved or bald
subjects or subject with religious belief. Aesthetic issues and heavy
cosmetic treatment, such as bleaching or colouring, can also
prevent head hair collection, as these treatments will dramatically
decrease the concentrations of the drugs already incorporated.'®
Alternatively, body hair can be collected. To date, only Gheddar
et al.'* compared stanozolol concentrations in hair specimens
collected from five different anatomical regions obtained from a
repetitive abuser. Stanozolol was identified in head hair (73 pg/mg),
pubic hair (454 pg/mg), arm hair (238 pg/mg), leg hair (244 pg/mg)
and axillary hair (7100 pg/mg). Obviously, concentrations measured
in body hair were much higher than the one measured in head
hair. According to the authors, these variations were explained by
differences in the hair growth cycle, which is different for each
type of hair.

Indeed, in a comprehensive review, Pianta et al.'? reported
several publications dealing with hair growth cycles, which are
summarized in Table 1. Obviously, the growth rate is variable for each
type of hair, but more important, the duration and the number of hair
in the anagen state (the only state where drugs are incorporated) are
highly variable.

Although the detection of anabolic steroids in human hair has

some limitations,**"*°

mostly due to very low incorporation rate and
therefore an unknown minimal detectable dose, there is a consider-
able interest in forensic,'® clinical’’ and anti-doping™® situations to be
able to document their use or abuse.

The objective of this publication is to present the advantages
of collecting several body hair specimens from the same donor and
to compare the concentrations with head hair. This series of results
will produce new data about anabolic steroids detection in an
alternative matrix, which can be a basis for routine analysis in vari-
ous situations (forensic, clinical or doping) where their identification
is needed.

TABLE 1  Hair growth cycle (summarized from Pianta et al.'?)

Hair Growth rate (cm/ h) Anagen (i hs)
Head 0.7-1.5 Up-96

Chest 0.8-1.1 4

Leg 0.4-0.8 4-7

Arm 0.6-1.2 1-4

Axillary 08-1.1 4-18

Beard 0.6-0.9 4-22

Pubic 0.6-0.9 9-18

2 | MATERIALS AND METHOD
21 | Materials/standards

Ammonium formate 99% was provided by Alfa Aesar (Schiltigheim,
France). Formic acid 99-100%, AnalaR NORMAPUR was purchased
from VWR Prolabo (Fontenay-sous-Bois, France). Acetonitrile for
LC-MS grade, ethyl acetate, methanol and dichloromethane were pur-
chased from Merck (Molsheim, France). Steroids and the deuterated
standards (testosterone-d;, nandrolone-d; and stanozolol-ds)
were purchased from Cayman Chemical (Ann Arbor, MI, USA).
Isolute C4g columns were purchased from Interchim (Montlucon,
(MSTFA),
2-mercaptoethanol and ammonium iodide were purchased from
Sigma-Aldrich (Saint-Quentin Fallavier, France).

The drugs were diluted to appropriate concentrations with

France). N-Methyl-N-trimethylsilyltrifluoroacetamide

methanol, using a working 1 mg/L solution.

2.2 | Hair specimen

Hair specimens were collected for forensic purposes (drug trafficking,
aggressiveness and fatality) or after challenging an adverse analytical
finding during an anti-doping control. Clients were lawyers, judges or
solicitors, who always directly requested tests for anabolic steroids,
given the specific context, that is, challenging a doping violation, steroids
trafficking, death of an abuser or intrafamily violence. There was no
additional request for other drugs, including recreational ones. Demo-
graphic data of the eight subjects are summarized in Table 2. All subjects
were male, aged from 17 to 42 years. Their claims (or the claims of
relatives) with respect to steroids abuse are presented in Table 2.

In all cases, the hair specimens were collected by experienced
professional collectors by cutting them with scissors close to the skin
and sent to the laboratory in a hair collection kit. The specimen was
stored at room temperature until analysis.

23 | Toxicological analyses

Anabolic steroids were tested according to our screening procedure,
already published.’ Briefly, 30 mg of finely cut hair, previously

Anagen (%) Catagen + telogen (months) Catagen + telogen (%)
85 3-4 5-15
40 4-6 50-70
20 3-9 70-80
30 1-4 60-80
30-40 3-18 50-70
60-70 9-12 30-40
30-40 12-18 50-70
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decontaminated by two dichloromethane baths (5 mL, 2 min) were
weighted. Internal standards (1 ng of testosterone-d;, nandrolone-
ds and stanozolol-d;) were added together with 1 mL of methanol
for a 90-min ultrasonic bath at room temperature. After centrifuga-
tion, the organic phase was collected and evaporated and diluted
with phosphate buffer pH 7.0 (part A). The remaining hair, at the
bottom of the tube, was collected and hydrolyzed with 1-mL NaOH
1 M (part B). Liquid-liquid extractions were operated on parts A
and B with 2-mL ethyl acetate. Extracts were combined and
evaporated to dryness. The residue was dissolved in 1-mL

TABLE 2 Demographic data of the

WILEY_|*

dichloromethane, which was submitted to solid phase extraction,
using Isolute C4g columns. Columns were conditioned with 3 mL of
dichloromethane and then, the following sequence was used: 1 mL
of the specimen in dichloromethane (phase 1), 1 mL of dic-
hloromethane (phase 2) and finally 2 mL dichloromethane/ethyl
acetate (3/1) (Phase 3). All three phases (1-3) were collected and
evaporated using a SpeedVac Concentrator (Thermo Scientific
SPD121P) and solubilized in 30-uL methanol to be divided in two
parts: for injection onto LC-MS/MS apparatus (Waters TQS micro)
and onto GC-MS/MS apparatus (Agilent 7010B) after evaporation

sibjsets Involves! i thi-study Case Reason of test Description of the specimens Claims about abuse
1 Child custody Head hair: 3 cm, brown Very occasional
Arm hair
2 Doping Head hair: 1.5 cm, black No abuse
Leg hair + arm hair
3 Doping Head hair: 2.6 cm, black No abuse
Leg hair + arm hair
4 Workplace Head hair: 2 cm, brown Occasional
Chest hair + arm hair
5 Aggressiveness Head hair: 1 cm, brown Regular
Chest hair + arm hair
[ Trafficking Head hair: 3 cm, black Regular
Leg hair + arm hair
7 Trafficking Head hair: 1 cm, black Regular
Pubic hair + axillary hair
8 Death Head hair: 1 cm, blond Occasional
Pubic hair + axillary hair + chest hair
TABLE 3 Summary of the validation parameters
Drug Linearity LOD (pg/mg) LOQ (pg/mg) Precision (20 pg/mg, %)
Androstenedione 1-200 pg/mg 0.5 1 14.6
Testosterone 1-200 pg/mg 0.5 1 135
Boldenone 1-200 pg/mg 0.2 1 173
Tetrahydrogestrinone 1-200 pg/mg 0.5 il 16.9
Metandienone 1-200 pg/mg 0.2 1 15.1
Metenolone 1-200 pg/mg 0.5 1 11.6
Methyltestosterone 1-200 pg/mg 0.5 4 124
Nandrolone 1-200 pg/mg 0.5 1 16.1
Chlorodehydromethyl-testosterone 1-200 pg/mg 0.5 1 14.8
Oxandrolone 5-200 pg/mg 2 5 37.5
Stanozolol 1-200 pg/mg 0.2 1 13.6
Trenbolone 1-200 pg/mg 04 1 13.9
Dehydroepiandrosterone 1-200 pg/mg 0.5 1 14.7
Dihydrotestosterone 1-200 pg/mg 0.5 1 14.7
Drostanolone 1-200 pg/mg 0.5 i1 16.2
Mesterolone 1-200 pg/mg 0.6 1 15.8

Abbreviations: LOD, limit of detection; LOQ, limit of quantification.
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and fully automated trimethylsilyl (TMS) derivatization (MSTFA/
NH,l1/2-mercaptoethanol, 1000:2:5) for 20 min at 60°C.

Androstenedione, testosterone, boldenone, tetrahydrogestrinone,
metandienone, metenolone, methyltestosterone, nandrolone, chloro-
dehydromethyltestosterone, oxandrolone, stanozolol and trenbolone
were tested by LC-MS/MS. Dehydroepiantrosterone, dihydrotestos-
terone, drostanolone, mesterolone and all esters (testosterone,
nandrolone and drostanolone) were tested by GC-MS/MS.

A summary of the validation parameters is presented in Table 3.
In all cases, matrix effects (tested at 20 pg/mg) were less than 25%. In
case of very concentrated specimens, less hair material was used to fit
the linearity range.

3 | RESULTS AND DISCUSSION

The method was validated according to the 2012 recommendations
of the Society of Hair T(-:stingA20 Given there is no manufacturer of
certified reference material for anabolic steroids in hair, it is not possi-
ble to establish a true measurement uncertainty of the procedure. In
addition, there is no interlaboratory proficiency test for this class of
drugs.

At the initial stages of the developpement of a screening method
for the most common anabolic steroids, LC-MS/MS and GC-MS/MS
analyses were compared. Given anabolic steroids are badly incorpo-
rated into hair, it was decided to obtain the more sensitive method
possible. Blank hair was spiked with the different anabolic steroids at
20 pg/mg, extracted, injected in the 2 apparatus and the signal
to noise ratio (S/N) was measured for each drug. For some com-
pounds (dehydroepiantrosterone, dihydrotestosterone, drostanolone,
mesterolone and all esters), a much higher S/N was obtained using
GC-MS/MS. Drostanolone and mesterolone signals were very low
using LC-MS/MS, quite in the background noise at 20 pg/mg. This is
the reason why it was decided to split the screening method into two
different approaches. Once this was acted, the method was validated
separately using LC-MS/MS for androstenedione, testosterone,
boldenone, tetrahydrogestrinone, metandienone, metenolone,
methyltestosterone, nandrolone, chlorodehydromethyltestosterone,
oxandrolone, stanozolol and trenbolone and GC-MS/MS for
dehydroepiantrosterone, dihydrotestosterone, drostanolone, meste-
rolone and all esters. One can anticipate that the differences in S/N
with LC-MS/MS and GC-MS/MS are issues in ionization.

In all the eight cases, the request was only to test the hair speci-
mens for anabolic steroids, without specifying which drug(s) could be
involved. In routine, when the compound has been previously identi-
fied, a simplified method is always preferred.**

The cases were selected because several hair specimens, from
various body locations, were requested for testing, and positive
results were obtained. These cases were obtained within the last
2 years. In the routine activity of the laboratory for anabolic steroids,
in about 30%, the solicitors have submitted body hair in addition to
head hair. In about 10% of the requests, only body hair was submitted
to analysis.

Results are presented in Table 4. Clostebol (one case),
drostanolone (one case), metandienone (one case),
19-norandrostenedione (one case), stanozolol (two cases) and
trenbolone (three cases) were identified and quantified in multiple hair
specimens from the same donor. In case n° 4, the subject was using
simultaneously trenbolone and 19-norandrostenedione. The results
from cases n° 5 and n° 6 are in agreement with Gheddar et al.,** as
body hair concentrations were higher than head hair concentration
and also because in case n° 6, the concentration in arm hair was close
to the one in leg hair.

Figure 1 is representative of what can be expected as chromato-
graphic signals. Although concentrations were generally low, a

TABLE 4 Concentrations of anabolic steroids in various body hair
specimens

Case  Steroid Results

1 Trenbolone Head hair (0-1.5 cm): 14 pg/mg
Head hair (1.5-3 cm): 42 pg/mg
Arm hair: 165 pg/mg

Head hair (0-1.5 cm):
Traces (<5 pg/mg)

2 Trenbolone

Leg hair: 20 pg/mg
Arm hair: 15 pg/mg

Head hair (0-1.3 cm):
Not detected

Head hair (1.3-2.6 cm):
Traces (<1 pg/mg)

3 Metandienone

Leg hair: 19 pg/mg

Arm hair: 11 pg/mg
4 19-Norandrostenedione  Head hair (0-2 cm): Not detected
Chest hair: 6 pg/mg
Arm hair: 2 pg/mg
Head hair (0-2 cm): 121 pg/mg
Chest hair: 2964 pg/mg

4 Trenbolone

Arm hair: 258 pg/mg
5 Stanozolol Head hair (0-2 cm): 6 pg/mg
Chest hair: 41 pg/mg
Arm hair: 23 pg/mg

Head hair (0-1.5 cm):
Traces (<1 pg/mg)

Head hair (1.5-3 cm): 5 pg/mg)
Leg hair: 38 pg/mg

6 Stanozolol

Arm hair: 43 pg/mg
Head hair (0-1 c¢m): Not detected
Pubic hair: 56 pg/mg

74 Clostebol

Axillary hair: 31 pg/mg
8 Drostanolone Head hair (0-1 cm): 3 pg/mg
Pubic hair: 66 pg/mg
Axillary hair: 14 pg/mg

Chest hair: 29 pg/mg
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FIGURE 1 Chromatogram obtained after extraction of the arm hair specimen of subject n° 2. Trenbolone concentration was 15 pg/mg. From
top to bottom: Two transitions for trenbolone and one transition for testosterone-ds (IS) [Colour figure can be viewed at wileyonlinelibrary.com]

suitable chromatographic signal was obtained in each hair specimen.
Under the used chromatographic conditions, there was no interfer-
ence with the analytes by chemicals or any extractable endogenous
materials present in hair. Other chromatograms are presented as
Supporting Information.

Obviously, irrespective of its anatomical location, body hair test-
ing has produced higher drug concentrations when compared with
head hair. This has a direct implication on the possibility of detection
as the chromatographic signal to noise is always in favour of body hair
versus head hair, influencing the sensitivity and the selectivity of the
test. At this time, in the scientific literature, hair concentrations after a
controlled administration of a specific steroid for a given period of
time are unknown. In addition, nothing has been published about the
concentrations in various hair specimens from the same donor after
administration of a given dosage. In particular, no one has promoted
the use of body hair instead of head hair to document steroid adminis-
tration. Based on the results the authors are presenting, this possibil-
ity should be taken into consideration, as in many hearings at the
Court of Arbitration for Sport (CAS), the interpretation of a negative
head hair test was challenged by the World Anti-Doping Agency
(WADA) due to a lack of sensitivity (i.e., the impossibility to detect a
single administration).

The major interest of using body hair when compared with head
hair is the extension of the window of detection. Using head hair, the
window of detection is typically linked to the length of the submitted
specimen; that is, each centimetre represents the growth of 1 month
(for example, 3 cm = 3 months). It can be easily observed that the

male population who uses anabolic steroids has generally short hair or
even very short hair. Therefore, the window of steroid detection using
head hair is generally 1-3 months before hair collection. Using body
hair, standard windows of detection are generally up to 8 months
before collection. Most academic and commercial laboratories are
using an equivalent period of 8 months. It can be easily understood
that body hair testing dramatically increases the window of detection
of anabolic steroids.

Nothing has been published about the decline in steroid
concentration in head hair after abstinence. It has been published
that cocaine,®* heroin,?> methamphetamine®® and A’-tetrahydro-
cannabinol carboxylic acid®* disappear within 3-6 months after dis-
continuation of drug abuse. The persistence of past drug use markers,
due to nongrowing hair (in the catagen and telogen stages), is the
most common reason why head hair segments continue to test posi-
tive after drug discontinuation. Residues can also come from tissue
depots (acting as drug storage) in the scalp or fat tissues. Although
not supported by any scientific study, it is the feeling of the authors
that concentrations decline very rapidly after steroid discontinuation,
probably because they cleared from the hair by washing as they are
not firmly bound to melanin. This has been observed occasionally in
cases involving trenbolone, metandienone, oxandrolone or nandro-
lone, perhaps because of the lack of electric charge binding possibility
between neutral (and therefore not positively charged) steroids and
melanin, which is negatively charged. Only stanozolol, which is the
only anabolic steroid containing two nitrogen atoms, has a different
physical behaviour. If anabolic steroids are rapidly cleared from head
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hair after discontinuation, this will enhance the advantage of collect-
ing body hair.

Several explanations to account for higher steroid concentrations
in body hair have been published. Gheddar et al.** explained the varia-
tion of concentrations among the five different hair types by the dif-
ference in growth rate and the variable ratio between the anagen
stage and the catagen + telogen stages (i.e., 85/15 and 20-70/80-30
for head hair and body hair, respectively). It seems usual to find the
lowest concentrations in head hair when compared with body hair, as
already published for endogenous compounds, such as dehydroepian-
drosterone.?® Concentrations measured in leg and arm hair are often
more or less identical, which is consistent with a similar growth rate
and a similar duration of the anagen phase. Contamination by sweat
or urine can account for the high concentrations measured in axillary
hair and pubic hair, respectively.

Voegel et al.2¢ have indicated that body hair is not really suitable
as alternative when scalp hair is not available. If this seems true for
endogenous steroid hormones, as demonstrated back in 2000 by
Kintz et al.2® for dehydroepiandrosterone, it is not the case with syn-
thetic derivatives of testosterone. The present report is exclusively
dealing with exogenous anabolic steroids, which is fairly different
from endogenous compounds with complicated excretion process in
sweat and sebum.

4 | CONCLUSION

The detection of anabolic steroids in body hair has been seldom

described in the literature?”2®

and is presented in isolation, with no
test using head hair. Only one publication*! has systematically
compared stanozolol in hair collected from five different anatomical
locations. Although there is no possibility to perform segmental
analyses with body hair, testing for anabolic steroids in body hair
specimens has two major advantages: (1) In most cases, anabolic
steroids are more concentrated in body hair when compared with
head hair, which allows detecting abuse at lower frequency and for
lower dosages; and (2) the window of drug detection is generally
much longer in body hair when compared with head hair, particularly
in male athletes presenting short head hair.

Obviously, there is a future for anabolic steroids testing in foren-
sic situations. There is an increased risk of developing an antisocial
lifestyle, and the frequency of crimes of violence and weapon
offences is increased once anabolic steroids are consumed for a long
period. Abusers of steroids are more prone to be involved in criminal
acts, as demonstrated by epidemiological studies, and steroids are
sometimes identified as indirect cause of death.¢2?

Finally, there are also some interesting perspectives for testing
anabolic steroids to document anti-doping violation. Although some
limitations do exist,*® particularly the impossibility, at this time, to
detect a single steroid administration, identification of an anabolic ste-
roid, in human and animal, allows to better document and understand
challenged cases. In that sense, controlled administration studies
would be of great interest.
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1 | INTRODUCTION

Abstract

Anabolic steroids are synthetic derivatives of testosterone, and their abuse can have
numerous health consequences. Identification of this group of drugs has found appli-
cations in forensic toxicology, clinical situations, psychiatric disorders, and of course,
anti-doping violations. Although anabolic steroids are generally tested in urine and
very occasionally in head hair, collectors can face the lack of standard specimens,
and therefore, nail clippings can be the unique alternative choice. Although there is
no possibility to perform segmental analyses using nail clippings, the window of drug
detection is generally much longer in nail when compared to head hair (particularly in
male subjects), that is, 3-8 months and 4-12 months for finger and toenail clippings,
respectively. A new method was developed, including nail pulverization in a ball mill,
sonication for 90 min in methanol, and a combination of liquid-liquid and solid-phase
extractions, followed by gas and liquid chromatography coupled to tandem mass spec-
trometry. To document the application of steroid testing in nail clippings, the authors
present 6 authentic cases of abuse, involving stanozolol (7 and 24 pg/mg), nandrolone
(6 pg/mg), trenbolone (26, 67, 81, and 89 pg/mg), drostanolone (8 and 11 pg/mg), and
testosterone enanthate (14 pg/mg). Given concentrations were always in the low pg/
mg range, the use of tandem mass spectrometry appears as a prerequisite.

KEYWORDS
anabolic steroids, clippings, doping, forensic toxicology, hair, nail

Highlights

Violence and criminality are associated with abuse of steroids, together with serious health
consequences.

Testing for anabolic steroids in nail clippings is a new approach to document repetitive
exposures.

As concentrations of steroids in nail are very low (pg/mg range), tandem mass spectrometry
is a prerequisite.
Nail extraction is sophisticated, time-consuming, and expensive.

Stanozolol, nandrolone, trenbolone, drostanolone, and testosterone enantate have been
identified in 6 authentic cases.

endurance, and lead to a shorter recovery time between workouts
[1]. Today, anabolic steroids are mostly available on the Internet, at

Professional athletes, but also amateurs, can use anabolic ster- low costs, both as oral and injectable forms (generally as esters). In
oids because it has been claimed that these drugs increase lean most cases, these compounds are used in dosages much higher than
body mass, increase strength, increase aggressiveness, increase what is recommended by the manufacturers [2].

J Forensic Sci. 2021;66:1577-1582.
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Numerous side effects after long-term anabolic steroid abuse
have been described and include increase in blood pressure, alter-
ations of the cardiovascular system, liver toxicity, acne, or sexual
dysfunction [3]. When abuse is prolonged, subjects can develop psy-
chiatric effects [4-6], and epidemiological studies, both in Europe [7]
and in the United States of America [8], have demonstrated that the
abuse of anabolic steroids constitutes an increased risk for violence.

Nails can accumulate substances for long periods of time,
therefore providing retrospective information with respect to
drug(s) use. When compared to blood and urine, nails have sev-
eral advantages over these standard matrices, including a longer
detection window, non-invasive specimen collection, easy storage
at room temperature, and easy transport in plastic tubes or en-
velopes (collection kit). These practical aspects make nails a very
interesting alternative matrix for clinical and forensic toxicology
[9]. Because of the very low concentrations of drug(s) present in
nails and the solid status (versus the liquid one of blood and urine)
of this keratinized matrix, analytical methods need to be very sen-
sitive, and sample preparation is critical, in order to extract all the
incorporated substance(s) and to avoid destruction or hydrolysis of
the compound(s) of interest.

Incorporation of substances into nails mainly occurs through dif-
fusion from the blood supply, which deposits substances to both the
germinal matrix and the nail bed on the underside of the nail plate,
thus allowing incorporation in both a horizontal and a vertical direc-
tion during nail formation [10].

Substance incorporation can be influenced by several factors,
including nail-specific, individual-specific, and substance-specific
parameters (e.g., growth rate and physical state of the nail, age, and
gender of the individual, physicochemical properties of the sub-
stance, use of varnish, and remover). For example, seasonal vari-
ations in growth rate can lead to variation in incorporation rates
of abused substances. While this effect may be minor due to the
relatively slow growth rate of nails per se, it can bias the window
of detection during interpretation. On the opposite of hair, nails
grow at a continuous rate. The average growth rate of fingernails is
3.0 mm per month, while toenails grow at an average rate of 1.1 mm
per month [11]. It is generally considered by laboratory personnel
that fingernail clippings have a window of detection of 3-8 months.
Toenail clippings typically represent what was incorporated 4-8 up
to 12 months ago (sometimes even longer). In both specimens, the
contribution of the most recent period (germinal matrix) is essential.
There is no agreement on the exact time frame nail clipping can rep-
resent and each laboratory has its own window of detection [11].

With respect to steroids, data about identification in nails of
endogenous compounds, such as dehydroepiandrosterone, andro-
stenedione, and testosterone, are available in the scientific literature
[12-15], but there is a critical lack of reports dealing with synthetic
derivatives of testosterone.

Because anabolic steroids are seldom tested in forensic labora-
tories, and even less in alternative specimens such as nail clippings,
the present publication presents data obtained from routine case-
work during the last 18 months.

2 | MATERIALS AND METHOD
2.1 | Materials/standards

Ammonium formate 99% was provided by Alfa Aesar (Schiltigheim,
France). Formic acid 99%-100%, AnalaR NORMAPUR, was purchased
from VWR Prolabo (Fontenay-sous-Bois, France). Acetonitrile for LC-
MS grade, ethyl acetate, methanol, and dichloromethane were pur-
chased from Merck (Molsheim, France). Sodium hydrogenophosphate
and potassium dihydrogenophosphate for the phosphate buffer were
also purchased from Merck (Molsheim, France). Steroids and the deu-
terated standards (testosterone-da, nandrolone-da, and stanozolol-dz)
were purchased from Cayman Chemical (Ann Arbor, MI, USA). Isolute C,
columns were purchased from Interchim (Montlucon, France). N-Methyl-
N-trimethylsilyltrifluoroacetamide (MSTFA), 2-mercaptoethanol, and
ammonium iodide were purchased from Sigma-Aldrich (Saint-Quentin
Fallavier, France).

The drugs were diluted to appropriate concentrations with
methanol, using a working 1 mg/L solution.

2.2 | Nail specimens

Nail specimens were collected by professional collectors or by a fo-
rensic pathologist (case 6) for forensic purposes (drug trafficking, ag-
gressiveness, fatality) or after challenging an adverse analytical finding
during an anti-doping control. Just before collection, nails from the
hands and feet were cleaned with an isopropanol wipe. Left and right
specimens were put together before analysis. However, fingernails and
toenails are always separated. After each subject, the nail clippers were
washed with alcohol. Demographic data of the 6 subjects are summa-
rized in Table 1. All subjects were male, aged from 24 to 42 years.

In all cases, the nail clippings (from finger or toe) were collected
by experienced collectors by cutting them with a nail clipper and
sent to the laboratory in a plastic tube. The specimens were stored
at room temperature until analysis.

2.3 | Toxicological analyses

Anabolic steroids were tested according to our screening procedure,
already published for hair [16]. Briefly, 30 mg of pulverized nail clip-
pings (Retsch MM200 ball mill) was weighted. Internal standards (1 ng
of testosterone-d3, nandrolone-d3, and stanozolol-d3) were added
together with 1 ml of methanol for a 90-min ultrasonic bath. After
centrifugation, the organic phase was collected and evaporated and
diluted with 1 M phosphate buffer pH 7.0 (part A). The remaining
nail, at the bottom of the tube, was collected and hydrolyzed with
1 ml sodium hydroxide (NaOH) 1 M (part B). Liquid-liquid extractions
were operated on parts A and B with 2 ml ethyl acetate. Extracts were
combined and evaporated to dryness. The residue was dissolved in
1 ml dichloromethane, which was submitted to solid-phase extrac-
tion, using Isolute C18 columns. Columns were conditioned with 3 ml
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of dichloromethane, and then, the following sequence was used: 1 ml
of the specimen in dichloromethane (phase 1), 1 ml of dichlorometh-
ane (phase 2), and finally 2 ml dichloromethane/ethyl acetate (3/1)
(phase 3). All 3 phases (1, 2, and 3) were collected and evaporated
using a SpeedVac Concentrator (Thermo Scientific SPD121P) and sol-
ubilized in 30 pl methanol to be divided into two parts: for injection
onto a liquid chromatography tandem-mass spectrometry (LC-MS/
MS) apparatus (Waters TQS micro) and onto a gas chromatogra-
phy tandem-mass spectrometry (GC-MS/MS) apparatus (Agilent
7010B) after evaporation and TMS derivatization (MSTFA/NH,I/2-
mercaptoethanol, 1000:2:5) for 20 min at 60°C.

Androstenedione, testosterone, boldenone, tetrahydrogestri-
none, metandienone, metenolone, methyltestosterone, nandrolone,
chlorodehydromethyltestosterone, oxandrolone, stanozolol, and
trenbolone were tested by LC-MS/MS. Dehydroepiandrosterone,
dihydrotestosterone, drostanolone, mesterolone, and all esters (tes-
tosterone, nandrolone, drostanolone) were tested by GC-MS/MS.

2.4 | Method validation

In order to validate the method, blank fingernails were collected
from laboratory staff and verified they test negative.

Given there is no manufacturer of certified reference material
for anabolic steroids in nail, it is not possible to establish a true mea-
surement uncertainty of the procedure. In addition, there is no inter-
laboratory proficiency test for this class of drugs.

A eight-point calibration curve was obtained by spiking blank
fingernail at 1-100 pg/mg. The limit of quantification (LOQ) was de-
fined as the first point of linearity. The limit of detection (LOD) was
the lowest concentration of drug that could be detected with signal-
to-noise ratio superior than 3. The precision and matrix effect were

TABLE 1 Demographic data of the subjects involved in the study

Case Reason of test Description of the specimens
1 Doping Fingernail clippings

2 Aggressiveness Fingernail + toenail clippings
3 Workplace Fingernail clippings

4 Doping Toenail clippings

5 Trafficking Fingernail clippings

6 Death Fingernail + toenail clippings

TABLE 2 Individual validation parameters in nail

Parameters Stanozolol Nandrolone

Linearity (pg/mg) 1-100 1-100
?=0.9995 r?=0.9993

Limit of detection (pg/mg) 0.2 0.4

Limit of quantitation (pg/mg) 1 1

Precision (20 pg/mg, n = 8), (%) 14.8 16.1

T enantate, testosterone enantate

evaluated. For precision, a point at 20 pg/mg was evaluated 8 times.
With respect to matrix effect, 12 different fingernail blank specimens
were extracted and 10 pl of standard solution of steroids (1 mg/L) was
added at the end of extraction. These specimens were compared with
10 pl of standard solution of the drugs in MeOH (1 mg/L).

Typical limits of quantitation, when processing a 30 mg speci-
men, were 1-5 pg/mg. Matrix effects were always less than 20%.

Individual validations are presented in Table 2.

3 | RESULTS AND DISCUSSION

The standard approach to document long-term abuse is based on the
identification of the drug(s) in hair, generally collected from the head.
In some special cases, head hair can be missing or is not available for
sampling. This can happen with shaved or bald subjects or subject with
religious belief. Aesthetic issues and heavy cosmetic treatment, such
as bleaching or coloring, can also prevent head hair collection, as these
treatments will dramatically decrease the concentrations of the drugs
already incorporated [17]. Alternatively, nail clippings can be collected
but data are very limited for the identification of anabolic steroids in
this matrix. To date, to the best of our knowledge, only stanozolol has
been identified in fingernail clippings but no concentration was re-
ported [18]. The authors promoted the use of nails in doping control,
a possibility that was admitted by Thieme [19]. However, although al-
ternative biological matrices, such as hair or nail, are not forbidden in
doping control, any negative analytical testing results obtained from
them shall ne be used to counter adverse analytical findings or atypi-
cal findings from urine or blood as mentioned paragraph 5.3.6.4 of
the International Standard for Laboratories [20]. Of course, nail test-
ing for steroids is not limited to anti-doping control, but has numerous
forensic applications, including evidence of drug abuse, documenta-
tion of psychiatric disorders with violent behavior, law enforcement,
long-term poisoning, drug trafficking, or postmortem investigations.
It is a complementary test that allows a retrospective investigation of
continuous drug use and can be useful to identify in utero drug expo-
sure [9] or new drug practices, such as in the context of Chemsex [21].

In this study, stanozolol, nandrolone, trenbolone, drostano-
lone, and testosterone enantate tested positive in the nail clippings.
Results are presented Table 3. Obviously, concentrations are low, in
the pg/mg range, which is also the range of steroids concentrations
in hair [22-25]. In cases 3 and 5, the subjects were using simultane-
ously 2 anabolic drugs. Typical LC-MS/MS (Figure 1) and GC-MS/

Trenbolone Drostanolone T enantate
1-100 1-100 5-100
r?=0.9996 2 =0.9992 ?=0.9991
0.2 0.5 2

1 1 5.

15.8 171 17.8
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MS (Figure 2) chromatograms are presented for case 2 and case 6.
Given concentrations were always in the low pg/mg range, the use
of tandem mass spectrometry appears as a prerequisite. It can be
anticipated that the detection of “micro-dosing” of anabolic steroids
will be very difficult to document. Indeed, the minimal detectable
dose of steroid that can be detected in nail clippings is unknown. The
toxicological significance of the measured concentrations is difficult
to establish given the lack of suitable reference. It is therefore not
possible to interpret the data in terms of dosage and frequency of
use. In particular, nothing is known about the incorporation into the
keratin matrix after intake and the correlation between dose and nail
concentrations.

It is difficult to compare the concentrations in fingernail versus
the concentration in toenail, given the limited number of specimens.

TABLE 3 Concentrations of anabolic steroids in various nail
clipping specimens

Case Steroid Results

1 Stanozolol Fingernail clippings: 7 pg/mg

2 Trenbolone Fingernail clippings: 67 pg/mg

Toenail clippings: 89 pg/mg

3 Trenbolone Fingernail clippings: 26 pg/mg
Nandrolone Fingernail clippings: 6 pg/mg

4 Testosterone enantate Toenail clippings: 14 pg/mg

5 Trenbolone Fingernail clippings: 81 pg/mg
Stanozolol Fingernail clippings: 24 pg/mg

6 Drostanolone Fingernail clippings: 8 pg/mg

Toenail clippings: 11 pg/mg

170221_anabolisant_
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However, in 2 cases toenail clipping concentrations were higher than
the ones measured in fingernail clippings. In the unique publication
reporting such a comparison for cocaine and opiates [26], concen-
trations of all the analytes were higher in fingernails than in toenails.
However, this may be due to the higher probability of external con-
tamination of fingernails with these drugs. Interestingly, the iden-
tification in nail of testosterone enantate, that is, an ester form, is
of importance, as this latter compound cannot be endogenous and
helps in documenting the abuse of a synthetic compound. This is also
achieved in routine in hair [24].

The major interest of using nail when compared to head hair is
the extension of the window of detection. Using head hair, the win-
dow of detection is typically linked to the length of the submitted
specimen; that is, each cm represents the growth of 1 month (e.g.,
3 ¢cm = 3 months). It can be easily observed that the male popula-
tion who uses anabolic steroids has generally short hair, or even very
short hair. Therefore, the window of steroid detection using head hair
is generally 1-3 months before hair collection. Using nail, standard
windows of detection are generally up to 8 or even 12 months before
collection, depending on what is used by the different laboratories.
Nail testing provides some additional advantages over hair testing
for drug(s). Firstly, when hair is not available in suitable amount (e.g.,
in case of alopecia, during chemotherapy, or during the first weeks
or months after birth), nail analysis can be an important tool to gain
retrospective information on drug exposure. Secondly, in contrast to
hair, nail does not contain melanin. Since drug incorporation may be
influenced by melanin concentrations, hair pigmentation can be an
important source of bias when interpreting drug concentrations or
to avoid ethnical discriminations. Thirdly, nail grows slower than hair,
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FIGURE 1 Chromatogram obtained after extraction of the fingernail clippings in case 3. Trenbolone concentration was 26 pg/mg. From
top to bottom: 2 transitions for trenbolone (m/z 271.1 > 199.0 and 271.1 > 253.2) and 1 transition for testosterone-d, (IS, m/z 292.2 > 109.0)

[Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 2 Chromatogram obtained after extraction of the fingernail clippings in case 6. Drostanolone concentration was 8 pg/mg.
From top to bottom: 2 transitions for drostanolone (m/z 448.0 > 141.0 and 448.0 > 156.0) and 1 transition for testosterone-d3 (IS, m/z

435.4 > 209.1) [Colour figure can be viewed at wileyonlinelibrary.com)

which provides the opportunity to detect smaller exposure levels and/
or to investigate longer periods of time. This can be of paramount
importance as this is a limitation of anabolic steroid investigations
in human hair [24]. Fourthly, while hair is characterized by a cyclic
growth rate with different stages, nails grow at a constant rate, which
facilitates the interpretation of results. Finally, compared to hair sam-
pling, nail clipping collection can be aesthetically more acceptable for
some people, easier to collect, and less intrusive.

Taken together, these advantages underline the potential of nails
as an interesting and useful matrix for the retrospective detection of
steroids; pending criteria and data for interpretation will be available
in the scientific literature. This is what was requested from the clients
and has proven the interest of testing for synthetic steroids in human
nail clippings, both with anti-doping and forensic applications.

In addition, according to a recent publication [27] the combina-
tion of nail and hair testing presents some forensic interests in ex-
tensively decomposed bodies, but the authors have indicated that it
is challenging to determine the time, and even more, the dose of ex-
posure(s). However, at this time, there is no publication dealing with
the simultaneous identification of anabolic steroids in both hair and

nail specimens.

4 | CONCLUSION

The detection of anabolic steroids in nail has been seldom described
in the literature. Although there is no possibility to perform segmen-
tal analyses with nail clippings, testing for anabolic steroids in nail
specimens has 2 major advantages: 1. Nail can replace hair when this
specimen cannot be collected; and 2. the window of drug detection
is generally much longer in nail clippings when compared to head
hair, particularly in male athlete presenting short head hair. This
study has provided evidence that nails have a relatively long window
of detection and could potentially be used to retrieve information
about long-term consumption of anabolic steroids, even if relatively
low concentrations are detected in nails.

ORCID
Pascal Kintz © https://orcid.org/0000-0002-4174-5362
Laurie Gheddar (& https://orcid.org/0000-0002-7804-3946

REFERENCES

1. Cadwallader AB, Lim CS, Rollins DE, Botré F. The androgen recep-
tor and its use in biological assays: looking toward effect-based

67



1582

10.

11.

12,

13.

14.

KINTZ €7 AL,

testing and its applications. J Anal Toxicol. 2011;35(%):594-607.
https://doi.org/10.1093/anatox/35.9.594.

Muscular Development. Anabolic steroids - What is the right
dose? https://www.musculardevelopment.com/news/the-mcgou
gh-report/15139-anabolic-steroids-what-is-the-right-dose.html#.
YECfky17RTY. Accessed 4 Mar 2021.

Van Amsterdam J, Opperhuizen A, Hartgens F. Adverse
health effect of anabolic-androgenic steroids. Regul Toxicol
Pharmacol. 2010;57(1):117-23. https://doi.org/10.1016/j.yrtph.
2010.02.001.

Trenton AJ, Currier GW. Behavioural manifestations of ana-
bolic steroid use. CNS Drugs. 2005;19(7):571-95. https://doi.
org/10.2165/00023210-200519070-00002.

Pope HG, Kouri EM, Hudson JI. Effects of supraphysiologic doses
of testosterone on mood and aggression in normal men: a random-
ized controlled trial. Arch Gen Psychiatry. 2000;57(2):133-40.
https://doi.org/10.1001/archpsyc.57.2.133.

Khoodoruth MAS, Khan AA. Anabolic steroids-induced delir-
jum. Medicine. 2020;99(33):€21639. https://doi.org/10.1097/
MD.0000000000021639.
LoodY,EklundA,Garle M, AhlnerJ.Anabolicandrogenicsteroidsinpolice
cases in Sweden 1999-2009. Forensic Sci Int. 2012;219(1-3):199-204.
https://doi.org/10.1016/j.forsciint.2012.01.004.

Beaver KM, Vaughn MG, Delisi M, Wright JP. Anabolic-androgenic
steroid use and involvement in violent behaviour in a nationally
representative sample of young adult males in the United States.
Am J Public Health. 2008;98(12):2185-7. https://doi.org/10.2105/
AJPH.2008.137018.

Solimini R, Minutillo A, Kyriakou C, Pichini S, Pacifici R, Busardo
FP. Nails in forensic toxicology: an update. Curr Pharm Des.
2017;23(36):5468-79. https://doi.org/10.2174/138161282366617
0704123126.

Krumbiegel F, Hastedt M, Westendorf L, Niebel A, Methling M,
Parr MK, et al. The use of nails as an alternative matrix for the
long-term detection of previous drug intake: validation of sensitive
UHPLC-MS/MS methods for the quantification of 76 substances
and comparison of analytical results for drugs in nail and hair sam-
ples. Forensic Sci Med Pathol. 2016;12(4):416-34. https://doi.
0rg/10.1007/5s12024-016-9801-1.

Baumgartner MR. Nails: an adequate alternative matrix in foren-
sic toxicology for drug analysis. Bioanalysis. 2014;6(17):2189-91.
https://doi.org/10.4155/bio.14.165.

Khelil MB, Tegethoff M, Meinlschmidt G, Jamey C, Ludes B,
Raul JS. Simultaneous measurement of endogenous cortisol,
cortisone, dehydroepiandrosterone, and dehydroepiandros-
terone sulphate in nails by use of UPLC-MS/MS. Anal Bioanal
Chem. 2011;401(4):1153-62. https://doi.org/10.1007/50021
6-011-5172-3.

Voegel CD, Hofmann M, Kraemer T, Baumgartner MR, Binz TM.
Endogenous steroid hormones in hair: investigations on different
hair types, pigmentation effects and correlation to nails. Steroids.
2020;154:108547. https://doi.org/10.1016/j.steroids.2019.108547.
Voegel CD, la Marca-Ghaemmaghami P, Ehlert U, Baumgartner
MR, Kraemer T, Binz TM. Steroid profiling in nails using

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

liquid chromatography-tandem mass spectrometry. Steroids.
2018;140:144-50. https://doi.org/10.1016/j.steroids.2018.09.015.
Gugoasa LA, Stefan-van Staden RI. Advanced methods for the
analysis of testosterone. Curr Med Chem. 2018;25(33):4037-49.
https://doi.org/10.2174/0929867324666170724102602.

Kintz P, Gheddar L, Raul JS. Simultaneous testing for anabolic ste-
roids in human hair specimens collected from various anatomic lo-
cations has several advantages when compared with the standard
head hair analysis. Drug Test Anal. 2021;https://doi.org/10.1002/
dta.3020.

Kintz P. Hair analysis in forensic toxicology: an update review with
a special focus on pitfalls. Curr Pharm Des. 2017;23(36):5480-6.
https://doi.org/10.2174/1381612823666170929155628.

Brown HG, Perrett D. Detection of doping in sports: detecting
anabolic-androgenic steroids in human fingernail clippings. Med
Leg J. 2011;79(2):67-9. https://doi.org/10.1258/mlj.2011.011013.
Thieme D. Potential and limitations of alternative specimens in
doping control. Bioanalysis. 2012;4(13):1613-22. https://doi.
org/10.4155/bio.12.150.

World Anti-doping Agency. World anti-doping code - International
standard: Laboratories. https://www.wada-ama.org/sites/default/
files/resources/files/isl_2021.pdf. Accessed 24 Jan 2021.

Busardo FP, Gottardi M, Pacifici R, Vari MR, Tini A, Volpe AR, et al.
Nails analysis for drugs used in the context of Chemsex: a pilot
study. J Anal Toxicol. 2020;44(1):69-74. https://doi.org/10.1093/
jat/bkz009.

Deng XS, Kurosu A, Pounder DJ. Detection of anabolic steroids in
head hair. J Forensic Sci. 1999;44(2):343-6.

Salomone A, Gerace E, Di Corcia D, Alladio E, Vincenti M, Kintz
P. Hair analysis can provide additional information in doping and
forensic cases involving clostebol. Drug Test Anal. 2019;11(1):95-
101. https://doi.org/10.1002/dta.2469.

Kintz P, Gheddar L, Ameline A, Arbouche N, Raul JS. Hair testing for
doping agents. What is known and what remains to do. Drug Test
Anal. 2020;12(3):316-22. https://doi.org/10.1002/dta.2766.
Thieme D, Anielski P. Doping, applications of hair analysis. In:
Kintz P, Salamone A, Vincenti M, editors. Hair analysis in clinical
and forensic toxicology. London, U.K.: Academic Press; 2015. p.
275-99.

Engelhart DA, Jenkins AJ. Detection of cocaine analytes and opiates
in nails from post-mortem cases. J Anal Toxicol. 2002;26(7):489-
92. https://doi.org/10.1093/jat/26.7.489.

Wiart J-F, Hakim F, Andry A, Eiden C, Drevin G, Leliévre B, et al.
Pitfalls of toxicological investigations in hair, bones and nails in exten-
sively decomposed bodies: illustration with two cases. Int J Leg Med.
2020;134(4):1339-44. https://doi.org/10.1007/s00414-020-02267-3.

How to cite this article: Kintz P, Gheddar L, Raul J-S. Testing
for anabolic steroids in human nail clippings. J Forensic Sci.
2021;66:1577-1582. https://doi.org/10.1111/1556-
4029.14729

68



Article 7 : In a case of death involving steroids, hair testing is more informative than blood or urine
testing
Pascal Kintz, Laurie Gheddar, Adeline Blanchot, Alice Ameline, Jean-Sébastien Raul
Journal of Analytical Toxicology. 2021;45(8):829-834.

69



Journal of Analytical Toxicology, 2021;45:829-834
doi:https://doi.org/10.1093/jat/bkab048

Advance Access Publication Date: 15 May 2021
Special Issue

Special Issue

In a Case of Death Involving Steroids, Hair
Testing is More Informative than Blood or
Urine Testing

Pascal Kintz12*, Laurie Gheddar(2, Adeline Blanchot?,
Alice Ameline "2 and Jean-Sébastien Raul?

1X-Pertise Consulting, 42 rue principale, Mittelhausbergen 67206, France and 2|nstitut de Médecine Légale, 11 rue
Humann, Strasbourg 67000, France

*Author to whom correspondence should be addressed. Email: pascal.kintz@wanadoo.fr

Abstract

A 59-year-old male was found dead at home, with two empty vials of an oily preparation obtained
from a manufacturer from East Europe. There was no label on the vial. The subject was a former
weightlifter, also known as an anabolic steroids abuser. The local prosecutor ordered a body exam-
ination, which was unremarkable, and allowed collecting femoral blood, urine and scalp hair (6cm,
brown). He was treated for cardiac insufficiency with quinidine. Biological specimens were submit-
ted not only to standard toxicological analyses including a screening with liquid chromatography
(LC)-quadrupole time of flight, but also to a specific LC-tandem mass spectrometry method for
anabolic steroids testing. Ethanol was not found in both blood and urine. Quinidine blood concen-
tration (791 ng/mL) was therapeutic. No drug of abuse was identified. In blood, testosterone was
less that 1 ng/mL and no other steroid was identified. In urine, testosterone/epitestosterone was
1.56 and boldenone was present at a concentration of 9 ng/mL. The hair test results, performed
on the whole length, demonstrated repetitive steroids abuse, including not only testosterone
(140 pg/mg), testosterone propionate (605 pg/mg) and testosterone decanoate (249 pg/mg), but
also boldenone (160 pg/mg), trenbolone (143 pg/mg) and metandienone (60 pg/mg). Since foren-
sic laboratories have limited access to steroid urinary metabolite reference material due to specific
regulations (to avoid testing athletes before anti-doping verifications), hair analyses seem to be the
best approach to document anabolic agents abuse. Indeed, in hair, the target drug is the parent
compound; in addition, when compared to blood or urine, this matrix has a much larger window of
detection. The pathologist concluded cardiac insufficiency in a context involving repetitive abuse
of anabolic drugs. This case indicates that more attention should be paid to anabolic steroids, in a
context of sudden cardiac death.

Introduction

OXFORD

Anabolic steroids are synthetic derivatives of the endogenous testos-
terone. These drugs are abused because it has been claimed
that they increase lean body mass, increase strength, increase
aggressiveness, increase endurance and lead to a shorter recov-
ery time between workouts (1). When dealing with anabolic
steroids, the immediate thought is to associate their use with an

anti-doping violation. Indeed, in 2019, the World Anti-Doping
Agency (WADA) reported in total 4,180 adverse analytical find-
ings, including 1,825 for anabolic agents, corresponding to 44%
of all the Anti-Doping Administration and Management System’s
reported findings (2). Most popular anabolic agents are stanozolol,
drostanolone, 19-norandrosterone (nandrolone), boldenone and

metandienone.

© The Author(s) 2021. Published by Oxford University Press. All rights reserved. For permissions, please e-mail: journals.permissions@oup.com 829
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However, abuse of anabolic steroids has numerous health and
forensic consequences. Today, anabolic steroids are mostly avail-
able on the Internet, at low costs, both in oral and injectable forms
(generally as esters). Very few preparations are creams or gels. In
most cases, these compounds are used in dosages much higher than
what is recommended by the manufacturers. Therapeutic uses of
anabolic steroids are very limited. Numerous side effects have been
described after long-term anabolic steroids abuse, which include
increase in blood pressure, alterations to the cardiovascular system,
liver toxicity, acne, hirsutism, gynecomastia, atrophic testes and sex-
ual dysfunction (3). When abuse is prolonged, subjects can develop
psychiatric effects, which include antisocial lifestyle, disinhibition,
frustration, psychosis, low self-confidence, childhood conduct dis-
orders, delirium, depression and aggressiveness (4, 5). In the past
years, it was demonstrated that the abuse of anabolic steroids con-
stitutes an increased risk for violence and that there is a link between
their use and criminality (6).

The prolonged abuse of anabolic steroids is associated with
cardiovascular diseases, including cardiac hypertrophy, myocardial
infarction and sudden cardiac death (7). Pathological changes in
steroid abusers consist of various levels of interstitial and perivascu-
lar fibrosis, fibroadipous metaplasia and perineural fibrosis within
the myocardium (8). In a series of 24 deaths involving anabolic—
androgenic steroids, Darke et al. (9) noticed extensive cardiovascular
disease, including 30.4% of left ventricular hypertrophy and 26.1%
of moderate-to-severe narrowing of the coronary arteries.

Very few death cases after misuse of anabolic substances and sub-
sequent toxicological analyses have been described in the literature
(10-13). Because anabolic steroids are seldom tested in forensic lab-
oratories and even less in hair specimens, the present observation,
documented with toxicological analyses in blood, urine and hair,
allows establishing a link between a cardiac death and addiction to
this class of agents.

Case Report

A 59-year-old male (1.87 m tall, weighing 129 kg) was found dead
at home in dorsal decubitus position, with two empty vials of an
oily preparation obtained from a manufacturer from East Europe
near the body, on a table. There was no label on the vial. Syringes
and needles were present on the scene. The subject was a former
weightlifter and was known as an anabolic steroids abuser. The exact
regimen of the subject is unclear and the remaining steroids were not
submitted to analyses to verify both the composition and the purity.

The local prosecutor ordered a body examination, which was
unremarkable (except for dark liquid foam on the nose and the
mouth). It allowed collecting femoral blood, urine and scalp hair
(6 cm, brown). The subject was treated for cardiac insufficiency with
quinidine. Given the circumstances of death and the lack of crimi-
nal evidence (confirmed by a whole-body scanner), the prosecutor
did not ask the medico-legal team to perform an autopsy. As a con-
sequence, no anatomic pathology test was possible. The prosecutor
considered toxicological investigations suitable only to determine the
cause of death.

All specimens but hair were stored at +4°C until analyses.

Materials and Methods

Chemicals and reference material

Ammonium formate, 99%, was provided by Alfa Aesar
(Schiltigheim, France). Formic acid, 99-100%, AnalaR NORMA-
PUR was purchased from VWR Prolabo (Fontenay-sous-Bois,

France). Acetonitrile for liquid chromatography (LC)-mass spec-
trometry (MS) grade, ethyl acetate, methanol, diethyl ether, hex-
ane, isoamyl alcohol and dichloromethane were purchased from
Merck (Molsheim, France). Steroids and the deuterated stan-
dards (testosterone-d;, nandrolone-d; and stanozolol-d;) were
purchased from Cayman Chemical (Ann Arbor, MI, USA). ISO-
LUTE C;g columns were purchased from Interchim (Montlucon,
France). N-Methyl-N-trimethylsilyltrifluoroacetamide (MSTFA), 2-
mercaptoethanol, ammonium iodide, p-glucuronidase and arylsul-
fatase were purchased from Sigma Aldrich (Saint-Quentin Fallavier,
France).

Blood and urine analysis

Blood and urine were subjected to the standard toxicological screen-
ing. Ethanol was tested in blood by headspace gas chromatography
(GC)-flame ionization detector (FID) on a Perkin Elmer system (Tur-
boMatrix 40 and Clarus 580) using a standard validated procedure.
Carboxyhemoglobin (HbCO) was determined with a Radiometer
ABLS80. Cyanides were tested by headspace GC-MS on a Thermo
system (Focus GC and DSQII) using a standard validated proce-
dure. Enzyme-linked immunosorbent assay (ELISA) tests for phar-
maceuticals and drugs of abuse were achieved using NeoGen kits
using the recommendations of the manufacturer. A comprehen-
sive screening for pharmaceuticals and drugs of abuse, including
New Psychoactive Substances (NPS) (about 200 compounds), was
performed using LC—tandem mass spectrometry (MS-MS) (Waters
Xevo TQ-S micro) and LC-High Resolution Mass Spectrometry
(HRMS) (Waters Xevo G2 QToF). Due to the nature of the case,
anabolic steroids were specifically tested by a LC-MS-MS method,
using a validated procedure (13). Briefly, steroids were extracted
from 1mL of blood or hydrolyzed urine (with B-glucuronidase
and arylsulfatase) in the presence of 10 ng of testosterone-d; used
as internal standard, with 1 mL of borate buffer at pH 9.5 and
5 mL of a mixture of ether/dichloromethane/hexane/isoamyl alcohol
(50/30/20/0.5). After extraction, centrifugation and evaporation to
dryness, the residue was reconstituted in 30 pL of ammonium for-
mate buffer adjusted at pH 3. Chromatography was achieved using
a Waters BEH C18 column (100 x 2.1 mm x 1.7 um) maintained
at 50°C in a thermostatically controlled enclosure. A gradient elu-
tion was performed using formate buffer adjusted to pH 3 (mobile
phase A) and 0.1% formic acid in LC-MS-grade acetonitrile (mobile
phase B) at flow rate of 0.4 mL/min. The initial gradient was 87%
mobile phase A and the final gradient, at 15 min, was 5% mobile
phase A. An injection volume of 2 pL. was used in all cases. Ioniza-
tion was achieved using electrospray in the positive ionization mode
(ES+). MassLynx 4.1 software was used for quantification. Mass
spectrometric parameters are presented in Table 1.

Linearity was verified in blood and urine for concentrations rang-
ing from 1 to 100 ng/mL. The limits of detection, with an signal to
noise ratio of 3, varied from 0.1 to 0.5 ng/mL, depending on the drug.
Quality control (QC) samples (5ng/mL and 50ng/mL), analyzed
in duplicate in six independent experimental assays, were used for
determining a coefficient of variation (CV) for precision. These CVs
were lower than 20%. Urine was tested using the blood calibration.

Hair analysis

Because the nature of the anabolic steroids used by the victim was
unknown, a screening procedure, already published (14), was used.
Briefly, 29 mg of finely cut hair, previously decontaminated by two
dichloromethane baths (5 mL, 2 min), was weighted. Internal stan-
dards (1 ng of testosterone-d3, nandrolone-d; and stanozolol-d;)
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Table I. Mass Spectrometric Data for the Tested Compounds (A)
with LC-MS-MS and (B) with GC-MS-MS

Table Il. Toxicological Results after Screening for Anabolic Steroids
in Various Biological Matrices

A Compound Blood Urine Hair (6 cm)
Drug Transitions Collision energy  Cone voltage Dihydrotestosterone <1 ng/mL 1.3 ng/mL 115 pg/mg
mlz eV v Dehydroepiandrosterone <1 ng/mL 1.4 ng/mL 135 pg/mg
Testosterone <1 ng/mL 1.4 ng/mL 140 pg/mg
Boldenone 287.2>121.1 20 24 Boldenione ND 9ng/mL 160 pg/mg
287.2>135.1 Metandienone ND ND 60 pg/mg
Metandienone 301.2>121.1 22 22 Trenbolotie ND ND 143 pg/mg
301.2>149.1 Testosterone propionate ~ ND ND 605 pg/mg
Trenbolone 271.2>199.1 20 46 Testosterone decanoate ND ND 249 pg/mg
271.2>253.2
Testosterone-d;  292.25>109.0 22 30 HEhG .
B
Results and Discussion
R j;:/a;nsmons eC\(/)lhsmn SHEY Blood and urine tested negative for ethanol. HbCO was 1.2% and
cyanides were at physiological concentrations (<80 ng/mL). ELISA
Testosterone 416.3>209.0 10 screenings were negative for pharmaceuticals and drugs of abuse.
propionate 416.3>401.01 The screening of the femoral blood revealed the presence of quini-
Testosterone 514.3>209.0 10 dine at a concentration of 791 ng/mL, consistent with the medical
decanoate 514.3>499.01 treatment of the subject. Quinidine is a Class la antiarrhythmic

Testosterone-d;  435.4>209.1 15

were added together with 1 mL of methanol for a 90-min ultra-
sonic bath at room temperature. After centrifugation, the organic
phase was collected and evaporated and diluted with phosphate
buffer at pH 7.0 (Part A). The remaining hair, at the bottom of
the tube, was collected and hydrolyzed with 1 mL of 1M NaOH
(Part B). Liquid-liquid extractions were operated on Parts A and B
with 2 mL of ethyl acetate. Extracts were combined and evaporated
to dryness. The residue was dissolved in 1 mL of dichloromethane,
which was submitted to solid-phase extraction, using ISOLUTE C;g
columns. Columns were conditioned with 3 mL of dichloromethane
and then the following sequence was used: 1 mL of the specimen
in dichloromethane (Phase 1), 1 mL of dichloromethane (Phase 2)
and finally 2mL of dichloromethane/ethyl acetate (3/1) (Phase 3).
All three phases (1, 2 and 3) were collected and evaporated using
a SpeedVac Concentrator (Thermo Scientific SPD121P) and solubi-
lized in 30 uL of methanol to be divided into two parts: for injection
onto LC-MS-MS apparatus (Waters TQS micro) and onto GC-MS-
MS apparatus (Agilent 7010B) after evaporation and trimethyl silyl
(TMS) derivatization (MSTFA/NH41/2-mercaptoethanol, 1000:2:5)
for 20 min at 60°C.

Androstenedione, testosterone, boldenone, tetrahydrogestri-
none, metandienone, metenolone, methyltestosterone, nandrolone,
chlorodehydromethyltestosterone, oxandrolone, stanozolol and
trenbolone were tested by LC-MS-MS. Dehydroepiandrosterone,
dihydrotestosterone, drostanolone, mesterolone and all esters
(testosterone, nandrolone and drostanolone) were tested by
GC-MS-MS.

Linearity was verified in hair for concentrations ranging from $ to
200 pg/mg. The limits of detection, with an S/N ratio of 3, were in the
range 0.5-5 pg/mg, depending on the drug. QC samples (10 pg/mg
and 50 pg/mg), analyzed in duplicate in six independent experimen-
tal assays, were used for determination a CV for precision. These
CVs were lower than 20%.

drug that was found at therapeutic concentration (15). No other
pharmaceutical substance was identified. Specimens were free of
drugs of abuse.

A summary of the findings for steroids is presented in Table II.
In blood, only endogenous steroids were found, i.e., testosterone
(<1 ng/mL), dihydrotestosterone (<1 ng/mL) and dehydroepiandros-
terone (<1ng/mL). These concentrations were physiological. No
synthetic anabolic steroid was identified. In urine, after subsequent
hydrolysis with B-glucuronidase and arylsulfatase, endogenous
steroids were again detected: testosterone (1.4 ng/mL), epitestos-
terone (0.9 ng/mL), dihydrotestosterone (1.3ng/mL) and dehy-
droepiandrosterone (1.4 ng/mL). The T/E ratio was 1.56—a value
that is not considered by WADA as indicative of testosterone deriva-
tives abuse, suggesting that the victim did not recently inject testos-
terone or testosterone esters. The screening for steroids indicated
the presence of boldenone at a concentration of 9 ng/mL. This is a
significant concentration, which demonstrates exposure during the
previous 2—4 days (16). Although numerous metabolites of bolde-
none have been identified in human urine (16), including long-term
metabolites (17), these compounds are not available for non-WADA-
accredited laboratories as reference material. Indeed, there is an
agreement between WADA and the manufacturers to not provide
reference material to third parties that could favor survey of ath-
letes before anti-doping tests. Only tedious and time-consuming
paperwork and a delay of more than 9 months allow obtaining the
standards of steroid metabolites, when available. This is the rea-
son why only the parent compound was tested. Although traces of
boldenone can be found in human urine as a consequence of natural
secretion (15), the measured concentration in the decedent urine is
too high to account for this situation. No other synthetic anabolic
steroid was identified. Finally, the whole length of hair lock (6 cm)
without segmentation was submitted for analysis. This was due to
the limited amount of hair collected during the body examination,
that is, less than 30 mg, which is the amount used during the vali-
dation process, allowing the performance of detection. Indeed, the
whole sample of hair only weighed 29 mg, which prevented any
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Figure 1. LC-MS-MS chromatogram obtained after extraction of the hair of the victim. From top to bottom: Quantitative transitions for testosterone-ds,

metandienone (60 pg/mg), boldenone (160 pg/mg) and trenbolone (143 pg/mg).
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segmentation, as there was a need to be very sensitive, because
anabolic steroids are poorly incorporated into hair. The authors can
accept that the definitive demonstration of repetitive and long-term
abuse is based on the presence of a drug in several segments, but
this was simply not possible to achieve in this case. On the other
hand, it has been published in the past that a single dose of 50 mg
of nandrolone undecanoate (18) or nandrolone decanoate (19) or of
various testosterone esters, including testosterone enanthate, unde-
canoate and propionate is not detectable in hair (19). Given the
concentrations measured in hair are significant, it is acceptable, on a
scientific level, to consider that they are the consequence of substan-
tial adminstration of steroids. Indeed, the hair test results are highly
indicative of long-term steroids abuse, with the identification of sev-
eral drugs, including not only testosterone (140 pg/mg), testosterone
propionate (605 pg/mg) and testosterone decanoate (249 pg/mg), but
also boldenone (160 pg/mg), trenbolone (143 pg/mg) and metan-
dienone (60 pg/mg). Although most of the steroids were analyzed
by LC-MS-MS (Figure 1), better results for testosterone esters were
obtained using GC-MS-MS (Figure 2). This is probably due to weak
ionization of the non-polar long chain of the esters.

Testosterone concentration in hair was higher than the physio-
logical concentration range, generally lower than 10 pg/mg (20, 21).
This is highly indicative of testosterone or testosterone esters
abuse. Concentrations of dihydrotestosterone (115 pg/mg) and dehy-
droepiandrosterone (135 pg/mg) were also higher than the normal
physiological range (22, 23). Concentrations of the other three
synthetic steroids (boldenone, trenbolone and metandienone) can
be considered important when compared to the existing literature
(24-26). This suggests that the decedent was a regular anabolic
steroids abuser. Despite a normal T/E ratio in urine, testosterone
abuse by the subject can be unambiguously demonstrated by the
presence of two testosterone esters, propionate and decanoate, in his
hair, which cannot be considered to correspond to endogenous com-
pounds. Testing for esters of testosterone is an extra attribute of hair
when compared to urine. Indeed, it can be sometimes complicated
to document exogenous testosterone administration, particularly at
low concentrations. The discrimination of endogenous versus exoge-
nous testosterone is achieved by isotope ratio MS (13C vs. 12C), a
procedure often challenged during an anti-doping violation. On the
contrary, the unique identification of an ester is a definitive proof of
exogenous agent administration.

The presence of several different steroids can be explained by a
special regimen, a pattern named cycling, which is use of steroids
over a specific period of time followed by an abstinence period
and again followed by a new period of use (27). In addition, as
each anabolic steroid has its specific presentation (oral or injectable)
and its specific pharmacology with more or less androgen effects
and increase in muscle building, a mix between several agents is
recommended to enhance the benefit of the administration. For
example, metandienone (or methandrostenolone) is an orally effec-
tive anabolic steroid, first marketed by the Ciba Pharmaceutical
Company in 1958. Production has decreased sharply in recent years
due to its strong liver toxicity and the release of more effective testos-
terone esters in the market. However, these esters have to be injected
intramuscularly but they are not toxic to the liver because they do
not have a 17-alpha methyl group. As a consequence, testosterone
propionate and testosterone decanoate do have therapeutic indica-
tions. Their main drawback is that they get inactive rapidly and
therefore need to be administered frequently (for testosterone propi-
onate) or must be taken in high doses to be effective (for testosterone
decanoate). Trenbolone can be purchased as parent drug (pills) for

oral administration or as trenbolone acetate, hexahydrobenzyl car-
bonate or enanthate for intramuscular injection. Its main use, in ester
form, is in veterinary medicine in livestock to increase muscle growth
and appetite. There is no medical use for boldenone in humans but
it can be abused by athletes as it stimulates protein synthesis and
erythropoietin release in the kidneys. Boldenone is only available
for intramuscular injection as boldenone undecylenate. Its activity
is mainly anabolic with a limited androgenic effect.

In addition to enabling the establishment of the pattern of abuse
over months, hair has several other advantages as it can confirm past
exposure in contrast to blood and urine. This is particularly useful
when a drug becomes harmful when administered on a long-term
basis. In the present case, the identification of several steroids in hair
was of paramount importance to determine the cause of death. The
negative findings in blood are adequately completed by the positive
results in hair. More importantly, given steroids are mostly excreted
in urine as metabolites, which are quite impossible to obtain from
manufacturers as reference material (see supra), hair seems to be a
suitable alternative in forensic toxicology, where the parent drug is
the target analyte (and not its metabolites) (28). It is accepted by
the scientific community that the parent drug is better incorporated
in hair when compared to its metabolite(s), probably because the
parent drug is less polar than the metabolite(s). In addition, reference
material for parent drugs is always much more easier to purchase in
comparison to its metabolite(s).

In male subjects, long hair can be missing, and it is frequent
that only some millimeters of head hair are available for inves-
tigations. This is a limitation of the potential for documenting
long-term drug administrations. Alternatively, it is recommended,
in such a situation, to collect body hair or nail clippings—two
matrices that were recently suggested to be suitable for anabolic
steroids identification—allowing a dramatic increase in the window
of detection (14, 29).

In the absence of traumatic cause of death, and given the tox-
icological investigations, the pathologist concluded cardiac insuffi-
ciency in a context involving repetitive abuse of anabolic drugs.

Conclusion

Toxicologists and forensic pathologists should be aware of possible
abuse of steroids proposed as image- and performance-enhancing
drugs to promote body changes and nice appearance (30). Steroid
agents can also be used to lose weight or to enhance athletic perfor-
mance, even in subjects older than 50 years of age. The possibility
of cardiac insufficiency in a steroid-abusing subject is a forensic
situation that has to be documented by a comprehensive toxicolog-
ical screening, targeting all the performance-enhancing drugs in the
market. Monitoring all the drugs with a cardiac tropism, even indi-
rectly, is of importance when death is unexpected. This is particularly
necessary as only very few postmortem cases dealing with steroids
are available in the literature, although these drugs are abused by
millions of subjects.
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Abstract

A 60-yearold man was found dead at home by his wife. The man was known to be a regular trainer in a fitness center and was described as a
long-term user of anabolic steroids. The autopsy revealed heart failure with cardiomegaly, visceral congestion, and pulmonary edema. The local
prosecutor ordered toxicological analyses but no anatomic pathology test. Initial analyses by the liquid chromatography coupled to quadrupole
time-of-flight mass spectrometry system (UPLC-g-TOF-MS) system indicated the presence in femoral blood of trenbolone, an anabolic steroid.
Trenbolone was quantified with a liquid chromatography system coupled with a tandem mass spectrometer in various autopsy specimens,
including hair. Concentrations of trenbolone were 3.9, 3.2, 231, and lower than 0.5 ng/mL in femoral blood, cardiac blood, bile, and vitreous
humor, respectively. Moreover, in head hair, the concentration was 9 pg/mg. The presence of trenbolone in hair can be interpreted as repetitive
exposures when compared to the limited literature data. Repetitive misuse of trenbolone can explain advanced heart failure. This paper highlights
the importance of testing biological specimens for anabolic steroids in case of heart failure.

Introduction

Trenbolone (17B-trenbolone) is a synthetic anabolic-
androgenic steroid (AAS). It was first used in animals as a
growth promoter in cattle and was administered as pelletized
implants for subcutaneous administration at 120-200 mg (1).

Due to its anabolic properties, humans can misuse tren-
bolone, especially athletes for doping purposes, in order to
improve muscle mass, enhance endurance, or reduce the
recovery time. Trenbolone is available on the Internet as a
tablet (25 mg) for oral administration and as an oily solution
for intramuscular injection (75 mg/mL), mostly as esters forms
(1). Because of its misuse in sport, the World Anti-Doping
Agency (WADA) has prohibited trenbolone in and out of com-
petition and classified it as S1.1. AAS class. According to the
statistics of the WADA, the drug is commonly used by athletes.
Indeed, it represented 5% of the adverse analytical findings in
the S1.1 class in 2019 (top 10) (2).

Anabolic steroids are misused not only by top athletes
but also by amateurs for aesthetic purposes, for example,
to improve their physical appearance. However, long-term
abuse of trenbolone can be a health problem because AAS
are often used at high dosages (10-100 times more than rec-
ommended doses), and their abuse can lead to severe side
effects, including increase in blood pressure, alterations of the
cardiovascular system, liver toxicity, acne, hirsutism, sexual
dysfunction, and a large series of psychiatric effects (antiso-
cial lifestyle, disinhibition, frustration, psychosis, low self-
confidence, depression, and aggressiveness) (3). It has been
published in the scientific literature that daily consumption
of anabolic agents can lead to cardiac death. Lehman et al.

described a death after the misuse of anabolic steroids mix,
namely clenbuterol, stanozolol, and metandienone (4). Kintz
et al. reported in another paper that the misuse of clen-
buterol and stanozolol could lead to a cardiovascular failure
(5). Fabresse et al. (6) also reported two cardiac deaths due
to the misuse of boldenone, stanozolol, nandrolone, and
trenbolone.

In this paper, the authors report a postmortem case that
describes cardiomegaly and ischemic heart disease involving
regular consumption of trenbolone and present concentra-
tions in different biological fluids and head hair.

Case Report

A 60-year-old man was found dead at home, in the bathroom,
by his wife in the evening. He did not present any medical
pathology history. However, he was known to be a regular
trainer in a fitness center. His wife reported that he was a
regular user of anabolic steroids, with no indication of the
frequency, dose, and nature of these steroids.

The man measured 1.82 m and weighed 93 kg. The exter-
nal body revealed needle marks in the thigh. An autopsy was
requested and was performed 1 day after death. The autopsy
revealed heart failure with cardiomegaly (heart weighting
579g, whereas normal values are in the range 250-350g
for an adult male (5)), visceral congestion, and pulmonary
edema. Athermanous plaque was observed in the coronar-
ies with lumen reduction to 50-80%. In the left atrium,
an aneurysm of 3cm in diameter was identified. Moreover,
the autopsy revealed general organ congestion and acute
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asphyxiated syndrome in the lungs. During the autopsy, tox-
icological specimens were collected, including cardiac and
femoral blood, vitreous humor, bile, and head hair (1-1.5 cm
in length, white in color). Urine specimen, that is, the matrix
used by antidoping laboratories for testing AAS, was not
available during the autopsy. Unfortunately, no anatomic
pathology test was requested by the local prosecutor, who
only ordered a comprehensive toxicological analysis.

Biological specimens were stored at 4°C until analysis,
except for hair, which was stored at ambient temperature.

Experienced pathologists concluded that the cause of death
was ischemic heart disease linked to the lack of perfusion of
the organs.

Initial Toxicological Screening

The following standard analyses were carried out in femoral
blood: immunochemical screening for pharmaceuticals and
drugs of abuse by ELISA (NeoGen), assay of ethanol in blood
by headspace gas chromatography with flame-ionization
detection (HS-GC-FID), cyanides and volatile substances by
headspace gas chromatography with mass spectrometry (HS-
GC-MS) in femoral blood, and level of carboxyhemoglobin
by a CO-oximeter in cardiac blood. Two other screenings
were carried out by liquid chromatography method to test
for drugs, narcotics, and new psychoactive substances (about
200 compounds) in femoral blood. The last screening was
achieved on UPLC-q-TOF-MS (Waters Corporation, Mil-
ford, MA, USA) system in femoral blood. As the initial
screening by UPLC-q-TOF-MS identified trenbolone, a spe-
cific method on a liquid chromatography coupled to tan-
dem mass spectrometry (UPLC-MS/MS) system was used to
quantify the drug in the autopsy specimens.

Trenbolone Analysis

Material and methods

Trenbolone and testosterone-D3 were obtained from LGC
(Teddington, United Kingdom) and from Sigma Aldrich
(Steinheim, Germany), respectively. The standard solutions,
prepared in methanol (MeOH), were stored at -20°C.

Phosphate, ammonium acetate for HPLC, dichloro-
methane, heptane, and isoamylic alcohol were purchased
from Merck (Darmstadt, Germany) and MeOH and acetoni-
trile (ACN) for HPLC Isocratic Grade from VWR Chemicals
Prolabo (Fontenay-sous-Bois, France). Disodium tetraborate
decahydrate, diethyl ether, and hexane were purchased from
VWR Chemicals Prolabo (Fontenay-sous-Bois, France).

For method validation, blank hair specimens from lab-
oratory staff were used after checking the absence of
response at the retention times of trenbolone and the internal
standard.

Preparation of samples

For the analysis in fluids (blood, bile, and vitreous humor),
trenbolone was extracted from 1 mL of matrix in the pres-
ence of 10 ng of testosterone-Dj, used as internal stan-
dard (IS), with 1 mL of borate buffer pH 9.5 and SmL
of a mix of ether/dichloromethane/hexane/isoamylic alcohol
(50/30/20/0.5). After agitation for 15 min and centrifugation
(15 min, 3,000 rpm), the organic phase was collected and
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evaporated to dryness under a nitrogen flow. The dry residue
was dissolved in 30 uL of MeOH, and 2 uL were injected into
the UHPLC system.

Hair was decontaminated twice with SmL of dichloro-
methane for 1min at room temperature and dried. No
segmentation was achieved due to the lack of material.
Thirty milligrams of decontaminated hair were cut into very
short segments (<1 mm) and were incubated in 1-mL phos-
phate buffer (pH 5.0) for 1 hour in ultrasonic bath in the
presence of 1 ng of IS. After cooling, S mL of heptane were
added. After agitation for 15 min and centrifugation (15 min,
3,000 rpm), the organic phase was collected and evaporated
to dryness under a nitrogen flow. The dry residue was dis-
solved in 50 L of MeOH, and 10 uL were injected into the
UHPLC system.

Liquid chromatography/mass spectrometer
(UHPLC-MS-MS) analysis

Chromatographic separations were performed with a liquid
chromatography Waters Acquity UPLC™ system (Waters
Corporation, Milford, MA, USA) using an Acquity UPLC
BEH C18 column (100 x 2.1 mm, i.d. 1.7 um particle size).
The column temperature was set to 50°C, and the flow rate at
0.4 mL/min. A gradient elution was performed using 1.0 mM
acetate buffer (mobile phase A) and 0.1% formic acid in ace-
tonitrile LC-MS (mobile phase B). Analysis time was 11.0 min,
and the following gradient pattern (eluent A) was used for the
separation of trenbolone and testosterone-D3: 0 min, 80%;
1.00min, 80%; 6.00min, 5%; 7.50min, 5%; 7.60 min,
80%; 11.00min, 80%. Trenbolone and testosterone-D3
were eluted in 4.40 and 4.80 min, respectively. Detection
was performed using a triple quadrupole (XEVO™ TQ-S
micro, Waters Corporation, Milford, MA, USA) mass spec-
trometer equipped with a Z-spray™-electrospray ionization
source (ESI) and used in the positive mode (ES+). Nitro-
gen was used as drying gas as well as nebulizing gas. The
desolvation gas flow was set to 800 L/h, and the desolva-
tion temperature was 500°C. The source temperature was
150°C. The capillary voltage was set at 3.0 kV. Cone volt-
age and collision energy were adjusted to optimize the sig-
nal of the two most abundant product ions of trenbolone:
m/z 271.2>199.1 and 271.2>253.2 and for testosterone-
D3: m/z 292.2>109.0. MassLynx 4.1 software was used for
quantification.

Results and Discussion

Preliminary toxicology analyses did not detect any drugs,
narcotics, or alcohol in femoral blood. Nevertheless, the
screening by UPLC—q-TOF-MS in femoral blood identified
trenbolone, an anabolic steroid. Therefore, trenbolone was

Table I. Postmortem Concentration of Trenbolone

Specimen Trenbolone

Femoral blood 3.9 ng/mL

Cardiac blood 3.2 ng/mL

Bile 231 ng/mL

Humor vitreous Less than 1 ng/mL (LOQ)
Hair 9 pg/mg

LOQ, limit of quantification.
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Figure 1. Chromatogram of cardiac blood (3.2 ng/mL) of deceased: from top to bottom: two transitions of trenbolone, one transition for IS
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Figure 2. Chromatogram of bile (231 ng/mL) of deceased: from top to bottom:

tested in all fluids and head hair by a specific UPLC-MS-MS
method.

The analytical approaches were validated in blood and
hair. Linearity was observed in blood from 1 to 500 ng/mL,
with a correlation coefficient of 0.9996. The limit of detec-
tion was evaluated at 0.5ng/mL with an S/N ratio of 3.
The limit of quantification was the first point of the cali-
bration (1ng/mL). QC samples (10 ng/mL and 100 ng/mL)
were analyzed in duplicate in six independent experimental
assays and were used to determine the CVs for precision
and accuracy, which were found to be lower than 20%.

two transitions of trenbolone, one transition for IS testosterone-Ds

Matrix effect was evaluated with 10 blank blood speci-
mens and was found lower than 15%. Other liquid matrices
were tested using blood calibration. As described by Putz
et al.,, the LC-MS-MS technique is favored for the analy-
sis of trenbolone and its metabolites and allows avoiding
the derivatization step required for GC-MS/MS analysis (7).
According to WADA Technical Document TD2019MRPL,
antidoping laboratories should be able to analyze exoge-
nous AAS with a minimum required performance level of
Sng/mL (8). The method used and described in this arti-
cle allows the identification of trenbolone up to 0.5 ng/mL
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in liquid matrices, which is comparable with WADA’s
methods.

Linearity was also observed from 1 to 200 pg/mg in
hair, with a correlation coefficient of 0.9994. The limit of
detection was evaluated at 0.4 pg/mg with an $/N ratio of 3.
The limit of quantification was the first point of the calibra-
tion (1 pg/mg). QC samples (10 pg/mg and 100 pg/mg) were
analyzed in duplicate in six independent experimental assays
and were used to determine the CVs for precision and accu-
racy, which were found to be lower than 20%. Matrix effect
was evaluated with 10 blank hair specimens and was found
to be lower than 15%.

Concentrations of trenbolone are summarized in Table I.
Concentrations in femoral and cardiac blood are very close,
which seems to indicate that there was no postmortem redis-
tribution. The chromatograms obtained for bile and car-
diac blood (Figures 1 and 2), showed the presence of the
trenbolone (4.40 min) and its major metabolite, epitren-
bolone, (17«-trenbolone) at 4.53 min. According to the chro-
matograms of bile and blood, the response of epitrenbolone
seems to represent less than 30% of the response of tren-
bolone. Epitrenbolone was not detected in head hair and
vitreous humor. Its absence can be explained by the very low
concentrations observed in these two specimens. The lack of
information in the scientific literature does not allow inter-
preting the concentrations in the various biological fluids.
Indeed, this is the first time that trenbolone concentrations
in body fluids are reported, except the one of Fabresse et al.
(6), who reported a blood concentration of 163 ng/mL in a
cardiac death case. The presence of trenbolone in blood, bile,
and vitreous humor can be interpreted as a marker of a recent
consumption.

In addition, hair of the deceased was tested to document
possible repetitive misuse. Hair tested positive for trenbolone
at 9 pg/mg. In literature, several authors have reported
trenbolone hair concentration after repetitive consumption.
Thieme and Anielski reported hair concentrations ranging
from 2 to 330 pg/mg (9). In a recent paper, Kintz et al. iden-
tified trenbolone with concentrations at 14 pg/mg and 121
pg/mg in head hair specimens (10). Finally, Fabresse et al.
(6) detected trenbolone at 23 pg/mg. The concentration at 9
pg/mg of the deceased can be interpreted as corresponding to
repetitive consumption.

Trenbolone (Parabolan ™) is an anabolic steroid presented
to be three times more powerful than testosterone and is
a derivative of nandrolone (19-nortestosterone). It can be
bought as parent drug in tablets or as esters such as acetate,
enantate, cyclohexylmethylcarbonate, undecylate, or unde-
canoate in injectable forms. Cardiomegaly and ischemic heart
disease observed during the autopsy can be the consequences
of the regular administrations of trenbolone.

It has been demonstrated that the misuse of AAS at
high dosages can lead to severe adverse cardiovascular
effects, including hypertrophy, arrhythmia, and hyperten-
sion (11, 12) but also myocardial infarction as reported for
a young man after repetitive exposure of trenbolone acetate
(13). Some authors have also reported that AAS misuse could
lead to atherosclerosis that increases the risk of myocardial
ischemia (11).

Gheddar et al.

Conclusion

The authors report in this paper the observation of an acute
asphyxia syndrome caused by an advanced cardiomegaly and
ischemic heart disease. The pathologists concluded that the
cause of death was not directly linked to the consumption of
trenbolone but that this misuse could explain the advanced
heart disease.
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Abstract

A 32-year-old male went to the police to claim he just killed his girlfriend by inflicting several stabs with a kitchen knife. He
was very nervous and particularly aggressive. About 90 min after the assault, a blood specimen was collected with natrium
fluoride as preservative. The blood was free of alcohol, pharmaceuticals and drugs of abuse, but tested positive by LC-MS/
MS for metandienone (32 ng/mL) and trenbolone (9 ng/mL). The perpetrator admitted regular consumption of anabolic
steroids to enhance his muscular mass, as he was a professional security agent. To document long-term steroid abuse, a hair
specimen was collected 3 weeks after the assault, which tested positive for both drugs. Segmental analyses revealed in the
proximal 1.5 cm segment, corresponding to the period of the assault, the simultaneous presence of metandienone (11 pg/
mg) and trenbolone (14 pg/mg), while only metandienone (3 pg/mg) was identified in the distal 1.5 cm segment. As aggres-
siveness and violence can be associated with abuse of anabolic steroids, the aetiology of this domestic crime was listed to
be due impulsive behaviour in a context of antisocial lifestyle.

Keywords Murder - LC-MS/MS - Metandienone - Trenbolone - Blood - Hair

Introduction

Athletes, body builders, students, fitness practitioners and
security-involved agents can use anabolic steroids because it
has been claimed that these drugs increase lean body mass,
increase strength, increase aggressiveness, increase endur-
ance and lead to a shorter recovery time between workouts.
These properties are due to their effects on human androgen
receptors [1]. Anabolic steroids are mostly available on the
Internet, at low costs, both as oral (methyltestosterone, sta-
nozolol, metandienone, chlorodehydromethyltestosterone,
tetrahydrogestrinone, stanozolol ...) or injectable (methe-
nolone esters, drostanolone esters, nandrolone esters, tes-
tosterone esters, trenbolone esters ...) forms. In most cases,
these compounds are used in dosages much higher than what
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is recommended by the manufacturers. Therapeutic uses
are very limited, and, for example, in France, only testos-
terone enantate (Androtardyl™) is available after medical
prescription.

Numerous side effects after long-term anabolic steroids
misuse have been described, and include increase in blood
pressure, alterations of the cardiovascular system, liver
toxicity, acne, hirsutism, gynecomastia, atrophic testes and
sexual dysfunction [2]. When misuse is prolonged, subjects
can develop psychiatric effects, which include antisocial
lifestyle, disinhibition, frustration, psychosis, low self-con-
fidence, childhood conduct disorders, delirium, depression
and aggressiveness [3-5].

Since the demonstration by Kindlundh et al. in 2003 [6]
that 2 weeks of treatment with nandrolone decanoate cause a
significant alteration in the density of serotoninergic SHT1B
and SHT?2 receptors in the male rat brain, a testosterone-ser-
otonin link [7] was established, which could explain changes
in emotional states and behaviour. It seems that anabolic
steroids can modulate serotonin receptors activity, which
will affect aggressiveness, as it is associated to decreased
serotonin neurotransmission [8].

Epidemiological studies, both in Europe [9-11] and in
the USA [12] have demonstrated that the misuse of anabolic
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steroids constitutes an increased risk for violence and that there
is an association between their use and criminality. There is
an increased risk of developing an antisocial lifestyle [13] and
the frequency of crimes of violence and weapons offences
is increased once anabolic steroids are consumed for a long
period [14]. These data mainly come from case reports rather
than from complete epidemiological studies.

Because anabolic steroids are seldom tested in forensic labo-
ratories, and even less in hair specimens, the present observa-
tion, documented with toxicological analyses in both blood and
hair, allows establishing a link between the aggressive behav-
iour of a murderer and his addiction to this class of compounds.

Case history

A 32-year-old man went to the police station some minutes
after murdering his girlfriend by inflicting several stabs with
a kitchen knife. He reported a dispute that started at home
because she arrived late from work. She gave him a slap in the
face for bad wording during the initial phase, but very rapidly
the man went nervous, excited and took a knife to injure the
neck, the face, the arms and the back of his girlfriend.

The man was a security agent and was not known to the
police. There was no reported family history of mental ill-
ness. Relatives and witnesses did not report signs of vio-
lence before the homicide. Quite daily, he was practicing
muscular improvement in a fitness centre and confessed
using anabolic steroids to enhance his athletic figure and to
promote muscle growth. Last exposure to oral steroids was
about 90 min before the assault. He reported using metan-
dienone (Dianabol™) and trenbolone. Later at home, the
police also discovered tablets of clenbuterol and ampoules
of Androtardyl™ (testosterone enantate). The exact regimen
of the subject is unclear and the steroids were not submitted
to analyses to verify both the composition and the purity.

At the police station, 2 vials of blood (Vacutainer® with
grey top, Becton, Dickinson and Company, Le Pont de Claix,
France) containing sodium fluoride as preservative were col-
lected about 3.5 h after the assault (i.e. corresponding to about
5 h after the oral administration of the steroids). Three weeks
later, an experienced physician collected 3 strands of hair as
close as possible from the scalp in the vertex region (black in
colour, 3 cm in length, as the subject was short-haired).

Toxicological analyses

Blood analysis

First, the blood was subjected to the standard toxicological
screening. Ethanol was tested in blood by head-space GC/

FID on a Perkin Elmer system (TurboMatrix 40 & Clarus
580, Every, France) using a standard validated procedure.

@ Springer

ELISA tests for benzodiazepines and drugs of abuse (opiates,
cannabis, cocaine, amphetamines, methamphetamines and
methadone) were achieved using Neogen kits (Lexington,
KY, USA) using the recommendations of the manufacturer.
GHB was tested by GC/MS on an Agilent 5971 (Santa Clara,
CA, USA). A comprehensive screening for pharmaceuticals
and drugs of abuse, including NPS (about 200 compounds),
was performed on blood using LC/MS-MS (Waters Xevo
TQD, Milford, MA, USA). Due to the nature of the case,
anabolic steroids were specifically tested by a MRM method
using LC/MS-MS, using a validated procedure [15]. Briefly,
steroids were extracted from 1 mL of blood in presence of
10 ng of testosterone-d; (Sigma-Aldrich, Saint Louis, MI,
USA) used as internal standard, with 1 mL borate buffer pH
9.5 and 5 mL of a mixture of ether/dichloromethane/hex-
ane/isoamyl alcohol (50/30/20/0.5, vol%). After extraction,
centrifugation and evaporation to dryness, the residue was
reconstituted in 30 uL of ammonium formate buffer adjusted
at pH 3. Chromatography was achieved using a Waters BEH
C18 column (100%x 2.1 mmXx 1.7 um) maintained at 50 °C
in a thermostatically controlled enclosure. A gradient elu-
tion was performed using formate buffer adjusted to pH 3
(mobile phase A) and 0.1% formic acid in LC/MS-grade
acetonitrile (mobile phase B) at flow rate of 0.4 mL/min. The
initial composition was 87% mobile phase A and the final
composition, at 15 min, was 5% mobile phase A. An injec-
tion volume of 2 uL. was used in all cases. Ionization was
achieved using electrospray in the positive ionization mode
(ESI+). MassLynx 4.1 software was used for quantification.
Mass spectrometric parameters are presented in Table 1.

Hair analysis

Because there was a request to test for several anabolic ster-
oids, a screening procedure, already published [16], was used.
Briefly, 30 mg of finely cut hair, previously decontaminated
by 2 dichloromethane bathes (5 mL, 2 min) and segmented
(2% 1.5 cm) were weighted. The hair was mixed with 1 ng of
testosterone-d;, used as internal standard and 1 mL of metha-
nol and submitted to an ultrasonic bath for a period of 90 min.
After centrifugation, the organic phase was collected and
evaporated and diluted with phosphate buffer pH 7.0 (part A).

Table 1 Mass spectrometric data for the tested compounds

Drug Transitions Collision Cone voltage

m/z energy v
eV

Metandienone 301.2>121.1 22 22
301.2>149.1

Trenbolone 271.2>199.1 20 46
271.2>253.2

Testosterone-d3 292.2>109.0 22 30
292.2>97.0

83



International Journal of Legal Medicine

The remaining hair, at the bottom of the tube, was collected
and hydrolyzed with 1 mL NaOH 1 M (part B). Liquid-liquid
extractions were operated on parts A and B with 2 mL ethyl
acetate. Extracts were combined and evaporated to dryness.
The residue was dissolved in 1 mL dichloromethane, which
was submitted to solid-phase extraction, using Isolute C18
columns. The final elution phase was evaporated and solubi-
lized in 30 uL methanol to be divided in two parts: for injec-
tion onto LC-MS/MS apparatus (Waters TQS micro, Milford,
MA, USA) and onto GC-MS/MS apparatus (Agilent 7010B,
Santa Clara, CA, USA) after evaporation and TMS derivati-
zation (MSTFA/NH,1/2-mercaptoethanol, 1000:2:5, vol%).

Testosterone, metandienone and trenbolone were tested
by LC-MS/MS.

The major validation of the analytical procedures for
these 2 compounds, both in blood and hair, are presented
in Tables 2 and 3.

Results and discussion

Ethanol tested negative in blood. GHB was within the physi-
ological range (1.1 mg/l). ELISA screenings were negative
for pharmaceuticals and drugs of abuse. The screening of the
blood by LC/MS-MS was negative, except for metandienone
and trenbolone.

Metandienone and trenbolone tested positive in blood at
32 and 9 ng/mL, respectively. These concentrations are highly
indicative that the murderer was under the influence of ana-
bolic steroids at the time of the assault. Results are presented
Table 4. Very few data are available in the literature for ster-
oid blood concentrations, and particularly for metandienone
or trenbolone. In a death after misuse of anabolic substances,
Lehmann et al. [17] identified metandienone in post mortem
femoral blood at 8 ng/mL. It seems that the pharmacokinetic
parameters of trenbolone has not been established in humans,
while the elimination half-live of metandienone is about 3 to
6 h. Blood testosterone concentration was 0.9 ng/mL, which
can be interpreted as a physiological concentration. No clenb-
uterol was identified (limit of detection is 0.1 ng/mL).

In the recent years, hair specimens have been proposed to doc-
ument drug exposure in any situation in which a history of past

Table 2 Validation parameters in blood

Table 3 Validation parameters in hair

Parameters Metandienone Trenbolone
Linearity 1 to 200 pg/mg, 1 to 200 pg/mg,
#=0.9995 7=0.9993
Limit of detection 0.1 pg/mg 0.4 pg/mg
Limit of quantitation 1 pg/mg 1 pg/mg
Precision (10 pg/mg, n=8) 16.6% 17.8%
Precision (100 pg/mg, n=8) 14.9% 15.8%
Matrix effect (10 pg/mg, n=15) <20% <20%

rather than recent drug use is requested. In addition, keratinous
matrices, such as nail or hair, irrespective of the anatomical loca-
tion of collection are the most commonly used matrices allowing
documenting long-term exposure to drugs. Finally, testing head
hair by segmentation allows establishing a retrospective calendar
of an individual’s drug use and the distinction between single
and repetitive use [18-21]. Segmental analyses of the hair of the
murderer went back positive and allowed interpreting the results
as an increase in steroid consumption in the more recent period.
Concentrations of metandienone and trenbolone were in the low
pg/mg range, i.e. 11 and 3 pg/mg and 14 pg/mg and not detected
in the 2 1.5 cm segments, respectively. Although concentrations
of anabolic steroids are low in hair when compared to drugs of
abuse, such as cocaine, opiates or amphetamines identified in the
ng/mg range, a suitable chromatographic signal was obtained in
hair (Fig. 1). No clenbuterol and testosterone enantate were iden-
tified in any of the 2 segments. Testosterone concentrations were
less than 1 pg/mg in the 2 hair segments. Again, anabolic steroids
have been seldom reported in hair. In most cases, bodybuild-
ers have been tested. Bresson et al. [22] reported metandienone
concentrations in the range of 7 to 108 pg/mg after segmental
analysis of the scalp hair collected from a football player. In 2
series of results [23, 24], Kintz et al. identified several metan-
dienone abusers, with concentrations in the range 7 to 2800 pg/
mg. Thieme and Anielski [25] in their compendium presented
concentrations varying from 4 to 250 pg/mg. For trenbolone, data
are also limited. Fabresse et al. [26] found 23 pg/mg in a suicide
case and Thieme and Anielski [25] reported concentrations in
the range 2 to 290 pg/mg.

Metandienone or methandrostenolone (Dianabol™) is an
orally effective anabolic steroid. The drug was once one of
the most widely produced steroids by the Ciba Pharmaceuti-
cal Company. Production and use have decreased sharply in
the more recent years due to liver toxicity and the release

Parameters Metandienone  Trenbolone
Linearity 1 to 100 ng/mL, 1 to 100 ng/mL, Table 4 Distribution of metandienone and trenbolone in blood and
7=0.9998 r?=0.9997 hair

Limit of detection 0.3 ng/mL 0.5 ng/mL . "

L.diiit of Guasiidtion 1 gl 1 ngfuil Specimen Metandienone Trenbolone

Precision (10 ng/mL, n=8) 14.7% 15.8% Blood 32 ng/mL 9 ng/mL

Precision (50 ng/mL, n=8) 13.8% 13.6% Hair (0-1.5 cm) 11 pg/mg 14 pg/mg

Matrix effect (10 ng/mL, n=15) <20% <20% Hair (1.5-3 cm) 3 pg/mg Not detected
@ Springer
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Fig. 1 Chromatogram obtained after extraction of the proximal hair segment of the suspect. Metandienone and trenbolone concentrations were
11 and 14 pg/mg, respectively. From top to bottom: quantification transitions for testosterone-d; (IS), metandienone and trenbolone

of safer testosterone esters. Trenbolone (Parabolan™) is an
anabolic steroid presented to be 3 times more powerful than
testosterone, and is a derivative of nandrolone (19-nortes-
tosterone). It can be bought as parent drug in tablets or as
esters such as acetate, enantate, cyclohexylmethylcarbonate,
undecylate or undecanoate in injectable forms. Elimination
half-life is much shorter when trenbolone is not used as
ester forms (i.e. 2-3 days versus 3—12 days).

None of these publications was dealing with a situation of
violence. Obviously, the murderer was under the influence of 2
steroids at the time of the assault. The test in an alternative matrix,
i.e. scalp hair, allowed confirming long-term abuse. This seems of
major importance to establish a clear picture of drug involvement.

It is not surprizing that 2 steroids were identified at the same
time, as people who misuse steroids can take two or more dif-
ferent drugs and mix injectable and/or oral preparations [27].
It has been indicated in the literature [27] that steroids can be
taken in a cycle of six to twelve weeks, with increasing doses,
followed by a decrease at the end of the cycle. In the same
review, authors have pointed that anabolic steroids increase
both irritability and aggression and that personality traits are
overrepresented in steroid abusers.

Conclusion
Regarding these results, and current known effects of
long-term anabolic steroids, which appear to be neverthe-

less variable across individuals, the present case suggests

@ Springer

an association between misuse of anabolic steroids and
irritability/aggression. Abusers of steroids are more prone
to be involved in criminal acts, as demonstrated by epide-
miological studies. However, in all these reports, none was
supported by toxicological analyses, which seem to have
a major importance in forensic science. The authors have
presented analytical results on biological specimens col-
lected from a subject under the influence of both metan-
dienone and trenbolone and recommend analyses of blood
and hair to prove an acute impairment and the negative
impact of a possible misuse. In this case, metandienone
and trenbolone were simultaneously detected in blood
and hair. The combination of these 2 specimens allowed
establishing the involvement of steroids at the time of the
assault and the confirmation that the perpetrator was a
long-term steroids misuser.

Declarations

Ethics approval and consent to participate This study does not need
ethical approval.

Informed consent not required

Conflict of interest The authors declare no competing interests.

85



International Journal of Legal Medicine

References

Cadwallader AB, Lim CS, Rollins DE, Botré F (2011) The
androgen receptor and its use in biological assays: looking
toward effect-based testing and its applications. J Anal Toxicol
35:594-607

Van Amsterdam J, Opperhuizen A, Hartgens F (2010) Adverse
health effect of anabolic-androgenic steroids. Regul Toxicol Phar-
macol 57:117-123

Trenton AJ, Currier GW (2005) Behavioural manifestations of
anabolic steroid use. CNS Drugs 19:571-595

Pope HG, Kouri EM, Hudson JI (2000) Effects of supraphysi-
ologic doses of testosterone on mood and aggression in nor-
mal men: a randomized controlled trial. Arch Gen Psychiatry
57:133-140

Khoodoruth MAS, Khan AA (2020) Anabolic steroids-induced
delirium. Medicine. https://doi.org/10.1097/MD.0000000000
021639

Kindlundh AMS, Lindblom J, Bergstrom L, Nyberg F (2003) The
anabolic-androgenic steroid nandrolone induces alterations in the
density of serotoninergic HHT1B and SHT2 receptors in the male
rat brain. Neuroscience 119:113-120

Birger M, Swartz M, Cohen D, Alesh Y, Grishpan C, Kooteir M
(2003) Aggression: the testosterone-serotonin link. Isr Med Assoc
J 5:653-658

Anderson PD, Bokor G (2012) Forensic aspects of drug-induced
violence. J Pharm Pract 25:41-49

Kl6tz F, Garle M, Granath F, Thiblin I (2006) Criminality among
individuals testing positive for the presence of anabolic andro-
genic steroids. Arch Gen Psychiatry 63:1274-1279

Lundholm L, Kill K, Wallin S, Thiblin I (2010) Use of anabolic
androgenic steroids in substance abusers arrested for crime. Drug
Alcohol Depend 111:222-226

. Lood Y, Eklund A, Garle M, Ahlner J (2012) Anabolic androgenic

steroids in police cases in Sweden 1999-2009. Forensic Sci Int
219:199-204

Beaver KM, Vaughn MG, Delisi M, Wright JP (2008) Anabolic-
androgenic steroid use and involvement in violent behaviour in
a nationally representative sample of young adult males in the
United States. Am J Public Health 98:2185-2187

Thiblin I, Pirlklo T (2002) Anabolic androgenic steroids and vio-
lence. Acta Psychiatr Scand Suppl 412:125-128

Skirberg K, Nyberg F, Engstrom I (2010) Is there an association
between the use of anabolic-androgenic steroids and criminality?
Eur Addict Res 16:213-219

Kintz P, Gheddar L, Ameline A, Dumestre-Toulet V, Verschoore
M, Comte J, Raul JS (2019) Complete post-mortem investigations
in a death involving clenbuterol after long-term abuse. J Anal
Toxicol 43:660-665

16. Kintz P, Gheddar L, Raul JS (2021) Simultaneous testing for ana-
bolic steroids in human hair specimens collected from various
anatomic locations has several advantages when compared with
the standard head hair analysis. Drug Test Anal. https://doi.org/
10.1002/dta.3020

17. Lehmann S, Thomas A, Schiwy-Bochat KH, Geyer H, Thevis M,
Glenewinkel F, Rothschild MA, Andresen-Streichert H, Juebner
M (2019) Death after misuse of anabolic substances (clenbuterol,
stanozolol and metandienone). Forensic Sci Int 303:109925.
https://doi.org/10.1016/j.forsciint.2019.109925

18. Kintz P (2017) Hair analysis in forensic toxicology: an
updated review with special focus on pitfalls. Curr Pharm Des
23:5480-5486

19. Pragst F, Balikova M (2006) State of the art in hair analysis for
detection of drug and alcohol abuse. Clin Chim Acta 370:17-49

20. Musshoff F, Schwartz G, Sachs H, Skopp G, Franz T (2020) Con-
centration distribution of more than 100 drugs and metabolites in
forensic hair samples. Int J Legal Med 134:989-995

21. Salomone A, Gerace E, Di Corcia D, Allardio E, Vincenti M,
Kintz P (2019) Hair analysis can provide additional information
in doping and forensic cases involving clostebol. Drug Test Anal
11:95-101

22. Bresson M, Cirimele V, Villain M, Kintz P (2006) Doping control
for metandienone using hair analysed by gas chromatography-tan-
dem mass spectrometry. J Chromatogr B Analyt Technol Biomed
Life Sci 836:124-128

23. Kintz P, Vaysette F, Deveaux M (2014) Compendium of results
from hair tested for anabolics. Toxicol Anal Clin 26:197-200

24. Kintz P (2017) A new series of hair test results involving anabolic
steroids. Toxicol Anal Clin 29:320-324

25. Thieme D, Anielski P (2015) Doping, application of hair analysis.
In: Kintz P, Salamone A, Vincenti M (eds) Hair analysis in clinical
and forensic toxicology. Academic Press, London, pp 275-299

26. Fabresse N, Grassin-Delyle S, Etting I, Alvarez JC (2017) Detec-
tion and quantification of 12 anabolic steroids and analogs in
human whole blood and 20 in hair using LC-HRMS: application
to real cases. Int J Leg Med 131:989-999

27. NIDA (2020). Why are anabolic steroids misused? Retrieved
from https://www.drugabuse.gov/publications/research-reports/
steroids-other-appearance-performance-enhancing-drugs-apeds/
why-are-anabolic-steroids-misused. Accessed 23 Mar 2021

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer

86



Article 10 : Evidence of use of drostanolone, an anabolic steroid, at the time the subject committed
a murder: place of hair analysis

Pascal Kintz, Laurie Gheddar
Toxicologie Analytique et Clinique. 2021 ; 33 : 22-225.

87



Toxicologie Analytique & Clinique 33 (2021) 222225

Elsevier Masson France

EM|consulte

www.em-consulte.com

Disponible en ligne sur

ScienceDirect
www.sciencedirect.com

CASE REPORT

Evidence of use of drostanolone, an m
anabolic steroid, at the time the subject
committed a murder: Place of hair analysis

Pascal Kintz®®*, Laurie Gheddar®

2 X-Pertise Consulting, 42, rue principale, 67206 Mittelhausbergen, France
b Institut de médecine légale, 11, rue Humann, 67000 Strasbourg, France

Received 26 January 2021; received in revised form 18 May 2021; accepted 18 May 2021
Available online 1 June 2021

KEYWORDS Summary A 21-year old male was arrested after killing a rival during a dramatic episode
Violence; of violence, due to jealousy. The perpetrator was sent to prison, where he revealed, several
Anabolic steroids; months later, that he was using anabolic steroids at the time of the assault. The steroids were
Drostanolone; used to enhance his muscular mass. To document possible steroids abuse, a hair specimen (9cm
Hair in length, black in colour) was collected 7 months after the event and segmented in 3 x 3cm
segments. A specific steroids screening procedure, involving both LC-MS/MS and GC-MS/MS,
was used, which demonstrated the presence of drostanolone and its ester form, drostanolone
enantate in the distal segment (i.e. the one corresponding to the period of the assault). Con-
centrations were 3 and 14 pg/mg for drostanolone and drostanolone enantate, respectively. The
etiology of this murder was finally considered to be due to an aggressive behaviour, which can
have been enhanced by side effects due to anabolic steroids abuse.
© 2021 Société Francaise de Toxicologie Analytique. Published by Elsevier Masson SAS. All
rights reserved.

to a shorter recovery time between workouts [1]. Today,
anabolic steroids are mostly available on the Internet, at

Introduction

Athletes, but also amateurs, can use anabolic steroids
because it has been claimed that these drugs increase lean
body mass, strength, aggressiveness, endurance and lead

* Corresponding author at: X-Pertise Consulting, 42, rue princi-
pale, Mittelhausbergen 67206, France.
E-mail addresses: pascal.kintz@wanadoo.fr,
pkintz@x-pertise.com (P. Kintz).

https://doi.org/10.1016/j.toxac.2021.05.002

low costs, both as oral or injectable forms (generally as
esters). In most cases, these compounds are used in dosages
much higher than what is recommended by the manufactu-
rers. Therapeutic uses of anabolic steroids are very limited,
and, for example, in France, only testosterone enantate
(Androtardyl™) is available after medical prescription for
intramuscular injection into the buttock.

Numerous side-effects after long-term anabolic ste-
roids abuse have been described, and include increase

2352-0078/© 2021 Société Francaise de Toxicologie Analytique. Published by Elsevier Masson SAS. All rights reserved.
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in blood pressure, alterations of the cardiovascular sys-
tem, liver toxicity, acne, hirsutism, gynecomastia, atrophic
testes and sexual dysfunction [2]. When abuse is pro-
longed, subjects can develop psychiatric effects, which
include antisocial lifestyle, disinhibition, frustration, psy-
chosis, low self-confidence, childhood conduct disorders,
delirium, depression and aggressiveness [3—5].

Epidemiological studies, both in Europe [6] and in the
United States of America [7] have demonstrated that the
abuse of anabolic steroids constitutes an increased risk for
violence and that there is an association between their use
and criminality. There is an increased risk of developing an
antisocial lifestyle but the frequency of crimes of violence
and weapons offences is increased once anabolic steroids
are consumed for a long period [8].

Because anabolic steroids are seldom tested in forensic
laboratories, and even less in hair specimens, the present
observation allows establishing a link between the aggres-
sive behaviour of a murderer and his addiction to this class
of compounds.

Case history

A 21-year old male was arrested after killing a rival during
a dramatic episode of violence, due to jealousy. He was the
new boyfriend of a girl, who was previously in couple with
the victim. The perpetrator was sent to prison, where he
revealed, several months later, that he was using anabolic
steroids at the time of the assault. The exact regimen of
the subject is unclear and the steroids were not identified.
He refused to indicate which compounds were used and how
they were purchased.

A medical doctor was requested to collect a hair speci-
men about 7 months after the assault. The perpetrator only
accepted to give one strand of hair, which was 9 cm in length
and black in colour.

Toxicological analyses

Because the identity of the involved steroid(s) was not
known, a screening procedure, already published [9] was

used. Briefly, 30mg of finely cut hair, previously decon-
taminated by 2 dichloromethane bathes (5mL, 2min) and
segmented (3 x 3cm) were weighted. The hair was mixed
with 1ng of testosterone-d3, used as internal standard and
1 mL of methanol and submitted to an ultrasonic bath for
a 90min. Then, in one side, the organic phase was evapo-
rated and diluted with phosphate buffer pH 7.0 (part A),
and in another side, the hair remain was incubated with
1mL NaOH 1M (part B). Liquid-liquid extractions were ope-
rated on parts A and B with 2mL ethyl acetate. Extracts
were combined and evaporated to dryness. The residue was
dissolved in 1mL dichloromethane, which was submitted
to solid phase extraction, using Isolute C18 columns. The
final elution phase was evaporated and TMS derivatization
(MSTFA/NH,1/2-mercaptoethanol, 1000:2:5) was achieved.
Drostanolone and drostanolone enantate were tested by GC-
MS/MS (Agilent 7010B) (Table 1).

Results and discussion

The validation of the analytical procedures for drostanolone
and drostanolone enantate in hair is presented in Table 2.
In the recent years, hair specimens have been proposed
to document drug exposure in any situation in which a history
of past rather than recent drug use is requested. In addi-
tion, keratinous matrices are the unique matrices allowing
documenting long-term exposure to drugs. Finally, testing
head hair by segmentation allows establishing a retrospec-
tive calendar of an individual’s drug use and the distinction
between single and repetitive use [10]. Segmental analyses
of the hair of the murderer went back positive for the distal
end and allowed interpreting the results as steroid consump-
tion at the period corresponding to the assault, assuming
a normal hair growth rate at 1cm per month. Concentra-
tions of drostanolone and drostanolone enantate were in
the low pg/mg range, i.e. 3 and 14pg/mg, respectively.
Although concentrations were low, a suitable chromatograp-
hic signal was obtained in the distal hair segment (Fig. 1).
The proximal segment and the segment of the middle were
both negative for drostanolone and drostanolone enantate,
roughly corresponding to the period the subject was in jail.
Testosterone concentrations were less than 1 pg/mg in the 3

Table 1 GC-MS/MS mass spectrometric data for the tested compounds.

Drug Transitions m/z Collision energy eV Retention time min
Drostanolone 448.0 > 141.0448.0> 156.0 20 20 10.94
Drostanolone enantate 488.4>141.1488.4> 156.1 25 15 15.42
Testosterone-d3 435.4>209.1 15 10.89

Table 2 GC-MS/MS validation parameters in hair.

Parameters Drostanolone Drostanolone enantate
Linearity 1 to 100 pg/mg, r*=0.9998 5 to 100 pg/mg, r* =0.9992
Limit of detection 0.5pg/mg 2pg/mg
Limit of quantitation 1pg/mg 5pg/mg
Precision (20 pg/mg, n=8) 16.2% 17.9%
Matrix effect (20 pg/mg, n=15) <20% <20%
223
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Figure 1.  GC-MS/MS chromatogram obtained after extraction of the distal hair segment of the suspect. Drostanolone and drostanolone
enantate concentrations were 3 and 14 pg/mg, respectively. From top to bottom: 2 transitions for drostanolone (11.03 min, m/z 448.0> 141.0
and 448.0 > 156.0), 2 transitions for drostanolone enantate (15.51 min, m/z 488.4 > 141 and 488.4 > 156.1) and 1 transition for testosterone-d3

(10.92min, IS, m/z 435.4>209.1).

segments, which is the limit of quantitation of the method.
Anabolic steroids have been seldom reported in hair and,
in most cases, bodybuilders have been tested. Only Thieme
and Anielski [11], in their compendium presented concen-
trations for drostanolone and drostanolone enantate, which
were 4 and 30pg/mg in one case and 2 and 2pg/mg in a
second one.

Drostanolone, or dromostanolone, is a potent synthetic
androgenic anabolic steroid. Currently, there is no human
indication for drostanolone, either in the United States or
in European countries. In the past, it has been indicated in
postmenopausal women with recurrent breast cancer, in a
combined hormone therapy.

As drostanolone has the potential to be misused for per-
formance enhancement in sport, it can attract athletes
looking for power and strength improvement. As a con-
sequence, drostanolone has been prohibited by the World
Anti-Doping Agency (WADA) at-all-times in the category of

® 2021 Elsevier Masscn SAS.All rights reserved. - Document downloaded on 15/09/2021 by Société Fran

‘*anabolic agents’ under section S1 of the WADA List. On
the WADA 2019 testing figures report [12], there were 4180
adverse analytical findings (AAF) and among them, 163 were
for drostanolone. This indicates that drostanolone is easy to
obtain and is largely abused.

According to witnesses, the murderer was aggressive at
the time of the assault. The test in an alternative matrix,
i.e. scalp hair, allowed confirming long-term drostanolone
abuse. This seems of major importance to establish a clear
picture of drug involvement. However, the authors can
accept that some parameters about the detection of dros-
tanolone in hair have not been addressed: dose necessary
to give a positive result, repeatability, robustness, conta-
mination, carry-over, interferences, variable incorporation
into hair, external factors that may have an impact, etc. The
minimum dose that had to be ingested by a subject in order
to get a “"positive’’ detection in one of the hair sections is
unknown.
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Conclusion

Since many years, numerous publications have indicated
that there is an association between the abuse of ana-
bolic steroids and violence. Abusers of steroids are more
prone to be involved in criminal acts, as demonstrated
by epidemiological studies. However, in all these reports,
none are supported by toxicological analyses, which seem
to be the basis in forensic science. The authors have pre-
sented toxicological investigations in a murderer who was
abusing drostanolone at the time of the assault. This situa-
tion appears to be highly suitable for the trial hearing by
demonstrating that a prohibited and harmful substance was
involved.

Disclosure of interest

The authors declare that they have no competing interest.

References

[1] Cadwallader AB, Lim CS, Rollins DE, Botré F. The andro-
gen receptor and its use in biological assays: looking toward
effect-based testing and its applications. J Anal Toxicol
2011;35:594—607.

[2] Van Amsterdam J, Opperhuizen A, Hartgens F. Adverse health
effect of anabolic-androgenic steroids. Regul Toxicol Pharma-
col 2010;57:117-23.

® 2021 Elsevier Masscn SAS . All rights reserved. - Document downloaded on 15/09/2021 by Société Francaise de Toxicologie Analytique et Clinique (972791). ltis

[3] Trenton AJ, Currier GW. Behavioural manifestations of anabolic
steroid use. CNS Drugs 2005;19:571—95.

[4] Pope HG, Kouri EM, Hudson JI. Effects of supraphysiologic doses
of testosterone on mood and aggression in normal men: a ran-
domized controlled trial. Arch Gen Psychiatry 2000;57:133—40.

[5] Khoodoruth MAS, Khan AA. Anabolic steroids-induced
delirium. Medicine 2020, http://dx.doi.org/10.1097/MD.
0000000000021639.

[6] Lood Y, Eklund A, Garle M, Ahlner J. Anabolic androgenic ste-
roids in police cases in Sweden 1999-2009. Forensic Sci Int
2012;219:199-204.

[7] Beaver KM, Vaughn MG, Delisi M, Wright JP. Anabolic-
androgenic steroid use and involvement in violent behaviour
in a nationally representative sample of young adult males in
the United States. Am J Public Health 2008;98:2185—7.

[8] Skarberg K, Nyberg F, Engstrom I. Is there an association bet-
ween the use of anabolic-androgenic steroids and criminality?
Eur Addict Res 2010;16:213-9.

[9] Kintz P, Gheddar L, Raul J-S. Simultaneous testing for anabo-
lic steroids in human hair specimens collected from various
anatomic locations has several advantages when compared
with the standard head hair analysis. Drug Test Anal 2021,
http://dx.doi.org/10.1002/dta.3020.

[10] Kintz P. Hair analysis in forensic toxicology: an updated review
with special focus on pitfalls. Curr Pharm Des 2017;23:5480—6.

[11] Thieme D, Anielski P. Doping, application of hair analy-
sis. In: Kintz P, Salamone A, Vincenti M, editors. Hair
analysis in clinical and forensic toxicology. London:
Academic Press; 2015. p. 275-99, https://www.wada-
ama.org/sites/default/files/resources/files/2019_anti-
doping.testing_figures_en.pdf (Accessed 24 January 2021).

225

and illegal to distribute this

91



Article 11 : Forensic investigations in a case of aggressive behavior of three dogs : identification of
dietary supplements contamination by metandienone and confirmation by hair tests
Laurie Gheddar, Jean-Sébastien Raul, Pascal Kintz
Forensic Science International: Animals and Environments. 2021 ; doi:10.1016/j.fsiae.2021.100022.

92



Forensic Science International: Animals and Environments 1 (2021) 100022

Contents lists available at ScienceDirect

Forensic Science International: Animals and Environments

journal homepage: www.sciencedirect.com/journal/forensic-

ELSEVIER science-international-animals-and-environments

Case Report 4.)
Forensic investigations in a case of aggressive behavior of three dogs: G
Identification of dietary supplements contamination by metandienone and
confirmation by hair tests

Laurie Gheddar ®*, Jean-Sébastien Raul *, Pascal Kintz "

? Institut de Médecine Légale, 11 rue Humann, 67000, Strasbourg, France

b X-Pertise Consulting, 42 rue Principale, 670206, Mittelhausbergen, France

ARTICLE INFO ABSTRACT

Keywords: After observing a modification in behavior of his three dogs, an owner consulted a laboratory to determine if a

Anabolic steroid

Aggressive behavior

Hair

Dog

Dietary supplement contamination

drug could be involved. Hair strands of each animal were collected from the neck area and sent to the laboratory
for anabolic steroid screening. Initial screening by liquid chromatography coupled to high-resolution mass
spectrometry identified the presence of metandienone, an anabolic androgenic steroid, in all three samples. In
order to quantify metandienone in hair, a specific method was developed using a liquid chromatography to
tandem mass spectrometry system. In addition, sixteen animal pharmaceutical products and food supplements
that the dogs had received were tested for a possible source of ination.

The hair specimens of the dogs tested positive for metandienone at 42, 13 and 32 pg/mg. Final interpretation
of these concentrations was difficult as there is no data about metandienone detection in hair collected from
dogs. Analysis of the animal pharmaceutical and food supplements demonstrated the presence of metandienone
in two supplements, with amounts at 25 and 452 ng/g.

Simultaneous analyses of the hair of the dogs and their supplements enabled to make an association with the
observed aggressive behavior in the dogs. Testing for anabolic steroids in the hair of the dog in case of

aggressiveness can be useful to help to understand an unexpected behavior in dogs.

1. Introduction

Doping agents can be used in human as well as animal sports. As in
human competitions, the use of performance-enhancing drugs in animal
sports is prohibited in competition and even out-of-competition for some
products [1]. In these sports, including horse or camel racing, grey-
hound dog racing or pigeon racing, doping agents are used to illicitly
improve an animal’s physical performance (i.e. increase of muscle mass,
decrease of fat) and to modify behavior (increase courage and endur-
ance) [2]. For example, corticosteroids are some of the more popular
doping agents used in animal sports, especially for horse racing.
Numerous doping cases involving horses, pigeons or camels have been
reported in literature [1,3,4].

In animal sports, anti-doping analyses are carried out mainly on
urine because this matrix is non-invasive [1]. Nevertheless, using urine
has two major disadvantages: 1) the drug is excreted in free form or as
conjugated metabolites; 2) the parent drug is generally present in small

* Corresponding author.
E-mail address: |.gheddar@gmail.com (L. Gheddar).
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amounts [1]. Therefore some researchers have preferred to use kerati-
nous specimens such as hair, nail, hoof and even feathers because it is a
non-invasive matrix which allows testing for the parent drug. For
example, analysis in pigeon feathers was developed for doping purposes
to analyze for corticosteroids [3]. In other cases hair specimens of
horses, camels or even dogs were used to test for glucocorticoids and
anabolic steroids [1,4].

Anabolic androgenic steroids (AAS) are largely misused in animal
sports. Some authors have described the analysis of AAS in greyhound
dog [5] or in racing pigeons [2]. Beside the doping issues, the misuse of
these drugs can be a forensic problem, i.e. lead to physical and psy-
chological health problems. Physical side effects of misuse of AAS are
well described in humans including high blood pressure, edema, and
cardiac diseases [6,7]. Psychological side effects such as delirium,
violence (homicide, suicide), mania and depression have also been re-
ported after a repetitive use of AAS [7-9]. For example, aggressive be-
haviors have been described for human in the scientific literature after
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Table 1
Supplementary analysis on veterinary products and dietary supplements (ND:
not detected, with a limit of positivity at 1 ng/g).

Products Nature Metandienone (quantity)
1 Dietary supplement (protein) 452 ng/g
% Dietary supplement (vitamin) 25 ng/g
3 Intestinal hygiene ND

4 Anti-Flatulence tablets ND

5 Digestive supplement ND

6 Antibacterial and anti-inflammatory gel ND

7 Non-steroidal anti-inflammatory ND

8 Non-steroidal anti-inflammatory ND

9 Vitamins ND

10 Bone Builder (complementary feed) ND

11 Dietary supplement ND

12 Dietary supplement ND

13 Dietary supplement ND

14 Dietary supplement ND

15 Vermifuge ND

16 Vermifuge ND

using a testosterone esters mixture [9]. This can be extended to animals.
A study has highlighted that AAS interact indirectly with the seroto-
nergic and dopaminergic systems to modulate aggressive behavior in
Syrian hamsters [10]. Another case of aggressiveness was published for
lizards. In this paper, the authors administered testosterone to lizards,
studied their behavior and concluded that testosterone administration
had modified their behavior and increased their aggressiveness [11].
The misuse of AAS has also been described for fighting dogs. People
administer AAS to their dogs to improve their aggressiveness during
fighting which enhances the value of animals [12].

In a laboratory of forensic toxicology, it could be of interest to test for
AAS in hair specimens when a modification of behavior is suspected or
when an unusual aggressive behavior is observed. In this paper, the
authors report a case of aggressive behavior in association with the

A q

ration of suppl s contami 1 with metandienone, an
anabolic steroid, in dogs.

2. Material and method
2.1. Case report

Three healthy adult dogs became suddenly aggressive towards each
other and towards their owner. Observing these unusual behaviors, the
owner consulted with a laboratory of toxicology if a drug could be
involved to explain this aggressive behavior. The laboratory proposed
the collection of one hair strand for each animal. The three samples were
cut as close as possible from the skin, in the neck region, at home and
received at the laboratory in three separate plastic bags, which were
stored at ambient temperature until analysis. Hair strands were brown,
blond and dark in color and were 1 to 2 cm in length. In agreement with
the request, a screening of AAS was carried out on liquid chromatog-
raphy coupled to high-resolution mass spectrometry system, which
showed the possible presence of metandienone, also known as

-
=
-
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methandrostenolone. This drug is sold under the name Danabol® or
Dianabol® on the internet and available as tablets (2.5-50 mg) for
human oral administration [13].

Therefore, the authors developed a specific quantitative method for
metandienone in hair using a liquid chromatography to tandem mass
spectrometry system (UHPLC-MS/MS).

2.2. Chemicals and reagents

Metandienone and testosterone-D3 were obtained from Cerilliant —
Sigma Aldrich (Steinheim, Germany) and from Sigma Aldrich (Stein-
heim, Germany), respectively. Ammonium acetate for HPLC, dichloro-
methane and heptane were purchased from Merck (Darmstadt,
Germany) and methanol (MeOH) and acetonitrile (ACN) for HPLC Iso-
cratic Grade from VWR Chemicals Prolabo (Fontenay-sous-Bois,
France). Sodium hydroxide (NaOH) was purchased from Merck
(Darmstadt, Germany). The standard solutions, prepared in MeOH, were
stored at — 20 °C.

2.3. Hair testing

Hair strands were first decontaminated twice with 5 mL of
dichloromethane for 2 min at room temperature and dried. The two
solutions of decontamination bath were combined and stored at 4 °C
until their analyses. Then, hair strands were cut into very short segments
(< 1 mm). 30 mg of decontaminated hair were incubated in 1 mL NaOH
for 10 min at 95 °C, in the presence of 10 ng of testosterone-Ds, used as
internal standard. Then, after cooling, 5 mL of heptane were added.
After agitation for 15 min and centrifugation (15 min, 3000 rpm), the
organic phase was collected and evaporated to dryness under a nitrogen
flow. The dry residue was dissolved in 30 pL of MeOH, and 2 pL was
injected into the UHPLC-system.

For method validation, blank hair from laboratory staff was used
after checking the absence of response at the retention times of meta-
ndienone and the internal standard.

2.4. Supplements analysis

In order to explain the presence of metandienone in the three hair
samples, the owner requested, in agreement with the toxicologist,
additional analyses of animal pharmaceutical and supplements, regu-
larly administered with standard food. These supplements had been fed
to dogs for approximately 6 months. In total, sixteen products (Table 1)
were ground and/or diluted in MeOH (according to the type of samples),
mixed, vigorously agitated, centrifuged and then diluted in MeOH to
obtain a concentration at 1 g/L. After a second dilution in MeOH (10 mg/
L), the solutions were injected into the UPLC-MS/MS system and
compared with a reference solution of metandienone at 10 mg/L in
MeOH.

I_

Fig. 1. From left to right: metandienone (300.4 g/moL) — testosterone-D3 (291.4 g/moL).
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2.5. Toxicological analysis

Chromatographic separations were performed with a liquid chro-
matography Waters Acquity UPLC™ system (Waters corporation, Mil-
ford, MA, USA) using an Acquity UPLC HSS C18 column (150 mm x 2.1
mm, i.d. 1.8 pm particle size). The column temperature was set to 50 °C,
and the flow rate at 0.4 mL/min. The mobile phase consisted of 1.0 mM
ammonium acetate in water (eluent A) and ACN with 0.1 % formic acid
(eluent B). Analysis time was 9.0 min, and the following gradient pattern
(eluent A) was used for the separation of metandienone and
testosterone-D3: 0 min, 90 %; 1.00 min, 90 %; 6.00 min, 0 %; 6.50 min,
0%; 4.60 min, 90 %; 9.00 min, 90 %. Metandienone and testosterone-D3
were eluted in 4.71 and 4.80 min respectively. Detection was performed
using a triple quadrupole (XEVO™ TQD, Waters Corporation, Milford,
MA, USA) mass spectrometer equipped with a Z-spray'™-electrospray
ionization source (ESI) and used in the positive mode (ES+). Nitrogen
was used as drying gas as well as nebulizing gas. The desolvation gas
flow was set to 800 L/h and the desolvation temperature was 400 °C.
The source temperature was 150 °C. The capillary voltage was set at
1.50 kV. Cone voltage and collision energy were adjusted to optimize the
signal of the 2 most abundant product ions of metandienone: m/z 301.2
> 121.1 and 301.2 > 149.1 and for testosterone-D3: m/z 292 > 109.
MassLynx 4.1 software was used for quantification.

3. Results and discussion
3.1. Hair analysis

Linearity for metandienone in hair was observed for concentrations
from 5 to 500 pg/mg with a correlation coefficient of 0.9989. Testos-
terone-D3 was used as internal standard because its chemical structure is
similar to the one of metandienone (Fig. 1). A weighted linear regression
of 1/x was applied. The limit of detection was evaluated at 3 pg/mg with
a S/N ratio of 3. The limit of quantification was the first point of the
calibration (5 pg/mg). Quality control samples (5 pg/mg and 100 pg/
mg) were analyzed in duplicate in 6 independent experimental assays
and were used to determine the coefficients of variation for precision
and accuracy, which were found to be lower than 20 %. Matrix effect
was evaluated with 10 blank hair specimens and was found lower than
15 %.

The hair of the three dogs tested positive for metandienone at 42, 13
and 36 pg/mg. Chromatograms obtained after the extraction of the three
hair specimens are presented in Fig. 2. Decontamination baths were
analyzed and were found negative for metandienone.

Although frequently observed in cases of anti-doping rules violation,
metandienone has been seldom reported in hair. For human, in the
literature, metandienone was identified at 7-108 pg/mg in the hair of a
top athlete and was considered representative of a doping practice [14].
Two other authors have published a series of hair test results, where
metandienone was identified in human hair in the range from 4 to 2800
pg/mg [15,16]. Unfortunately, results for animal are more limited and
only two authors have described hair concentrations for metandienone
in animals. One author reported a concentration at 15.2 pg/mg in a
horse hair specimen [17] and a second author found metandienone at
about 3000 pg/mg in the hair of a guinea pig four days after one single
injection [18].

Nevertheless, there is no data in the literature dealing with the
identification of metandienone in hair collected from a dog. According
to a recent study, the growth rate of the hair of the dog is around 0.065
mm/day corresponding approximately to a growth period of 5 months.
In our cases, dogs have been exposure 5-10 months according to the
length of hair specimens. However, the growth rate depends on the
breed of dog [19]. Given the lack of literature, one cannot be more ac-
curate in the interpretation of the results in dog hair. Therefore, in this
case, concentrations of metandienone are difficult to interpret in terms
of dosage and frequency of exposures. However, it is now possible to
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confirm that metandienone is detectable in hair collected from dogs.

3.2. Supplement analysis

With respect to the analysis of animal pharmaceutical products and
dietary supplements, results are summarized in Table 1. Two products
from sixteen were positive for metandienone. These products were
advertised for containing proteins and vitamins. Analysis of a standard
reference at 10 mg/L enabled to estimate the dosages and metandienone
was quantified at 25 and 452 ng/g in each supplement. In the literature,
cases of contamination of dietary supplements by metandienone have
been reported. For example, Odoardi et al. have found metandienone in
three dietary supplements for human, whereas this AAS was not labelled
on the list of ingredients. Metandienone tested positive in three fat
burners and energy enhancers at 130-8850 ng/g [20]. Another study
had showed that metandienone was present at about 50 ng/g in several
products such as vitamin C [21]. According to Geyer et al., several
products can be processed on the same production line [21]. Therefore,
the presence of metandienone in these two supplements may be due to a
cross-contamination between the production of supplements and
metandienone.

In view of the results of these dietary supplements, regularly
consumed by the dogs in addition to their food, it is possible to link the
presence of metandienone in their hair of the three dogs and to speculate
about their aggressive behavior [11].

In further support of the association between the supplements and
the dogs’ behavior, the owner reported that the dogs were back to their
normal behavior four months after withdrawal of the contaminated
supplements.

4. Conclusion

After noticing a marked change in behavior of the three dogs, further
investigations were carried out, including hair and nutritional supple-
ments analysis. A return to normal behavior was observed after the
supplements were stopped. These different investigations and observa-
tions allowed us to identify the cause of this unexpected situation. As has
been observed on many occasions for humans with potential anti-doping
rules violations the use of supplements can be an issue when not prop-
erly prepared and controlled. Indeed, dietary supplements can contain
drugs that are not labelled on the list of ingredients and can be the
source of various disorders in behavior.
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3.1. Présentation

La classe S1.2 comme définie par 'AMA, « autres agents anabolisant », regroupe le clenbuterol, la
tibolone, le zéranol, le zilpatérol et les SARMs. Cette liste n’est pas exhaustive [Liste d’interdiction
AMA, 2021].

Au vu des cas rencontrés et des analyses demandées, mes travaux m’ont permis de travailler plus

particulierement sur le clenbutérol et sur les SARMs.

3.1.1. Le Clenbutérol

Le clenbutérol est un B-agoniste développé initialement a des fins vétérinaires. Il est régulierement
retrouvé dans la viande. L’AMA a ainsi annoncé et prévenu que la viande consommée en Chine ou au
Mexique pouvait mener a une contamination par du clenbuterol [WADA, 2019]. Il est utilisé en
complément des SAA comme brileur de graisse par les sportifs amateurs et de haut niveau. Dans la
littérature, plusieurs effets secondaires sur la santé sont décrits comme une hypokaliémie ou des
déceés par vasospame coronarien [Dufayet, 2020]. Généralement utilisé en combinaison avec les SAA,
le clenbutérol a été intégré a la méthode de criblage des stéroides anabolisants (comme décrit en

partie 2).

Le cas décrit ci-dessous est un cas de déces associant I'usage du clenbutérol et du stanozolol, un

stéroide anabolisant :

Un homme de 61 ans est retrouvé décédé chez lui autour de minuit en position allongée par sa
femme. Cet homme est connu pour s’entrainer régulierement en salle de musculation et est connu
pour utiliser de facon réguliere des SAA. La police a retrouvé chez lui deux produits : le Clenox®
(clenbutérol) et du Stanox-10® (stanozolol). L'analyse des produits a montré que les quantités
retrouvées n’étaient pas celles indiquées sur les étiquettes (7,3 pug/g pour le clenbutérol et 11,5 mg/g
pour le stanozolol au lieu de 40 pg/g et 10,0 mg/g). A I'autopsie, une cardiomégalie ainsi qu’une
congestion multi viscérale sont observés. L’analyse toxicologique a mis en évidence uniquement du
clenbutérol et du stanozolol. Le clenbutérol a été identifié dans le sang (1,1 ng/mL), les urines (7,2
ng/mL), la bile (2,4 ng/mL), le contenu gastrique (3,2 ng/mL) et les cheveux (23 pg/mg). Quant au
stanozolol, il a été identifié uniquement dans les cheveux (11 pg/mg). Les experts ont conclu a une

insuffisance cardiaque dans un contexte d’abus de SAA.
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Ce cas est un exemple de l'intérét de travailler en collaboration avec les forces de I'ordre, les
médecins légistes mais également avec les anatomopathologistes lorsque cela est possible [Article

12].

100



Article 12 : Complete post-mortem investigations in a death involving clenbuterol after long-term
abuse
Pascal Kintz, Laurie Gheddar, Alice Ameline, Véronique Dumestre-Toulet, Marion Verschoore, Julien
Comte, Jean-Sébastien Raul
Journal of Analytical Toxicology. 2019 ;43(8) :660-665.
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Abstract

The body of a 61-year-old man was found at his home by his wife, lying on the floor, near the
bathroom, around midnight. He was known to be training for bodybuilding, using anabolic steroids.
Police investigations revealed the presence of two types of tablets at home, one supposed to
contain clenbuterol (0.040 mg) and the other stanozolol (10 mg). Testing the tablets revealed
different dosages from what was expected, i.e., 0.073 and 11.5 mg/tablet, for clenbuterol and
stanozolol, respectively. External body examination and autopsy, which was performed the next
day, revealed generalized organ congestion and lack of any traumatic injury (confirmed by radiol-
ogy). Cardiomegaly, with a heart weighing 692 g, was obvious. Anatomic pathology tests did not
reveal evidence of malformations, but atheromatous plaque was identified in the coronaries during
complete histology investigations. Femoral blood, urine, bile, gastric contents and two strands of
hair (6 cm) were collected for toxicology. These specimens were submitted to standard analyses,
but also to a specific LC-MS-MS method for clenbuterol and stanozolol testing. Clenbuterol was
identified in all the tissues, including femoral blood (1.1 ng/mL), urine (7.2 ng/mL), bile (2.4 ng/mL),
gastric content (3.2 ng/mL) and hair (23 pg/mg). Stanozolol only tested positive in hair (11 pg/mg).
All other analyses were negative, including blood alcohol and drugs of abuse. The pathologists
concluded to cardiac insufficiency with support of cardiomegaly, in a context involving repetitive
abuse of anabolic drugs. This case indicates that more attention should be paid to clenbuterol, a
drug widely used as a stimulant by people who want to lose weight, athletes and bodybuilding
practitioners.

OXFORD

Introduction

Clenbuterol is a long-acting, oral f2-adrenergic partial agonist that
stimulates the receptors to relax bronchial smooth muscle, inhibits
the release of inflammatory mediators, decreases mucus production
and may increase the rate of mucociliary transport in the airways. In
addition, clenbuterol decreases body fat and increases muscle mass,
which has prompted its abuse in the athletes and, particularly, in the
bodybuilders community. Abuse has also been observed in subjects

who want to lose weight (1). Clenbuterol is often presented as a
substitute for anabolic steroids (2).

Currently, there is no human indication for clenbuterol, either
in the USA or in most European countries. Some countries can
sell it as a prescription drug for the treatment of acute asthma
exacerbations. Several case reports, involving users of clenbuterol-
adulterated heroin (3), subjects eating contaminated livestock (4), and
mostly bodybuilders (5-7) to gain mass or to lose weight, have been
described in the scientific international literature.

© The Author(s) 2019. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oup.com
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Proposed for the treatment of reactive airway disease, clenbuterol
has a similar chemical structure of salbutamol, but is 100 times more
potent. Its anabolic properties, and therefore its use as a performance-
enhancing drug have resulted in numerous adverse analytical findings
(AAF) during doping control. For example, in 2017, the World Anti-
Doping Agency (WADA) reported 294 AAFs (7.2%) for clenbuterol
over a total of 4076 AAFs (8).

Athletes can abuse clenbuterol using a tablet dosed at 40 pg,
once or twice daily, but the drug is also available as syrup, injectable
solutions and aerosols. In case of overdose, clenbuterol toxicity is
first observed with headache, tachycardia, agitation, palpitations
and tremor. At increased dosages, myocardial ischemia, as well as
hypo-kalemia, lactic acidosis and hyper-glycemia can be observed.
Other symptoms can be seizures, vomiting, anxiety or psychosis,
myocardial infarction, ventricular arrhythmias or rhabdomyolysis
(5=7, 9, 10). Even at low dosage (20 pg), clenbuterol can produce
sinus tachycardia and electrolyte derangement (11).

In most of the intoxication cases, clenbuterol was not tested
in biological fluids, thus a true ‘therapeutic’ or ‘toxic’ range of
concentrations is difficult to obtain. Analytically confirmed reports
of clenbuterol use are relatively rare, probably due to the very
low concentrations found in blood or other biological specimens.
Clenbuterol concentrations (n = 12) ranged from not detectable
to 76 ng/mL in blood collected from contaminated heroin abusers
(3). In a more recent series (12), clenbuterol serum concentrations
(n = 7) ranged from 3 to 38 ng/mL caused by an adulterated heroin.
Clenbuterol post-mortem concentrations in human specimens other
than blood have never been reported.

The authors present here a fatal case involving clenbuterol, abused
by a 61-year-old man for bodybuilding purposes.

Case report

The body of an athletic 61-year-old man (1.8 m tall, weighing 110 kg)
was found at home by his wife around midnight, lying on the floor
near the bathroom. She reported that her husband had experienced
nausea and vomiting the evening before death. He was known to be
training as a bodybuilder at a fitness center, using anabolic steroids at
various intervals for at least 15 years. The day prior to his death, he
had reportedly consumed several tablets (impossible to be more pre-
cise). Police investigations at home revealed the presence of two types
of tablets (Figure 1A and B): one containing clenbuterol (Clenox,
Malay Tiger, 0.04 mg) and the other containing stanozolol (Stanox,
Malay Tiger, 10 mg). One tablet of each drug was tested at the
laboratory by LC-MS-MS after weighing, crushing and appropriate
dilution with methanol in presence of their deuterated analogs, and
the dosages did not match the labels. The laboratory found 0.073
and 11.5 mg/tablet for clenbuterol and stanozolol, respectively. Other
batches of these tablets were tested by the French national laboratory.
Clenbuterol was identified at 0.22 mg/tablet, much more than the
supposed dosage, while stanozolol was identified at 0.6 mg, much
less than the supposed dosage. This prompted the French Agency of
Pharmaceutical Security (ANSM) to release a press warning, alerting
the public to the health dangers of using both products (13).
External body examination and autopsy, performed the next day,
revealed generalized organ congestion and the lack of any traumatic
injury (confirmed by radiology). Cardiomegaly, with a heart weighing
692 g, was obvious (normal weight for a male adult is in the range
250-350 g). Anatomic pathology tests did not evidence malforma-
tions, but atheromatous plaque was identified in the coronaries. They
were associated with metastatic calcification. Pulmonary oedema

2
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Figure 1. Pictures of confiscated tablets found at the home: (A) clenbuterol
(Clenox) and (B) stanozolol (Stanox).

was also observed during the histology investigations. Non-specific
congestion of liver and kidney was also noticed.

Femoral blood, urine, bile, gastric contents and two strands of
hair (6 cm, dark) were collected for toxicology. All specimens but
hair were stored at +4°C until analyses.

Material and methods

Toxicological initial screening

The case specimens were subjected to the laboratory’s normal
post-mortem toxicological screening battery. Ethanol was tested
in blood and urine by head space GC/FID on a Perkin Elmer
system (TurboMatrix 40 & Clarus 580) using a standard validated
procedure. Carboxyhemoglobin was determined with a Radiometer
ABLSO0. Volatiles and cyanides were tested by head space GC/MS
on a Thermo system (Focus GC & DSQII) using standard validated
procedures. ELISA tests for pharmaceuticals and drugs of abuse
were achieved on blood and urine using NeoGen kits using the
recommendations of the manufacturer. GHB was tested by GC/MS
on an Aglilent 5971. Ethyl glucuronide was tested by LC-MS-
MS on a Waters Quattro Micro. A comprehensive screening for
pharmaceuticals and drugs of abuse, including New Psychoactive
Substances (NPS) was performed on blood using LC/MS-MS (Waters
Xevo TQD system). Due to the nature of the case, clenbuterol
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and stanozolol were specifically tested by an Multtiple Reaction
Monitoring (MRM) method using LC/MS-MS.

Clenbuterol analysis

Clenbuterol was extracted from 1 mL of fluid (blood, urine, bile,
gastric content) in presence of 10 ng of clenbuterol-dg used as internal
standard, with 1 mL borate buffer pH 9.5 and § mL of a mixture of
ether/dichloromethane/hexane/isoamyl alcohol (50/30/20/0.5). After
extraction, centrifugation and evaporation to dryness, the residue
was reconstituted in 30 pL of ammonium formate buffer adjusted
at pH 3.

Hair analysis of clenbuterol was performed after decontamination
with dichloromethane. Twenty milligrams of cut hair were incubated
overnightat 50°C in 1 mL borate buffer pH 9.5, in presence of 200 pg
of clenbuterol-dg. After incubation, the mixture was extracted as
blood.

Chromatography was achieved using a Waters HSS C18 column
(150 x 2.1 mm x 1.8 pm) maintained at 50°C in a thermostati-
cally controlled enclosure. A gradient elution was performed using
formate buffer adjusted to pH 3 (mobile phase A) and 0.1% formic
acid in LC/MS-grade acetonitrile (mobile phase B) at flow rate of
0.4 mL/min. The initial gradient was 87% mobile phase A and the
final gradient, at 15 min, was 5% mobile phase A. An injection
volume of 2 pL. was used in all cases. A Xevo triple quadrupole mass
spectrometer was used for the detection of the drugs. Ionization was
achieved using electrospray in the positive ionization mode (ES+).

The following conditions were found to be optimal for the
analysis of clenbuterol and the internal standard: capillary voltage at
1.5 kV, source block temperature at 150°C, desolvation gas nitrogen
heated at 600°C and delivered at a flow rate of 1000 L/h. In order
to establish appropriate multiple-reaction monitoring condition, the
cone voltage was adjusted to maximize the intensity of the protonated
molecular ion and collision-induced dissociation of both species was
performed. Collision energy was adjusted to optimize the signal for
the 2 most abundant product ions of clenbuterol: m/z 279.1 > 204.9
(Collision Voltage (CV): 30 V, Collision Energy (CE): 16 eV) and
279.1 > 131.9 (CV: 30 V, CE: 16 eV) and the most abundant product
ion of internal standard m/z 286.1 > 203.9 (CV: 26 V, CE: 16 eV).
Transition m/z 279.1 > 204.9 was used for quantification of clen-
buterol. Although the molecular weight of clenbuterol is 277.1 g/mol,
the method development report (IntelliStart, Waters) indicated, after
drug infusion, a parent m/z at 279.1. MassLynx 4.1 software was
used for quantification.

Linearity was observed in blood for clenbuterol concentrations
ranging from 1 to 100 ng/mL, with a correlation coefficient of 0.9999.
The limit of detection was estimated to be 0.1 ng/mL, with an S/N
ratio of 3. Quality Controls (QC) samples (5 ng/mL and 20 ng/mL),
analysed in duplicate in six independent experimental assays, were
used for determination a coefficient of variation for precision. These
CVs were lower than 20%. Other liquid matrices were tested using
the blood calibration.

Linearity was observed in hair for clenbuterol concentrations
ranging from 1 to 100 pg/mg, with a correlation coefficient of 0.9989.
The limit of detection was estimated to be 0.1 pg/mg, with an S/N
ratio of 3. QC samples (5 pg/mg and 20 pg/mg), analysed in duplicate
in six independent experimental assays, were used for determination
a coefficient of variation for precision. These CVs were lower than
20%.

Under the used chromatographic conditions, there was no inter-
ference with the analytes by chemicals or any extractable endogenous

materials present in blood or in hair. Recoveries (after spiking the
specimens) of clenbuterol for both blood (at 10 ng/mL) and hair (at
10 pg/mg) were ~75 %, which was found suitable for the purposes of
the post-mortem tests. Once in the auto-sampler, analytes were found
stable for at least 48 hours.

Stanozolol analysis

The method for stanozolol was modified from our previous paper
(14). Briefly, stanozolol was extracted from 1 mL of fluid (blood,
hydrolysed urine with §-glucuronidase, bile, gastric content) in pres-
ence of 20 ng of stanozolol-d; used as internal standard, with
1 mL 1 M natrium hydroxide solution and 5 mL of ether. After
extraction, centrifugation and evaporation to dryness, the residue was
reconstituted in 30 pL of ammonium formate buffer adjusted at pH 3.

Hair analysis of stanozolol was performed after decontamination
with dichloromethane. Thirty milligrams were incubated for 15 min
at 95°C in 1 mL 1 M natrium hydroxide solution, in presence of
300 pg of stanozolol-d3 and then, the mixture was extracted as blood.

Collision energy was adjusted to optimize the signal for the two
most abundant product ions of stanozolol: m/z 329.3 > 81.1 (CV:
86 V, CE: 44 ¢V) and 329.3 > 121.1 (CV: 86 V, CE: 44 ¢V) and the
most abundant product ion of internal standard m/z 332.3 > 81.1
(CV: 80 V, CE: 52 eV). Transition m/z 329.3 > 81.1 was used for
quantification of stanozolol.

Linearity was observed in blood for stanozolol concentrations
ranging from 1 to 50 ng/mL, with a correlation coefficient of 0.9956.
The limit of detection was estimated to be 0.1 ng/mL, with a S/N
ratio of 3. QC samples (5 ng/mL and 20 ng/mL), analysed in duplicate
in six independent experimental assays, were used for determination
a coefficient of variation for precision. These CVs were lower than
20%. Other liquid matrices were tested using the blood calibration.

Linearity was observed in hair for stanozolol concentrations
ranging from 5 to 200 pg/mg, with a correlation coefficient of
0.99897. The limit of detection was estimated to be 0.5 pg/mg, with
an S/N ratio of 3. QC samples (10 pg/mg and 50 pg/mg), analysed
in duplicate in six independent experimental assays, were used for
determination a coefficient of variation for precision. These CVs were
lower than 20%.

Under the used chromatographic conditions, there was no inter-
ference with the analytes by chemicals or any extractable endogenous
materials present in blood or in hair. Recoveries of stanozolol for both
blood (at 10 ng/mL) and hair (at 10 pg/mg) were ~75%, which was
found suitable for the purposes of the post mortem tests. Once in the
auto-sampler, analytes were found stable for at least 48 hours.

Results and discussion

Ethanol tested negative in blood and urine. Ethyl glucuronide tested
negative in urine. GHB was normal (4.1 mg/l) in blood. ELISA
screenings were negative for pharmaceuticals and drugs of abuse.
HbCO was 1.1%, and cyanides were at physiological concentrations
(<80 ng/mL). The screening of blood by LC/MS-MS was negative.
However, when testing the blood for clenbuterol and stanozolol
by MRM, clenbuterol was identified at 1.1 ng/mL. Given this low
concentration, it is not surprising that a screening method will
not detect the drug. After a single administration of a 40 pg oral
dose, the plasma level of clenbuterol reached maximum values of
0.2 ng/mL within 2.5 hours (15). After repeated administration of
40 pg oral doses twice daily, an average steady-state plasma level of
0.5-0.6 ng/mL has been observed in three healthy adults (15). In the
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Figure 2. Chromatograms obtained after extraction of the hair of the victim. (A) Clenbuterol concentration was 23 pg/mg. From top to bottom: two transitions

for ol and one ition for
transition for stanozolol-d3.

ol-dg. (B) ol

later study, the half-life of clenbuterol in plasma was estimated to be
35 hours. A 17-year-old adolescent who took 4000 pg with the goal of
losing weight and was hospitalized for sinus tachycardia had a serum
clenbuterol concentration of 5.9 ng/mL 7 hours post-ingestion. On
the second day, her serum clenbuterol concentration was 2.6 ng/mL

was 11 pg/mg. From top to bottom: two transitions for stanozolol and one

(16). In our case, low clenbuterol concentrations were also measured
in urine (7.2 ng/ml), bile (2.4 ng/ml) and gastric content (3.2 ng/ml).
It was not possible to back-calculate the total amount of clenbuterol,
as the volume of the gastric content was not measured. All the data
are presented in Table 1. The concentration found in the urine is
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Table 1. Post-mortem Distribution of Clenbuterol and Stanozolol

Specimen Clenbuterol Stanozolol
Femoral blood 1.1 ng/mL Not detected
Urine 7.2 ng/mL Not detected
Bile 2.4 ng/mL Not detected
Gastric content 3.2 ng/mL Not detected
Hair 23 pg/mg 11 pg/mg

not surprising, as the cumulative urinary excretion of unchanged
compound corresponded to ~20% of the administered dose as
measured at 72 hours following a single oral administration (15).
This is the first time that clenbuterol distribution is presented in a
post-mortem bile specimen. A 2-fold concentration increase between
blood and bile was observed. Bile sequestration of clenbuterol was
already published in Holstein calves (17). No stanozolol was detected
in blood, nor in any other bio-fluid, which should be consistent with
a lack of exposure within the last days of life. There was no attempt to
test the urine for 3-OH-stanozolol nor for the long-term metabolites
of stanozolol, such as stanozolol glucuronide or stanozolol O- and
N-sulfate metabolites as these drugs are not available as reference
material for non-WADA laboratories.

The hair specimen (6 cm, dark) tested positive for both clenbuterol
at 23 pg/mg and stanozolol at 11 pg/mg. Hair chromatograms are
presented Figure 2A and B. A length of 6 cm can be representative
of the past 6 months, assuming a growth rate of 1 cm per month.
Clenbuterol was identified in the hair of contaminated subjects
(Mexican soccer players) at low concentrations, between 0.02 and
1.90 pg/mg (18). In contrast, clenbuterol tested positive in the hair
of six bodybuilders, at concentrations ranging from 15 to 122 pg/mg
(19). Therefore, one can consider that the result of the hair test of the
victim is in accordance with performance-enhancing practices on a
long-term basis. The measured stanozolol concentration in the hair
of the victim is in the range of previously published concentrations:
2-84 pg/mg [n = 4 (19)], 135156 pg/mg [n = 2 (20)] and 17~
1992 pg/mg [n = 9 (21)]. Stanozolol, 17a-methyl-17b-hydroxy-
Sa-andros-tano-(3,2-C)-pyrazole, has been one of the most abused
anabolic steroids and is the unique drug of this class with a nitrogen
atom in its chemical structure. For example, stanozolol ranked first
in the S1.1 anabolic agents of the 2017 AAFs list of WADA (8),
i.e., 284 cases from 4076, corresponding to 7% of the total AAFs.
Athletes use stanozolol because it has been claimed that it increases
lean body mass, increases strength, increases aggressiveness and leads
to a shorter recovery time between workouts. The drug is available in
oral and injectable forms, under the trade name Winstrol. Stanozolol
has a particular chemical structure versus the other anabolic andro-
genic steroids, as it contains two nitrogen atoms. The structure
of stanozolol differs from endogenous steroid hormones and from
commercially available anabolic steroids as there is a pyrazole ring
fused to the androstane ring system. As a consequence, stanozolol
is less lipophilic than many other steroids (particularly those in the
injectable form and/or in the ester forms) and therefore less prone to
lipid deposition.

The combination of clenbuterol and stanozolol can be considered
as a synergetic preparation. In this case, it was of paramount impor-
tance to test for both drugs in hair in order to document the case and
the possible side effects responsible for enhancing the fatal process.
Only clenbuterol was detectable in blood, at low concentration, and

stanozolol was not identified. The use of hair allowed to have a
parallel between heart disease with long-term anabolic drug abuse.

Although abused for increasing body mass, this mixture is likely
to have played a major role in the final fatal outcome. It has been
published that this combination can be the cause of myocardial
infarction, even with normal coronary arteriograms due to coronary
spasm (22). The misuse of these drugs is associated with serious
adverse effects to different organs, and it has been reported that
rapidly progressive dilated cardiomyopathy and acute hepatic injury
can occur in a very short period of time, i.e., within a few days after
starting abuse (23).

In the absence of traumatic cause of death and given the toxi-
cological and histological investigations, the pathologists concluded
to cardiac insufficiency with support of cardiomegaly, in a context
involving repetitive abuse of anabolic drugs.

Conclusion

Toxicologists and forensic pathologists should be aware of possible
abuse of clenbuterol as a product proposed to lose weight or to
enhance athletic performance, even in subjects older than 60 years.
The possibility of cardiac insufficiency in a subject suffering from
silent cardiomegaly in the presence of occlusive coronary artery
disease must be documented by complete autopsy and anatomic
pathology tests. A comprehensive toxicological screening, targeting
all the performance-enhancing drugs is of paramount importance in
these types of cases, as clenbuterol and anabolic steroids are seldom
tested and blood concentrations are generally very low. Even abused
alone, clenbuterol (16) or stanozolol (24) will increase the risk of
cardiovascular disease. Therefore, monitoring all the drugs with a
cardiac tropism, even indirectly, is of importance when the death is
unexpected, particularly in the bodybuilders’ population or subjects
who want to lose weight.

This fatal case demonstrates the absolute need of collaboration
between the active investigators, including police, forensic patholo-
gists (autopsy -+ anatomic pathology tests) and toxicologists. This is
particularly necessary as only very few case reports dealing with the
combination clenbuterol and steroids are available in the literature,
although these drugs are abused by millions of subjects.
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3.1.2. Les SARMs

Au cours des deux dernieres décennies une nouvelle famille de produits dopants, les SARMs, a
émergé. Les SARMs sont des ligands pouvant exercer sélectivement des effets agonistes et
antagonistes sur les récepteurs des androgenes.

La classe de médicaments des SARMs comprend une grande variété de structures chimiques et peut
étre classée en composés stéroidiens (YK-11, MK-0773) et non stéroidiens (ostarine, andarine, LGD-
4033, ACP-105) [Thevis, 2018].

lIs agissent de maniere sélective sur les récepteurs des androgenes des muscles et des os.
Contrairement aux SAA, ils ne lient pas sur les récepteurs des androgénes de la prostate et évitent
donc les effets secondaires associés, comme la virilisation.

Le premier SARM a avoir été développé est le bicalutamide, un anti-androgene, et a été développé
dans les années 1990 pour traiter le cancer de la prostate [Dalton, 1998].

D’apres les forums de consommateurs, les SARMs stéroidiens, sont moins appréciés du fait de leur
ressemblance avec les SAA au niveau de la structure chimique (figure 3) et donc de leurs potentiels

effets secondaires similaires.

Figure 3 : Testostérone (gauche), MK-0773 (a droite)

Néanmoins aucun SARM n’a d’AMM a ce jour. lls sont tous en essais cliniques a des stades plus ou
moins avancés dans le but de traiter des maladies musculaires (cachexie) ou osseuses (ostéropose) ;

pour certains, les essais cliniques ont méme été arrétés (figure 4) [Zhang, 2013 ; Christiansen, 2020].

108



Chemotype SARM Current status Company
Aryl propionamide Andarine Phase 1 GTx&Janssen
Aryl propionamide Osterine”™ Phase il GTx
(cancer cachexia)
Steroid MK-0773 Phase I Merck
(sarcopenia)
Quinofinone LGD-2226 Phase | (dis.) Ligand
Quinolinone LGD-2941 Phase | Ligand&TAP
(frailly & osteoporosis)
Quinolinone LGD-3303 Preparing Phase | Ligand
quinolinone LGD-4033 Preparing Phase |l Ligand
Bicyclic hydantoin BMS-564929 Phase | BMS&Pharmacopia
(age-related functional decline)
Unknown GSK-971086 Phase | GSK
(safety and tolerability)
Aniline ACP-105 Preparing tnal Acadia
Aniline RAD140 Preparing trial Radius

Figure 4: Etat des phases d'essais cliniques pour les SARMs en 2012 [Zhang, 2013]

Les SARMs non stéroidiens sont tres appréciés du grand public, dont la population féminine, car les
effets virilisants sont évités avec ces molécules.

lls présentent une bonne biodisponibilité orale due a leur structure chimique. Ils sont consommés
par voie orale, ce qui présente un avantage par rapport aux esters de SAA. Il en existe sous forme de
gélule, de comprimé et méme de liquide.

Néanmoins tres peu de données existent a leur sujet et les effets indésirables sur le long terme sont

tres mal connus. Leur achat ainsi que leur vente sont difficilement controlés.

3.2. Développement d’'une méthode analytique

Du fait de I'émergence de ces molécules, il m’a semblé important de développer une méthode
d’analyse spécifique et sensible dans les cheveux pour identifier les SARMs en circulation sur
Internet. De plus, il n’y avait aucune donnée dans la littérature sur l'identification des SARMs dans
des phaneres authentiques lorsque j'ai commencé ma thése en 2018.

Quelques données dans la littérature concernant l'identification des métabolites existent mais les
métabolites ne sont pas commercialisés.

J’ai donc développé une méthode permettant d’identifier 11 SARMs (réels et vendus comme tels)
dans les cheveux pour identifier les molécules « parents » dont : AC262536, ACP-105, andarine ou S-
4, LGD-4033 ou ligandrol, MK-0773, MK 677, ostarine ou S22 ou MK 2866, RAD 140 ou testolone,
S$23, GW501516 ou cardarine et SR-9009.

La cardarine et le SR-9009 sont deux modulateurs métaboliques vendus sur Internet comme étant
des SARMs. C’est pour cette raison qu’ils ont été ajoutés a la méthode spécifique de ces molécules.

En effet, il n’est pas rare pour un consommateur d’associer un réel SARM a la cardarine.
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Le bicalutamide-D, a été choisi en tant que standard interne du fait de la structure similaire avec les

SARMs non stéroidiens (figure 4).
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Figure 5 : Bicalutamide-D, (gauche) - Ostarine (droite)
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Les échantillons sont analysés par LC-MS/MS en 6 min. La méthode a été optimisée, développée et
validée. Les paramétres de la méthode sont décrits dans I'article ci-dessous. Cette méthode a été

soumise a publication et est en cours de relecture a ce jour :

Afin de répondre a une demande croissante de la part des sportifs de haut niveau pour prouver leur
bonne foi aprés un RAA de SARMs dans les urines, j'ai donc développée, optimisé et validé une
méthode de criblage ciblé et de quantification dans les cheveux. Cette méthode permet d’identifier 9
SARMs et 2 modulateurs métaboliques largement associés aux SARMs et vendus sur certains sites
internet comme étant des SARMs. Cette méthode a été appliquée a un cas de dopage, décrit dans
cet article, pour lequel de l'ostarine, de I'andarine et du S23 ont été identifiés avec des profils de
concentrations similaires. Il s’agit de la premiere identification du S23 dans les cheveux. Ce cas a mis
en évidence une pratique dopante ainsi qu’une probable contamination d’un supplément d’andarine

par de 'ostarine et du S23 [Article 13].
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Abstract: SARMs are a new class of doping drugs that emerged in sport since 2008. Easy
access on the Internet also leads to their misuse by amateurs. It seems important for a
laboratory of toxicology to develop a targeted screening of SARMs, given their health
risks.

A method has been developed and validated for the analysis in hair of 9 SARMs
(AC262536, ACP-105, andarine, LGD-4033, MK-0773, MK 677, ostarine, RAD 410 and
S23) and 2 other metabolic modulators (GW501516, SR9009), using liquid
chromatography coupled to tandem mass spectrometry. After addition of bicalutamide-
D 4 used as internal standard and incubation in phosphate buffer pH = 9.5, 20 mg of
hair samples were extracted with liquid/liquid extraction. Linearity was verified for all
compounds between 0.1-20 and 2000 pg/mg. LOD and LOQ were determined
between 0.1-20 and 0.5-50 pg/mg respectively, according to the various analytes.
Intra- and inter-day precision (CV < 20 %), matrix effects and recovery were evaluated
for all compounds with CVs < 20 %. The application and the interest of SARMs
screening was demonstrated in a doping case. Three SARMs were detected namely
andarine (120-1644 pg/mg), ostarine (1-9 pg/mg) and S23 (0.6-16 pg/mg) in 6x1 cm
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Highlights
e Development and validation of a rapid method for SARMs in hair using UHPLC-MS/MS

e Simultaneous analysis of 9 SARMs and 2 metabolic modulators in hair

e First identification of S23 in authentic human hair in a doping case

Abstract

SARMs are a new class of doping drugs that emerged in sport since 2008. Easy access on the Internet
also leads to their misuse by amateurs. It seems important for a laboratory of toxicology to develop a
targeted screening of SARMs, given their health risks.

A method has been developed and validated for the analysis in hair of 9 SARMs (AC262536, ACP-105,
andarine, LGD-4033, MK-0773, MK 677, ostarine, RAD 410 and S23) and 2 other metabolic
modulators (GW501516, SR9009), using liquid chromatography coupled to tandem mass
spectrometry. After addition of bicalutamide-D, used as internal standard and incubation in
phosphate buffer pH = 9.5, 20 mg of hair samples were extracted with liquid/liquid extraction.
Linearity was verified for all compounds between 0.1-20 and 2000 pg/mg. LOD and LOQ were
determined between 0.1-20 and 0.5-50 pg/mg respectively, according to the various analytes. Intra-
and inter-day precision (CV < 20 %), matrix effects and recovery were evaluated for all compounds
with CVs < 20 %. The application and the interest of SARMs screening was demonstrated in a doping
case. Three SARMs were detected namely andarine (120-1644 pg/mg), ostarine (1-9 pg/mg) and S23
(0.6-16 pg/mg) in 6x1 cm segments of the subject.

Keywords: SARMs, modulator metabolic, hair, UHPLC-MS/MS, HRMS
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1. Introduction

In recent years, a new family of doping agents, named selective androgen receptor modulators
(SARMs), has emerged. The class of SARMs includes a wide variety of chemical structures and can be
classified into steroidal (example: MK-0773) and non-steroidal (example: ostarine, andarine)
compounds [1].

The first SARMs were developed in the 1990s based on a non-steroidal anti-androgen, named
bicalutamide, to fight diseases manifested by muscle loss (e.g., cachexia, sarcopenia) or osteoporosis
[2]. They have similar properties to androgenic anabolic steroids (AAS) but have less marked
androgenic properties. They activate the androgen receptors in muscles and bones selectively and
avoid the appearance of side-effects (e.g., virilization). On the opposite of AAS, they also have good
oral bioavailability. It should be noted that today, all SARMS are still in clinical trials without any
therapeutic indication [3].

Since 2008, these products have been banned in-and-out of competition by the World Anti-Doping
Agency (WADA) and classified as other anabolic agents (class S1.2). They are increasingly used by top
athletes, as evidenced by the WADA statistics. In 2015, they accounted for only 32 from 3809 of
adverse analytical findings (AAF), compared to 142 from 4180 in 2019 [4].

Like AAS, the misuse of SARMs could extend to the general public as they are easily available on the
Internet. Therefore, it seems important for a toxicology laboratory to develop a screening method to
identify SARMs. Contrary to urine, in which it is necessary to test for metabolites that are not
generally marketed, hair analysis seems to be the gold choice because the target analyte in hair is
often the parent molecule. Furthermore, hair specimens allow increasing the window of detection,
to document the consumption pattern when segmentation is possible and to trace back a possible
source of contamination.

In this study, the authors focused on SARMs available on the Internet. Among these SARMs, two are
classified as metabolic modulators (GW501416, SR9009) and categorized as SARMs by users and
sellers. Therefore, the authors decided to include them in the screening. GW501516 or cardarine is a
peroxisome proliferator-activated receptor delta (PPARS) agonist. It acts on the receptor to increase
fat-burning capacity and muscle production. SR9009, also known as stenabolic, is REV-ERB agonist. It
increases fat-burning, muscle production and endurance. These two products have been prohibited
by the WADA and are classified as S4. hormone and metabolic modulators. In 2019, GW501516 and
SR9009 represented 32 cases and 2 cases on 362 of AAF, respectively [4]. Moreover, Leaney et al. [5]
have detected these two compounds in SARMs tablets purchased on the Internet. Indeed, some
products are associated with GW501516 and/or SR9009; this is the case for capsules that include
andarine, GW501516 and SR9009. In addition, in this previous study, GW501516 was found in one
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tablet for which it was not declared on the product label. This capsule was supposed to contain RAD-
140, LGD-4033 and ostarine [5].

In this paper, the authors describe the development and the validation of a screening method for 9
SARMs and 2 metabolic modulators (categorized as SARMs on the Internet) in hair and apply it to a

real doping case.

2. Material and method

2.1. Chemicals and reagents

Andarine (S-4), ACP-105, GW501516 (GW1516), Ostarine (S-22 or enobosarm), S23, RAD 140
(testolone), MK 677 (ibutamoren), SR 9009 and bicalutamide-D, were obtained from Toronto
Research Chemicals (Toronto, Canada). Ligandrol (LGD-4033) and AC262536 were obtained from
Cayman Chemical (Ann Arbour, USA) and Sigma-Aldrich (Saint-Louis, USA) respectively. MK-0773
(Dynamic Performance) was obtained on the Internet. Ammonium formate 99 % was provided by
Alfa Aesar (Schiltigheim, France). Dichloromethane was purchased from Merck (Darmstadt,
Germany). Methanol for HPLC LC-MS Grade (MeOH), acetonitrile for HPLC LC-MS Grade (ACN) and
formic acid were purchased from VWR Chemicals Prolabo (Fontenay-sous-Bois, France). Diethyl ether
was purchased from Honeywell Riedel-de Haén (Seelze, Germany). HPLC-grade acetonitrile (ACN),
methanol (MeOH), dichloromethane, hexane and ethyl acetate were obtained from Merck
(Darmstadt, Germany). Water for the formate buffer (eluent A for chromatographic separation) was
purified using a Milli-Q system (Millipore) (Molsheim, France).

The standard solutions, prepared in MeOH, were stored at -20 °C or at + 4°C according to the supplier

recommendations.

2.2. Instrumentation

2.2.1. UHPLC-MS/MS analysis

Chromatographic separation was performed with a liquid chromatography Waters Acquity UPLC™
system (Waters corporation, Milford, MA, USA) using an Acquity UPLC HSS C18 column (150 mm x
2.1 mm, i.d. 1.8 um particle size). The column temperature was set to 50°C, and the flow rate at 0.4
mL/min. A gradient elution was performed using formate buffer adjusted to pH 3 (eluent A) and 0.1%
formic acid in acetonitrile LC-MS (eluent B). Analysis time was 6.0 min and the following gradient
pattern (eluent A) was used for the separation of SARMs and bicalutamide-D,, used as internal
standard (IS): 0 min, 60%; 0.5 min, 60%; 1.50 min, 5 %; 3.0 min, 5%; 4.00 min, 60%; 6.00 min, 60%.
Retention times are presented in table 1.

Detection was performed using a triple quadrupole (XEVO™ TQS micro, Waters Corporation, Milford,

MA, USA) mass spectrometer equipped with a Z-spray™-electrospray ionization source (ESI) and

Page 3 sur 18

115



used in the positive and negative mode (ES+/ES-). Nitrogen was used as drying gas as well as
nebulizing gas. Parameters were optimized during the development period. The desolvation gas flow
was set to 800 L/h and the desolvation temperature was 550°C. The source temperature was 150°C.
The capillary voltage was tested and set at 1.50 kV (ES-) and 3.0 kV (ES+). Cone voltage and collision
energy were automatically adjusted to optimize the signal of the 2 most abundant product ions of
SARMs and bicalutamide-D, using Intellistart software. Transitions, cone voltage and collision energy

are resumed in table 1. MassLynx 4.1 software was used for identification and quantification.

2.2.2. HRMS analysis

HRMS system enables to confirm the presence of SARMs in samples targeting the exact mass.
Chromatographic separations were performed with identical equipment than UHPLC-MS/MS. The
applied parameters (column temperature, mobile phase, gradient pattern) were the same compared
to UHPLC-MS/MS system.

For the analysis of the doping case described in 5.2 section, the gradient pattern was different as
follow: 0 min, 50%; 0.5 min, 50%; 1.50 min, 5 %; 2.5 min, 5%; 3.00 min, 50%; 4.00 min, 50% to
analyse only ostarine (tz=1.91 min), andarine (tg=1.67 min) and S23 (tz=2.24 min).

Detection was performed using a high-resolution (XEVO™ G2XS Q-TOF, Waters Corporation, Milford,
MA, USA) mass spectrometer operating in positive-and negative-ion mode and in sensitivity mode.
The desolvation gas flow was set to 600 L/h at a temperature of 400 °C with the cone gas set to 20
L/h and the source temperature set to 150 °C. The capillary voltage and the cone voltage were set to
2000 (ESI +) / 800 (ESI -) and 20 V, respectively. Leucine-enkephalin was used as the lock mass (m/z
556.2766 - m/z 554.2620) for accurate mass calibration and introduced using the lockspray interface
at 10 pl/min and a concentration of 200 pg/uL in 50% aqueous ACN, 0.1 % formic acid. In MS
scanning, data were acquired from 50 to 1000 m/z. As for MS/MS fragmentation of target ions,
collision energy ranging from 10 to 40 V was applied. Unifi software was used for data,

chromatograms and spectra acquisition.

2.3. Sample treatment

The hair strands were decontaminated twice with 5 mL of dichloromethane for 1 min at room
temperature and dried. For the validation, hair was obtained from the staff of laboratory and verified
to be negative.

20 mg of decontaminated hair were used for analysis. In order to integrate the analysis of SARMs
into the laboratory routine, four extraction methods, commonly used in our laboratory, were tested

at the concentration of 100 pg/mg in triplicate.
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(1) The first consisted of incubation of hair in 1 mL borate buffer pH 9.5 for 15 h at 40 °C, in the
presence of 250 pg of bicalutamide-D,. After cooling, 5 mL of the mix solution
(ether/dichloromethane/hexane/isoamylic alcohol (50/30/20/0.5)) were added. After agitation for
15 min and centrifugation (15 min, 3000 rpm), the organic phase was collected and evaporated to
dryness under a nitrogen flow. The dry residue was dissolved in 30 pL of initial mobile phase.

(2) The second method tested was described by Kintz et al. for anabolic steroid analysis in hair [6].
250 pg of bicalutamide-D, were used and no derivatization step was applied.

(3) The third method was described by Gheddar et al. for stanozolol analysis [7]. Instead of
stanozolol-Ds, bicalutamide-D, was used as IS.

(4) Finally, a fourth method was tested. It consisted of incubation of hair in 1 mL of MeOH, in the
presence of 250 pg of bicalutamide-D,, in an ultra sound bath for 2 hours. After cooling, MeOH was
evaporated and the dry residue was dissolved in 30 puL in MeOH.

Area at 100 pg/mg from methods 2, 3 and 4 were compared for each compound to method 1.

3. Method validation

The validation process was applied to the extraction method chosen by the authors (section 5.1).

3.1. Determination and evaluation of linearity, LOD and LOQ

A nine-point calibration curve (n = 3) was obtained by spiking blank hair at 0.1, 1, 5, 10, 50, 100, 200,
500 and 2000 pg/mg. The limit of quantification (LOQ) was defined as the first point of calibration.
The limit of detection (LOD) was the lowest concentration of analyte that could be detected with

signal to noise ratio superior to 3.

3.2. Intra and inter — day precision

For the intra-day precision, three quality controls (QC) at 10, 100 and 500 pg/mg were evaluated 5
times. And for the inter-day precision, QCs at 3 levels of concentration are evaluated on three days
spread over two weeks. The laboratory will accept coefficients of variation (CV) of less than 30% for

the 10 pg/mg controls and less than 20% for the 100 and 500 pg/mg controls.

3.3. Matrix effect

With respect to matrix effect, hair blank specimens collected from different subjects of the
laboratory (n = 5) were extracted and 10 pL of standard solution of mixture of SARMs (1 mg/L) was
added at the end of extraction. These specimens were compared to 10 pL of standard solution of

mixture of SARMs in MeOH (1 mg/L).
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3.4. Recovery

It was not possible to establish suitable extraction efficiency in authentic hair due to the lack of
reference material available for validation. Nonetheless, authors wanted to approach and control the
extraction efficiency. To do that, 5 spiked hair samples at 500 pg/mg of SARMs were extracted and

compared to a standard solution of SARMs in MeOH at the same concentration (n=4).

4. Application to an authentic hair specimen

The method developed at the laboratory was applied to the case of a woman top athlete, a
practitioner of a combat sport (MMA), following an adverse analytical finding of ostarine in her urine
(around 1 ng/mL). The athlete did not admit the anti-doping rules violation and her lawyer requested
our laboratory for additional hair analysis in order to find an explanation. A lock of hair was collected
by the lawyer and sent to the laboratory. The hair was received in an envelope and stored at room
temperature and protected from UV light until the analysis. Hair was brown in colour and 20 cm in
longer. The lock of hair was oriented from root to the tip. Hair was segmented (6 x 1 cm to cover the

period of the urine control) and analysed according to the protocol of SARMs screening.

5. Results and discussion

5.1. Method validation

Validation of the screening of SARMs was achieved only with UHPLC-MS/MS because this is the gold
method for quantification. The choice of the UHPLC-MS/MS system was obvious because it is
necessary to use reverse phase to identify all analytes with different chemical structures. Accurate
mass spectrometry was used for qualitative confirmation.

Blank hair specimens from laboratory staff, used for validation method, were chosen after checking
the absence of response at the retention times of the various SARMs and the IS. It appears that
bicalutamide-D, is a good internal standard for the analysis of SARMs in hair thanks to its close
chemical structure with other SARMs as previously published in urine [8].

The optimization of the mass parameters was not a problem. MK-0773 was purchased on the
Internet at the dosage at 10 mg. This tablet was checked using HRMS to verify its composition. HRMS
proved the presence of MK-0773 with the mass exact of m/z [M+H] * of 480.2775 with a low mass
error (1.1 ppm). No other drug or SARM was detected in MK-0773 tablet. Therefore, theses tablet
was used as material reference. Chromatographic separation was tested to obtain the best of
resolution and peak separation (resolution superior than 1.5) and the time run faster. All analytes are
separated in 6 min.

For each analyte, the area after extraction 2, 3 and 4 were compared with the area from extraction 1.

The results are expressed as a gain or loss (in percentage) relative to the results of method 1 and are

Page 6 sur 18

118



summarized in table 2. The second method failed to identify MK-0773 and MK 677. But, it is
interesting to note that this method gave better reponses (area and signal/noise ratios) for most
compounds, especially for AC262536, ACP-105 and LGD-4033 with gain of 4.5 %, 2.9% and 4.1 %
respectively. The third method did not detect SR 9009 and RAD 140. In contrast to methods 2 and 3,
the first extraction allowed detecting all analytes.

The fourth method allow to detect all analytes but did not provide to obtain good chromatograms
with signal to noise ratios superior than 10 even for concentration at 100 pg/mg.

Therefore, method 1 was chosen for the simultaneous screening SARMs. Only the first method was

validated.

The linearity ranges, LOD and LOQ were resumed in table 3 for each compound. The method showed
a good linearity in the ranges defined in table 2 with correlation coefficients superior to 0.988. The
analysis showed good inter- and intra-day precisions for all analytes with CVs < 20% (table 3). Matrix
effect was established for all analytes and was evaluated between 75 and 130 %. However, the
matrix effect was similar in the five different tested matrices with a CV < 20%. Finally, recovery
extraction was established between 53 and 84% (table 3). It should be noted that the evaluation of
the extraction coefficient remains an approximate approach since there is no reference material with
certified concentrations.

For all but ACP-105, the limits of quantification were found satisfactory, given the method allows
identifying and quantifying simultaneously 11 analytes in hair samples within 6 minutes. The ion
chromatograms of 11 analytes and IS in a spiked hair at 100 pg/mg (for ACP-105) and 10 pg/mg (for
the other SARMs) are presented in figure 1.

Simultaneous analysis of SARM has been already described in urine and plasma [8-11]. Contrary to
urine and plasma, there are few data in literature on the analysis of SARMs in hair. Some authors
have reported data in equine hair. For example, Cutler et al. have identified AC262536 in equine hair
with a LOQ at 1 pg/mg [12]. Another method of quantification in equine hair for several AAS and
other products namely andarine, GW501516 and ostarine was published in literature with LOD at 0.2
pg/mg, 0.1 pg/mg and 0.1 pg/mg respectively [13]. Only two groups have reported data in human
hair. One was the group of Kintz et al. with the identification of ostarine between 3 and 168 pg/mg,
andarine between 0.1 and 0.7 pg/mg and LGD-4033 between 14 and 42 pg/mg [14-15]. In another
paper, Kintz et al. reported GW501516 hair concentrations at 22 and 32 pg/mg after incubation in
MeOH [16]. Finally, Rading et al. identified GSK2881078 in human hair at 1.7 pg/mg [17].
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5.2. Application to an authentic hair specimen

The hair test results of athlete are described in figure 2. Ostarine was detected in all 6 segments, with
concentrations increasing from 0-1 cm to 1-2 ¢cm then decreasing from 1-2 cm to the tip, ranging
from 1 to 9 pg/mg. Ostarine was the identified agent during the urine control.

The screening revealed the presence of two other SARMs in hair, namely andarine and S23. They
were also detected in 6 segments, at concentrations between 120 and 1644 pg/mg for andarine, and
0.6 and 16 pg/mg for S23. The concentration patterns, presented in figure 2, are similar to those
observed for ostarine, with increasing concentrations from 0-1 cm to 1-2cm segment then decreasing
from 1-2 cm to the tip. The presence of these 3 SARMs was confirmed using UPLC-g-TOF-MS system
(figure 3) with mass error from -2.5 to -0.4 ppm. The laboratory accepted mass error < 5.0 ppm and a
time retention + 0.2 min compared to the reference material. Ostarine concentrations are in favour
of repeated exposure, but in view of the concentrations described in the literature (12 - 168 pg/mg)
[14-15], the concentrations could also be characteristic of environmental or dietary supplement
contamination. High concentrations of andarine can be interpreted as a doping practice. For S23,
there is no data available in the literature about its identification in hair.

In view of the high concentrations of andarine measured and the information available in the
literature, the presence of ostarine and S23 in the hair can be interpreted as a consequence of
contamination of andarine by these two products, in an andarine tablet. According to Leaney et al., a
single tablet or capsule can contain up to 5 different SARMs in the same item [5]. Switching a SARM
to another SARM has also been described for ostarine [18]. It is probably due to the same production
line that has also been demonstrated many times for contamination occurring with AAS [19].
Andarine and ostarine drugs are regularly identified as AAF in contrast to S23 that was found in urine
for the first time in 2019 by anti-doping laboratories [4]. Nonetheless, the presence of these three

molecules in the hair of this top athlete is in favour of doping attitude.

6. Conclusion

In view of the major emergence of SARMs in the field of sport and the interest that this class of drugs
has on the general public, the development of an analytical method dedicated to their identification
has become necessary. The authors presented a specific and rapid analytic method to 11 “true” and
categorized SARMs. This validated method allows in some cases to document the simultaneous
presence of several SARMs in the hair of a subject and to trace a possible source of contamination.

This is the first time that S23 was reported in human hair.
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Table 1: UPLC-MS/MS conditions for SARMs testing in hair samples

Analyte Type of compound TR (min) | Transition (m/z) | Cone (V) | CE (eV) ESI polarity
AC262536 SARM 2.75 279.1 > 195.0* 14 22 +
279.1>235.0 22
Andarine SARM 2.43 440.2 > 149.9* 2 36 -
440.2 > 261.0 36 20
ACP-105 SARM 2.92 291.2 > 233.0* 30 21 +
279.1>79.9 44 28
LGD-4033 SARM 2.80 337.1>170.0* 40 30 -
337.1>239.0 20
MK-0773 SARM 1.62 480.3 > 132.0* 88 40 +
480.3 > 149.1 30
MK677 SARM 1.80 529.4 >91.0* 4 52 +
529.4 > 267.2 18
Ostarine SARM 2.63 388.1>117.9* 8 18 -
388.1>269.1 14
RAD-140 SARM 2.54 394.2 >223.1* 36 10 +
394.2 >169.9 30
S23 SARM 291 415.1 > 144.9* 8 18 -
415.1>185.0 10 36
GW501516 Metabolic modulator 3.16 454.0 > 257.0* 58 30 +
(PPARS receptor agonist) 452.1>137.9 18 26 -
SR9009 Metabolic modulator 3.32 438.2 >124.9* 50 24 +
(Rev-ErbA agonist) 438.2 >89.2 78
Bicalutamide-D4 SARM 2.55 433.1>255.1 14 14 -
Page 13 sur 18
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Table 2: Gain or loss of areas (%) for method 2, 3 and 4 relative to method 1 (ND = non detected)

Method 2 Method 3 Method 4
AC262536 +45% +1.3% -0.3%
Andarine -04% -1.0% -1.2%
ACP-105 +2.9% +03% -0.1%
LGD-4033 +4.1% +0.5% -3.7%
MK-0773 ND -1.0% -2.8%
MK677 ND -0.1% -2.9%
Ostarine +1.7% -1.0% -0.8%
RAD-140 -0.6% ND -1.7%
S23 +19% -1.0% -1.9%
GW501516 +09% -0.6% +0.5%
SR9009 +13% ND -0.6%
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Figure 1: lon quantification chromatogram of SARMs in spiked hair at a concentration of 10 or 100 pg/mg
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3.3. Applications

3.3.1. Applications a des cas de dopage et de dossiers cliniques

La méthode développée et décrite dans la section précédente a été appliquée au laboratoire de

Strasbourg a plusieurs cas de dopage mais également a un cas clinique suite a une intoxication. La

famille des SARMs est en vogue dans le milieu sportif chez les athletes de haut niveau mais

également chez les sportifs amateurs. Ces travaux ont donné lieu a 4 publications :

Article 14 : Dans cet article, les auteurs rapportent 3 cas liés a une exposition répétée de SARMs :

Un homme de 26 ans a indiqué avoir consommé de I'andarine sur une période de 6 mois.
L’'homme a craint les conséquences de cette utilisation abusive. Il a donc demandé une
analyse de cheveux pour connaitre les concentrations dans les cheveux. L'analyse a montré
la présence d’andarine a des concentrations de 0,1 et 0,7 pg/mg. L’andarine a été retrouvé
dans deux segments consécutifs a des concentrations faibles. Cela peut correspondre a une
pratique dopante mais on ne peut connaitre ni les doses ni les fréquences d’utilisation.

Un homme de 24 ans a été arrété par la douane en possession de plusieurs plaquettes
d’ostarine. L'homme a déclaré que c’était pour sa consommation personnelle. Afin de savoir
si cela relevait d’un trafic ou d’une consommation personnelle, les douaniers ont demandé
des analyses dans les cheveux pour connaitre le profil de consommation. L'ostarine a été
retrouvé dans toute la meche du jeune homme avec des concentrations allant de 3 a 21
pg/mg correspondant a de la consommation répétée.

Un homme de 29 ans a été hospitalisé pour des troubles psychologiques apres la
consommation de multiples drogues. Il a déclaré consommé de maniere fréquente de la
cocaine, du ligandrol et de la 3-MMC. Les psychiatres ont demandé une analyse dans les
cheveux afin de vérifier les dires du patient. Le ligandrol a été retrouvé dans tous les

segments (14 - 42 pg/mg), ce qui correspond a un usage répété.

Article 15 : Dans cet article, les auteurs rapportent deux cas de dopage. Deux sujets sont arrétés par

la douane en possession de fioles d’ostarine sous forme liquide. Les deux sujets sont des sportifs

amateurs et affirment que I'ostarine est dédié a leur usage personnel. L'ostarine n’ayant aucune

indication thérapeutique, étant répertorié comme agent anabolisant (interdite depuis 2008 par

I’AMA), les douaniers ont considéré que l'ostarine faisant partie d’un trafic. Pour documenter une

exposition répétée, le juge a demandé une analyse dans les phanéres :

Sujet 1: les cheveux n’étant pas disponibles, les ongles de main et de pied ont été analysés.

L’ostarine était présente a 111 et 61 pg/mg.

131



e Sujet 2: une méche de cheveux a été prélevée et segmentée en 4 segments de 3 cm.
L'ostarine a été quantifiée de 93 a 168 pg/mg dans toute la méche.
L’analyse des phanéeres a mis en évidence une pratique dopante et a valider les propos des deux

sujets.

Article 16 : Le GW501516 ou cardarine est un agoniste du récepteur delta des proliférateurs des
peroxysomes (PPAR-6). L'activation de ce récepteur augmente la capacité de combustion des
graisses et la production de muscles. Le GW501516 n'a pas d'utilisation thérapeutique, mais peut
étre utilisé de maniére abusive pour améliorer les performances par voie orale, a des doses de 10 a
20 mg par jour, pendant 6 a 20 jours. Les athlétes et les amateurs peuvent abuser du GW501516 car
il est facile de se procurer ce médicament sur Internet. Depuis janvier 2009, la liste des substances et
méthodes de dopage interdites, établie par ’AMA, inclut le GW-501516. En quantifiant par LC/MS-
MS et en confirmant par LC/HRMS, la cardarine a été identifiée dans les cheveux d'un consommateur
a 32 et 22 pg/mg dans deux segments consécutifs de 2 cm. Ce résultat est la premiére identification

de la cardarine et montre que le composé acide est incorporé dans les cheveux.

Article 17 : Un homme de 43 ans, entraineur sportif, s'est présenté aux urgences d'un hopital local
pour des douleurs épigastriques, des myalgies et des maux de téte séveres. Il a déclaré avoir utilisé
pendant quelques jours une combinaison de GW501516 et d’ostarine pour augmenter la masse
musculaire. Une cytolyse avec une augmentation marquée de I'ALT (jusqu'a 922 Ul/L) et de I'AST
(jusqu'a 2558 UI/L) et une rhabdomyolyse massive avec une CPK élevée (jusqu'a 86435 Ul/L) étaient
les principaux paramétres biochimiques inhabituels observés. En utilisant une méthode spécifique
par LC-MS/MS, la cardarine et I'ostarine ont été testées positives dans le sang a 403 et 1 ng/mL,
respectivement.

Dans l'urine, en raison d'un métabolisme important, le parent GW501516 n'a pas été identifié, tandis
que l'ostarine était a 88 ng/mL. Enfin, les deux produits ont été identifiés dans les cheveux (2 cm,
brun), a 146 et 1105 pg/mg pour la cardarine et |'ostarine, respectivement. Les concentrations sont
en faveur d’un usage répété au cours des 2 derniers mois. L'asthénie a été persistante pendant deux
semaines. Six semaines apres |'admission et arrét de la consommation, le sujet s'est complétement

rétabli.

Les cas rencontrés montrent que l'utilisation des SARMs et du clenbuterol ne s’arréte plus aux
sportifs de haut niveau mais s’étend au grand public du fait de leur accés facilité par Internet et de

leurs faibles effets androgénes, ce qui les rend attractifs. Néanmoins, il y a un risque élevé pour la
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santé car les effets sur le long terme sont treés mal connus sauf la toxicité hépatique et la
rhabdomyolyse qui ont été observés dans le cas présenté dans I'article 17. L’analyse des cheveux a

permis de montrer une exposition sur le long terme et de caractériser une contamination par un

supplément.
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Article 14 : Perspective in evaluating selective androgen receptor modulators in human hair: a
short communication
Pascal Kintz, Laurie Gheddar, Alice Ameline, Jean-Sébastien Raul
Therapeutic Drug Monitoring. 2021 ; 43 :298-300.
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SHORT COMMUNICATION

Perspectives in Evaluating Selective Androgen Receptor
Modulators in Human Hair: A Short Communication

Pascal Kintz, PhD,*1 Laurie Gheddar, MS, 1 Alice Ameline, PhD, 7 and Jean-Sébastien Raul, PhD7

Background: As hair testing increases the window of drug
detection and permits the differentiation of long-term use from a
single exposure when performing segmental analyses (which also
allows establishing the pattern of use), this matrix should be
considered as a suitable complement to standard investigations in
clinical, forensic, and sport toxicology. The authors were recently
involved in 3 cases where hair analysis was used to demonstrate the
use of selective androgen receptor modulators (SARMs), including
ligandrol (LGD-4033), andarine (S-4), and ostarine (S-22). SARMs
are increasingly being abused as “safe” alternatives to steroids.

Methods: After decontamination using dichloromethane, hair
specimens were segmented, cut into very small segments
(<1 mm), incubated overnight in a buffer, and extracted using a
mixture of organic solvents. Drugs were tested using liquid
chromatography—tandem mass spectrometry and confirmed using
liquid chromatography/HRMS.

Results: The determined concentrations were as follows: ligandrol,
14-42 pg/mg; andarine, 0.1-0.7 pg/mg; and ostarine, 3-21 pg/mg.

Conclusions: To enhance performance, SARMs must be used on a
long-term basis, which can have serious clinical consequences,
including liver damage, myocardial infarction, and blood clots. Hair
testing for SARMs has additional benefits versus urine analysis as it
can detect the parent compound and numerous metabolites.

Key Words: SARMs, hair, doping, detection
(Ther Drug Monit 2021:43:298-300)

BACKGROUND

Selective androgen receptor modulators (SARMs) are a
new class of substances that have a high anabolic potency, in
addition to limited androgenic effects; it is this last property
that has increased interest in this new pharmacological class.
SARMs are known to lack steroid-related side effects on the
cardiovascular and hormonal systems, as well as the liver,
skin, and mood (psychiatric effects).! SARMs have been pro-
posed for the treatment of certain diseases (hypogonadism,
osteoporosis, and muscular atrophy); however, to date, no
SARM has demonstrated sufficient safety and efficacy to gain
clinical approval by either the European Medicines Agency or
the US Food and Drug Administration.> As SARMs can be
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potentially misused in sports to enhance performance, they
can attract athletes looking for power and strength improve-
ment without experiencing serious side effects. Although
SARMs are known to demonstrate few side effects, they
can cause liver damage, myocardial infarction, and blood
clots.? Recently, 2 cases of SARM-induced liver injuries have
been documented.*

In 2017, the U.S. Anti-Doping Agency published
warnings regarding the use of SARMs, highlighting the
dangers and risks associated with these drugs.® In 2018, ac-
cording to the World Anti-Doping Agency,® 4896 adverse
analytical findings (doping cases) were reported; among them,
406 belonged to the S1.2 group (other anabolic agents), includ-
ing 45 (11%), (6%) and 1 (0.2%) for ostarine (S-22 or MK-
2866), ligandrol (LGD-4033), and andarine (S-4), respectively.
A marked increase (+800%) was observed when compared
with the 2016 report and suggested that regulating their use
could pose a challenge. Furthermore, SARMs demonstrate the
potential for misuse as growth-promoting agents in livestock-
based farming. This can raise 2 issues: false-negative test
results in athletes could be observed on consumption of con-
taminated meat, and in addition, the long-term health conse-
quences after eating such meat have not been established.

SARMs are often illegally marketed as dietary supple-
ments despite their lack of safety approval, and a recent
study’ has indicated that the products present discrepancies
between the accuracy of product claims and content labeling.
The study has reported discrepancies ranging from a supple-
ment in which no active ingredient was detected to supple-
ments containing undeclared compounds. When SARMs
were detected, discrepancies were observed between the con-
centrations measured and those detailed on the product
packaging.

In recent years, hair specimens have been proposed to
document drug exposure in any situation in which a history of
past rather than recent drug use is desired. It allows the
establishment of a retrospective calendar of an individual’s
drug use. Segmental analysis can document the pattern of
drug exposure and allows the distinction between single and
repetitive use. A recently published review® has discussed the
interest and limitations of testing for performance-enhancing
agents in human hair. Although some deviations have been
observed among sports authorities, hair analyses can provide
additional elements to document a specific case, as in clinical
or forensic toxicology, where hair testing is a suitable com-
plement to standard investigations in blood and/or urine.

Given that SARMs can be easily obtained on the
Internet, one can anticipate an increase in requests for the

Ther Drug Monit * Volume 43, Number 2, April 2021
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identification of these drugs in biological fluids, particularly
when subjects are presenting with liver disease, skin pathol-
ogies, cardiac issues, or psychological disturbances.
However, these compounds have numerous urinary metabo-
lites that complicate specific identification. Indeed, for each
drug, more than 10 different metabolites have been identified
in the urine, with a variable window of detection.’
Furthermore, most of these metabolites are not commercially
available as reference standards, a situation that further com-
plicates their definitive identification. By contrast, in hair, the
target analyte is the parent compound, as observed by scien-
tists for 3 decades.

In this article, we presented 3 cases where various
SARMs were identified in human head hair.

CASE REPORTS

Case 1

The laboratory received the hair of a male subject (26-year-
old) who claimed the use oral andarine (50 mg/mL) on several
occasions for 6 months to improve his athletic performance. The
subject was afraid of possible misuse of other drugs present in the
supplement. The obtained hair sample was dark in color and 7 cm in
length.

Case 2

The subject (24-year-old) was arrested by Customs as several
blister packs of ostarine tablets (10 mg) were found in his luggage.
He claimed the drug was for personal use. To document possible
trafficking, a strand of his hair (brown in color and 8 cm in length)
was collected.

Case 3

The subject (29-year-old) was hospitalized for psychological
disturbances after the consumption of various recreational drugs. The
patient indicated repetitive abuse of snorted cocaine, oral ligandrol,
and 3-methylmethcathinone to improve his sexual performance over
the past year. Psychiatrists collected a hair strand (black in color and
6 cm in length) to verify his claims.

HAIR ANALYSIS

The hair specimens were analyzed according to the
procedure previously published by the laboratory.'*!! Briefly,
the whole hair strand was decontaminated with dichlorome-
thane, segmented, and each segment was cut into small pieces
of less than 1 mm. Fifty milligrams were incubated overnight
in buffer (pH 9.5), and SARMs were extracted using a mixture
of organic solvents. Liquid chromatography was performed
using a Waters (Milford, MA) Acquity HSS C18 column, with
a Xevo TQD triple quadrupole mass spectrometer used for
detection. Results were further confirmed using liquid chroma-
tography coupled to high-resolution mass spectrometry
(Waters Xevo G2XS Q-TOF). The limits of quantitation were
0.1, 0.1, and 1 pg/mg for ostarine, andarine, and ligandrol,
respectively. QC samples (10 pg/mg), analyzed in duplicate
in 6 independent experimental assays, were used for determin-
ing a coefficient of variation (CV) for precision. Precision CVs
were 13.8%, 14.6%, and 16.2% for ostarine, andarine, and
ligandrol, respectively.

Copyright © 2021 Wolters Kluwer Health, Inc. All rights reserved.

RESULTS AND DISCUSSION

During the initial stages of implementing the analytical
procedure, the method was validated according to the latest
recommendations of the Society of Hair Testing.'? Given that
there is no certified reference material for SARM detection in
hair, and considering that there exists no laboratory compar-
ison and no proficiency tests for this class of drugs, it was not
possible to establish a true measurement uncertainty.
Precision using spiked specimens was the only method that
accounted for this parameter. This is probably attributed to
the current limited scientific interest in hair testing for drugs;
however, one can anticipate a rapid growth in focus owing to
the expansion of SARMs. In the last weeks, Rading et al'?
have identified GSK2881078, another SARM, in the hair of a
subject after a single oral administration of 1.5 mg. The mea-
sured hair concentration, 3 weeks postadministration, was
1.7 pg/mg, confirming that a single exposure can be detected
in human hair.

All 3 hair specimens tested positive for either one
SARM, at extremely low concentrations. Results are pre-
sented in Table 1. The toxicological significance of measured
concentrations is difficult to determine as considerably lim-
ited data are currently available in the medical literature. Only
ostarine has been previously identified in hair.'®!! To date,
no report regarding the detection of both ligandrol and andar-
ine in human hair has been published.

The concentrations detected in the subjects’ hair were
interpreted as those corresponding to repeated exposure
because all segments tested positive. Nevertheless, it was
not possible to establish the dosage and frequency of con-
sumption to establish the pattern of SARM consumption,
owing to a lack of verified patterns of consumption, as well
as a scarcity of controlled studies in the available literature.

Testing for drugs in hair to document exposure is
receiving increasing attention from clinicians, scientists, and
lawyers owing to its long detection window when compared
with blood and urine and more convenient conditions for
collection, as well as storage at ambient temperature. Hair
testing can provide information on exposure to drugs over a
prolonged period, depending on the length of the hair lock.
The recent widespread availability of new drugs globally,
including new psychoactive substances, has revealed the need
for analytical approaches to document these new habits.
Therefore, implementing a hair test for SARMs seems to be
of great importance not only for doping purposes but also for
clinical toxicologists or poison centers to accurately establish
a diagnosis of addiction. Given the increasing popularity of

TABLE 1. Hair Test Results

Case 2—Ostarine
3 pg/mg (0-2 cm)
8 pg/mg (24 cm)
14 pg/mg (4-6 cm)
21 pg/mg (6-8 cm)

Case 1—Andarine
Positive (0-2 cm)

0.1 pg/mg (2-4 cm)
0.7 pg/mg (4-7 cm)

Case 3—Ligandrol
14 pg/mg (0-2 cm)
42 pg/mg (2-4 cm)
21 pg/mg (4-6 cm)

Positive: chromatographic signal below the limit of quantitation.
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SARM abuse, vigilance and identification of new cases are
required. As hair is a unique matrix that allows retrospective
and long-term investigations, particularly when compared
with blood and urine, this specimen demonstrates all suitable
properties to qualify for SARM detection. Only fully
validated methods should be applied, and testing methods
developed on the spot should be avoided, especially when no
information regarding conditions of hair collection, purpose
of the test, and potential pitfalls are clearly established.
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Abstract

Ostarine, also known as S22 or MK2866 and enobosarm, is a selective androgen
receptor modulator (SARM). It has high anabolic potency, in addition to limited
androgenic effects. At this time, ostarine has no therapeutic use, but can be abused
for performance-enhancing purposes using the oral route, at dosages of 10-25 mg
per day. As the drug can easily be obtained via the Internet or some fitness centers,
athletes and more and more amateurs can use it without undergoing the deleterious
physiological side effects that are generally associated with testosterone-related
compounds. Since 2008, the World Anti-Doping Agency (WADA) has prohibited
SARMs at-all-times in the category of “other anabolic agents” under section S1.2 of
the WADA List. In a case of trafficking/abuse, ostarine was identified in nail (subject
1) and hair (subject 2) by LC/HRMS after incubation of 50 mg of matrix in a pH 9.5
buffer, followed by extraction with organic solvents. The drug was quantitated by
LC-MS/MS. Ostarine tested positive at 61 pg/mg (toenails) and 111 pg/mg (finger-
nails) for subject 1. Ostarine was present at 146, 168, 93, and 101 pg/mg in the 4 x

KEYWORDS

1 | INTRODUCTION

The “toxicology of victory” has promoted new behaviors, where per-
formance is the key point and the use of performance-enhancing
drugs has been described since antiquity. In the past, plant alkaloids
or alcohol have been abused for hunting or fighting in large arenas
during inter-cities games. Later, with the emergence of synthetic
chemistry, students and business people started to abuse stimulants,
B-blockers, or serotonin-reuptake inhibitors. Doping was officially
banned late in the 1960s in Olympic sports. However, there is contin-
uous research for new substances that are active at low dosage, easy
to purchase on-line, and with limited capacities of detection. Among
the most abused performance-enhancing drugs, testosterone and
related anabolic steroids have ranked number one for many years.
Elite athletes and amateurs abuse steroids because it has been
claimed that they increase lean body mass, increase strength, increase

3 cm hair sections of subject 2, clearly demonstrating long-term use.

doping, hair, nail, ostarine, SARMs

aggressiveness, and lead to a shorter recovery time between work-
outs. However, they are associated with many side effects, which can
be life-threatening. Over a dozen years, a new pharmacological class
has emerged on the performance market, which are selective andro-
gen receptor modulators (SARMs). These drugs have high anabolic
potency, in addition to limited androgenic effects.? Initially, SARMs
have been subject to evaluation for the treatment of muscle wasting
in cancer patients and as therapeutics for cachexia but none has yet
been approved.? As SARMs have the potential to be misused for per-
formance enhancement in sport due to their anabolic properties as
well as in the ability to stimulate androgen receptors in the muscle
and the bone, they can attract athletes and amateurs looking for
power and strength improvement without undergoing deleterious
physiological side effects, given the reduced androgenic properties. As
a consequence, since 2008, the World Anti-Doping Agency (WADA)
has prohibited SARMs at-all-times in the category of “other anabolic

1508 ] © 2020 John Wiley & Sons, Ltd.
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agents” under section $1.2 of the WADA List.> Several SARMs are
reported on the list, including ostarine (S-22 or MK-2866), ligandrol
(LGD-4033), or andarine (S-4). Although not classified as SARMs but
as peroxisome proliferator-activated receptor delta (PPAR-8) agonists,
testolone (RAD140), and cardarine (GW-501516) are sometimes
mixed up with them.

Ostarine, or (25)-3-(4-cyanophenoxy)-N-[4-cyano-3-(trifluorome
-thyl)phenyl]-2-hydroxy-2-methyl-propanamide (Figure 1), is one of
the most popular SARMs. The drug is also known as 522 or MK2866
and enobosarm. Although no clinical study has been published about
ostarine, according to promoters, the daily oral dosage ranges from
10 to 25 mg. The product is available via e-vendors on many websites
and can be found in some fitness centers. According to the WADA
2018 testing figures report,® there were 4,896 adverse analytical
findings (AAF) and among them, 406 were for the S1.2 group,
including 45 (11%) for ostarine. WADA accredited laboratories have
identified SARMs trafficking over the past decade.>” However, up to
now, it seems that these drugs have not been involved in forensic
investigations and there is no case report dealing with a SARM-related
fatality.

Ostarine and several metabolites have been identified in urine

10,11

of both humans®? and animals, particularly to identify potential

targets for routine doping controls.*23

For the past 40 years, hair specimens have been used, mostly in
forensic, clinical, and occupational toxicology, to document drug expo-
sure on a long-term basis, when a history of past use was required.
Hair test results allow the proof of a retrospective calendar of an indi-
vidual's drug use. In addition, segmental investigations can document
the pattern of drug exposure, particularly when using an average
growth rate of 1 cm per month. Recently, a comprehensive literature
review has been published,'® in which the advantages and limitations
of performance-enhancing agent detection in human hair have been
debated. Clearly, hair test results can generate additional elements to
strengthen a specific case, as additional information to standard ana-
lyses in blood and/or in urine. To date, ostarine has only been identi-
fied in human head hair in one case, with concentrations measured at
12 and 138 pg/mg, in the 2 x 3 cm hair segments.!® Testing for
ostarine in nail, another keratinous matrix, has never been reported.

This publication presents the identification of ostarine in human
nail (subject 1) and hair (subject 2) collected during a forensic investi-
gation involving SARMs trafficking. Given the laboratory had already
developed a quantitative approach to test for ostarine in hair using
LC-MS/MS, ! the aim of this new method was to specifically identify
the drug by LC-HRMS.

2 | MATERIALS AND METHODS
2.1 | Chemicals and reagents
Ammonium formate 99% was provided by Alfa Aesar (Schiltigheim,

France). Formic acid 99-100%, AnalaR NORMAPUR was purchased
from VWR Prolabo (Fontenay-sous-Bois, France). Acetonitrile for
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FIGURE 1  Chemical formula of ostarine

LC-MS grade, methanol, and dichloromethane were purchased from
Merck (Molsheim, France). Ostarine was purchased from Cayman
Chemical (Ann Arbor, MI, USA). The drug was diluted to appropriate
concentrations with methanol, using a working 1 mg/L solution.

2.2 | Nail and hair specimens

Development of the method was achieved using blank fingernail and
hair obtained from laboratory personnel, after verification of the
absence of any chromatographic response at the retention time of
ostarine. Nail specimens were washed with dichloromethane and pul-
verized in a ball mill (MM200 Retsch). Hair specimens were
decontaminated with dichloromethane and cut into small pieces of
less than 1 mm. This material was used to spike the vials at appropri-
ate concentrations, since there is no calibrated reference nail or hair
available for ostarine.

Two subjects were arrested by Customs. In their luggage, the offi-
cers discovered vials of ostarine in the liquid form. Both subjects were
amateurs, practicing a lot fitness and weight lifting. They claimed that
ostarine was for personal use. Given that ostarine has no therapeutic
indication and is listed as a doping agent and a controlled substance,
the officers considered the drug to be part of trafficking. To document
the pattern of use, the judge in charge of the case requested toxico-
logical analyses. Subject 1 was totally shaved and therefore fingernails
and toenails were collected. Two hair strands (black in color, 12 cm in
length) were collected from subject 2.

2.3 | Nail and hair preparation

Nail and hair specimens were pulverized for 15 min after dic-
hloromethane decontamination (2 x 5 mL for 2 min) in a ball mill
(Retsch MM200). Fifty milligrams of material (nail, hair) were incu-
bated overnight at 50°C in 1 mL borate buffer pH 9.5. Ostarine was
extracted by 5 mL of ether/dichloromethane/hexane/isoamyl alcohol
(50:30:20:0.5).

After centrifugation, separation of the organic phase and its evap-
oration to dryness, the residue was reconstituted in 30 pL of 5 mM
ammonium formate buffer adjusted at pH 3.

24 | LC-HRMS instrumentation

Chromatography was performed on an Acquity class | ultra-high per-
formance liquid chromatography and separation was achieved using a
Waters Acquity HSS C18 column (150 x 2.1 mm X 1.8 pm) maintained
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at 50°C in a thermostatically controlled oven. A gradient elution was
performed using formate buffer adjusted to pH 3 (mobile phase A)
and 0.1% formic acid in acetonitrile (mobile phase B). The flow rate
was 0.4 mL/min. The initial gradient was 87% phase A for 30 s, then it
was increased up to 50% phase A at 10 min, followed by a rinse to
decrease to 5% phase A in 0.75 min, kept for 1.5 min and followed by
a return to the initial conditions at 13 min, maintained for the last
2 min. An injection volume of 3 pL was used in all cases.

Detection was performed using a high resolution mass spectrom-
eter (XEVO™ G2XS Q-TOF, Waters Corporation, Milford, MA, USA).
Leucine-enkephalin was used as the lock mass (m/z 556.2766) for
accurate mass calibration and introduced using the LockSpray inter-
face at 10 pL/min and a concentration of 200 pg/pL in 50% aqueous
ACN, 0.1% formic acid. The mass spectrometric conditions were as
follows: negative electrospray ionization interface (ESI-), ion spray
voltage of 25 V, nitrogen as the desolvation gas and argon as the colli-
sion gas, source temperature at 150°C and desolvation temperature
at 400°C with a desolvation gas (nitrogen) flow rate of 800 L/h. The
conditions for the time of flight mass spectrometer scan mode were
as follows: scan range 50-1,000 m/z at 6 eV (low energy) and
50-1,000 m/z with a collision energy ramp from 10-40 eV (high
energy). Unifi software was used for data, chromatograms, and spec-
tra acquisition.

3 | RESULTS AND DISCUSSION

Given the laboratory has a validated quantitative method® to test for
ostarine in keratinous matrices, the aim of the present work was to
develop a very specific identification procedure that can be accepted
by lawyers but also by sport authorities. This is because, both in
forensic science and doping control, it is mandatory that a sample
showing a suspicious screening result is subjected to a confirmatory
analysis using an individual aliquot from the original sample. This

allows having two independent methods to qualify for a positive
ostarine specimen.

The signal of an ostarine standard solution at 10 ng/mL produced,
in the negative mode, an intense signal at m/z 388.0909, consistent
with the deprotonated molecule, i.e. ostarine-[H]. The major product
ion m/z 269.0536 corresponds to the loss of the cyanophenol moiety,
producing an ion at m/z 118.0294. With a loss of C;,H9NOj3, ostarine
also produces an ion at m/z 185.0323, corresponding to the dissocia-
tion of the amide bond. In 2010,'* Thevis et al had already described
this ion production pattern. To qualify for ostarine, its retention time
shall not differ by + 0.1 min from the reference material. With respect
to mass spectrometric identification criteria, in addition to the
deprotonated molecule, the three diagnostic ions (m/z 269.0536,
118.0294, and 185.0323) must be present at high energy collision
with a 20% tolerance window for their relative abundance when com-
pared with a reference standard. A mass error < 5 ppm was consid-
ered acceptable.

Although the initial purpose of the method was only qualitative, a
limit of detection (LOD) was determined using spiked specimens with
decreasing concentrations of ostarine. It was decided to have a signal
to noise greater than 5 to account for the LOD, in addition to verifica-
tion of analytical data (e.g. retention time, ratios of ions, m/z
269.0541 and 118.0297). The LOD was 0.5 pg/mg in both nail
and hair.

Figures 2 and 3 represent the chromatograms obtained from
the fingernail and toenail extractions from subject 1. When using
LC-MS/MS,!® the ostarine concentrations were 111 and 61 pg/mg,
in fingernails and toenails, respectively. Figure 4 represents the
chromatogram obtained from the proximal hair segment (0-3 cm)
extraction from subject 2. When using LC-MS/MS,® ostarine con-
centrations were 146, 168, 93, and 101 pg/mg in the 4 x 3 cm
hair sections.

The final interpretation of the measured concentrations is difficult
to establish because there is only one paper15 in the medical literature
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FIGURE 4 LC-HRMS chromatogram obtained after extraction of the 0-3 cm hair segment [Colour figure can be viewed at
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showing the identification of ostarine in hair and nothing has been
published for nail.

It can be accepted by the authors that some parameters about
the detection of SARMs in nail and hair have not been addressed: the
dose necessary to give a positive result, the influence of hair color,
the influence of cosmetic treatment, variable incorporation into nail
and hair, external factors that may have an impact, etc. The minimum
dose of ostarine that had to be ingested by a subject in order to give a
“positive” detection in nail or hair is still unknown. The concentrations
found in the subject’s hair have been interpreted as corresponding to
repeated exposures, as the four segments tested positive. Neverthe-
less, it was not possible to establish the dosage and the frequency of
consumption to document the pattern of drug exposure. Although
hair applications for performance-enhancing drugs have been well
reviewed,'*1¢17 very few data are available for nails.

As is the case for hair, xenobiotics can accumulate in nails over a
long period of time, which allows information to be gained about ret-
rospective use. Collecting nails is a non-invasive procedure and speci-
mens can be stored at room temperature. Overseas shipping is easy
and there is less risk of destruction in comparison with the liquid
blood or urine. Given these practical aspects, nails have been pro-
posed as an alternative to hair in forensic and clinical toxicology.'®
Incorporation of substances into nails mainly occurs through diffusion
from blood vessels in both vertically (from the nail bed) and horizon-
tally (from the germinal matrix) during nail formation.*?

Nails grow at a continuous rate and the average growth rate
of fingernails is 3.0 mm per month, while toenails grow slower, at
an average rate of 1.1 mm per month. Most scientists accept that
the time frame of nail clipping represents what has circulated in
blood during the previous 4 to 8 months. However, there is no
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agreement on the exact window of detection of nail clipping
(which can lead to tedious discussions) and each laboratory has to
establish its own range.?®

It has been advocated that nails can present advantages over
hair.2%?2 When hair is not (sufficiently) available (voluntary shaved
subjects or cases of alopecia, lupus or due to chemotherapy), nail test-
ing can also provide retrospective long-term information on xenobi-
otic use. In contrast to hair, nails do not contain melanin, which
simplifies the debate on racial bias due to the influence of the pigment
on drug incorporation. In contrast to hair, nails grow at a constant rate
with no restrictive phases (catagen and telogen), which facilitates the
interpretation of the measured concentrations. Finally, nail collection
is aesthetically more acceptable to subjects taking care of their per-
sonal look. However, segmentation to establish a pattern of drug
exposure is much more complicated (if possible) with nail in compari-
son with head hair.

The concentrations in nails of drugs of abuse are in the same
magnitude as in hair, ranging from pg/mg to ng/mg.?? The same pat-
tern of metabolite(s) distribution is observed in nails versus hair. Data
for the detection of performance-enhancing drugs in nail clippings are
very limited. Testosterone, testosterone propionate, and stanozolol
were screened in fingernails, but the results were disappointing.?®
With respect to endogenous steroids, no significant correlation for
cortisone, cortisol, androstenedione, testosterone, and progesterone
concentrations were found between hair and nails. These results dem-
onstrate that matrix-dependent value ranges for hair and nail steroid
levels should be established and applied for interpretation.?*

Amphetamines are detected presumably with higher concentra-
tions in toenails than in fingernails. In contrast to amphetamines,
cocaine is present in 7- to 20-fold higher concentrations in fingernails
compared with toenails.’® Ostarine was detected in higher amount
(about twice) in fingernails when compared with toenails, but there is
no reference to discuss the findings.

In the absence of a controlled study, it is not possible to compare
the nail versus the hair concentrations to indicate if one of the sub-
jects had consumed more ostarine than the other. This needs further
investigation. The authors did not interview the donors of the nails
and the hair samples about the dosage.

4 | CONCLUSION

According to the WADA testing figures, it appears that abuse of
SARMs is being detected more and more. At this time, there was only
one publication dealing with ostarine detection in human hair that has
been published in the scientific literature. This double case completes
the available data and demonstrates that even with daily use, the
measured ostarine concentrations are in the pg/mg range in both nail
and hair. These keratinous matrices may be a useful adjunct to con-
ventional drug testing in toxicology. The specimens can be collected
easily and can provide a more specific history of drug use, when com-
pared with blood and urine. LC-HRMS was used for the specific iden-
tification of ostarine to complement an initial quantitative MS/MS

method. This approach, useful in forensic toxicology and in doping
control, has the unique advantage of securing the univocal presence
of a prohibited drug using two independent methods.
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Abstract

GW501516, also known as GW-1516 or cardarine and endurobol, is a peroxisome
proliferator-activated receptor delta (PPAR-5) agonist. Activation of the receptor will
increase fat-burning capacity and muscle production, as it changes the body's fuel
preference from glucose to lipids. GW501516 has no therapeutic use, but can be
abused for performance-enhancing purposes using the oral route, at dosages of 10 to
20 mg per day, for 6 to 8 weeks. Both athletes and amateurs can abuse GW501516
as the drug can be easily obtained via the Internet. Since January 2009, the list of
prohibited substances and methods of doping as established by the World Anti-
Doping Agency includes GW-501516, first as a gene doping substance and now in
the S4.5 Metabolic modulators class. It is prohibited at all times. Using LC/MS-MS
and confirmation by LC/HRM, after methanol incubation of 20 mg with ultrasound
for 1 hour, GW501516 was identified in the hair of a male abuser at 32 and 22
pg/mgin 2 x 2 cm segments. The result is the first evidence that this compound with

KEYWORDS

1 | INTRODUCTION

Peroxisome proliferator-activated receptors (PPARs) are lipid-
activated transcription factors playing important regulatory functions
in development and metabolism. Among the PPARs, it has been
demonstrated that PPAR-5 agonists play a crucial role in fatty acid
metabolism in several tissues. In skeletal muscle and adipose tissue,
activation of the receptor promotes fatty acid burning by
upregulation of fatty acid uptake, R-oxidation, and energy
uncoupling. In addition, PPAR-5 agonists are involved in the adaptive
metabolic responses of skeletal muscle to changes, such as physical
exercise by controlling the number of oxidative myofibers.! It has
also been published that PPAR- & agonists have a role in the differ-
ent stages of non-alcoholic fatty liver disease.? Rapidly,®
GlaxoSmithKline and Ligand developed GW-501516, an agonist for
the potential treatment of dyslipemia. The drug reached phase II clin-
ical trials but was discontinued in 2007 due to induction of intestinal

a carboxylic acid function is incorporated in human hair.

cardarine, doping, GW1516, hair, PPAR-  agonist

adenoma in rats, and other highly selective PPAR-5 with an improved
safety profile were proposed.*

In rats, the induction of oxidative genes as well as a modified sub-
strate preference of skeletal muscles caused a shift from sugar to lipid
consumption, resulting in an improvement of endurance performance
by about 70%.° Despite its bad reputation, GW-501516 started to be
misused by athletes but also by amateurs for its performance-
enhancing effects, particularly due to its shifting energy consumption
from carbohydrates to lipids.®~® Since January 2009, the list of prohib-
ited substances and methods of doping as established by the World
Anti-Doping Agency (WADA) includes GW-501516, first as a gene
doping substance and now in the $S4.5 Metabolic modulators class.? It
is prohibited at all times. In 2018,'° there were 19 sanctions related
to this compound worldwide, while less than 6 in 2016 and 31 in
2017. GW1516 can be abused for performance-enhancing purposes
using the oral route. The drug is extremely effective at low dosages of
10 to 20 mg per day, for 6 to 8 weeks.

Drug Test Anal. 2020;1-7.
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GWS501516 is also known as GW-1516, cardarine, or endurobol.
Chemically, the drug is related to {4-[({4-methyl-2-[4-(trifluoromethyl)
phenyl]-1,3-thiazol-5-yl}methyl)sulfanyl]-2-methylphenoxy}acetic acid,
or Cy1H1gF3NO3S,, with a molecular weight of 453.5 daltons. The
chemical formula is presented in Figure 1.

GWS501516 has been identified in items from the Internet,'* in

12-14 \where several authors have identified two

plasma,” and in urine,
mono-oxygenated and  bis-oxygenated urinary = metabolites,
M1-sulfoxide and M2-sulfone.

In recent years, four review papers have discussed the interest
and the limitations of performance-enhancing agent tests in human
hair.*>-® Although some controversies and divergences do exist, hair
analyses can provide additional elements to document a specific case,
as is done in forensic toxicology. Because hair testing for drugs
increases the window of detection and permits the differentiation of
long-term use from a single exposure when performing segmental
analyses, this matrix should be considered as a suitable complement,
and not an alternative, to standard investigations in blood and/or in
urine.”? In addition, hair testing can significantly contribute to excul-
pation of athletes by demonstrating alternative administration path-
ways with contamination risks, as explained by scientists from the
WADA accredited laboratory in Germany.'® Under all the above men-
tioned conditions, the application of hair testing, which is a non-
invasive and a non-intrusive matrix, is a viable approach to document
a case after an adverse analytical finding, in accordance with the Soci-
ety of Hair Testing (SoHT) consensus.?®

Although GW501516 has been already described in equine
hair,2! this paper presents the first identification of GW501516 in
human hair.

2 | MATERIALS AND METHODS
2.1 | Chemicals and reagents

Ammonium formate 99% was provided by Alfa Aesar (Schiltigheim,
France). Formic acid 99-100%, AnalaR NORMAPUR was purchased
from VWR Prolabo (Fontenay-sous-Bois, France). Acetonitrile for LC-
MS grade, methanol, and dichloromethane were purchased from
Merck (Molsheim, France). Diazepam-ds was purchased from
LipoMed (Arlersheim, Switzerland). GW501516 was purchased from
StopAcne as white powder (Leiden, Netherlands). Purity (> 98%) was
checked by a standard *H NMR spectroscopy procedure.??

Drugs were diluted to appropriate concentrations with methanol,
using a working 1 mg/L solution for GW1516 and a 0.1 mg/L solution
for diazepam-ds.

FIGURE 1 Chemical formula of GW1516

2.2 | Hair specimens

Validation of the method was achieved using blank hair obtained from
laboratory personnel, after verification of the absence of any chro-
matographic response at the retention time of GW501516. The hair
specimens were decontaminated with dichloromethane, cut into small
pieces of less than 1 mm and pooled. This material was used to spike
the vials at appropriate concentrations, since there is no reference
hair available for GW501516.

The applicability of the method was demonstrated by analyzing
the hair of a male subject who claimed to have used GW1516 for sev-
eral weeks to improve his athletic performance. The hair was dark in
color and 4 cm in length, oriented root-tip.

2.3 | Hair preparation

The hair strand was first decontaminated by two baths of 5 mL
dichloromethane for 2 min and then segmented in 2 x 2 cm. Each seg-
ment was cut into small pieces (< 1 mm). GW501516 was extracted
from 20 mg decontaminated cut hair in the presence of 2 ng of
diazepam-ds (20 pL of a 0.1 mg/L solution in methanol) used as an
internal standard, after incubation in 1 mL methanol and placement in
an ultrasound bath for 1 h at room temperature. After centrifugation,
separation of the supernatant, and evaporation to dryness, the residue
was reconstituted in 30 pL of 5 mM ammonium formate buffer
adjusted at pH 3.

24 | LC/MS-MS instrumentation

Chromatography was performed on an Acquity class | ultra-high per-
formance liquid chromatography and separation was achieved using a
Waters Acquity HSS C18 column (150 x 2.1 mm X 1.8 pm) maintained
at 50°C in a thermostatically controlled oven. A gradient elution was
performed using formate buffer adjusted to pH 3 (mobile phase A)
and 0.1% formic acid in acetonitrile (mobile phase B). The flow rate
was 0.4 mL/min. The initial gradient was 87% phase A for 30 sec, then
increased up to 50% phase A at 10 min, followed by a rinse to
decrease to 5% phase A in 0.75 min, kept for 1.5 min and followed to
a return to the initial conditions at 13 min, maintained for the last
2 min. An injection volume of 3 pL was used in all cases. A Xevo TQD
triple quadrupole mass spectrometer from Waters (Milford, MA, USA)
was used for the detection of the molecule. lonization was achieved
using electrospray in the positive ionization mode (ES+).

The following conditions were found to be optimal for the analy-
sis of GW501516 and the internal standard: capillary voltage at
1.5 kV; source block temperature at 149°C; desolvation gas nitrogen
heated at 600°C and delivered at a flow rate of 1000 L/h. In order to
establish appropriate multiple reaction monitoring conditions, the
cone voltage was adjusted to maximize the intensity of the proton-
ated molecular ion and collision induced dissociated of both species
was performed. Collision energy was adjusted to optimize the signal
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for the two most abundant product ions of GWS501516: m/z
454.0 > 257.0 (cone voltage at 58 V and collision energy at 30 eV)
and 454.0 > 85.9 (cone voltage at 58 V and collision energy at 30 eV),
and the most abundant product ion of internal standard m/z
291.1 > 197.8. Transition m/z 454.0 > 257.0 was used for quantifica-
tion of GW1516. MassLynx 4.1 software was used for quantification.

2.5 | LC/HRMS instrumentation

Chromatographic conditions (column, temperature, mobile phase, and
gradient) were the same as for LC/MS-MS.

Detection was performed using a high resolution (XEVO™ G2XS
Q-TOF, Waters Corporation, Milford, MA, USA) mass spectrometer
operating in positive-ion mode and in sensitivity mode. The deso-
Ivation gas flow was set to 1000 L/h at a temperature of 600°C with
the cone gas set to 50 L/h, and the source temperature set to 120°C.
The capillary voltage and the cone voltage were set to 500 and 20 V,
respectively. Leucine-enkephalin was used as the lock mass (m/z
556.2766) for accurate mass calibration and introduced using the
LockSpray interface at 10 puL/min and a concentration of 200 pg/pL in
50% aqueous ACN, 0.1% formic acid. In MS scanning, data were
acquired from 50 to 1000 m/z. As for MS/MS fragmentation of target
ions, collision energy ranging from 10 to 40 V was applied. Unifi soft-
ware was used for data, chromatograms, and spectra acquisition.

3 | RESULTS AND DISCUSSION

It has been reported by various authors”**2! that the two most
appropriate transitions for GW501516 are m/z 454 > 257 and m/z
454 > 188. However, during the initial implementation of the method

WILEY_L 3

at the laboratory with the above mentioned equipment, the second
transition resulted in a low signal (less than 0.1% of the total signal),
close to the background noise and therefore, the transition m/z
454.0 > 85.9 was considered more suitable for confirmation of the
presence of GW1516. However, this transition is also less than 1% of
the m/z 454 > 257 transition, as highlighted in Figure 2. This can be a
major issue at very low concentration, as the second transition for
confirmation can be at a level close to the background noise. There-
fore, final confirmation by accurate mass spectrometry appears man-
datory, particularly for concentrations below 100 pg/mg.

Although GW501516 and diazepam-ds are chemically very differ-
ent, the rationale for choosing diazepam-ds is its use during the initial
screening of each hair sample using a procedure for general unknowns
and therefore the possibility, in a second time, of direct confirmation
of the extract with a more specific method (i.e. this proposed method).
This is also due to the fact that in most cases, several tests are
requested to be achieved on the same hair material, which is, in gen-
eral, limited in quantity.

All data of the LC/MS-MS validation are presented in Table 1.
Briefly, linearity over eight points was observed for GW501516 con-
centrations ranging from 1 to 1000 pg/mg, with a correlation coeffi-
cient of 0.9993. This wide range of linearity was necessary as there
are no data in the literature to estimate the expected concentrations
in authentic hair specimens. The extraction time was optimized by
comparing the area responses of the authentic positive hair specimen
after different incubation times varying from 30 min to 4 hours. A
1 hour incubation was found suitable. The use of methanol as extrac-
tion solvent is common,?® but the chromatograms are generally dirty,
due to the lack of further purification. This has an impact on the limit
of detection. Figures 3 and 4 represent the chromatograms obtained
from the authentic hair extraction. It was not possible to establish a
true extraction recovery in authentic hair due to the lack of reference
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FIGURE 2 lon transitions for GW501516. The signals of the second (m/z 454 > 85.9) and the third (m/z 454 > 188) transitions were 0.8%
and 0.1%, respectively, when compared with the first transition (m/z 454 > 257)

148



KINTZ et AL

* | WILEY

TABLE 1  Validation parameters

Parameters Results

Linearity Linear from 1 to 1000 pg/mg, r? = 0.9993

Precision (n = 6) 12.4% at 100 pg/mg, 11.9% at 500 pg/mg

Limit of detection 0.3 pg/mg

Limit of 1 pg/mg

quantitation

Matrix effects < 20%

Interferences None detected, true blanks are negative
(n = 10)

material available for validation. Indeed, the only possibility to estab-
lish the validation parameters was to use spiked hair. With respect to
the incorporation rate, it can be anticipated that it might be poor, due
to the presence of an acid function in the chemical structure of
GWS501516, which is against good incorporation. QC samples
(100 pg/mg and 500 pg/mg), analyzed in duplicate in six independent
experimental assays, were used to determine a coefficient of variation
for precision. Precision CVs were 12.4% and 11.9% for low and high
QC samples, respectively. The limit of detection (3 times the
background noise) and the lower limit of quantification (first point of
calibration) were 0.3 pg/mg and 1 pg/mg, respectively. Under the
chromatographic conditions used, there was no interference with the
analytes by chemicals or any extractable endogenous materials pre-
sent in hair. The matrix effect (< 20%) was investigated after extrac-
tion of 20 blank hair samples, spiked at 100 pg/mg of GW501516 and
compared with a corresponding solution at the same concentration in

20A102-8 0-2cm 20,64 mg

methanol. There was no GW1516 signal in 10 true negative hair sam-
ples collected among laboratory personnel.

The method was used to test for GW501516 in an authentic
case. Concentrations were 32 and 22 pg/mg for the 2 x 2 cm seg-
ments. The results were confirmed by LC/HRMS (Figure 5). The toxi-
cological significance of the measured concentrations is difficult to
determine because there is only one paper in the whole scientific liter-
ature presenting GW501516 concentrations in hair, but this was in
equine hair.?! The authors detected GW501516 in a horse's hair at an
estimated concentration of 0.2 pg/mg and the results were used to
support a previous finding of the same analyte in the corresponding
plasma sample.

The measured concentrations of GW501516 are low, in the low
pg/mg range. This is probably the consequence of the presence of an
acid function in the structure of GW501516, with acid/basic dissocia-
tion constants (pKa) of 3.51 and 2.14.2* Contrary to an alkaline mole-
cule, GW501516, a weak acidic drug, must have a poor ability to
penetrate through the follicle membrane, based on the pH gradient
between blood and hair follicles.>* Although drug stability in the hair
shaft is generally remarkable once incorporated,'® nothing is known
for GW501516.

When testing for drugs in hair, interpretation of the results is the
most critical step, particularly when there are no data in the literature
to compare the findings. Unfortunately, nothing is known about the
incorporation of PPAR- & agonists into hair. It can be accepted by the
authors that some parameters about the detection of GW501516 in
hair have not been addressed in the present manuscript: the dose nec-
essary to give a positive result, influence of external contamination,
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FIGURE 3 Chromatogram obtained after extraction of the 0-2 cm hair segment. From top to bottom: one transition of GW1516 and one

transition of the internal standard. Concentration was 32 pg/mg
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FIGURE 4 Chromatogram obtained after extraction of the 2-4 cm hair segment. From top to bottom: one transition of GW1516 and one

transition of the internal standard. Concentration was 22 pg/mg
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FIGURE 5 LC/HRMS chromatograms obtained after extraction of a GW1516 reference (A), followed by the two hair segments from the

abuser (B and C)

variable incorporation into hair, external factors that may have an
impact, etc. The minimum dose that had to be ingested by a subject in
order to get a “positive” detection in one of the hair sections tested,
1 or 2 months after the collection of a urine sample, is unknown.
When using hair analysis as a matrix during analysis, the question of
importance is to know whether the analytical procedure is sensitive

enough to identify traces of drug (i.e. a single standard dose). The con-
cept of a minimal detectable dosage in hair is of interest to document
the findings, but there are no data currently available in the scientific
literature about GW501516 or its metabolite(s) hair concentrations.
GW501516 was pulled from clinical trials when it was found to cause
cancer, and sports authorities present it as a non-safe drug.?®
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Accordingly, pharmaceutical companies will not have undertaken
human studies, which means that there will be no response in relation
to single use detection in hair. Until laboratories have methodologies
sensitive enough to detect the single use of the drug, care should be
taken in comparing blood or urine and hair findings. In addition, hair is
continuously subjected to natural factors, such as sunlight, weather,
water, pollution, etc., which affect and damage the cuticle and hair
cosmetic treatments enhance the damage.?

The concentrations found in the subject's hair have been inter-
preted as corresponding to repeated exposures, as two segments
tested positive. Nevertheless, it is not possible to establish the dosage
and the frequency of consumption. This is also due to the lack of liter-
ature. Given the toxicity of GW501516 in animal models,* it is obvi-
ous that no controlled study will be implemented to address the
previously mentioned issues, which have emerged for interpreting the
hair findings. This is simply ethically not acceptable.

Testing for drugs in hair to document exposure is receiving
more and more attention by scientists and lawyers due to is long
detection window, particularly when compared with blood and urine,
its less embarrassing conditions of collection and its storage at ambi-
ent temperature. Hair testing can provide information on exposure
to drugs over a long period of time, depending on the length of the
hair lock, and therefore may be useful to establish a pattern of drug
exposure in the past months, when performing segmental analyses.
Given an average growth rate of 1 cm per month, each cm of hair
in the vertex region represents what has circulated in the body
during the corresponding month. It also allows verification of self-
reported histories of drug use, as was demonstrated in the present
case. The application of hair testing is a viable approach to
document GW501516 findings during a doping control or survey of
a subject presenting health problems after long-term abuse. The side
effect of this chemical compound is so serious that WADA has
taken the rare step of warning “cheats” to ensure that there is
complete awareness of the possible health risks to athletes who
succumb to the temptation of using GW501516 for performance

enhancement.?’

4 | CONCLUSION

The application of hair testing seems to be a suitable approach to
document GW501516 exposure. However, the method has some lim-
itations. It was not possible to establish the dosage and the frequency
of consumption for GW501516 due to a lack of reference data. Due
to the expected limited incorporation of the drug into hair linked to its
acid properties, very sensitive tools are necessary to test for
GW501516. This study represents the first contribution to the identi-
fication of a PPAR- & agonist in human hair.
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Abstract: A 43-year-old male, sport coach, presented him-self at the Emergency unit of a local hos-
pital 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- d) 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. Asthe-
nia was persistent for 2 weeks and 6 weeks after the admission, the subject fully recovered.

Keywords: GW1516; cardarine; MK2866; ostarine; SARM; PPAR- d; clinical; blood; hair; doping

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 tet-
rahydrogestrinone are associated with famous doping cases, including state doping pro-
grams. 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
pharmacological classes have emerged, including selective androgen receptor modulators
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(SARMs) such as ligandrol (LGD-4033), testolone (RAD140), ostarine (MK2866) or an-
darine (S-4) and peroxisome proliferator-activated receptor delta agonists (PPAR- d) 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
recovery time between workouts. SARMs present high anabolic potency, in addition to
limited androgenic effects [4,5]. PPAR- d are lipid-activated transcription factors playing
important regulatory functions in development and metabolism. Activation of the recep-
tor promotes fatty acid burning by up-regulation of fatty acid uptake, 8-oxidation and
energy uncoupling [6,7]. According to the World Anti-Doping Agency (WADA), SARMs
and PPAR- d are prohibited at-all times (in- and out-competition) as they are listed on the
prohibited list under sections 51.2 (other anabolic agents) and S4.5 (metabolic modula-
tors), respectively [8]. The number of adverse analytical findings involving SARMs and
PPAR- ® 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 osteoporo-
sis 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 in-
volving 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.

NUTRITION

PARM: GW
K00 WOOONTOR DYNAMIC | DYNAML
. PERFORMANCE PERFORMAN:

CARDARINE i/

Figure 1. Typical material sold on the Internet.

Even though SARMs and PPAR- ? 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-
0. Indeed, anti-doping accredited laboratories have published quite most detection meth-
ods 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- 9, there is no toxicological data
(identification 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 in-
cluded a blood pressure of 135/70 mmHg and a heart rate of 76 beats per minute and no
respiratory distress (SpO:z at 99%). The ECG was normal. The abdomen was supple but
painful. Initial laboratory tests showed serum creatinine of 109 pmol/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 confir-
mation 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 8-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-ds used as internal standard. After centrifugation, collection of the superna-
tant and its evaporation to dryness, the residue was reconstituted in 30 pL of 5 mM am-
monium 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-ds, after over-
night 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 perfor-
mance liquid chromatography and XEVO TQS micro triple quadrupole mass spectrome-
ter) have been described in previous papers [18-20]. Briefly, separation was achieved us-
ing a Waters Acquity HSS C18 column (150 x 2.1 mm x 1.8 um) 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 uL. 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.

Retention Time Transitions Collision Energy ~ Cone Voltage
Drug .
min mlz eV \%
) 388.1>117.9 18 8
i e 388.1>269.1 14 8
; 452.1>1379 30 58
Cardarioe d 454.0 > 257.0 (+) 26 18
Bicalutamide-ds 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 pre-
sented 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 identi-
fied 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 inter-
nal standard than the first one during controlled studies [22]. Unfortunately, these metab-
olites 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.

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/mg

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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Figure 2. Chromatogram obtained after extraction of the blood. From top to bottom: ostarine (1 ng/mL), cardarine (403
ng/mL) and the internal standard.
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Figure 3. Chromatogram obtained after extraction of the urine. From top to bottom: ostarine (88 ng/mL), cardarine (not
detected) and the internal standard.
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Figure 4. Chromatogram obtained after extraction of the hair. From top to bottom: ostarine (1105 pg/mg), cardarine (146
pg/mg) and the internal standard.

5. Discussion

The subject was admitted to the hospital for severe pain. Major biochemical disrup-
tion included rhabdomyolysis and liver cytolysis, as evidenced by enhanced creatine
phosphokinases and transaminases. The use of SARMs and PPAR- ® and subsequent
rhabdomyolysis has not yet been described. However, it is common to observe rhabdo-
myolysis in bodybuilders, abusing long-term anabolic steroids, a pharmacological class
that is close to SARMs [24,25]. Repetitive abuse of clenbuterol, a 82-agonist with anabolic
properties can also induce rhabdomyolysis [26]. It must be emphasized that rhabdomyol-
ysis 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 dis-
crimination 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 anal-
ysis, statements about the course of drug intake and chronological correlations are possi-
ble. 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 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.
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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
exposure. In a case of a subject abusing cardarine for improving athletic performances,
concentrations of 32 and 22 pg/mg were measured in 2 x 2 cm segments [21]. Ostarine has
been identified on several occasions, including doping challenges or drug trafficking
[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 x 3 cm [9]
2 Doping challenge 6,9,4,2,2and 1 pg/mgin 6 x 1 cm [9]
3 Drug trafficking 3,8,14 and 21 pg/mgin 4 x 2 cm [18]
4 Doping challenge 12 and 138 pg/mg, in 2 x 3 cm [19]
5 Drug trafficking 146, 168, 93 and 101 pg/mg in 4 x 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 lim-
ited 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 im-
proved 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 consump-
tion. 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 cor-
rectly 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 re-
quired. As hair allows retrospective and long-term investigations, these specimens pre-
sent all suitable properties to be qualified for SARMs or PPAR- d 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- d 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.
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3.3.2. Nouveaux outils analytiques (métabolisme)

Les SARMs sont de nouveaux agents anabolisants et sont recherchés par '’AMA seulement depuis
2008. A ce titre de nombreux laboratoires ont développé de nouvelles stratégies afin de les détecter
sur le long terme et de régulariser leur consommation par la suite.

Dans la littérature, de nombreuses publications démontrent l'intérét d’utiliser les microsomes
hépatiques humains (HLMs) combinés avec les systémes spécifiques HRMS afin d’identifier les

métabolites des SARMs.

La méme approche a été appliquée pour l'identification des métabolites du S23 pour lequel peu de
données existent dans la littérature.

Le S23, un SARM non stéroidien, est apparu tres récemment sur le marché du dopage et a été
identifié pour la premiere fois en 2019 par les laboratoires antidopage. De ce fait, trés peu de
données sont disponibles dans la littérature et rien n'a été publié sur les effets a long terme du S23.
Les auteurs se sont concentrés sur la détection du S23 et de ses métabolites dans |I'urine humaine,
aprés une administration orale unique d'environ 8 mg a un volontaire, précédé d’un consentement
éclairé, en utilisant les systémes LC-MS/MS et LC-HRMS pour leur identification. Il semble que ce soit
la premiere étude jamais réalisée sur le S23 chez I’lhomme. Une expérience in vitro a été réalisée, en
utilisant des HLMs, afin d'étudier les métabolites potentiels du S23 dépendant du CYP et de I'UGT.
Quatre métabolites ont été produits, dont I'hydroxy-S23 ; I'O-déphénylate-S23 ; le S23-glucuronide et
I’hydroxy-S23-glucuronide.

Aprés consommation de S23, la molécule parent était détectable dans I'urine hydrolysée a partir de +
2 heures jusqu'a 28 jours, avec des concentrations variantes entre 0,5 et 93 ng/mL. Dans l'urine,
aucun métabolite de cette série n’a été détecté mais I'hydroxy-S-23, identifié uniquement pendant
I’étude in vivo, a été détecté jusqu'a 28 jours. Néanmoins, il ne semble pas augmenter la fenétre de
détection du S23 puisque le rapport entre I'hydroxy-S23 et la molécule mére était toujours inférieur
al

Un mois apres la consommation d'un comprimé, une meche de cheveu a été analysée. Ni le S23, ni
I'hydroxy-S23 ont été détecté, avec une LOQ de 0,1 pg/mg. Il semble qu’une prise unique de S23 ne

soit pas détectable dans les cheveux [Article 18].
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Abstract

The selective androgen receptor modulators are a new class of designer steroids, used to improve
athletic performance. Among these molecules, there is (2S)-N-(4-cyano-3-trifluoromethylphenyl)-3-
(3-fluoro-4-chlorophenoxyl)2-hydroxy-2-methyl-propanamide, commonly known as S-23. This
molecule appeared very recently on the doping market. As a result, very few data are available in the
literature, and nothing has been published about long-term effects of S-23. The authors focused on
the detection of S-23 and its metabolites in human urine, following a single oral administration of
approx. 8 mg to a volunteer, using standard ultra-performance liquid chromatography-triple
quadrupole-mass spectrometry (UPLC-MS/MS), and ultra-performance liquid chromatography-
quadrupole time of flight-mass spectrometry (UPLC-Q-TOF-MS). This seems to be the first study ever
achieved on S-23. In vitro experiment was performed, using human liver microsomes, in order to
investigate the potential CYP- and UGT-dependent S-23 metabolites. Four metabolites were
produced, including hydroxy-S-23 (CygH1,04N,CIF;: m/z [M-H] 431.0423); O-dephenylate-S-23
(C12H1003N,F3: m/z [M-H] 287.0647); S-23-glucuronide (Cy4H2009N,CIF;: m/z [M-H] 591.0794) and
hydroxy-S-23-glucuronide (C,4H;0010N,CIF;: m/z [M-H] 607.0743). After consumption of S-23, the
parent drug was detectable in hydrolyzed urine from + 2 hours up to 28 days, with concentrations
ranging between 0.5 and 93 ng/mL. In the urine, no metabolite of this series but hydroxy-S-23 was
detected up to 28 days. It does not seem to increase the window of detection of S-23 as the ratio
between hydroxy-S-23 and the parent drug was always lower than 1. Hair sample, collected one
month after the consumption of one tablet, was negative for S-23 and hydroxy-S-23, with a LOQ at

0.1 pg/mg.

Keywords: S-23; urine; hair; metabolism; HLMs; LC-HRMS

1. Introduction
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In the recent years, a new class of “designer steroids” has appeared on the doping market. These
agents are selective androgen receptor modulators (SARMs). These products, like anabolic steroids,
improve athletic performance and increase muscle mass 2. Indeed, SARMs will mimic the effects of
testosterone without reproducing the major negative effects associated with the use of anabolic
steroids including liver toxicity, kidney toxicity and testicular atrophy 3. When SARMs bind to the
receptors, they produce anabolic activities both on the muscles and on the bones. In sport, SARMs
have the same benefits as anabolic steroids, i.e. more muscles, less fat and good bone density. The
use of this class of drugs is banned by the World Anti-Doping Agency (WADA) for human sports and is
listed under the section S1.2 (other anabolic agents) *. Since 2014, the number of molecules in this
category has increased, as well as the number of adverse analytical findings (AAF). In 2014, 15
adverse analytical findings were reported for SARMs by WADA °. In its last report, in 2019, WADA

reported 142 adverse analytical findings involving the same class 6.

Among these molecules, there is (2S)-N-(4-cyano-3-trifluoromethylphenyl)-3-(3-fluoro-4-
chlorophenoxyl)2-hydroxy-2-methyl-propanamide, commonly known as S-23 (Figure 1). This drug is
an investigational SARM developed by GTX Incorporation, as a potential male hormonal
contraceptive. On the internet, S-23 is described as the strongest SARM available on the market,
more powerful than other popular SARMs, such as ligandrol (LGD-4033), ostarine (MK-2866) or
andarine (S-4) 7°. In 2019, 142 adverse analytical findings were recorder by WADA for SARMs, of
which only 1 involved S-23, corresponding to 0.3 % of this class ®. This was the first AAF involving S-23
as a doping agent. This substance appeared very recently on the doping market. As a result, very few
data are available in the literature. Nothing has been published about the long-term effects of S-23.
From an analytical point of view, the characterization of S-23 is essential in the view of its easy access
via e-shops. Its identification in urine and the characterization of its metabolite(s) is necessary. To
date, no study about the identification of metabolites of S-23 has been described in human
specimens. However, there are some data in animals. Thevis et al. 1° have simulated the phase -l and
-Il metabolism of S-22 and S-23 (similar metabolism pattern) using hepatic human enzymes. The
authors demonstrated the presence of the glucuronide of S-22 as well as the B-ring-depleted
metabolite, in canine urine samples collected up to 72h after oral administration of $-22. So et al. 1
described the study of the in vitro biotransformation of S-23, using homogenized horse liver
preparations. The authors reported 7 metabolites (3 phase -1 and 4 phase -Il), but they did not apply
it to horses. Other in vitro metabolism studies, involving ligandrol, ostarine and andarine, have also
been reported in the literature %15,

In this study, the authors focused on the detection of S-23 and its metabolites in urine and hair,

following a single administration of an oral dose of approx. 8 mg to a human volunteer, using
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standard ultra-performance liquid chromatography-triple quadrupole-mass spectrometry (UPLC-
MS/MS), and UPLC-quadrupole time of flight-mass spectrometry (UPLC-Q-TOF-MS). In addition, in
vitro experiment was performed, using human liver microsomes, in order to investigate the potential

CYP- and UGT-dependent S-23 metabolites.

2. Materials and methods

2.1 Self-administration study

In order (a) to gain preliminary data on elimination parameters of S-23 in urine, (b) to investigate its
metabolism, and (c) to be able to interpret analytical data, a male subject (59-year-old, 83 kg)
ingested a pink tablet bought on the Internet with a declare amount of 10 mg of active material
(Figure 2). Urine specimens were collected over 28 days in plastic vials without preservative and
stored at + 4 °C until analysis. Urine was collected at various times, with no fixed interval. Hair
samples (blond, oriented, 3 cm) were collected one month after the ingestion of S-23. Hair sample
was stored at room temperature, in an envelope, until analysis. No blood sample was collected, as
this requires specific authorization due to the invasive nature of the procedure and specific
oxygenotherapy in case of collapse, which was not available at the laboratory.

In France, given the subject was one of the authors, it was not necessary to obtain an ethical

committee advise as S-23 is not listed as a drug of abuse.

2.2 Standard and reagents

S-23 tablets were purchased on the Internet, from Dynamic Performance (UK). The reference
standards of S-23 and bicalutamide-d, were purchased from Toronto Research Chemicals, and were
diluted to appropriate concentrations using methanol, according to the manufacturer’s
recommendations. Ammonium formate 99 % was provided by Alfa Aesar (Schiltigheim, France).
Formic acid 99-100 %, AnalaR NORMAPUR and 36 % hydrochloric acid were purchased from VWR
Prolabo (Fontenay-sous-Bois, France). B-glucuronidase (Helix pomatia), alamethicin (Trichoderma
viride), uridine diphosphate glucuronic acid (UDPGA), glucose-6-phosphate dehydrogenase (G6PD),
glucose-6-phosphate (G6P) were all purchased from Sigma-Aldrich (Saint-Quentin-Fallavier, France).
Tetra-sodium salt of a reduced form of nicotinic acid adenine dinucleotide phosphate (NADPH) was
purchased from Roche (Mannheim, Germany). A pool of human liver microsomes (HLMs) at a
concentration of 20 mg of microsomal protein/mL was purchased from Biopredic (La Bretéche, Saint
Grégoire, France) and preserved at -80°C until use. HPLC-grade acetonitrile (ACN), methanol (MeOH),

dichloromethane, hexane and ethyl acetate were obtained from Merck (Darmstadt, Germany).

2.3 Urine analysis

http://mc.manuscriptcentral.com/dta
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Before extraction, urine specimens were hydrolyzed using 200 uL of B-glucuronidase (10.000 Ul) at
pH 5.2 (200 pL of 1M ammonium acetate buffer), for 15h at 40°C. S-23 was extracted from 1 mL
hydrolyzed urine in presence of 5 ng of bicalutamide-d, used as internal standard, with 1 mL
saturated borate buffer pH 9.5 and 5 mL of a mixture of ether/dichloromethane/hexane/isoamyl
alcohol (50/30/20/0.5). After extraction, centrifugation and evaporation to dryness under a nitrogen
flow, the residue was reconstituted in 30 pL of ammonium formate buffer adjusted at pH 3.0. Thirty
uL were transferred into a vial and 2 uL were injected into the column. A 6-point calibration curve

was prepared using the following concentrations: 0.5, 5, 10, 50, 100 and 500 ng/mL of S-23.

2.4 Hair analysis
The analysis of S-23 was conducted on a hair strand of 3 cm, which was segmented into 2 segments
(0-1.5 and 1.5-3 cm). S-23 was extracted from 20 mg decontaminated cut hair in presence of 250 pg
of bicalutamide-d4 used as internal standard after overnight incubation in 1 mL saturated borate
buffer pH 9.5. Then, 5 mL of a mixture of ether/dichloromethane/hexane/isoamyl alcohol
(50/30/20/0.5) was added to extract S-23. After agitation and centrifugation, the organic phase was
collected and evaporated to dryness under a nitrogen flow. The residue was reconstituted in 30 plL of
ammonium formate buffer adjusted at pH 3.0. Thirty pL were transferred into a vial and 2uL were
injected into the column. A 6-point calibration curve was prepared using the following

concentrations: 0.1, 1, 5, 10, 50 and 100 pg/mg.

2.5 In vitro metabolism

The formation of S-23 metabolites was investigated by in vitro incubation with human liver
microsomes (HLMs). Once thawed, HLMs (2 mg protein/mL for a final volume of 100 uL) were pre-
activated by alamethicin (at 0.1 mmol/L) on ice in an intermediate volume of 50 pL in 0.1 M Tris-HCl-
MgCl2 (10 mM MgClI2 and 100 mM Tris-HCl solution) at pH 7.4. This mixture was added to a 50 pL-
dried residue of two different concentrations (100 uM and 500 uM) of an S-23 methanolic solution.
Fifty pL of a cofactor mixture (5 mM UDPGA, 1.3 mM NADPH, 3.3 mM G6P and 0.5 U/mL G6PD) in 0.1
M Tris-HCl was then added. The enzymatic reaction was performed at 37 °C for 60 and 120 min, and
stopped by the addition of 200 pL of methanol, subsequently centrifuged at 4 °C for 10 min at 32 000
g. Supernatants were frozen at -20°C until analysis. Thirty uL were transferred into a vial and 1pL was

injected and analyzed by LC-HRMS

2.6 LC-MS/MS conditions

http://mc.manuscriptcentral.com/dta
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Chromatography was performed on an Acquity class | ultra-high performance liquid chromatography
and separation was achieved using a Waters Acquity HSS C18 column (150 x 2.1 mm x 1.8um)
maintained at 50°C in a thermostatically controlled oven. A gradient elution was performed using
formate buffer adjusted to pH 3 (mobile phase A) and 0.1% formic acid in acetonitrile LC-MS (mobile
phase B). The flow rate was 0.4 mL/min. The initial gradient was 60 % phase A for 0.5 min, and then it
was decreased up to 5 % phase A at 1.5 min, kept for 1.5 min and followed by a return to the initial
conditions at 4 min, maintained for the last 2 min. An injection volume of 2 puL was used in all cases.

A Xevo TQS-u triple-quadrupole mass spectrometer (Waters Corporation, Milford, MA, USA)
provided with a Z-spray electrospray ionisation source (ESI) used in the negative ionization mode
(ESI-) was used for analysis and quantification of the compound. The following conditions were found
to be optimal for the analysis of S-23: capillary voltage at 1.5 kV, source block temperature at 150 °C,
desolvatation gas nitrogen heated at 550 °C and delivered at a flow rate of 800 L/Hr. The cone
voltage and collision energy were adjusted to maximize the intensity of the protonated ion and to
optimize the signal of the 2 most abundant transitions of $-23: m/z 415.1 > 144.9 (8V, 18eV) and m/z
415.1 > 185.00 (10V, 36eV), and for the internal standard bicalutamide-d,: m/z 433.1 > 255.1 (14V,
14eV). Transition m/z 415.1 > 144.9 was used for quantification of S-23. MassLynx 4.1 software was

used for quantification. The LC-MS/MS instrument conditions were the same for urine and hair.

2.7 LC-HRMS conditions

The chromatographic separation of samples obtained from incubations with HLMs and from urine
and hair extracts, was performed with the same liquid chromatography equipment and the same
parameters used with the LC-MS/MS system. Detection was performed using a high resolution (XEVO
G2XS Q-TOF, Waters Corporation, Milford, MA, USA) mass spectrometer operation in negative mode
and in sensitivity mode. Desolvatation gas flow was set to 1000 L/Hr at a temperature of 600 °C, the
cone gas to 50 L/Hr and the source temperature at 150 °C. The capillary voltage and the cone voltage
were set to 0.5 and 20 V, respectively. In MS scanning, data were acquired from 50 to 1000 m/z.
Collision energy ranged from 10 to 40 V. UNIFI software was used for data, chromatograms and

spectra acquisition. UNIFI was also used to predict and to match potential metabolites.

2.8 LC-MS/MS procedure

The method was validated for linearity, repeatability, reproducibility, detection and quantification
limits. Three calibrations curves that included six points (concentrations ranging from 0.5 to 500
ng/mL in urine, and from 0.1 to 100 pg/mg in hair), obtained over a three-day period, were
established for the verification of linearity. Quantification was achieved by plotting the peak area

ratios of S-23 to the IS versus concentration followed by linear regression analysis. Repeatability and
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reproducibility were determined for two QC levels, 10 ng/mL and 100 ng/mL for urine, and 1 pg/mg
and 100 pg/mg for hair. For the repeatability, six replicates of each QC level were processed the
same day. For the reproducibility, each QC level was processed three times, three different days over
a period of two weeks. The limit of detection (LOD) is the lowest concentration of the compound that
can be detected with a signal-to-noise ratio greater than 3:1 for the specific transition. The limit of

quantification (LOQ) was defined as the first point of the calibration curve.

3. Results and discussion

For the method validation, the six-point calibration curve showed good linearity in urine, with a
correlation coefficient at 0.9999, and in hair with a correlation coefficient at 0.9944. The LOD and the
LOQ of both matrices were established at 0.1 ng/mL and 0.5 ng/mL for urine, and 0.05 pg/mg and 0.1
pg/mg for hair. Repeatability was 13.4 and 17.9 % at 10 ng/mL and 100 ng/mL for urine, and 12.2 and
18.3 % at 1 pg/mg and 100 pg/mg for hair. Reproducibility was 11.9 and 17.1 % at 10 ng/mL and 100
ng/mL for urine, and 12.4 and 16.5 % at 1 pg/mg and 100 pg/mg for hair. Under the chromatographic
conditions used, there was no interference with the analytes by chemicals or any endogenous

compound (matrix effect < 20 %, irrespective of the tested matrix).

Before starting the self-administration study, three S-23 tablets from Dynamic Performance were
analysed by LC-MS/MS to confirm the presence of S-23 and to verify its dosage (announced at 10
mg). The analysis confirmed the presence of S-23, at approx. 8 mg (18 % less than the announced
dosage) in all tablets. It was therefore anticipated that the tablet consumed by the subject also
contained 8.2 mg of S-23. No trace of other substance was identified in the tablets. After oral
administration, the overall behaviour of the subject was not modified. No physical or behavioural

impairment was observed.

In the urine of the volunteer, the parent S-23 was detected from + 2 hours up to 28 days (672 hours),
using LC-MS/MS. The concentrations ranged from 0.5 to 93 ng/mL (see Table 1), and Tn.x was
obtained 8 hours after administration. The excretion pattern of S-23 is presented in Figure 3. The
reasons for obtaining a biphasic curve are unknown. A typical chromatogram is presented in Figure 4.
Compared to the detection time of the others SARMs, S-23 is detectable for a longer time. For
example, Fragkaki et al. ¢ detected ligandrol up to 3.5 days in human urine, with a maximum peak of
concentration at 4.5 hours. Cutler et al. '’ investigated ligandrol in the horse following oral
administration of 50 mg to two thoroughbred horses and urines were collected. Parent ligandrol was

detected in all enzyme hydrolysed urine samples up to 12 days post administration. The approximate

http://mc.manuscriptcentral.com/dta

171



ONOUV A WN =

UL uUuuUuUuuUuUuUuULLULUDE DD DDADBEDDEDIDDAEWWWWWWWWWWNNNNNNNNNN=S = @ 2 @3 223239
OCWVWONODUPAWN=_O0VONOTULDBWN—_OUVOINOIOTUPEDWN=_2O0OUVONIITULRWN=O0ODOVONOOTUVLDWN=O
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maximal concentration in urine was observed 5 hours after the administration for horse 1, and 4
hours after administration for horse 2.

Walpurgis et al. ® demonstrated that a single dose of as little as 1 pg of ostarine can be detected for
up to 9 days, in hydrolysed human urine. A higher dose of 50 pg can be detected for up to 11 days. In
the event of an AAF, it is essential to know the maximum detection time of the SARM involved, to
evaluate the moment of consumption, in case the result is challenged, and contamination is

supposed to have occurred.

In vitro HLMs incubations and LC-HRMS analyses were performed to investigate the appearance of
CYP- and UGT- dependent S-23 metabolites. Regarding the two different S-23 concentrations (100
and 500 pM) and the two different incubation times (60 and 120 min), a satisfactory metabolite
production (largest chromatographic peak area) was observed after 120 min at 500 uM. Four
metabolites were produced in vitro using HLMs under these conditions: hydroxy-S-23
(C18H1,04N,CIF4: m/z [M-H] 431.0423); O-dephenylate-S-23 (C1,H1003N,F3: m/z [M-H] 287.0647); S-
23-glucuronide  (CyHy00sN,CIF;:  m/z  [M-H] 591.0794) and  hydroxy-S-23-glucuronide
(Ca4H20010N,CIF4: m/z [M-H] 607.0743). The spectral and chromatographic data for metabolites are
described in Table 2 and Figure 5. These metabolites have already been reported in the literature but
have never been observed in human urine. Thevis et al. *° investigated the phase —I and -l
metabolism of S-23, using hepatic human microsomes. Seven metabolites were identified: hydroxyl-
S-23, bishydroxy-S-23, O-dephenylate-S-23, S-23-glucuronide, hydroxy-S-23-glucuronide, bishydroxy-
S-23-glucuronide and hydroxyl-S-23-sulfonide. During our study, bishydroxy-S-23, bishydroxy-S-23-
glucuronide and hydroxyl-S-23-sulfonide were not observed. Its production can be anticipated that

metabolites depend on the hepatic microsomes used and the enzymes involved.

In the urine of the volunteer, only one of these four metabolites was identified. A hydroxylated was
identified and hydroxy-S-23 was detected from +2 hours until +28 days. The profile of this metabolite
is presented in Table 3. Since no reference standard for hydroxy-S-23 seems available, this
metabolite is expressed as a percentage relative to the chromatographic peak area of S-23. However,
the ratio between metabolite and parent drug allows to estimate its analytical response in LC-HRMS.
The identification of this metabolite strengthens the specific analysis of S-23, but does not seem to
increase the window of detection in case of doping practice, as the ratio between metabolite and
parent drug was always lower than 1, except at + 4 hours. A curve representing the peak areas of S-
23 and hydroxy-S-23 is presented in figure 6. It is observed that S-23 and its metabolite act in the

same way over time, including its biphasic excretion.
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Another metabolite, dihydroxy-S-23, was identified in the urine of the volunteer, by LC-HRMS. This
metabolite was not detected after in vitro HLMs incubation. Dihydroxy-S-23 was detected from + 8
hours up to 5 days, but in very small quantities. The ratio between dihydroxy-S-23 and S-23 were
always lower than 1 (see Table 4). In view of these ratios, dihydroxy-S-23 is a minor metabolite. Like

hydroxy-S-23, dihydroxy-S-23 does not increase the window of detection of S-23.

A hair sample, collected one month after administration, was analysed by LC-HRMS. Neither S-23,
nor any metabolite, were identified in the specimen. The interpretation of this negative hair result is
difficult since no data is available in the literature. This was the first attempt to identify S-23 in hair.
The minimal dose that must be ingested to get a positive detection in hair remains unknown for S-23.
The absence of identification could mean that the consumption of a single dose of S-23 is not
detectable in hair at the limit of detection of the method.

Although no data is available for S-23, other SARMs have been identified in hair. Cutler et al. 7
investigated ligandrol and metabolites in horse hair following oral administration of 50 mg. The
analyses revealed trace amounts of ligandrol and its mono-hydroxylated metabolite. The responses
for the metabolite were stronger than for the parent drug, which is unusual in hair. This analysis
indicated that there may be some incorporation of the mono-hydroxylated metabolite into the hair
following oral administration. Rading et al. *° investigated GSK2881078, after administration of a
single dose of 1.5 mg to a male volunteer. The authors detected the parent drug at 1.7 pg/mg in the
segment collected 3 weeks post administration, representing the time of ingestion. No hydroxy-
metabolite was detected. The authors conclude that de detection of GSK2881078 after a single dose
is feasible, but at very low concentration. Kintz et al. 2° identified ostarine at 12 and 138 pg/mg, in
the 2 x 3 cm hair segments of a male athlete who returned an adverse analytical funding for ostarine.
In this case, the hair test results confirmed the anti-doping rules violation. In the hair of a subject
arrested by the customs for trafficking, Kintz et al. ?! identified ostarine at 146, 168, 93, and 101
pg/mg in the 4 x 3 cm sections, clearly demonstrating long-term use. Finally, the same group 22, in 3
separate cases, identified ligandrol (14 to 42 pg/mg), andarine (0.1 to 0.7 pg/mg) and ostarine (3 to
21 pg/mg), offering new biological perspectives in SARMs abuse detection.

Although hair is more than a promising matrix that makes it possible to discriminate a single take
from a repeated exposure, many parameters that influence data interpretation have to be
investigated: dose necessary to give a positive result, influence of gender, variable incorporation
according to hair colour, external factors that may have an impact, cosmetic treatment, etc °.
Therefore, at this time hair results for SARMs should be interpreted with caution by experienced
forensic toxicologists.

4. Conclusion
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S-23 metabolism was studied in vitro using human liver microsomes and allowed the identification of
4 metabolites: hydroxy-S-23, O-dephenylate-S-23, S-23-glucuronide and hydroxy-S-23-glucuronide.
For the first time, one of these metabolites, hydroxy-S-23, was identified in human urine specimens,
obtained after ingestion of one tablet of approx. 8 mg. Another metabolite, dihydroxy-S-23, was also
identified in the urine of volunteer, with a shorter window of detection. Unfortunately, the ratios
between metabolites and parent drug, always lower than 1, show that these metabolites do not
increase the time of detection in case of doping practice. The parent S-23 remains the target
substance in human urine. In addition, hair analysis revealed that the consumption of a single dose of
S-23 is not detectable in hair. Considering all the limitations and difficulties related to the
interpretation of the tests, hair results for SARMs should be interpreted with caution by experienced

forensic toxicologist.
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Table 1: Concentrations of S-23 in urine samples

Moments of urine collection, after administration (hours)

Concentrations (ng/mL)

0 0
2 1.0
4 5.0
6 14.5
8 93.0
12 50.0
24 26.5
48 11.9
72 8.5
96 21.6
120 32.9
168 5.0
240 1.0
336 1.0
672 0.5

Table 2: Metabolites observed in vitro using human liver microsomes (name, elemental composition,

mass, characteristic ions and retention time)

Metabolites Elemental composition | Mass (m/z) [M+H-] Characteristic ions RT (min)
S-23 C1gH13CIF;N,03 415.0478 144.9867; 185.0335; 269.0551 2.33
hydroxy-S-23 Ci13H1,04N,CIF, 431.0423 183.0123; 265.1481; 297.1531 2.20
O-dephenylate-S-23 Ci1oH1003N5F3 287.0647 126.9049; 185.0331; 241.0592 1.59
S-23-glucuronide C,4H2009N,CIF, 591.0794 144.9863; 241.0594; 287.0650 1.96
hydroxy-S-23-glucuronide C4H20010N,CIF, 607.0743 185.0333; 269.0541; 431.0422 175
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Table 3: Ratio (peak area) between hydroxy-S-23 and S-23.

Moments of urine collection, after administration (hours) Ratio (%)
2 62
4 240
6 96
8 74
12 60
24 67
48 17
72 67
96 60
120 48
168 58
240 46
336 50
672 37
Table 4: Ratio (peak area) between dihydroxy-S-23 and S-23.
Moments of urine collection, after administration (hours) Ratio (%)
8 0.1
12 0.3
24 0.5
48 1
72 0.8
96 0.7
120 0.7
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Figure 1: Chemical structure of S-23 (CygH13CIF;N,03)
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Figure 2: Box of S-23, bought on Internet and announced at 10 mg
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Figure 3: Concentration time profile of S-23 excretion in urine after administration of a single tablet
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Figure 5: Spectra data information for S-23 and metabolites identified after in vitro incubation, by
liquid chromatography coupled to high resolution mass spectrometry (LC-HRMS). (A) S-23
(C18H13CIF4N203; m/z [M+H-] 415.0478), (B) hydroxyl-S-23 (C18H1204N2CIF4; m/z [M+H-]
431.0423), (C) O-dephenylate-S-23 (C12H1003N2F3; m/z [M+H-] 287.0647), (D) S-23-glucuronide
(C24H2009N2CIF4; m/z [M+H-] 591.0794) and (E) hydroxyl-S-23-glucuronide (C24H20010N2CIF4;
m/z [M+H-] 607.0743).
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Figure 6: Peak areas of S-23 and hydroxy-S-23
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4.1. Présentation

Les diurétiques sont utilisés dans le traitement de diverses maladies, par exemple dans le traitement
de I'hypertension ou de I'insuffisance cardiaque. lls sont commercialisés seuls ou en association avec
d’autres médicaments. Il existe trois grandes classes de diurétiques : les diurétiques de I'anse, les
diurétiques thiazidiques et les diurétiques hyperkaliémiants. lls ont la méme propriété, celle
d’augmenter I'élimination du sodium et de I'eau. Néanmoins, chacun a son propre mécanisme
d'action. Les diurétiques de I'anse (par exemple, le furosémide) inhibent la réabsorption du sodium
et du chlorure au niveau de I'anse de Henle, tandis que les thiazidiques (par exemple,
I’hydrochlorothiazide) inhibent la réabsorption couplée du sodium et du chlorure au niveau du tube
contourné distal. Les deux catégories augmentent la diurése. Les diurétiques hyperkaliémiants (par
exemple, I'acétazolamide) inhibent la réabsorption active du sodium au niveau du tube contourné
distal et du tube collecteur.

Dans le milieu sportif, les diurétiques sont mésusés soit pour masquer la prise d’agents dopants soit
pour perdre du poids rapidement; ce qui est recherché par les sportifs pratiquant des sports a
catégorie de poids (comme la boxe, ou la lutte). C'est pour cette raison qu’ils sont interdits en
permanence par 'AMA [AMA, 2021].

Les diurétiques les plus identifiés par les laboratoires antidopage sont le furosémide et

I’hydrochlorothiazide, représentant 29 % et 21 % des RAA de classe en 2019 au niveau mondial.

4.2. Développement d’une méthode de screening

Afin de répondre aux demandes hospitaliéres, de caractériser les consommations de diurétiques
pour des expertises médico-légales et dans des cas de dopage, j'ai développé un criblage ciblé des
diurétiques a la fois les plus utilisés en thérapeutique et les plus retrouvés par les laboratoires anti-
dopage.

Les diurétiques sont identifiés et quantifiés par UHPLC-MS/MS.

Protocole d’extraction

Le type d’extraction choisi est une extraction liquide-liquide.

30 mg de matrices kératinisées (cheveux coupés finement a I'aide d’une paire de ciseaux /ongles
pulvérisés par un broyeur a billes Retsch MM200) sont pesés. Les échantillons sont incubés 15 heures
dans un tampon pH 5,2 a 40°C en présence de deux Sl (1 ng de furosémide-Ds; et

d’hydrofluméthiazide). Une extraction liquide-liquide est ensuite effectuée avec 5 mL d'acétate
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d'éthyle. Les phases organiques sont évaporées sous flux d’azote a 50°C et repris par 30 uL de MeOH.

2 uL sont ensuite injectés sur un systéme UHPLC-MS/MS.

Paramétres du systéme UHPLC-MS/MS

Les échantillons ont été analysés sur un systéme de chromatographie liquide, Acquity UPLC, de chez
Waters (Waters Corporation, Milford, MA, USA).

La séparation des analytes est réalisée en phase inverse sur une colonne Acquity UPLC® HSS C18 (150
x 2,1 mm, 1,8 um), thermostatée a 50 °C.

Le débit de travail est fixé a 0,3 mL/min pendant toute I'analyse. Une élution en gradient a été
réalisée en utilisant un tampon acétate 1,0 mM de tampon acétate et 1,0 mM dans du méthanol de

qualité LC-MS. Le temps d'analyse est de 9,0 min. Le gradient d’élution a été optimisé (tableau 4).

Temps (min) T'ampOn acétate Méthanlol, 1mM d'acétate
d'ammonium (%) d'ammonium

0 95 5
95 5

4 0 100

+3 0 100
4,6 95 5
9 95 5

Tableau 4 : Gradient d'analyse UHPLC — méthode des diurétiques

La détection a été effectuée a I'aide d'un triple quadripéle (XEVO™ TQ-S Micro, Waters Corporation,
Milford, MA, USA) équipé d'une source d'ionisation Z-spray-TM-électrospray (ESI) et utilisé en mode
positif et négatif (ES+/ES-). L'azote a été utilisé comme gaz de nébulisation avec un débit de 50 L/hr.
Les parametres de masse ont été optimisés : température de la source : 150°C; débit du gaz de
désolvatation : 800 L/h ; température de désolvatation : 500°C. La. La tension du capillaire est réglée
a 3,0 kV. La tension du cone et I'énergie de collision ont été automatiquement ajustées avec
Intellistart pour optimiser le signal de tous les analytes. Le tableau 5 présente les transitions de
guantification et de confirmation, les temps de rétention ainsi que les limites de détection et de

guantification pour chaque analyte.
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Transition de

Transition de

Analytes quantification confirmation Tr(min) LD (pg/mg) | LQ (pg/mg)
Acétazolamide 223,0>180,9 223,0>163,9 4,72 10 20
Bumétanide 365,1>184,1 365,1 > 240,2 5,65 3 5
Hydrochlorothiazide 296,1>77,8 296,1>125,9 4,79 3 5
Furosémide 329,1>204,9 329,1>125,9 5,32 3 5
Indapamide 366,0>132,0 366,0 > 90,9 5,97 3 5
Benzthiazide 429,9 > 307,9 429,9 >228,0 5,73 5 10
Chlortalidone 336,9>145,9 336,9>189,9 5,62 5 10
Chlorothiazide 293,9>214 293,9>178,9 3,00 80 100
Spironolactone 341,3 > 107 341,3>187,1 6,30 20 50

ISTD
Hydrofluméthiazide 329,8 >238,9 / 5,19 / /
Furosémide-D5 334,1>205,9 / 5,31 / /

Tableau 5 : Liste des diurétiques — transitions - temps de rétention - LD et LQ
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4.3. Applications

La méthode a été appliquée a des cas de dopage et a des affaires médico-légales.
Elle a été adaptée et légerement modifiée lorsqu’un seul diurétique était demandé et recherché afin

d’augmenter la sensibilité de la méthode.

Il N’y avait au début de ma thése, aucune donnée dans la littérature concernant I'incorporation des
diurétiques dans les cheveux. Ces molécules présentent des propriétés acides pour la plupart et de
ce fait s’incorporent mal dans les cheveux [Article 19].

Toutefois afin d’interpréter les résultats dans les cheveux, j’ai mis en place deux études contrélées
afin d’établir des critéres d’interprétation pour les deux diurétiques les plus identifiées par I'’AMA et
pour lesquels le laboratoire de toxicologie recoit des demandes cliniques : I’'hydrochlorothiazide et le
furosémide.

Les travaux de ma thése au sujet des diurétiques ont donné lieu a 4 publications décrivant des

applications a des cas de dopage et a une application médico-légale :

Article 19 : Un athlete a contesté un résultat anormal impliquant de I'hydrochlorothiazide, et a
demandé a notre laboratoire de tester ses cheveux. Du fait de I'absence de données dans les
cheveux dans la littérature, les auteurs ont mis en place une étude controlée en deux étapes. Afin
d'établir la base de l'interprétation, plusieurs volontaires ont été testés (quatre apres une seule
administration de 25 mg et dix sous traitement quotidien).

L'analyse du segment O - 2 cm des 4 volontaires ayant recu une dose unique, prélevé 1 mois apres
I'administration, a été négative a la limite de quantification (LQ = 5 pg/mg). Les cheveux des 10
patients (2 cm proximaux) sous traitement quotidien étaient positifs avec des concentrations allant
de 12 a 1845 pg/mg, sans corrélation entre la dose quotidienne et la concentration.

Les cheveux de I'athléte se sont révélés positifs a I'hydrochlorothiazide a 36 pg/mg dans le segment
correspondant a la période du controle urinaire. Etant donné qu'une exposition unique a
I'nydrochlorothiazide n'est pas détectable dans les cheveux et sur la base des résultats des patients
sous traitement quotidien, la concentration trouvée chez l'athlete a été interprétée comme
correspondant a des expositions répétées, dont il n'a pas été possible d'établir la dose et la

fréquence.
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Article 20 : Les auteurs rapportent deux cas de dopage présentant des résultats anormaux dans les
urines pour I’hydrochlorothiazide :

e (Cas 1:il s’agit d’'un pratiquant d’arts martiaux mixtes. Des poils de bras ont été prélevés en
I"absence de cheveux. Les poils se sont révélés négatifs mais ne contredisent pas les résultats
urinaires. En effet, de la méthyltestostérone a été retrouvée dans les poils. Il est tout a fait
possible que I'athlete ait consommé de I'hydrochlorothiazide de fagon unique pour éliminer
plus rapidement le SAA retrouvé. En effet, une prise unique d’HCT n’est pas détectable dans
les cheveux et poils.

e (Cas 2 :il s’agit d’'un rugbyman. Une méche de cheveux de 6cm a été prélevée, segmentée (6 x
1 cm) et analysée. 4 segments consécutifs dont celui qui recouvre la période du controle

urinaire étaient positifs (6 - 15 pg/mg). Ces résultats sont en faveur d’une pratique dopante.

Article 21 : L'acétazolamide est un inhibiteur efficace de I'anhydrase carbonique, principalement
utilisé pour traiter le glaucome. Il peut étre utilisé par les athlétes pour modifier I'excrétion et le
métabolisme des agents dopants.

L'équipe juridique d'un athléte a contacté le laboratoire aprés un RAA due a l'acétazolamide. La
concentration était inférieure a 5 ng/mL. Il s'agissait du premier contrdle de I'athléte depuis 9 mois,
en raison de la pandémie de COVID-19. L'athlete a nié toute violation des regles antidopage mais a
déclaré utiliser quotidiennement des capsules contenant 135 mg de citrate et de maléate de
magnésium. Pour démontrer son honnéteté, |'athléte a soumis un échantillon de cheveux (noire, 4
cm, orientée), qui a été prélevé environ 6 semaines aprés la collecte d'urine. Une boite non scellée
de 15 gélules blanches (sur 200) et une boite scellée mais portant un autre numéro de lot ont été
soumises par |'athléte pour analyse. Selon l'athléte, il prenait une gélule par jour depuis, au moins,
les 8 derniers mois.

Malgré la forte dénégation de I'athléte, I'acétazolamide a été retrouvé dans les quatre segments de
cheveux avec des concentrations allant de 24 a 31 pg/mg. Ces résultats peuvent correspondre soit a
une pratique dopante soit a une contamination par des suppléments diététiques. Néanmaoins, ils ne
peuvent pas étre correctement interprétés car il n’y a aucune donnée dans la littérature.

Par ailleurs, I'acétazolamide a également été identifié dans la boite de gélules non scellée a 42 + 7 ug
/capsule (n =6).

Les auteurs estiment donc que I'hypothese du sportif est probable, car elle est étayée par les
résultats des analyses de cheveux et les résultats des suppléments.

Cependant, on ne peut pas totalement exclure que les gélules contaminées non scellées aient pu étre

manipulées par |'athléte aprés la révélation du résultat anormal.
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Article 22 : La recherche de xénobiotiques dans les cheveux souléve plusieurs difficultés. Parmi elles,
I'interprétation de la ou des concentrations finales. Dans un cas post-mortem, les analyses ont révélé
la présence de furosémide (12 ng/mL) dans le sang fémoral alors qu'il ne faisait pas partie du
traitement de la victime. Le procureur a demandé de procéder a une analyse complémentaire dans
les cheveux pour obtenir des informations sur I'utilisation du furosémide.

Le furosémide a été trouvé dans les cheveux de la victime a 225 pg/mg. Cependant, il n'a pas été
possible d'interpréter cette concentration en raison de I'absence de données dans la littérature. Par
conséquent, les auteurs ont réalisé une étude contrélée en deux parties. Afin d'établir la base de
I'interprétation, plusieurs volontaires ont été testés (quatre aprées une seule administration de 20 mg
et vingt-quatre sous traitement quotidien). La premiére série a montré qu'une dose unique n'est pas
détectable dans les cheveux par notre méthode. La deuxieme série a mis en évidence des
concentrations allant de 5 a 1110 pg/mg sans qu'il y ait de corrélation entre la dose et la
concentration dans les cheveux. Le résultat dans les cheveux de la défunte a été interprété comme
une exposition répétée.

Dans le cas de I'analyse du furosémide, les cheveux peuvent fournir des informations sur sa présence

mais ne peuvent pas donner d'informations sur le dosage ou la fréquence d'utilisation.

Mes travaux de these ont permis d’établir les critéeres d’interprétation dans les cheveux pour le
furosémide et I’hydrochlorothiazide. L'acétazolamide a été identifié pour la premiére fois dans les
cheveux dans un cas de dopage authentique.

A ce jour, le laboratoire recoit des demandes d’analyse dans les cheveux de la part des services
cliniques permettant ainsi de vérifier si le traitement est correctement suivi et non interrompu et si

un mésusage a visée amaigrissante est caractérisé.
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1 | INTRODUCTION

Abstract

An athlete contested an adverse analytical finding involving hydrochlorothiazide, and
requested our laboratory for testing his hair. As there is no reference in the literature
about identification of hydrochlorothiazide in hair, several volunteers were first enrolled
(4 after a single 25 mg administration and 10 with daily therapeutic treatment). A specific
method was developed by ultra-performance liquid chromatography-tandem mass spec-
trometry (UPLC-MS/MS. Hair samples were decontaminated with dichloromethane and
30 mg were incubated in buffer at pH 7.0 for 15 hours at 50°C. Then, 5 mL ethyl acetate
was added for extraction. Linearity was observed for hydrochlorothiazide concentrations
ranging from 5 to 2000 pg/mg. The limit of quantification was 5 pg/mg. The coefficients
of variation (CVs) of repeatability and matrix effect were lower than 20%. Analysis of the
0-2-cm segment of the 4 volunteers having received a single dose, collected 1 month
after administration, was negative at the limit of quantification. The hair of the 10
patients (proximal 2 cm) on daily treatment was positive with concentrations ranging
from 12 to 1845 pg/mg, with no correlation between daily dose and concentration.
The athlete’s hair tested positive for hydrochlorothiazide at 36 pg/mg in the segment
corresponding to the period of the urinary control. Since a single exposure to hydrochlo-
rothiazide is not detectable in hair and based on the results of the patients on daily treat-
ment, the concentration found in the athlete has been interpreted as corresponding to
repeated exposures, where it was not possible to establish the dosage and the frequency.

KEYWORDS
Diuretic, doping, hair, hydrochlorothiazide, LC-MS/MS

Doping Agency (WADA) in and out-of-competition (class S5: Diuretics
and masking agents) and is screened in anti-doping laboratories using

Hydrochlorothiazide (HCT) is marketed alone (Esidrex®, Novartis) or
in combination with other molecules. This drug is available in 6.5,
12.5, and 25 mg tablets. It is a diuretic of the benzothiadiazine family,
used since 1957 in the treatment of control of high blood pressure. It
inhibits the renal tubular sodium and chloride reabsorption and
increases urinary excretion. It is a weak acid substance with 2 dissoci-
ation constants at 7.9 and 9.2 and has a half-life of 6 to 15 hours.*
Due to its diuretic properties, HCT can be used by athletes to lose
weight (weight class sport such as judo or wrestling) or to increase the
elimination rate of anabolics or stimulating agents (used as masking
agent). It is classified? as a prohibited substance by the World Anti-

urine. An adverse analytical finding (AAF) leads to the immediate sus-
pension of the athlete as the presence of a banned substance in urine
is generally enough to be eligible to a sanction.®> However, in urine, it is
impossible to establish the pattern of drug exposure (single or repeti-
tive use). At the opposite, in forensic science, it can be useful to doc-
ument the initial findings using a hair test. Thanks to its large window
of detection, depending on the hair length, and the possibility to seg-
ment hair strands, it is generally possible to determine the pattern of
drug exposure in the months before collection. For these reasons, it
seems interesting to test for drugs in hair, even in doping cases. More-
over, hair analysis was approved as an alternative matrix according to

Drug Test Anal. 2019;11:157-161.
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International Standard for Laboratories® but this analysis cannot be
the standard method for a general screening in doping situation.®*
For example, a negative hair result does not always mean that urine
was negative.* Indeed, the consensus of the Society of Hair Testing
(SoHT) has fixed the applications of hair testing for doping agents,
including the possible interpretation. In the case of positive urine
results, the negative hair result cannot exclude the administration of
drug. The negative hair results can be explained by the absence of a
sensitive enough analytical method or limited drug incorporation. This
can be explained® by the chemical properties of the molecules such as
the presence of a nitrogen atom (good for incorporation) or the pres-
ence of an acidic function (bad for incorporation).

A review of the literature has indicated that there are some arti-
cles about testing for HCT in urine and blood but there is no reference
for hair. In fact, the detection of diuretics in hair has never been
reported. It is not known if diuretics are incorporated in hair. This
paper aims to present a specific method for testing HCT in hair and
to propose data for suitable interpretation of the measured
concentrations.

2 | MATERIALS AND METHODS

2.1 | Case report and hair specimens

During an out-of-competition period, an anti-doping laboratory tested
the urine of a top athlete (17 years old) and returned an AAF for HCT
(about 300 pg/mL). The athlete challenged the result and denied any
voluntary intake of the drug. He admitted, however, that inadvertent
consumption was possible since one of his friends was treated with
HCT [sic]. The athlete confirmed to us that he had not treated his hair
in the 3 months before sampling. At the request of his lawyer, our lab-
oratory received 3 hair strands from the athlete to establish the pat-
tern of HCT use at the time of the urinary control. The hair was
collected by a US point of collection with suitable chain of custody
about 3 months after the urinary control and the athlete declared a
hair growth rate of about 1.5 cm/month. The hair was 10 cm in length,
and blond in colour. The orientation root to tip was maintained.

To interpret the results of the athlete's test and to obtain informa-
tion about the detectability of HCT in hair, 2 surveys were carried out.

211 | Survey1

One tablet containing 25 mg of HCT was taken orally by 4 healthy
male volunteers (20-57 years old). Written consent was obtained
from each subject after the study was explained. For each volunteer,
2 hair strands were collected 1 month after administration. The
strands were segmented in 2 segments of 2 cm in length.

212 | Survey2

Ten patients (men and women aged 45-70 years old) under daily med-
ical treatment with HCT since more than 6 months (6.25, 12.5, or
25 mg/daily) participated in the study. A written consent was obtained
from each subject after the study has been explained. For each person
2 hair strands were collected. The hair length was variable (2-10 cm),
but only the proximal segment (2 cm) was tested.

The hair strands were received in an envelope and stored at
ambient temperature in the laboratory before analysis.
Blank hair for method validation was obtained from laboratory staff.

2.2 | Chemicals and reagents

HCT and hydroflumethiazide (HFT) were obtained from Ciba-Ceigy
(Groot-Bijgaarden, Belgium) and from Sigma Aldrich (Steinheim,
Germany), respectively. Ammonium acetate, dichloromethane, and
ethyl acetate (HLPC grade) were purchased from Merck (Darmstadt,
Germany) and methanol for HPLC Isocratic Grade (MeOH) from VWR
Chemicals Prolabo (Fontenay-sous-Bois, France). Aqueous buffer
pH 7.0 was purchased from Hanna Instruments (Woosocket, RI, USA).
The standard solutions, prepared in MeOH, were stored at 4°C.

2.3 | Sample treatment

2.3.1 | Decontamination

The hair strands were decontaminated twice with 5 mL of dichloro-
methane for 2 minutes at room temperature and dried.

2.3.2 | Preparation and extraction of hair

The hair was segmented and cut into very short segments. Thirty mg
of decontaminated hair was incubated in 1 mL buffer pH 7.0 for
15 hour at 50°C, in the presence of 30 ng of HFT used as internal
standard. Then, 5 mL of ethyl acetate were added. After agitation
for 15 minutes and centrifugation (15 minutes, 3000 rpm), the organic
phase was collected, and evaporated to dryness under a nitrogen flow.
The dry residue was dissolved in 50 uL of the initial mobile phase, and
10 plL was injected into the UHPLC-system.

24 | Instrumentation

Chromatographic separations were performed with a liquid chroma-
tography Waters Acquity UPLC™ system (Waters corporation, Mil-
ford, MA, USA) using an Acquity UPLC HSS C18 column (150 mm x
2.1 mm, i.d. 1.8 um particle size). The column temperature was set
to 50°C, and the flow rate at 0.3 mL/min. The mobile phase consisted
of 1.0mM ammonium acetate in water (eluent A) and 1.0mM ammo-
nium acetate in MeOH (eluent B). Analysis time was 6.0 minutes and
the following gradient pattern (eluent A) was used for the separation
of HCT and HFT: O minutes, 95%; 2.00 minutes, 95%; 4.00 minutes,
0%; 4.10 minutes, 0%; 4.30 minutes, 95%; 6.00 minutes, 95%. HCT
and HFT were eluted in 3.87 and 4.08 minutes, respectively.

Detection was performed using a triple quadrupole (XEVO™ TQD,
Waters Corporation, Milford, MA, USA) mass spectrometer equipped
with a Z-spray™-electrospray ionisation source (ESI) and used in the
negative mode (ES-). Nitrogen was used as drying gas as well as
nebulising gas. The desolvation gas flow was set to 800 L/h and the
desolvation temperature was 400°C. The source temperature was
150°C. The capillary voltage was set at 1.50 kV. Cone voltage and col-
lision energy were adjusted to optimise the signal of the 2 most abun-
dant product ions of HCT: m/z 296.1 > 268.9 and 296.1 > 204.9 and
for HFT: m/z 329.8 > 302.9 (Table 1). MassLynx 4.1 software was used
for quantification.
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TABLE1 MS-MS transitions

WILEY——2

Molecule MW (g/mol) Parent lon Cone Voltage (V) Daughter lons Collision Energy (eV) Rt (min)

Hydrochlorothiazide 297.74 296.1 78 268.9 20 3.87
204.9 24

Hydroflumethiazide 331.29 329.8 42 302.9 22 4.08

2.5 | Validation method

A 9-point calibration curve (n = 3) was obtained by spiking blank hair at
5, 10, 20, 50, 200, 500, 1000, and 2000 pg/mg. The limit of quantifica-
tion (LOQ) was defined as the first point of calibration. The limit of
detection (LOD) was the lowest concentration of analyte that could
be detected with signal to noise ratio superior than 3. The repeatability,
matrix effect, and extraction efficiency were evaluated. For the repeat-
ability, 2 calibration points at 50 and 500 pg/mg were evaluated 8
times. With respect to matrix effect, 17 different hair blank specimens
were extracted and 50 pL of standard solution of HCT (1 mg/L) was
added at the end of extraction. These specimens were compared to
50 pL of standard solution of HCT in MeOH (1 mg/L). For the extrac-
tion efficiency, 8 spiked hair samples at 1 mg/L of HCT were extracted
and compared to a standard solution of HCT in MeOH (1 mg/L) (n = 4).

3 | RESULTS AND DISCUSSION

3.1 | Validation

Three calibration curves based on analyte/internal standard peak area
ratios were obtained on 3 separate days and analysed by weighted lin-
ear regression to validate the linearity of the method. The assay was
linear in the concentration range 5-2000 pg/mg ( > 0.990) with an
LOQ of 5 pg/mg. The LOD was 3 pg/mg. A typical standard curve of
a validation assay (after weighted linear regression 1/x) is
y = 0.000006x-0.00004, r* = 0.9998, where x represents the mass,
and y is the peak area ratio of HCT to IS. The concentration is calcu-
lated with the exact weighed mass.

QC samples (50 pg/mg and 500 pg/mg), analysed in duplicate in 8
independent experimental assay, were used to determine a coefficient
of variation (CV) for precision and accuracy. These CVs were lower
than 20%. The matrix effect was lower than 20%. Finally, the average
extraction efficiency was 61% (n = 8). It was not possible to establish a
suitable extraction efficiency in authentic hair due to the lack of refer-
ence material available for validation.

3.2 | Hair results

When testing for drugs in hair, interpretation of the results is the most
critical step, particularly when there is no data in the literature to com-
pare the findings. For example, in the case of HCT, there is a lack of
knowledge about the minimal detectable dosage in hair or about what
can be expected after daily treatment. In some cases,” it might be nec-
essary to test a marker or a minor metabolite rather than the adminis-
tered molecule itself; for example, ethyl glucuronide instead of ethanol
is the compound of interest in hair. Unfortunately, nothing is known
about diuretic incorporation into hair.

The first step of this study was therefore to determine whether
HCT was detectable in hair after a single administration. Four sub-
jects (specimens 11 to 14) received a single 25 mg of HCT by the
oral route. At the LOQ of 5 pg/mg, the 4 specimens were negative.
A very small signal was observed for 2 subjects, but this was under
the 5 pg/mg cut-off. Table 2 presents the results of this study,
including dosage, hair colour, and concentrations of HCT. It was con-
cluded that a single administration of HCT, even at the highest avail-
able dosage, is undetectable in human hair. This has also been
published for other drugs. For example, Kintz® reported that a single
dose of 2.5 mg of lorazepam is undetectable, while a 2-mg dose of
clonazepam can be detected. In a study by Segura et al.® testoster-
one esters could not be detected after intramuscular administration
of 250 mg. Furthermore, Kintz et al” reported in a study that nan-
drolone was not detectable in hair while urine tested positive for
its metabolites (NA and NE) for at least 8 months, after a single
intramuscular administration of 50 mg of nandrolone undecanoate.
The problem of detectability can be accounted for either by the mol-
ecules properties or by the instrument which may not be sensitive
enough. If the latter applies, it can be anticipated that the chances
HCT will be detected in hair should only occur if larger doses are
taken by the patients.®

In light of the first experiment, the second step of this study was to
determine the range of concentration of HCT in hair obtained from
subjects under daily treatment. For this purpose, 10 subjects under
daily therapeutic HCT treatment, with daily dosage ranging from 6.25
to 25 mg were enrolled in this experiment. Concentrations of HCT in
the proximal 2-cm segments are reported in Figure 1 and range from
12 to 1845 pg/mg. Although HCT was detected in all hair segments,
the measurement points are very scattered which demonstrates that
there is no apparent correlation between the concentrations found into

TABLE 2 Hair specimens and results

Subject  Dose Hair colour  Hair concentration (pg/mg)
1 25 mg/daily Dark-grey 12

2 12.5 mg/daily  Dark-grey 35

3 6.25 mg/daily ~ White 185

4 12.5 mg/daily  Grey 111

5 12.5 mg/daily ~ White 1261

6 25 mg/daily White 393

7 12.5 mg/daily ~ Dark-grey 1058

8 12.5 mg/daily ~ Grey 1845

9 12.5 mg/daily ~ Dark 123

10 Not known Brown 406

11 Single 25 mg Blond Not detected
12 Single 25 mg Brown Not quantified
13 Single 25 mg Blond Not detected
14 Single 25 mg Brown Not detected
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FIGURE 1 Concentration of HCT in hair versus daily dosage [Colour
figure can be viewed at wileyonlinelibrary.com]

hair and the daily dose (R? = 0.04). For example, a 12.5 mg/day dose
gave concentrations ranging from 35 to 1845 pg/mg. The absolute lack
of relationship between dosage and concentration is not common.® For

TABLE 3 Case results

example, Jurado® reported that the concentration of cocaine found in
hair is proportionate to the dose with a good correlation factor of 0.86.

The incorporation of drug into hair is controlled by some factors
such as melanin affinity or lipophilicity. It can be anticipated that
HCT will be badly incorporated into hair because there is no electric
charge binding possibility between melanin which is negatively
charged and HCT which is not positively charged at pH 5.0 of the hair.
Contrary to an alkaline molecule, HCT, a weak acidic drug, must have a
poor ability to penetrate through the membrane, based on the pH gra-
dient between blood and hair follicles.'®

This study showed that hair colour has no influence for incorpora-
tion of HC into hair (Survey 1 results). Indeed, pigmented hair and
unpigmented hair were the same results. Colour can be an important
paramount for the incorporation of alkaline molecules but not for neu-
tral or acidic molecules. Indeed, Henderson et al'? conducted a study
on the incorporation of cocaine (alkaline molecule) on subjects with
light and dark hair. They reported that cocaine was better incorporated
in dark hair than in light hair.** For neutral and acid molecules, several
studies report that hair colour has no influence. Mieczkowski et al.

Segment 0-2cm 2-4 cm 4-6 cm 6-8 cm 8-10 cm
Hair concentration Not detected Not detected 36 pg/mg Not detected Not detected
Hydrochlorothiazide_151217_06 Sm (Mn, 3x2) MRM of 8 Channels ES-
100 4.08 329.81 > 302.93 (Hydroflumethiazide)
J 9389 1.71e5
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R
0
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Hydrochlorothiazide_151217_06 Sm (Mn, 3x2) MRM of 8 Channels ES-
100 387 296.07 > 268.85 (Hydrochlorothiazide)
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0.50 1.00 1.50 2.00 2.50 3.50 4.00 4.50 5.00 5.50
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FIGURE 2 Chromatogram of top athlete's hair 4-6-cm segment. A, transition of the internal standard; B, C, transitions of HCT. Concentration

was 36 pg/mg
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showed that there was no relationship between carbamazepine
concentration and hair colour.'? Kintz et al showed that the hair colour
had no influence on the Gamma-Hydroxybutyric acid (GHB)
concentration.*® And finally, Gygi et al compared the incorporation of
codeine (alkaline) and phenobarbital (acid) into the hair.' It showed
that for codeine, concentrations were 44 times higher in pigmented hair
than in unpigmented hair, while for phenobarbital, the results were
identical."*

In doping cases, urinalysis for HCT does not allow for distinguishing
between single and multi-doses (which is not the purpose of the test).
This study has demonstrated that a single HCT dose is not detectable
in hair at this time. However, repetitive doses of HCT, administered
to patients suffering from high blood pressure, were always detectable.

The test result for HCT in the athlete's hair is presented in Table 3.
The analysis of the combined dichloromethane washes was negative.
Figure 2 shows the chromatogram obtained after extraction of the seg-
ment 4-6 cm of the athlete. This segment corresponds to the period of
the AAF in urine. This result (36 pg/mg) is in the range of what has been
observed in daily treated patients (low limit of range). Since a single
exposure is not identifiable in the hair and based on the results of the
patients on daily treatment, the concentration found in the athlete's
hair has been interpreted as corresponding to repeated exposures.
Nevertheless, it is not possible to establish the dosage and the fre-
quency of consumption. This is also due to the obvious lack of litera-
ture. Given that a single 25 mg dose seems not to be detectable in
hair, it is therefore anticipated that residual contamination by supple-
ments should not be detectable in hair. This is the opposite with clenbu-
terol, where the authors were able to discriminate therapeutic use from
contamination.*

4 | CONCLUSION

The application of hair testing seems to be a suitable approach to docu-
ment HCT findings in doping control. However, the method has some
limitations. It was not possible to establish the dosage and the frequency
of consumption for HCT due to the weak incorporation of the drug into
the hair and the lack of relationship between dosage and hair concentra-
tions. Unlike urine testing, this study demonstrated it is possible in hair to
discriminate between single take and repetitive exposure. This study rep-
resents the first contribution to the identification of a diuretic in hair.
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Testing for hydrochlorothiazide in human hair after two antidoping controls
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MOTS CLES Résumé Commercialisé sous le nom Esidrex”, ’hydrochlorothiazide est de plus en plus utilisé
Hydrochlorothiazide ; dans le sport. Du fait de son pouvoir diurétique, les sportifs l'utilisent pour perdre du poids ou
Cheveux ; pour éliminer plus rapidement des substances anabolisantes ou encore stimulantes. L’analyse
Dopage ; des cheveux permet de discriminer une prise unique d’une prise répétée. Les auteurs rapportent
Diurétique ici deux cas de dopage. Le cas 1 concerne un sportif pratiquant les arts martiaux mixtes et

le cas 2 un rugbyman. Les urines des deux athlétes ont montré des résultats anormaux pour
I’hydrochlorothiazide. Des poils de bras et des cheveux ont été prélevés respectivement pour
les cas 1 et 2. Les phanéres ont été analysés selon une méthode précédemment publiée faisant
appel a la chromatographie liquide couplée a de la spectrométrie de masse en tandem, avec
une limite de quantification (LOQ) a 5 pg/mg. Les analyses pour le cas 1 (poils de bras) n’ont pas
mis en évidence la présence d’hydrochlorothiazide. Ce résultat ne contredit pas les analyses
urinaires. Il pourrait s’agir d’une prise unique. Pour le cas 2 (cheveux), l’hydrochlorothiazide
est retrouvé dans plusieurs segments consécutifs avec des concentrations supérieures a la limite
de quantification dans trois segments : 15pg/mg (0—1cm), 7pg/mg (1—2cm), <LOQ (2—3cm)
et 6 pg/mg (3—4 c¢m). Ces résultats peuvent étre interprétés en tant qu’expositions répétées.
Ces observations permettent de montrer que l’analyse des phanéres est un bon complément de
l’analyse urinaire.

© 2018 Société Francaise de Toxicologie Analytique. Publié par Elsevier Masson SAS. Tous
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KEYWORDS Summary Marketed under the name Esidrex”, hydrochlorothiazide is increasingly used in
Hydrochlorothiazide; sport. Because of its diuretic power, athletes use it to loose weight or to eliminate more rapidly
Hair; anabolic or stimulant substances. Hair analysis enables to discriminate a single dose from repea-
Doping; ted exposures. The authors report two cases of doping. Case 1 concerns an athlete practicing
Diuretic mixed martial arts and case 2 a rugby player. The analysis of the urine of both top athletes produ-

ced adverse analytical results for hydrochlorothiazide. Arm hair and head hair were analyzed for
case 1 and 2, respectively. The hair was analyzed using a recently published procedure, using
liquid chromatography coupled to tandem mass spectrometry, with a limit of quantification
(LOQ) at 5pg/mg. The test for case 1 (arm hair) didn’t show the presence of hydrochlorothia-
zide. However, his result does not contradict urinalysis. It could be a single intake. For case
2 (head hair), hydrochlorothiazide was found in several consecutive segments with concentra-
tions higher than the limit of quantification in three segments: 15pg/mg (0—1cm), 7 pg/mg
(1—2cm), <LQ(2—3cm) and 6pg/mg (3—4cm). These results can be interpreted as repeated
exposures. This short study confirms that hair analysis is a good complement to urinalysis in

sport.

© 2018 Société Francaise de Toxicologie Analytique. Published by Elsevier Masson SAS. All

rights reserved.

Introduction

L’utilisation des produits diurétiques et agents masquants
est interdite par l’agence mondiale antidopage (AMA) en
compétition et hors compétition. En 2017, la classe S5
(diurétiques et agents masquants) représentait 17,4 % des
résultats anormaux au niveau national (donnée de I’agence
francaise de lutte contre le dopage) et 15 % au niveau mon-
dial (donnée de ’AMA), soit une augmentation respective
de 34 et 25 % par rapport a 2016 [1,2]. Les diurétiques
sont utilisés par les sportifs pour deux raisons. La premiére
est pour perdre du poids et la seconde pour éliminer plus
rapidement des substances comme les anabolisants, les sti-
mulants ou encore les corticoides. L’hydrochlorothiazide
(HCT), diurétique thiazidique, est classé comme substance
S5 diurétiques et agents masquants [3]. Ce médicament,
commercialisé sous le nom ESIDREX® (Novartis), est pro-
posé dans le traitement de Uhypertension artérielle et est
disponible sous forme de comprimés dosés a 6,25—12,5 et
25mg. Il agit en tant qu’inhibiteur de la réabsorption du
sodium par le tubule au niveau du segment cortical de dilu-
tion et permet ’augmentation de ’excrétion urinaire. C’est
un acide faible avec des constantes d’acidité de 7,9 et 9,2
[4].

La recherche des diurétiques par les laboratoires anti-
dopage se fait généralement dans les urines. Néanmoins,
lorsqu’il est nécessaire de documenter le cas (lors d’une
contestation par exemple) cette matrice ne permet pas
de discriminer une prise unique d’une prise répétée. Les
cheveux ont été acceptés par le tribunal arbitral du sport
dans des dossiers sensibles comme ’affaire Richard Gasquet
[5]. Cette matrice permet, dans un cadre médico-légal, de
rechercher des xénobiotiques sur une plus longue durée,
c’est-a-dire d’augmenter la fenétre de détection selon

la longueur des cheveux disponible mais également de
différencier une prise unique d’une prise répétée en seg-
mentant les cheveux. Cette analyse peut étre un bon
complément de 'analyse urinaire dans des cas de dopage
[6].

Dans une précédente publication, les auteurs ont rap-
porté les critéres d’interprétation des concentrations
d’hydrochlorothiazide dans les cheveux [7]. Dans cette
nouvelle étude, ils rapportent deux nouveaux cas de résul-
tats anormaux aprés identification dans les urines de
Uhydrochlorothiazide. L’objectif de ce travail est donc de
présenter et d’enrichir la littérature avec deux nouvelles
observations.

Présentation des cas

Cas 1. Un sportif américain pratiquant les arts martiaux
mixtes (MMA) a été controlé par un laboratoire antidopage,
hors compétition. Ses urines ont présenté un résultat anor-
mal pour la méthyltestostérone et ’hydrochlorothiazide,
sans que soit indiquée une concentration. Des poils de bras
(brun, 2cm) ont été prélevés 2 mois apres le contréle uri-
naire et ont été envoyés au laboratoire. La totalité de la
longueur des poils a été analysée.

Cas 2. Un rugbyman anglais est controlé par un
laboratoire antidopage, en dehors d’une compétition.
Ses urines ont présenté un résultat anormal pour
Uhydrochlorothiazide. Deux analyses urinaires ont été réali-
sées ; 'échantillon A a donné une concentration de 60 ng/mL
et Uéchantillon B en contre-expertise, une concentration
de 30ng/mL. Trois méches de cheveux (brun, 21cm) ont
été prélevées 2 mois apres le contrdle urinaire et ont été
envoyés au laboratoire. La vitesse de pousse prise en compte
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est de 1cm/mois. Les segments suivants sont analysés :
0—1cm, 1—2cm, 2—3cm, 3—4cm, 4-5cm et 5—6cm.

Les deux athlétes ont déclaré ne pas avoir utilisé de trai-
tement cosmétique.

Matériel et méthode

La méthode analytique citée précédemment et publiée [7]
fait appel a la chromatographie liquide (Waters Corporation,
Milford, MA, USA) couplée a de la spectrométrie de masse
en tandem (XEVO™ TQD, Waters Corporation, Milford, MA,
USA). Brievement, la séparation des analytes est réalisée
sur une colonne Acquity HSS C18 (1,8 um, 2,1 x 150 mm) en
utilisant le mélange de phases suivant : A (solution aqueuse
a 1mM acétate d’ammonium) et B (méthanol a 1 mM acé-
tate d’ammonium). L’hydrofluméthiazide (HFT) a été utilisé
comme standard interne. UHCT et UHFT sont élués respec-
tivement a 3,87 minutes et a 4,08 minutes. Deux transitions
ont été retenues pour 'HCT : m/z296,1>268,9 (quantifica-
tion) et m/z296,1>204,9 (confirmation) et une transition
a été retenue pour UHFT : m/z329,8>302,9. Lacquisition
est réalisée en mode MRM avec une source électrospray en
mode négatif [7].

Apres préparation de 30mg de cheveux, 30ng du stan-
dard interne (HFT) sont ajoutés. Les cheveux sont incubés
a 50°C pendant 16h a pH 7,0 et 5mL d’acétate d’éthyle
sont ajoutés au mélange. La phase organique est récupé-
rée et évaporée sous flux d’azote. Le résidu sec est repris
dans 50 pL du mélange de phase mobile initiale et 10 pL sont
injectés dans le systéme de chromatographie liquide.

Résultats et discussion

Les criteres d’interprétation [7] pour une dose unique de
25mg et une dose journaliere d’HCT ont été établis dans
la littérature. Les limites de détection et de quantification
ont été déterminées a 3 et a 5pg/mg. Une prise unique
n’est pas identifiable avec une limite de quantification a
5pg/mg. Par ailleurs, il a été démontré qu’il n’y a pas de cor-
rélation entre la posologie quotidienne et la concentration
d’HCT retrouvée dans les cheveux. Les auteurs ont mon-
tré qu’apres des expositions répétées, les concentrations
pouvaient varier entre 12 et 1845 pg/mg. De plus, il a été
montré que la couleur des cheveux n’a pas d’impact sur
’incorporation de 'HCT dans les cheveux. Dans cette étude,
un cas de dopage a été reporté. Les cheveux ont été ana-
lysés et la meche correspondant a la période du controle
urinaire avait montré la présence d’HCT avec une concen-
tration de 36 pg/mg. Ce résultat a été interprété en tant
que prise répétée [7].

Les Fig. 1 et 2 présentent les chromatogrammes obtenus
pour le cas 1 et pour le cas 2 (segment 1—2cm).

Pour le cas 1, la méthyltestostérone a été mise en
évidence a la concentration de 142pg/mg alors que
U’hydrochlorothiazide n’a pas été retrouvé, au seuil de
5pg/mg (LOQ), dans les poils de bras. Ce résultat néga-
tif ne contredit pas le résultat obtenu dans les urines car
un résultat négatif dans les phanéres peut s’expliquer par
une mauvaise incorporation de la molécule mais aussi par le
manque de sensibilité de la méthode analytique [6]. Selon
Gheddar et al. [7], Uabsence de réponse analytique peut
correspondre a une prise unique. En effet, il a été démontré
qu’une prise unique donnait un résultat inférieur a 5pg/mg
voire négatif.

Hydroc hiorothazcc. 26041830 5 (Mn. 32

Hydroctiowothiazide_250718_10 Sm (Mn. 32

A AASNRA AN S A P
AN A Y ) Ve NN

%

20 050 060 080 100 120 140 160 180 200 220 250 260 280 400 320 340 380 380 400 320 430 460 480 500 520 ' 620 660 580

MRU of 6 Chanes ES
24607 » 204 06 (Hydrorniaroiniande)
361

Brea, Mol

020 040 060 O
Hydrochoroihiazide 250118 10 Sm (Mn, 3:2)

B 100 | 120 | 140 160 180 | 200 220 ' 240 260 ' 280 300 ' 320 ' 340 360 380 400 420 440 460 460 500 520 540 ' 560 580

MR of 6 Channets ES-

4% 32081 > 30293 (HydroTumethiazde)
11339 1635
16343 Area, Height

4B A
ws B g 1
a2 g

O% 0% D 8 100120 1% 1E0 780 T Z0 230 240 26 280 380 320 T80 3E0 380 400 4% <% 460 " 160 560 570 520 580 550

Tine

Figure 1. Chromatogramme du cas 1 - poils de bras.
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Figure 2. Chromatogramme du cas 2 - segment 1—2cm.

De nombreuses études décrivent [’incorporation des
xénobiotiques dans les poils axillaires, pubiens et les che-
veux. Han et al ont montré que la méthamphétamine
s’incorporait mieux dans les poils pubiens et axillaires que
dans les cheveux [8]. Mais ce résultat varie d’un xéno-
biotique a lautre. Mangin et Kintz ont montré que la
morphine s’incorporait mieux dans les poils pubiens que
dans les cheveux et dans les cheveux que dans les poils
axillaires [9]. Néanmoins il n’existe pas d’étude concer-
nant Uincorporation des xénobiotiques dans les poils de
bras. La sueur, proposée pour expliquer l'incorporation
des molécules qui ont un gradient de pH défavorable
(comme les acides et donc les diurétiques), pourrait étre
un argument dans la discussion des résultats. En effet,
les glandes sudoripares sont présentes sur l’ensemble du
corps mais essentiellement sur le front, les aisselles, les
paumes de mains [9,10]. Il est donc envisageable que
U’hydrochlorothiazide se concentre moins dans les poils de
bras par défaut de glandes sudoripares, en opposition aux
cheveux.

Pour le cas 2, ’hydrochlorothiazide a été identifié et
quantifié dans 4 segments consécutifs. Les segments 4—5cm
et 5—6cm se sont révélés négatifs (cf. Tableau 1). Le seg-
ment 1—2 cm correspondant a la période du contréle urinaire
peut étre interprété en tant que prise répétée selon les cri-
téres d’interprétation précédemment établis par Gheddar
et al (>5pg/mg) [7]. De plus, 4 segments consécutifs sont
positifs a ’hydrochlorothiazide. Ce profil peut donc corres-
pondre a un profil d’expositions répétées.

Au vu des résultats, les analyses des phaneres ont été
favorable pour le cas 1 mais défavorables pour le cas 2.
L’analyse des cheveux permet d’agrandir la fenétre de

Tableau 1 Résultats des cheveux du cas 2.

Segments (cm) Hydrochlorothiazide (pg/mg)
01 15

1-2 7

2-3 Compris entre 3 et 5

34 6

4-5 ND

5-6 ND

détection des molécules mais également de différencier une
prise unique d’une exposition répétée en segmentant une
meche. Dans le cas de Uanalyse de produits dopants ou
masquants comme |’hydrochlorothiazide dans les cheveux,
il est nécessaire de travailler avec des techniques sensibles
comme la spectrométrie de masse en tandem car les concen-
trations retrouvées sont de Uordre du pg/mg. Cette analyse
est un complément de l’analyse urinaire dans des cas de
contre-expertise par exemple et pourrait étre utile dans la
lutte contre la fraude [11].

Récemment, Favretto et al. ont démontré que des
compléments alimentaires contaminés par HCT pouvaient
contaminer jusqu’a 10ng/mL les urines, ce qui ne devrait
pas se vérifier pour les cheveux [12].

Conclusion

Cette étude permet d’enrichir la littérature avec de nou-
veaux cas consécutifs a un résultat anormal dans les urines
en hydrochlorothiazide. En accord avec le consensus de la
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Society of Hair Testing, un résultat négatif dans les pha-
néres, quel que soit leur localisation (cheveux, axillaires,
pubiens, poils de bras,.) ne peut pas contredire un résultat
positif dans les urines [13].
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In the recent years, it has been increasingly published that dietary
supplements can be falsified.! They may contain no active ingredient
or other active ingredient(s). In addition, the announced active ingredi-
ent can be associated to other active substances or present a variable
dose. These supplements can produce numerous adverse events,
ranging from absence of therapeutic efficacy up to serious health
effects, which can involve deaths.?® In sport, contaminated supple-
ments can lead to adverse analytical findings, with complicated conse-
quences for the athletes to justify their behaviour.** Although
theoretically all doping agents can contaminate supplements, in most
cases, anabolic steroids, stimulants, selective androgen receptor mod-
ulators (SARMs), clenbuterol or diuretics have been identified.®”®
With respect to this last pharmacological class, hydrochlorothia-

1011 and furosemide'?® have been identified. It seems that acet-

Zide
azolamide, another diuretic, was never reported as a contaminant of a
dietary supplement.

Acetazolamide is an effective carbonic anhydrase inhibitor, mainly
used to treat glaucoma. It can be used by athletes to modify the
excretion and metabolism of doping agents14 but has also been pro-
moted as prophylaxis for altitude sickness.'® The list of prohibited
substances and methods of doping, as established by the World

Anti-Doping Agency (WADA), includes acetazolamide in the S5 class

(diuretics and masking agents).'® It is prohibited at all times. In
2019.Y7 there were 13 adverse analytical findings (over a total of
4180) related to this compound. Acetazolamide does not seem to be
popular in the S5 class, ranking 12 in the most detected diuretics, far
after furosemide and hydrochlorothiazide.

The legal team of an athlete who returned a violation of the anti-
doping rules contacted the laboratory after an adverse analytical find-
ing due to acetazolamide. Urine acetazolamide concentration was less
than 5 ng/mL. This was the first control of the athlete since 9 months,
due to the COVID-19 pandemic. The athlete denied any doping viola-
tion but declared the daily use of capsules containing 135 mg of mag-
nesium citrate and maleate. To demonstrate his honesty, the athlete
submitted a hair specimen, which was collected about 6 weeks after
urine collection. The hair was black in colour and 4 cm in length. The
orientation root to tip was maintained. An unsealed box of 15 white
capsules (from 200) and a sealed box but with another batch number
were submitted by the athlete for analysis. According to the athlete,
he was taking one capsule per day since, at least, the last 8 months.
No other supplement or medication was reported. For legal reasons,
the name and the manufacturer of this product cannot be shared. The
capsules were bought in a local shop, specialized in dietary supple-
ments. The white powder contained in the capsules was diluted with
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methanol, and using liquid chromatography coupled to tandem mass
spectrometry, acetazolamide was identified in the unsealed box at 42
+ 7 pg/capsule (n = 6). Acetazolamide was not identified in six cap-
sules sampled from the sealed box. The batch numbers of these two
sets of products were different, as well as the use-by dates.

Identification in hair of acetazolamide has been very recently pub-
lished by Lo Faro et al.*® The authors measured 2300 pg/mg in the
hair of a subject treated daily with acetazolamide for systemic hyper-
tension. However, diuretic detection in hair has been seldom
reported. Gheddar et al. identified hydrochlorothiazide® and furose-
mide®® in human hair. In both cases, a single-dose administration
was undetectable, and concentrations in the range 12-1845 and
5-1110 pg/mg were measured in subjects under daily treatment with
hydrochlorothiazide and furosemide, respectively. Finally, hair con-
centrations of 230, 1360 and 16,210 pg/mg for dorzolamide (n = 3)
and of 290 and 6240 pg/mg for brinzolamide (n = 2) were published
by Lo Faro et al.'® in patients treated for ocular diseases or for sys-
temic hypertension, respectively.

The hair of the athlete was first decontaminated with 2 x 5 mL
dichloromethane for 2 min and then cut for 4 x 1 cm segments, thus
covering the period of the control. Applying a standard growth rate of
1 cm/month, one can anticipate that the 1- to 2-cm segment corre-
sponds to the time the urine was collected. The extracts were
analysed by liquid chromatography with tandem mass spectrometry
(LC-MS/MS) analysis on an Acquity class | ultra-high performance lig-
uid chromatography coupled to a Xevo TQS micro tandem mass spec-
trometer (UPLC-MS/MS) from Waters (Milford, MA, USA), using a
specific method for the detection of diuretics. Briefly, 30-mg cut hair
were incubated for 10 h in 1 mL of pH 5.2 ammonium acetate buffer
at 40°C, in presence of 1 ng of furosemide-ds used as internal stan-
dard (IS). Then, 5 mL of ethyl acetate were added. After agitation for
15 min, centrifugation and evaporation of the organic phase to dry-
ness at room temperature, the residue was reconstituted in 30 pL of
methanol. Chromatography was achieved using a Waters Acquity HSS
C18 column (150 x 2.1 mm x 1.8 pm). The temperature of the col-
umn was maintained at 50°C in a thermostatically controlled oven. A
gradient elution was used with 1-mM ammonium acetate in water
(mobile phase A) and 1-mM ammonium acetate in methanol (mobile
phase B). The flow rate of the mobile phase was 0.3 mL/min. The ini-
tial gradient was 95% phase A. At 5 min, 100% phase B was reached,
which returned at 95% phase A at 7 min. The injection volume was
2 pL. lonization was achieved using electrospray in the positive ioniza-
tion mode for acetazolamide, while in the negative ionization mode
for the IS. Although the choice of the IS furosemide-ds (in negative
ionization) is semi-optimal in order to control the positive ionization
conditions of the analyte acetazolamide, its major interest is the fre-
quency of detection when the method is used as a screening test. The
following apparatus conditions were found suitable for the analysis of
acetazolamide and the IS: capillary voltage at 3 kV; source block tem-
perature at 150°C; desolvation gas nitrogen heated at 500°C and
delivered at a flow rate of 800 L/h. Cone voltage and collision energy
were adjusted to optimize the signal for the two most abundant prod-
uct ions of acetazolamide: m/z 223.0 > 180.9 (28 V and 12 eV) and

WILEY_L %

223.0 > 163.9 (28 V and 12 eV) and the most abundant product ion
of ISm/z 334.1 > 206.0 (32 V and 20 eV). MassLynx 4.1 software was
used for quantification.

Retention times were 4.53 and 5.16 min for acetazolamide and the
IS, respectively. Linearity of the method was verified for acetazolamide
concentrations ranging from 20 to 500 pg/mg, with a correlation coef-
ficient of 0.9996. Quality control (QC) samples (50 pg/mg) were tested
in duplicate in six independent experimental assays. The coefficient of
variation for precision and accuracy was lower than 20%. The limit of
detection and the lower limit of quantification were 10 and 20 pg/mg,
respectively. These parameters are due to a weak signal-to-noise ratio
of the confirmation transition (m/z 223.0 > 163.9). Under the used
chromatographic conditions, no interference was observed between
the analytes and extractable endogenous material present in hair. The
matrix effect (<20%) was investigated with spiked 10 blank hair sam-
ples with acetazolamide at 50 pg/mg.

Despite the strong deny of the athlete, acetazolamide tested pos-
itive in the four hair segments with concentrations ranging from 24 to
31 pg/mg (Table 1). Although the measured concentrations are in the
low pg/mg range, suitable chromatograms were obtained.
The chromatogram obtained after the extraction of the proximal seg-
ment is presented in Figure 1. In addition, the chromatograms from a
blank negative hair specimen (Figure 2) and from a hair sample spiked
with acetazolamide at the limit of detection (Figure 3) are provided to
thus prove the integrity and the very low sensitivity of the employed
analytical method.

The interpretation of the measured concentrations is complicated
as this is the first case involving hair test results for acetazolamide in a
context of anti-doping rules violation. Due to the absence of con-
trolled study presenting acetazolamide incorporation into hair, it is not
possible to interpret the data in terms of dosage and frequency of

1.%8is useful to dem-

consumption. However, the paper of Lo Faro et a
onstrate the different hair concentration of acetazolamide in chronic
consumers assuming a pharmacological treatment and an athlete con-
suming a dietary supplement.

With respect to the concentrations already published for subjects
under treatment with diuretics,'®"2° the measured concentrations are
much lower. However, during two anti-doping violations, Gheddar
et al. identified hydrochlorothiazide at 6-15 pg/mg in the head hair of
a rugby player® and at 36 pg/mg in the head hair of a top athlete?®
who challenged his adverse analytical finding, demonstrating that in
athletes, the diuretic concentrations can be much lower to the ones
measured in clinical patients.

Given the four hair segments were positive, the standard inter-
pretation would be to consider that the donor had repetitively

TABLE 1  Hair test results for acetazolamide

Ac Ly :
Segment O to 1 cm 24 pg/mg
Segment 1to 2 cm * 31 pg/mg
Segment 2 to 3 cm 30 pg/mg
Segment 3 to 4 cm 26 pg/mg
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FIGURE 1 Chromatogram obtained after extraction of the O- to 1-cm hair segment. From top to bottom: Two transitions of acetazolamide
and one transition of the internal standard. Drug concentration was 24 pg/mg [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 2 Chromatogram obtained after extraction of a blank hair segment. From top to bottom: Two transitions of acetazolamide and one
transition of the internal standard [Colour figure can be viewed at wileyonlinelibrary.com]

consumed acetazolamide, thus confirming the anti-doping violation.
However, it was obvious that the measured acetazolamide concen-
trations in the four different segments were close, if not identical at
the precision of the method. This is a typical pattern observed in
subjects under long-term pharmaceutical(s) therapy and has been
the basis of using hair as a suitable matrix for therapeutic drug
monitoring.?? Similar drug concentrations along the hair shaft are

highly indicative of an identical regimen of drug exposure, both in
terms of dose and frequency. As the athlete was using on a daily
basis contaminated capsules, it seems scientifically acceptable that
the source of acetazolamide has been identified, which could
account for his adverse analytical finding. The contamination sce-
nario is supported by the positive hair tests and their specific pat-
tern of drug exposure.
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FIGURE 3 Chromatogram obtained after extraction of a blank hair segment spiked with acetazolamide at the limit of detection (10 pg/mg).
From top to bottom: Two transitions of acetazolamide and one transition of the internal standard [Colour figure can be viewed at

wileyonlinelibrary.com)

At this time, the final outcome of the case is not known. With
respect to acetazolamide contamination of the capsules used daily by
the athlete that has been proposed to account to the adverse
analytical finding, the authors would rate this very likely, as it is
supported by his hair test results. However, one cannot totally
exclude that acetazolamide was not present in the sealed products
and that the contaminated unsealed capsules could be manipulated by
the athlete after the disclosure of the adverse analytical finding. In
such a scenario, one would expect that the measured acetazolamide
concentrations would be much higher (given what has been measured
by Lo Faro et al.) and with a different drug pattern of distribution.
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1 | INTRODUCTION
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Abstract

Testing for drugs in hair raises several difficulties. Among them is the interpretation
of the final concentration(s). In a post-mortem case, analyses revealed the presence
of furosemide (12 ng/mL) in femoral blood, although it was not part of the victim's
treatment. The prosecutor requested our laboratory to undertake an additional anal-
ysis in hair to obtain information about the use of furosemide. A specific method
was therefore developed and validated to identify and quantify furosemide in hair by
UHPLC-MS/MS. After decontamination of 30 mg of hair, incubation in acidic condi-
tion, extraction with ethyl acetate, the samples were analyzed by UHPLC-MS/MS.
Furosemide was found in the victim's hair at 225 pg/mg. However, it was not possible
to interpret this concentration due to the absence of data in the literature. Therefore,
the authors performed a controlled study in two parts. In order to establish the basis
of interpretation, several volunteers were tested (four after a single 20 mg administra-
tion and twenty-four under daily treatment). The first part indicated that a single dose
is not detectable in hair using our method. The second part demonstrated concentra-
tions ranging from 5 to 1110 pg/mg with no correlation between dosage and hair
concentrations. The decedent's hair result was interpreted as repeated exposures. In
the case of furosemide analysis, hair can provide information about its presence but

cannot give information about dosage or frequency of use.

KEYWORDS
diuretic, forensic toxicology, furosemide, hair, UHPLC-MS/MS, ultra-high liquid
chromatography-mass spectrometry-mass spectrometry

segmentation can give the pattern of exposure by providing the vari-
ation in concentration over time [4].

In toxicology, hair specimens are used to complement urine and
blood analyses and provide more information about the pattern of
consumption of a drug. Hair analysis can detect chronic drug ex-
posure depending on the available hair length. For some drugs, a
single dose may also be detected [1-3]. Given an average growth
rate of 1 cm per month, each cm of hair strand allows estimating
drug exposure for 1 month. For example, a hair length of 6 cm allows
for drug exposure history during the last 6 months. Moreover, hair

However, testing hair for drugs raises several difficulties. First,
the variable chemical structure of each compound will influence
their incorporation into hair, and therefore will impact their con-
centration. For instance, the presence of a nitrogen atom and the
absence of acidic function are considered suitable for the incor-
poration of a molecule due to its binding ability with melanin [5].
Most acidic molecules do not incorporate well into hair. They do
not ionize due to the hair's physiological pH of 5 and cannot bind

J Forensic Sci. 2020;00:1-6.
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the negative charge of melanin [5]. In addition, acid drugs poorly
pass through the follicle membrane, based on the pH gradient be-
tween blood (pH 7.4) and the acidic hair matrix (pH 5). External
factors (e.g., UV) and cosmetic treatment can modify the concen-
tration of molecules in hair. It can result in a loss of 50-80% of the
initial hair concentrations of a molecule [6-8]. Finally, the inter-
pretation of hair concentrations can be difficult due to the lack
of information in the scientific literature. For example, an isolated
hair concentration of drug is difficult to interpret. This is often the
case for new psychoactive substances or drugs which are seldom
tested in hair [9].

With respect to diuretics, Gheddar et al attempted to address
these difficulties after testing for hydrochlorothiazide (HCT) in hair
[10]. In this paper, the authors indicated that there was no correla-
tion between measured concentration and hair color or dose. The
authors also found that a single intake of 25 mg of HCT was not
detected in hair and that a daily therapeutic treatment (6.25-12.5
or 25 mg/daily) can produce concentrations ranging from 12 to
1845 pg/mg.

This same approach was used to document the hair concentra-
tions of letrozole after single and chronic administration. In this later
study, the authors concluded that discrimination between single
dosage and repeated exposure was possible [11].

In this paper, the authors applied the same strategy to a
post-mortem case.

2 | CASE REPORT

A 56-year-old man (Mr. X) was found dead at home, in bed. Alcohol
and drugs were found in the house, including lormetazepam and hy-
droxyzine. The deceased had a history of depression and alcoholism.
No traumatic lesion was visible at the autopsy.

Standard toxicological analyses, including alcohol and screen-
ing of drugs, were performed by another laboratory. Hydroxyzine
(5800 ng/mL), its metabolite, cetirizine (2805 ng/mL) and fu-
rosemide (12 ng/mL) were identified in femoral blood from the
decedent.

Furosemide was not an expected drug, because it was not in Mr.
X's treatment. The public prosecutor requested our laboratory to
further explore this finding. For this, a bulk hair lock stored in an
envelope was send to our laboratory. The hair of the deceased was
4 cm in length, and gray in color.

3 | MATERIAL AND METHODS
3.1 | Human hair testing

A literature search, using the keywords “hair” and “furosemide” did
not produce any suitable citation. Therefore, based on the HCT
study, which is the only literature reference for diuretic testing in
hair [10], a controlled study was carried out in two parts. Each vol-
unteer and regular user provided written consent after explanation
of the study.

The first part consisted of the administration of 20 mg tablet of
furosemide to four healthy volunteers (23-58 years old) (Table 1).
Two hair strands (2-20 cm in length) were collected 1 month after
administration. Only one hair strand was analyzed. The second hair
strand is collected in case of a second opinion or in case of analyti-
cal issues. Only the proximal segment (2 cm) was analyzed for each
volunteer. This proximal segment was expected to contain the spot
of exposure, based on the assumed hair growth rate of 1 cm per
month.

The second part consisted of the evaluation of furosemide con-
centration in regular users. Two hair strands were collected by one
of the authors in a local hospital. Twenty-four patients (males and fe-
males aged 50-80 years old) under daily medical treatment with fu-
rosemide (20-500 mg/daily) participated in the study. The duration
of the patient treatments ranged from 1 month to 7 years. Twenty-
six hair specimens (24 head hair and 2 chest hair) were tested. The
hair specimens were ranging from 1 to 22 cm in length, and white,
gray, brown, or black in color. One patient had colored hair (Table 2).
Only the proximal segment was analyzed and the tested hair length
was either 1 cm (only for patients who started their treatment
1 month ago) or 2 cm. All samples were received in envelopes and
stored at ambient temperature.

3.2 | Chemicals and reagents

Furosemide and furosemide-D5 were obtained from Cerilliant
(Round Rock, USA) and Santa Cruz Biotechnology (Dallas, USA) re-
spectively. Ammonium acetate and ethyl acetate (HPLC grade) were
purchased from Merck (Darmstadt, Germany) and methanol (HPLC
MS Grade, MeOH) from VWR Chemicals Prolabo (Fontenay-sous-
Bois, France). Acetic acid was purchased from Prolabo (Fontenay-
sous-Bois, France).

TABLE 1 Hair test results - part

Head hair Concentration  Duration of p
specimens  Sex Dose Hair color  (pg/mg) treatment I-single dose
1 Male Single dose 20 mg Blond ND /

2 Female Single dose 20 mg Brown ND /

3 Female Single dose 20 mg Blond ND /

4 Female Single dose 20 mg Blond ND /

Abbreviation: ND, No detected.
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TABLE 2 Hair test results - part 2

ot sciences = [

Head hair

specimens Sex

5 Female
6 Male

7 Male

8 Female
9 Female
10 Female
11 Female
12 Male
13 Male
14 Male
15 Male
16 head hair ~ Male
16 chest hair  Male
17 Male
18 Female
19 Female
20 Female
21 Male
22 head hair ~ Male
22 chest hair  Male
23 Female
24 Female
25 Male
26 Female
27 Male
28 Female

Concentration Duration of

Dose Hair color (pg/mg) treatment
20 mg/daily Gray 30 /
20 mg/daily ~ White 25 8 months
20 mg/daily  Gray 60 1 year
20 mg/daily  Brown-gray 275 2 years
20 mg/daily  Red coloring (cosmetic ND 1 month

treatment)
20 mg/daily Dark-gray 110 1 month
20 mg/daily  Gray 195 2 years
40 mg/daily ~ White 5 /
40 mg/daily Brown 40 7 years
40 mg/daily Brown 10 1 month
40 mg/daily ~ Brown 115 2 years
40 mg/daily  Brown 955 8 months
40 mg/daily Brown 670 8 months
40 mg/daily  Gray 1060 7 years
40 mg/daily ~ White 1110 5 years
40 mg/daily  Brown 115 1 month
40 mg/daily Dark 65 2 years
40 mg/daily ~ Dark-gray 430 2 years
40 mg/daily  Gray 250 2 years
40 mg/daily  Dark 535 2 years
40 mg/daily Brown 40 5 years
60 mg/daily Brown 50 /
60 mg/daily  Gray 25 1 year
80 mg/daily  Gray 185 /
250 mg/daily Dark-gray 915 /
500 mg/daily Brown 670 1 month

Abbreviation: ND, No detected.

The standard solutions, prepared in MeOH, were stored at 4°C.
Blank hair for method validation was obtained from laboratory staff.

3.3 | Furosemide analysis by UHPLC-MS/MS

Hair samples were decontaminated twice with 5 mL of dichlo-
romethane for 2 min at room temperature and dried. The wash so-
lutions were mixed, evaporated to dryness, reconstituted in 30 pL
of MeOH, and tested for furosemide. The decedent's hair was not
segmented, because hair specimens were received at the laboratory
as bulk material. The hair was cut into very short segments (<1 mm)
and 30 mg were incubated in 1 mL ammonium acetate buffer pH 5.2
for 15 h at 50°C, in the presence of 20 ng of furosemide-D5, used as
internal standard. After incubation, 5 mL of ethyl acetate was added.
After agitation for 15 min and centrifugation (15 min, 3000 rpm),
the organic phase was collected and evaporated. The dry residue
was dissolved in 30 pL of MeOH, and 2 pL was injected into the
UHPLC-system.

Chromatographic separations were achieved with a liquid chroma-
tography Waters Acquity UPLC™ system (Waters corporation, Milford,
MA, USA) using an Acquity UPLC HSS C18 column (150 mm x 2.1 mm,
i.d. 1.8 um particle size). The column temperature was set to 50°C, and
the flow rate at 0.3 mL/min. The mobile phase consisted of 1.0 mmol/L
ammonium acetate in water (eluent A) and 1.0 mmol/L ammonium ac-
etate in MeOH (eluent B). Analysis time was 6.0 min with the following
gradient pattern (eluent A): 0 min, 95%; 0.10 min, 95%; 3.00 min, 2.0%;
4.00 min, 2.0%; 4.10 min, 95.0%; 6.00 min, 95%. Furosemide and furo-
semide-D5 were eluted in 2.91 and 2.90 min respectively.

Detection was performed using a triple quadrupole (XEVO™
TQD, Waters Corporation, Milford, MA, USA) mass spectrometer
equipped with a Z-spray™-electrospray ionization source (ESI) and
used in the negative mode (ES-). Nitrogen was used as the drying
gas as well as the nebulizing gas. The desolvation gas flow was set
to 800 L/h and the desolvation temperature was 500°C. The source
temperature was 150°C. The capillary voltage was set at 3.0 kV.

For the detection, cone voltage and collision energy were ad-
justed to optimize the signal of the 2 most abundant product ions
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Bl s sciences &)
of furosemide: m/z 329.1 > 204.9 and 329.1 > 285.0 and for furose-
mide-D5: m/z 334.1 > 290.0. MassLynx 4.1 software was used for
quantification.

lon ratio and retention time were verified for all samples with
an acceptable precision inferior to 20% and 2% respectively with

compared to a reference standard.

3.4 | Method validation

Validation recommendations of the Society of Hair Testing were fol-
lowed (although not standards), including precision, matrix effect,
determination of LOD and LOQ, linearity and interferences [(12]. A
seven-point calibration curve (n = 3) was obtained by spiking blank
hair at 5, 10, 20, 50, 200, 500 and 2000 pg/mg. The limit of quan-
tification (LOQ) was defined as the first point of calibration. The
limit of detection (LOD) was the lowest concentration of analyte
that could be detected with signal to noise ratio superior than 3.
The repeatability, matrix effect and interferences were evaluated.
For the repeatability, two calibration points at 10 and 500 pg/mg
were evaluated 6 times. With respect to matrix effect, 15 different
hair blank specimens were extracted and 50 pL of standard solu-
tion of furosemide (10 ng/ml) was added at the end of extraction.
These specimens were compared to 50 pl of standard solution of
furosemide in MeOH (10 ng/ml). For the evaluation of interferences,
10 true negative hair samples collected among laboratory staff were

analyzed.

191030_ 3084

191030, _30.£4 g Sm (M, 208)
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4 | RESULTS AND DISCUSSION

The acidic extraction was chosen based on the Deventer study, in
which furosemide was extracted under acidic conditions in urine [13].

Linearity was observed for furosemide concentrations ranging
from 5 to 2000 pg/mg (r* > 0.997) with a LOQ of 5 pg/mg (preci-
sion at 18.7%). The LOD was 3 pg/mg with acceptable ion ratios.
QC samples (10 pg/mg and 500 pg/mg), analyzed in duplicate in
six independent experimental assays were used for determination
a coefficient of variation for precision. These CVs were lower than
20% (15.9% for QC at 10 pg/mg and 5.6% for QC at 500 pg/mg).
The matrix effect was found acceptable, being lower than 20%.
10 true negative hair samples collected do not show a positive
response for furosemide.

The result of the analysis of the decedent's hair showed a posi-
tive response for furosemide at 225 pg/mg. The wash solution was
analyzed and was found negative for furosemide. Figure 1 shows
the chromatogram obtained after the extraction of the 4 cm hair.
This hair concentration was difficult to interpret as there is no in-
formation and no data about furosemide testing in hair reported in
the scientific literature. In order to interpret this concentration, the
authors decided to follow the strategy already described for HCT
[10] and a controlled study was carried out in two parts.

Tables 1 and 2 present the results of these two studies, includ-
ing dosage, hair color, sex, duration of treatment, and concentration
of furosemide. All samples from the first part of the study (single
dosage; subjects 1-4) produced a negative response with a LOD at
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FIGURE 1 Chromatogram of hair case (from top to bottom: 2 transitions of furosemide, 1 transition of furosemide-D5). Hair

concentration was 225 pg/mg
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Concentration of furosemide versus dosage
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FIGURE 2 Concentration of furosemide in hair versus dosage

3 pg/mg. A single dose 20 mg of furosemide does not seem to give a
detectable response using this method.

The second part made it possible to evaluate the concentrations
of furosemide in the hair of the patients (subjects 4-28) under daily
treatment of the drug. With the exception of patient 9, all subjects
were positive for furosemide. The negative finding in patient 9 may
be due to the cosmetic treatment of their hair. Furosemide con-
centrations ranged from 5 to 1110 pg/mg. The authors observed a
dispersion (Figure 2) in concentrations when associated with treat-
ment dosage. For example, a treatment of 20, 40 and 60 mg/day
can give similar concentrations in hair. Furosemide seems to not
deposit uniformly in hair. It can be explained by the lack of binding
of the drug to the negative charge of melanin at hair's physiological
pH of 5 [5]. Moreover, there does not seem to be a correlation
between hair color and hair concentration. Others have reported
no correlation between hair color (pigmented and unpigmented)
and hair concentration for acidic molecules such as phenobarbital
[14]. In addition, there was no apparent variation due to sex. For
women, the concentrations ranged from 32 to 1110 pg/mg while
men ranged from 5 to 1060 pg/mg. Welch's unequal variances
t-test was performed and results indicated no difference between
the two groups (male and female) with P-value at 0.34.

Moreover, for two patients under daily treatment, chest hair
specimens were also collected in addition to head hair (specimens 16
and 22). In the case of there is no head hair, the analysis of other hair
such as chest hair might be of interest. With respect to the compar-
ison between chest hair and head hair, the authors cannot provide
any conclusion because in one case the concentration of furosemide
was higher in chest hair than in head hair and for the second case the
results show the opposite situation.

Thanks to this study, the authors were able to better interpret
the findings from the analysis of the decedent'’s hair. The con-
centration found in the hair (225 pg/mg) seems to be in accor-
dance with repeated exposures to furosemide. However, it was
not possible to determine neither the dosage nor the frequency
of consumption.

Finally, it has been reported by various authors [15-18] that
sweat can contaminate the hair and could therefore cause an

artificial increase in the measured concentration. This was not con-
sidered important by the authors for several reasons: 1. a decon-
tamination procedure was used; 2. the wash solution was negative
for furosemide; and 3. acid drugs are seldom excreted in sweat [19].

5 | CONCLUSION

This article reports the first identification and quantification of a loop
diuretic, furosemide, in hair. In this case, analysis of hair enabled the au-
thors to conclude repetitive drug use by the decedent without providing
an estimate of the dosage and its frequency. Some diuretics are difficult
to interpret in hair specimens, particularly because they are weakly in-
corporated in hair due to their acidic function. However, hair analysis
for diuretics seems to enable the discrimination between a single dose
and repeated exposures, which can find application in doping control.
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Conclusion

Les substances de la performance et notamment les agents anabolisants, qui sont les produits les
plus appréciés, représentent une véritable menace pour la santé publique en France et a travers le
monde.

En effet, I'utilisation des produits de la performance ne concerne plus uniquement les sportifs de
haut niveau mais également les amateurs qui souhaitent améliorer leur apparence physique.

Au-dela du caractere dopant lié a ces molécules, il existe un réel besoin analytique dans le domaine
clinique et médico-légal.

En effet, ces produits provoquent, a haut dosage et sur le long terme, des problémes de santé
physique et psychique qui ne sont pas toujours connus ou maitrisés.

L’émergence des nouveaux agents anabolisants, les SARMs, représente un autre probleme de santé
publique puisqu’il est encouragé par une distribution facilitée par Internet. L'usage de ces substances
peut avoir des conséquences néfastes sur la carriére des sportifs mais surtout sur la santé des
consommateurs comme décrit dans ce manuscrit.

Face a I'émergence de nouveaux produits anabolisants, il est important de mettre en place des
méthodes analytiques ciblées dans un laboratoire de toxicologie.

L'analyse des phanéres en comparaison avec |'analyse des matrices plus traditionnelles a permis de
mettre en évidence des consommations chroniques d’agents anabolisants et de diurétiques, et de
dévoiler des problémes de contamination environnementale ou des problemes de contamination di
a la consommation de suppléments alimentaires adultérés par des agents anabolisants.

L’analyse des phaneres a certaines limites qui peuvent étre en partie résolues en utilisant d’autres

poils du corps, des ongles mais également en réalisant de la segmentation.

L'objectif principal de ce travail était de caractériser la consommation de trois familles de produits
dans les phanéres. En 2018, il n’existait pas de méthode analytique dédiée a I'identification de ces
substances a Strasbourg. Au fur et a mesure de la mise en place de ces méthodes au sein du
laboratoire de toxicologie, les demandes d’analyse pour ces substances ont augmenté et le

laboratoire a regu de multiples demandes d’analyse en France et a I'étranger.

La recherche des produits de la performance dans des cas de déces, de violence non expliquée ou
dans des cas de dopage avec suspicion de contamination a intéressé les médecins légistes dans la

recherche de la cause de la mort, les cliniciens dans la recherche d’une cause d’intoxication ou d’un
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probleme d’hypogonadisme ou encore les sportifs dans la recherche d’une possible source de
contamination.

Les SARMs sont les nouveaux produits en vogue et sont mis a I'avant de la scéne avec des résultats
anormaux pour 'ostarine et le S23 lors des Jeux Olympiques de Tokyo en 2021.

Il est donc important de continuer a incrémenter la librairie MS des substances de la performance

deés lors qu’un nouveau produit est commercialisé ou détecté sur le marché noir.

Ces trois années d’activité et de recherche ont permis la rédaction de 22 publications nationales et
internationales.

La singularité de mes recherches m’a permis de travailler en collaboration avec de nombreuses
équipes en France : I'IML de Marseille, le laboratoire ToxGen a Bordeaux, le centre d’addictovigilance
de Bordeaux, le laboratoire Barla a Nice, le CHU de Garches, le CH de Marmande et I'Université de

Toulouse.
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Détection des substances de la performance dans les phanéres : approches analytiques et
application a des cas de dopage, des dossiers cliniques et des expertises médico-légales

Résumé

Du fait de leur acces facilité par Internet, de nombreux produits sont détournés par les sportifs de haut niveau mais également par les
amateurs (culturistes, par exemple) pour améliorer leur performance physique, esthétique et/ou mentale. Dans le cadre de cette thése, je me
suis intéressée aux substances de la performance suivantes, qui sont interdites en permanence par I’Agence Mondiale Anti-dopage (AMA) : les
agents anabolisants classés S1 - les modulateurs sélectifs des récepteurs des androgénes (SARMs) S1.2 - les modulateurs hormonaux et
métaboliques S4 et enfin la classe S5 qui comprend les diurétiques et les agents masquants. L’abus de ces substances peut conduire a des
effets secondaires de type psychiatrique, de I'agressivité et a des complications pour la santé pouvant mener jusqu’au décés. Il est donc
important de savoir les identifier dans un laboratoire de toxicologie médico-légale. Afin de comprendre si les résultats anormaux (dopage) ou
positifs (médico-légal) observés sont dus a des contaminations environnementales, a des malversations ou a des pratiques dopantes
caractérisées, I'analyse des phanéres (cheveux, poils) a été choisie. L'objectif principal de cette thése a été d’établir des criteres
d’interprétation pour expliquer les résultats dans les phaneres.

La premiere partie du travail a été consacrée a la mise en place d’une stratégie analytique et au développement et a la validation de trois
méthodes d’analyses robustes et sensibles dans les cheveux a I'aide de systémes de chromatographie liquide/gazeuse couplée a des
détecteurs de spectrométrie de masse en tandem. A ce jour, les librairies de spectres MS comportent 20 stéroides anabolisants et 10 esters de
testostérone, nandrolone, drostanolone et boldenone, 9 SARMs et 2 modulateurs métaboliques associés a la consommation de SARMs et
enfin 9 diurétiques. Les méthodes MS sont mises a jour dés lors qu’un nouveau produit est commercialisé.

Apres la mise en place des méthodes analytiques, ma these a porté sur la caractérisation de I'incorporation de ces substances dans les
cheveux, les poils et/ou les ongles. Pour ce faire, les méthodes ont été appliquées a des cas de dopage dans des cas de suspicion de
contamination, a des affaires médico-légales dans des cas de violence ou de déces lié a I'abus d’agents anabolisants et a des cas cliniques dans
le cadre du suivi thérapeutique des patients admis a I’hépital.

Pour finir, afin d’augmenter la spécificité des méthodes, d’identifier de nouveaux produits et leurs métabolites dans les urines ou d’identifier
des produits inconnus avec précision, il a été nécessaire d’utiliser deux outils supplémentaires : les microsomes hépatiques humains (HLMs) et
la spectrométrie de masse haute résolution (HRMS).

Ces travaux ont donné lieu a 22 publications nationales et internationales ainsi qu’a de nombreuses collaborations.

Mots-clés : substances de la performance, chromatographie liquide et gazeuse couplée a la spectrométrie de masse en tandem (UHPLC/GC -
MS/MS), cheveux, poils, médecine-légale, dopage

Abstract

Because of their easy access through the Internet, many products are misused by top athletes but also by amateurs (bodybuilders, for
example) to improve their physical, aesthetic and/or mental performance. In the framework of this thesis, | was interested in the following
performance-enhancing substances, which are permanently banned by the World Anti-Doping Agency (WADA): anabolic agents classified as
S1 - selective androgen receptor modulators (SARMs) S1.2 - hormonal and metabolic modulators S4 and finally the S5 class which includes
diuretics and masking agents. Abuse of these substances can lead to psychiatric side effects, aggression and health complications that can lead
to death. It is therefore important to know how to identify them in a forensic toxicology laboratory. In order to understand whether the
adverse analytical findings (doping) or positive (forensic) results observed are due to environmental contamination, malpractice or doping
practices, the analysis of keratinous matrices (hair) was chosen. The main objective of this thesis was to establish interpretation criteria to
explain the results in hair.

The first part of the work was devoted to the establishment of an analytical strategy and the development and validation of three robust and
sensitive analytical methods in hair using liquid chromatography/gas systems coupled with tandem mass spectrometry detectors. To date, the
MS spectra libraries include 20 anabolic steroids and 10 esters of testosterone, nandrolone, drostanolone and boldenone, 9 SARMs and 2
metabolic modulators associated with SARM consumption and 9 diuretics. The MS methods are updated as soon as a new product is
marketed.

After setting up the analytical methods, my thesis focused on the characterization of the incorporation of these substances in hair and/or
nails. To do so, the methods were applied to doping cases in cases of suspected contamination, to forensic in cases of violence or death
related to the abuse of anabolic agents and to clinical purposes in the context of therapeutic follow-up of patients admitted to hospital.

Finally, in order to increase the specificity of the methods, to identify new products and their metabolites in urine or to identify unknown
products with precision, it was necessary to use two additional tools: human liver microsomes (HLMs) and high resolution mass spectrometry
(HRMS).

This work has resulted in 22 national and international publications and numerous collaborations.




