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Abstract

The reactions involved in the metabolic pathways of SR9009 were characterized by

liquid chromatography–mass spectrometry (LC–MS) to identify the most appropriate

marker(s) of use. The effects of gender, genetic polymorphism, and drug–drug interac-

tion on the metabolic profile of SR9009 were also evaluated. In vitro approaches were

based on the use of human liver microsomes and cytochrome P450 isoforms. Sample

preparation included an enzymatic hydrolysis (performed only for the phase II inves-

tigation) followed by liquid–liquid extraction. The chromatographic separation was

carried out using a reverse‐phase column; detection was performed by either a

triple‐quadrupole or a time‐of‐flight system in positive electrospray ionization and dif-

ferent acquisition modes. In the presence of human liver microsomes, SR9009 was

biotransformed to 13 metabolites by CYP3A4, CYP3A5, CYP2C19, and CYP2D6 iso-

enzymes. The reactions included hydroxylation, de‐alkylation, oxidation, and combina-

tions thereof, the de‐alkylated metabolites being the most abundant. Once formed

the mentioned metabolites underwent glucuronidation. Concerning the effects of

gender, genetic polymorphism, and drug–drug interaction on the metabolic profile

of SR9009, our observation have shown the following: (a) No significant alterations

were measured between female and male, (b) significant differences were registered

using either the CYP2D6 or CYP2C19 allelic variants, and finally (c) significant alter-

ations were registered in the presence of ketoconazole, miconazole, fluoxetine,

nefazodone and paroxetine; moderate variation were instead registered with flucon-

azole, itraconazole, gestodene, and levonorgestrel. This observation put in evidence

the importance to take into account both genetic polymorphism and drug–drug inter-

action to select the most appropriate marker(s) of use in doping analysis.
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1 | INTRODUCTION

The recent discovery that Rev‐erbs are ligand‐regulated receptors

whose repressive activity is regulated by the endogenous porphyrin‐

ligand, heme, has stimulated the development of synthetic ligands,1-5

opening up the possibility of targeting them for therapeutic pur-

poses.6-9 Several novel compounds were designed and synthesized
wileyonlinelibrar
to interact with the Rev‐erb receptor, the first being GSK4112 (also

known as SR6452).7-9 This synthetic ligand was demonstrated to act

as an agonist of the Rev‐erb receptors, mimicking the action of the

endogenous ligand, in cell‐based assays, but did not exhibit a favorable

pharmacokinetic profile. In an attempt to improve potency, efficacy,

and pharmacokinetics properties, two Rev‐erb agonists (denoted as

SR9009 and SR9011) were proposed7-9 Both in vitro and in vivo
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animal studies reported the ability of SR9009 and SR9011 (a) to

increase basal oxygen consumption, mitochondrial content, glucose,

and fatty acid oxidation in the skeletal muscle; and (b) to decrease

lipogenesis, cholesterol, and bile acid synthesis in the liver and lipid

storage in the white adipose tissue.7-12 Although both SR9009 and

SR9011 are still undergoing clinical evaluation and are therefore not

approved for therapeutic use, their distribution through black market

channels, mainly within the bodybuilding community, has been

reported.13 In view of this, the World Anti‐Doping Agency (WADA)

has included the Rev‐erb agonists on the list of doping substances

and methods. Originally banned as non‐approved substances (Class

S0 of the WADA Prohibited List International Standard), they have

been moved to class S4 “Hormone and Metabolic Modulators” since

January 1, 2018.14

Previous investigators have carried out in vitro metabolism stud-

ies, identifying eight metabolites15,16 The metabolic conversion

resulted in the loss of the (5‐nitrothiophen‐2‐yl) methyl group, of

the (4‐chlrophenyl) methyl group, or of the ([(1‐ethoxycarbonyl)

pyrrolidin‐3‐yl] methyl portion followed by hydroxylation or oxida-

tion (Figure 1 shows the chemical structure of SR9009). In vivo stud-

ies by Sobolevsky et al are partially confirmed by the results

obtained in vitro indicating the loss of the (4‐chlrophenyl) methyl

group and of the ([(1‐ethoxycarbonyl)pyrrolidin‐3‐yl] methyl portion

(Figure 1) as the most important biotransformation pathways of

SR9009 in human.15

The goal of the present work is to extend the knowledge about

the metabolic profile of SR9009, also considering the effects of gen-

der, genetic polymorphism, and drug–drug interaction. For this pur-

pose, following similar studies performed on other classes of

substances prohibited in sport,17-19 in vitro metabolism studies were

performed to characterize (a) the phase I and phase II metabolic path-

ways; (b) the isoenzymes involved in the phase I biotransformation

reactions; and (c) the potential alteration of the above caused by gen-

der differences, genetic polymorphism, and drug–drug interaction. The

non‐prohibited drugs were selected from those most commonly used

by the athletes (according to the information available on the doping

control form) and/or reported to be inhibitors of the CYP450 sys-

tem20-23 Specifically, four antifungals (ketoconazole, miconazole,

itraconazole, and fluconazole), three antidepressants (paroxetine, flu-

oxetine, and nefazodone), three non‐steroidal anti‐inflammatory drugs

(NSAIDs; ibuprofen, ketoprofen, and diclofenac), two H2 receptor
FIGURE 1 Product ion spectra obtained at collision energy 30 eV, mo
SR9009
antagonists (ranitidine and cimetidine), and two steroidal progestins

(gestodene and levonorgestrel) were considered.20-23

Given the difficulty in obtaining permission to perform excretion

studies on humans (especially when involving the co‐administration

of two or more active principles), our study was based on in vitro

experiments carried out using human liver microsomes (HLM) and dif-

ferent recombinant isoforms of Cyp450. The ability of the in vitro

models and protocols described in this study to reproduce the human

metabolic pathways was then confirmed by analyzing a urine sample

collected after oral administration of a nutritional supplement contain-

ing SR9009, kindly supplied by the World Association of Anti‐Doping

Scientists (WAADS).
2 | EXPERIMENTAL

2.1 | Chemicals and reagents

SR9009 was supplied by Tocris Bioscience (Bristol, UK). 17α‐

methyltestosterone (used as internal standard), ketoconazole, micona-

zole, itraconazole, fluconazole, ibuprofen, diclofenac, ketoprofen, flu-

oxetine, paroxetine, nefazodone, ranitidine, cimetidine, gestodene,

and levonorgestrel (used as inhibitors) were supplied by Sigma‐Aldrich

(Milan, Italy). Certified standards of metabolites M2 and M9 were from

NARL (NMIA, National Measurement Institute Australia, Sydney, Aus-

tralia). Formic acid, sodium phosphate, sodium hydrogen phosphate,

acetonitrile, methanol, dimethylsulfoxide (DMSO), and tert‐butyl

methyl‐ether were all of analytical grade and provided by Sigma‐

Aldrich (Milan, Italy). The ultrapurified water used was of Milli‐Q‐grade

(Millipore Italia, Vimodrone, Milan, Italy).

The enzyme β‐glucuronidase (from E. coli) used for the enzymatic

hydrolysis of conjugates, was purchased from Roche (Monza, Italy).

The enzymatic proteins (CYP recombinant isoforms CYP1A2, CYP3A4,

CYP3A5, CYP2B6, CYP2C8, CYP2C9, CYP2C19, and CYP2D6, as well

as HLM pooled from 20 Caucasian mixed male and female donors of

different ages, HLM from female donors, and HLM from male donors)

and all the reagents for the in vitro assays (sodium phosphate and tris–

HCl buffers, magnesium chloride hexahydrate, uridine 5′‐di‐

phospho‐α‐D‐glucuronic acid, alamethicin, glucose‐6‐phosphate,

glucose‐6‐phosphate dehydrogenase, nicotinamide adenine dinucleo-

tide phosphate, and CYP450 oxidoreductase) were supplied by BD
lecular structure, fragmentation pathways and structural markers of
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Biosciences (Milan, Italy). CYP2C19 and CYP2D6 allelic variants were

supplied from XenoTech (Kansas City, MO, USA). The excretion urine,

collected after oral administration of a nutritional supplement contain-

ing SR9009, was kindly supplied by WAADS.

2.2 | In vitro protocols

2.2.1 | Phase I metabolism

All incubation conditions were optimized (protein and substrate con-

centrations, buffer and solvent types, incubation time) considering

the protocols already used in previous studies carried out in our labo-

ratory.17-19,24 Different solvents (methanol, DMSO, and acetonitrile),

buffers (phosphate and tris–HCl), pH values (5.0, 7.4, 8.0), concentra-

tion of SR9009 (0.1, 0.5, and 1 mg/mL) and of the enzymatic proteins

(0.1, 0.2, 0.5, and 1.0 mg/mL), and different incubation time (30, 60,

120, 240, 480, and 720 minutes) were evaluated. The final incubation

medium also contained 3.3mM magnesium chloride, 1.3mM NADP+,

3.3mM glucose‐6‐phosphate, and 0.4 U/mL glucose‐6‐phosphate

dehydrogenase in a total volume of 250 μL. Samples were pre‐

warmed at 37°C for 5 minutes and the reactions were started with

the addition of the appropriate enzymatic proteins (HLM or CYP

recombinant isoforms). After incubation at 37°C, 250 μL of ice‐cold

acetonitrile were added to stop the reaction. The samples were then

transferred into an ice bath for 3 minutes for further precipitation of

the proteins in the assay medium. The supernatant was subsequently

separated from the precipitate by centrifugation at 21 000 g at room

temperature for 10 minutes. Each set of assays also included a nega-

tive control sample, containing all reaction mixture components

except the enzymatic protein to monitor the potential non‐enzymatic

reactions within the incubation period. Each incubation was processed

in duplicate.

2.2.2 | Phase II metabolism

To study the glucuronidation reactions, 8mM magnesium chloride and

25 μg/mL of alamethicin were added to the phase I reaction mixture

described in the experimental section. The phase I reaction was then

initiated by adding 0.5 mg/mL of HLM in an incubation volume

of 250 μL. After 1 minute at 37°C, 2mM of the cofactor uridine 5′‐

di‐phospho‐α‐D‐glucuronic acid was added and the phase II metabo-

lism was run for 4 hours at 37°C. Proteins were then precipitated

using the protocols described for the phase I metabolism. Negative

control samples (either without proteins or without the substrate)

were prepared and each incubation was processed in duplicate.

2.3 | Sample preparation

Sample pre‐treatment was based on a previously described proce-

dure.24-26 Briefly, both the samples obtained by the in vitro experi-

ments (sample volume 500 μL) and the excretion urine (sample

volume 1 mL) were prepared as follows: 1.5 mL of phosphate buffer

(1 M, pH 7.4), and 50 μL of the internal standard (ISTD: solution of

17α‐methyltestosterone 10 μg/mL) were added and the liquid–liquid

extraction (LLE) was carried out with 7 mL tert‐butylmethyl ether for
6 minutes on a mechanical shaker; after centrifugation, the organic

layer was separated and evaporated to dryness at 40°C; the residue

was reconstituted in 50 μL of mobile phase (initial composition) and

an aliquot of 10 μL was injected in the liquid chromatography–mass

spectrometry (LC–MS) systems for the detection of phase I

metabolites.

In parallel, to identify also the glucuro‐conjugated metabolites, to

the aqueous layer were added 50 μL of β‐glucuronidase from E. coli

and 50 μL of the same ISTD and the sample was then incubated for

1 hour at 55°C. After this enzymatic hydrolysis step, the same proto-

col described for the detection of phase I metabolites was followed,

and an aliquot of 10 μL was then injected on the LC–MS systems.
2.4 | Instrumental conditions

2.4.1 | LC–MS/MS conditions

The chromatographic separation was performed using an Agilent 1200

Rapid Resolution Series HPLC pump with binary gradient system and

automatic injector (Agilent Technologies S.p.A, Cernusco sul Naviglio,

Milan, Italy). Reversed‐phase liquid chromatography was performed

using a Supelco Ascentis C18 column (2.1 × 100 mm, 2.7 μm). The sol-

vents used were ultrapurified water (eluent A) and acetonitrile (eluent

B), both containing 0.1% formic acid. The gradient program started at

10% B and increasing to 60% B in 7 minutes, after 6 minutes, to 100%

B in 4 minutes. The column was flushed for 4 minutes at 100% B and

finally re‐equilibrated at 10% B for 4 minutes. The flow rate was set to

0.25 mL/min.

Experiments were performed using a triple quadrupole instrument

(API4000 ABSciex, Monza, Italy) with positive electrospray ionization

(ESI). Selected reaction monitoring (SRM) experiments were per-

formed employing collision‐induced dissociation (CID) using nitrogen

as collision gas at 5.8 mPa, obtained from a dedicated nitrogen gener-

ator system Parker‐Balston model 75‐A74, gas purity 99.5% (CPS

analitica, Milan, Italy). The mass spectrometric parameters

(declustering and needle voltages, gas pressure, source temperature,

collision cell exit potential and collision energy) were optimized by

infusion of the standard solution of SR9009 and of the metabolites

M2 and M9 at a concentration of 10 μg/mL. To this purpose, a 1 mL

syringe operated by a syringe pump at a flow‐rate of 10 μL/min was

utilized. All aspects of instrument control, method setup parameters,

sample injection and sequence operation were controlled by Analyst

software version 1.6.1.

2.4.2 | UHPLC–QTOF conditions

The chromatographic separation was performed using an Agilent 1290

infinity II UHPLC with binary gradient system and automatic injector

(Agilent Technologies S.p.A, Cernusco sul Naviglio, Milan, Italy).

Reversed‐phase liquid chromatography was performed using an

Agilent Zorbax Eclipse plus C18 column (2.1 × 100 mm, 1.8 μm). The

solvents used were ultrapurified water (eluent A) and acetonitrile, both

containing 0.1% formic acid (eluent B). The gradient program started

at 5% B and increasing to 30% B in 4 minutes, to 70% B in 4 minutes,

and finally to 95% B in 1 minute. The column was flushed for 3 minutes
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at 95% B and finally re‐equilibrated at 5% B for 3 minutes. The flow

rate was set to 0.4 mL/min.

High‐resolution/high‐accuracy measurements were performed on

an Agilent Technologies 6545 orthogonal acceleration time‐of‐flight

mass spectrometer, equipped with an electrospray ionization (ESI)

source operating in positive ion mode. Nitrogen was used as the dry-

ing and nebulizing gas. The drying gas flow rate and temperature were
(A

(B

FIGURE 2 A, Extracted ion chromatograms obtained analyzing in vitro
presence (2) of human liver microsomes, using the UHPLC–QTOF system.
after incubation of SR9009 in the absence (1) and in the presence (2) of h
10 L/min and 350°C, respectively. The nebulizer gas pressure was

45 psi. The applied capillary and the fragmentor voltages were opti-

mized by infusion of the standard solution of SR9009 and of the

metabolites M2 and M9 at a concentration of 10 μg/mL. Mass data

were generated from m/z 100 to 1100 at 9300 transients per second.

All other MS parameters were automatically optimized by the daily

performed instrument autotuning procedure. The mass calibration
)

)

samples after incubation of SR9009 in the absence (1) and in the
B, Extracted ion chromatograms obtained analyzing in vitro samples
uman liver microsomes, using the LC–MS/MS system
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was performed daily, at the beginning of every analytical session, using

a calibration solution provided by the manufacturer. Purine with an

[M + H]+ ion at m/z 121.0509 and an Agilent proprietary compound

(HP0921) yielding an ion at m/z 922.0098 were simultaneously intro-

duced via a second orthogonal sprayer, and these ions were used as

internal calibrants along all the analysis. All aspects of instrument con-

trol, tuning, method setup and parameters, sample injection and

sequence operation were controlled by the Agilent Technologies Mass

Hunter software version B.08.00.
3 | RESULTS AND DISCUSSION

3.1 | LC–MS/(MS) analysis

3.1.1 | Mass spectrometric conditions

Instrumental parameters in MS and MS/MS were optimized by infus-

ing the standard of SR9009 and of phase I metabolites available in our

laboratory (M2 and M9) dissolved in methanol at a concentration of

10 μg/mL. The full‐scan MS analysis was first performed, both in pos-

itive and negative ionization mode, to identify the molecular ion. The

best response was obtained in positive mode for the protonated

molecular ion [M + H]+ at m/z 438 for SR9009 and at m/z 314 (M2)

and at m/z 283 (M9) for the two metabolites available in our labora-

tory. The method was then optimized evaluating different mass spec-

trometric parameters.

For the triple quadrupole assays, optimal results were obtained

using a curtain gas pressure of 25 psi, a source temperature of

500°C, an ion source gas 1 pressure of 35 psi, an ion source gas 2

pressure of 40 psi, a declustering voltage of 60 V, and a needle voltage

of 5500 V; while for theTOF assays the best conditions were obtained

using a fragmentor voltage of 150 V, an ion source temperature of

350°C, a capillary voltage of 4000 V, a nebulizer gas pressure of

45 psi and a flow of the drying gas of 10 L/min.

Subsequently, MS/MS experiments were carried out at different

collision energies (20, 30, and 50 eV) to obtain information about

the dissociation patterns of SR9009 and to select representative prod-

uct ions to be used to set up the SRM acquisition method. The proton-

ated molecular ion [M + H] + undergoes extensive dissociation at a

collision energy of 30 eV, as result of the tertiary amine cleavage,

leading to the formation of an abundant product ion at m/z 125

((4‐chlorophenyl) methyl group) and of minor product ions at m/z

142 ((5‐nitrothiophen‐2‐yl) methyl moiety) and 154 ([(1‐

ethoxycarbonyl)pyrrolidin‐3‐yl] methyl moiety) (Figure 1). At lower

collision energy, a product ion at m/z 392 corresponding to the cleav-

age at level of the 1‐pyrrolidinecarboxy acid moiety with the loss of

the ethoxy group (Figure 1) was also detected.

The described product ions were utilized as diagnostic ions

(structural markers: characteristic portions of the molecular structure

that is common to SR9009 and its metabolites) to obtain structural

information of the analytes detected in either the samples obtained

after incubation of SR9009 in the presence of HLM or the samples

collected after oral administration of a nutritional supplement contain-

ing SR9009.
3.2 | Characterization of the biotransformation
pathways of SR9009

The in vitro phase I metabolism protocol was set up by considering the

data already reported in the literature27,28 and the protocols previ-

ously optimized in our laboratory to carry out similar in vitro stud-

ies.17-19,24 The best results were obtained using as substrate solvent

DMSO (the total amount of DMSO in the final assay was 1%), a sub-

strate concentration of 1 mg/mL, a protein concentration of 0.5 mg/

mL, phosphate buffer 0.1 M at pH 7.4 and an incubation time of

4 hours.

The analysis of the in vitro samples using the TOF system in full

scan as acquisition mode allowed to detect 10 compounds not found

in the negative control sample obtained by incubating SR9009 in the

absence of HLM, and two products (M2 and M4) detected also in

the sample incubated in the absence of HLM, and therefore generated

by both enzymatic and non‐enzymatic reactions (Figure 2A). All the

metabolites with the exception of metabolite M2 contain the charac-

teristic chlorine isotope pattern (Table 1 shows the elemental compo-

sition). Samples were then analyzed by the triple quadrupole system in

SRM as acquisition mode to obtain structural information of the

analytes detected (Figure 2B). The ion transitions utilized to develop

the SRM method (Table 1) were obtained by calculating the proton-

ated molecular ion [M + H]+ of the potential SR9009 metabolite and

by selecting the diagnostic product ions (structural markers) found in

the product ion spectrum of the parent compound (Figure 1).

In detail, we have obtained the following results (Figure 2A,B

shows the extracted ion chromatograms and Figure 3 the proposed

chemical structures):

• Three chromatographic peaks (M1, M5, and M11) presenting pre-

cursor ion at m/z 313. The presence of product ions at m/z 125

and 170 and the absence of the product ions at m/z 142 and

154, denote the loss of the (5‐nitrothiophen‐2‐yl) methyl moiety

and the hydroxylation of the ([(1‐ethoxycarbonyl)pyrrolidin‐3‐yl]

methyl portion.

• A chromatographic peak (M2) with precursor ion at m/z 314. The

presence of representative product ions at m/z 142 and 154 and

the absence of the characteristic chlorine isotope pattern denote

the loss of the (4‐chlorophenyl) methyl moiety.

• Three chromatographic peaks (M3, M4, and M10) with precursor

ion at m/z 297. The presence of the characteristic chlorine iso-

tope pattern and of the product ions at m/z 142 and 141 and

the absence of the product ions at m/z 125 and 154 for M3 and

M10 denote the loss of the ([(1‐ethoxycarbonyl)pyrrolidin‐3‐yl]

methyl moiety and the oxidation of the (4‐chlorophenyl) methyl

moiety; whereas for M4 the absence of the product ion at m/z

142 denote the loss of the (5‐nitrothiophen‐2‐yl) methyl moiety;

• A chromatographic peak (M6) with precursor ion at m/z 366. The

presence of productions at m/z 125 and 142 together with the

absence of the product ion at m/z 154 denote a modification at

level of the ([(1‐ethoxycarbonyl)pyrrolidin‐3‐yl] methyl portion.

The difference of 72 amu can be in fact explained with the loss

of the ethoxycarbonyl group.
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• A chromatographic peak (M7) with precursor ion at m/z 311. The

presence of product ions at m/z 125 and 170 together with the

absence of the product ions at m/z 142 and 154 denote the loss

of the (5‐nitrothiophen‐2‐yl) methyl moiety and the oxidation of

the ([(1‐ethoxycarbonyl)pyrrolidin‐3‐yl] methyl portion.

• A chromatographic peak (M8) with precursor ion at m/z 380. The

presence of product ion at m/z 125 and the absence of the prod-

uct ions at m/z 142 and 154 denote modification at level of both

the ([(1‐ethoxycarbonyl)pyrrolidin‐3‐yl] methyl and the 2‐methyl‐

5‐nitrothiophene portions. The loss of the ethoxycarbonyl group

and the oxidation of ((5‐nitrothiophen‐2‐yl) methyl portion can

be supposed.

• A chromatographic peak (M9) with precursor ion at m/z 283; The

presence of the product ions at m/z 125 and 142 and the absence

of the product ion at m/z 154 denote the loss of the ([(1‐

ethoxycarbonyl)pyrrolidin‐3‐yl] methyl group.

• A chromatographic peak (M12) with precursor ion at m/z 299. The

presence of the characteristic chlorine isotope pattern and of the

product ions at m/z 142 and 141 and the absence of the product

ions at m/z 125 and 154 denote the loss of the 1‐

pyrrolidinecarboxy acid moiety and the hydroxylation of the (4‐

chlorophenyl) methyl moiety.

• A chromatographic peak (M13) with precursor ion at m/z 454;

being the precursor ion at m/z 454, 16 amu higher than the pre-

cursor ion of SR9009 (m/z 438), the detected peak was assigned

as hydroxylated metabolite.

To define the relative contribution of individual CYPs isoforms to

the overall metabolic rate of observed biotransformation, SR9009 (at a

concentration of 1 mg/mL) was incubated with the cDNA expressed

CYP450 isoforms selected in this study. The CYP450 isoforms

involved in the phase I metabolism of SR9009 are the CYP3A4, the

CYP3A5, the CYP2C19 and the CYP2D6 (Table 2). To confirm these

results, SR9009 was then incubated with pooled human liver

microsomes in the presence of specific inhibitors, added to a final

concentration of 1 mg/mL, of CYP3A (ketoconazole), CYP2C19

(fluconazole), and CYP2D6 (paroxetine) isoforms. The results showed

that in the presence of ketoconazole and paroxetine a significant

decrease in the of phase I metabolites was registered, while moderate

variations were measured in the presence of fluconazole, significantly

influencing only the formation of M2, M4, and M9 (Table 2).

Concerning the phase II metabolism, most of the phase I metabo-

lites identified in this study also underwent moderate (lower than

20%) glucuronidation (data not shown).
3.3 | Effects of gender, genetic polymorphism, and
drug–drug interaction on the metabolic profile of
SR9009

3.3.1 | Gender, genetic polymorphism

To investigate the effect of gender and genetic polymorphism in alter-

ing the in vitro phase I metabolic profile of SR9009, in vitro assays

were performed incubating SR9009 (a) in the presence of either



TABLE 2 Enzymatic isoforms involved in the phase I metabolism of
SR9009

ID CYP 3A4 CYP 3A5 CYP 2C19 CYP 2D6

M1 − − + +

M2 + + + −

M3 + + + +

M4 + + + −

M5 + + + +

M6 + + + +

M7 + + − −

M8 − − + +

M9 + + + +

M10 + + − +

M11 + + − −

M12 + + − +

M13 + + + −

FIGURE 3 Proposed molecular structures of the SR9009 metabolites identified in this study
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HLM from female or male donors to investigate gender differences, or

(b) in the presence of HLM containing the different CYP2D6 or

CYP2C19 allelic variants to evaluate the genetic differences. The

results obtained incubating SR9009 in the presence of HLM from

either female or male donors showed no appreciable differences (data

not shown) between the respective metabolic profiles. Concerning the

influence of genetic polymorphisms, Figure 4A–C reports the results

obtained incubating SR9009 in the presence of HLM containing the

different CYP2D6 allelic variants (high activity, moderate activity,

and without activity). As can be noticed, a significant alteration of

the metabolic profile of SR9009 was registered. In detail, only in the

presence of the allelic variant with high activity, the metabolic

profile was found to be complete; in the other two cases, only three
metabolites were formed (M2, M4, and M9). Different results were

instead obtained using the CYP2C19 allelic variants. The formation

of the metabolites M2 and M4 was high only in the presence of the

allelic variant with high activity, whereas the other metabolites were

not influenced by the different activity of the CYP2C19 isoenzyme

(data not shown).
3.3.2 | Drug–drug interaction

To investigate the potential effects of drug–drug interaction in altering

the in vitro phase I metabolic profile of SR9009, inhibition studies

were performed incubating SR9009 with either HLM or with the

cDNA expressed CYP450 isoforms (CYP3A4, CYP3A5, CYP2C19,

and CYP2D6) mainly involved in the biotransformation pathways

observed, in the absence and in the presence of the non‐prohibited

drugs selected in this study (four antifungals: ketoconazole, micona-

zole, itraconazole, fluconazole; three antidepressants: paroxetine, flu-

oxetine, nefazodone; three non‐steroidal anti‐inflammatory drugs:

ibuprofen, ketoprofen, diclofenac; two H2 receptor antagonist agents:

ranitidine, cimetidine; two steroidal progestins: gestodene or levonor-

gestrel) using the same in vitro protocol and the analytical procedures

already described in Section 2. Figure 5A–D shows the results

obtained incubating SR9009 (1 mg/mL) with HLM in the absence

(control, (A)) and in the presence of 1 mg/mL of ketoconazole (B)

miconazole (C), itraconazole (D) or fluconazole (E). The levels of all

the metabolites were significantly reduced (> 20%) by miconazole

and ketoconazole; moderate variation was registered in the presence

of itraconazole, whereas in the presence of fluconazole only the pro-

duction of the metabolites formed by the CYP2C19 was influenced.

Concerning the other inhibitors tested, significant alteration in the

metabolic profile of SR9009 was registered in the presence of



FIGURE 4 LC–MS/MS extracted ion chromatograms of the phase I in vitro samples obtained after incubation of SR9009 in the presence of HLM
containing the different CYP2D6 allelic variants: high activity (A), moderate activity (B) and no activity (C)

MAZZARINO ET AL. 1677
nefazodone, paroxetine and fluoxetine (data not shown); whereas

moderate modifications were measured in the presence of the steroi-

dal progestins and no effects were registered in the presence of the

H2 receptor antagonist agents and of the NSAIDs considered in this

study (data not shown). To assess whether the observed inhibitory

effects were dose dependent, SR9009 was incubated in the presence

of different concentrations (0.001, 0.002, 0.01, 0.1, 0.2, 0.5, 1, and

10 mg/mL) of the antifungals, steroidal progestins or antidepressants

considered in this study, using either HLM or the cDNA expressed iso-

forms mainly involved in the metabolism of SR9009 (CYP3A4,

CYP2C19, and CYP2D6). Figure 6 shows the curves obtained plotting

the relative enzymatic activity (control = 100%) of the CYP450 isoen-

zymes involved in the formation of M2, M4, and M9 (the most abun-

dant metabolites detected in the human urine) versus the

concentration of inhibitor. As can be noticed, the formation of M2

and M9 is reduced by more than 50% (IC50) in the presence of micon-

azole and ketoconazole at a concentration of 0.002 and in the pres-

ence of fluconazole at a concentration of 0.01 mg/mL; whereas in

the presence of itraconazole significant differences (> 20%) were reg-

istered only for the metabolite M9. The effects of inhibition on M4

were instead more evident in the presence of ketoconazole and
fluconazole being CYP2C19 the isoenzyme responsible for the forma-

tion of this metabolite. Indeed, M4 was reduced by more than 50%

(IC50) at a concentration of 0.01 mg/mL in the presence of flucona-

zole and ketoconazole, at a concentration of 0.1 mg/mL in the pres-

ence of miconazole, and at concentration higher than 1 mg/mL in

the presence of itraconazole.

Concerning the results obtained in the presence of the antide-

pressants, the formation of M2, M4, and M9 was reduced by more

than 50% (IC50) in the presence of nefazodone at a concentration of

0.5 mg/mL. Paroxetine and fluoxetine, being the CYP2D6 involved

minimally in the formation of these metabolites, caused moderate

alteration only at the highest concentration tested (data not shown).

Finally, in the presence of the steroidal progestins the formation of

M2, M4, and M9 was reduced by more than 50% (IC50) at the highest

concentration tested (10 mg/mL) (data not shown).
3.4 | Case study – Analysis of excretion urine

A urine sample collected after oral administration of a nutritional sup-

plement containing SR9009, kindly supplied by WAADS was analyzed



FIGURE 5 LC–MS/MS extracted ion chromatograms of the phase I in vitro samples obtained after incubation of SR9009 with human liver
microsomes: in the absence (control, A), and in the presence of ketoconazole (B), miconazole (C), itraconazole (D) or fluconazole (E)
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utilizing the analytical procedures developed in this study and used to

analyze the in vitro samples. Figure 7A–C shows the extracted ion

chromatograms of a negative urine (Figure 7A) and of the free

(Figure 7B) and glucuronide (Figure 7C) fraction of the urine sample

collected after administration of SR9009. Five metabolites (M2, M4,

M5, M8, and M9) were identified in the free fraction and eight (M1,

M2, M4, M5, M7, M8, M9, and M12) in the glucuronide fraction.

The percentage of glucuronidation was higher than 50% for all the
metabolites detected, in contrast to the data obtained in vitro, where

the percentage of glucuronidation was lower than 20%.

The loss of the ([(1‐ethoxycarbonyl)pyrrolidin‐3‐yl] methyl group

(M9) followed by the loss of (5‐nitrothiophen‐2‐yl) methyl group

(M4), or the (4‐chlrophenyl) methyl (M2) portion resulted to be the

most important biotransformation pathways of SR9009 in human,

confirming in part the results obtained in vitro, where M2 and M4

resulted to be the most abundant metabolites.



FIGURE 6 Alteration of the formation of M2, M4, and M9, in the absence and in the presence of different concentrations (0.001, 0.002, 0.01,
0.1, 0.2, 0.5, 1, and 10 mg/mL) of the antifungals considered, utilizing the in vitro assays and the analytical procedure (pre‐treatment and
instrumental conditions) developed in this study. Each point represents the mean value of three independent determinations ± the standard
deviation of the analytical method

FIGURE 7 Extracted ion chromatograms obtained analyzing a negative urine (A) and a urine sample collected after oral administration of a
nutritional supplement containing SR9009: free (B) and glucuronide (C) fraction
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4 | CONCLUSIONS

The analytical strategy and the in vitro protocols here described

allowed to identify 13 metabolites for SR9009, several of which

(M3, M10, and M12), to the best of our knowledge, have never been

reported before. The phase I metabolic reactions include hydroxyl-

ation, oxidation de‐alkylation, and a combination thereof, the de‐

alkylated metabolites being the most abundant detected both

in vitro and in the urine of the controlled excretion study. The enzy-

matic isoforms mainly involved in the SR9009 phase I biotransforma-

tion pathways are CYP3A4, CYP3A5, CYP2C19, and CYP2D6. Once

formed, most of the phase I metabolites underwent phase II reactions

(glucuronidation). No significant differences in the phase I metabolic

profile were registered after incubation of SR9009 in the presence

of either pooled female or male HLM, while significant differences

were registered in the presence of different allelic variants of the

enzymatic isoforms CYP2D6 and CYP2C19.

Concerning the effects of drug–drug interaction, the metabolic

profile of SR9009 was significantly altered in the presence of ketoco-

nazole, miconazole, fluoxetine, paroxetine, and nefazodone. Moderate

differences were instead registered in the presence of fluconazole,

itraconazole, gestodene, and levonorgestrel.

The evidence obtained in this study confirms the need of taking

into due account both genetic polymorphism and drug–drug interac-

tion to select the most appropriate marker of use in doping control

analysis. WADA has already indicated the metabolite M9as the most

appropriate marker of intake of SR9009. The results of the present

study suggest that the metabolites M2 and M4 must also be consid-

ered, being generated by both enzymatic and non‐enzymatic

reactions.
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