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Abstract

Purpose In this study, the phase I and II metabolic pathways of 4,4'-dimethylaminorex were characterized to select the
marker(s) of intake allowing the unequivocal identification of this novel psychoactive substance in urine samples.
Methods The metabolic profile of 4,4’-dimethylaminorex was characterized using both in vitro and in vivo models. In
detail, for the in vitro experiments, either pooled human liver microsomes or recombinant cytochrome P450 isoforms were
selected, whereas the in vivo investigation was performed on male mice ICR (CD-1®). Sample preparation included enzy-
matic hydrolysis followed by liquid/liquid extraction. The instrumental analysis was performed by ultra-high-performance
liquid chromatography coupled to either high- or low-resolution tandem mass spectrometry.

Results Five metabolic products were isolated only for the cis-isomer: the phase I metabolic reactions included hydrolysis,
carboxylation, hydroxylation, and carbonylation. CYP2D6 was the principal isoenzyme involved, and the incubation in
the presence of different allelic variants showed significant alteration on the metabolic profile. Once formed, the phase I
metabolites underwent extensive conjugation. Not only the most abundant compounds detected, but also those with the most
extended window of detection, were the carboxylated and the hydroxylated metabolites. These analytes together with the
parent compound were selected as the most suitable markers of intake.

Conclusions Knowledge of the metabolic profiles of the new drugs is essential for their fast identification. Phase I and phase
IT metabolites of 4,4'-dimethylaminorex were identified and selected as markers of intake, to be considered as the most suit-
able analytical targets in forensic toxicology.
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Introduction

Since the 1960s, new psychoactive substances (NPS),
also known as “designer” drugs, became a global prob-
lem, which has been continuously expanding [1]. Besides
the traditional amphetamine-type designer drugs, which
have been widely abused for decades, the number of newly
detected psychoactive substances has been increasing dra-
matically. At present, they include several different classes
of drugs of abuse, e.g., cannabimimetics, fentanyls, piperi-
dines, tryptamine derivatives and the groups of phenethyl-
amines [1, 2]. These substances are chemically developed
from the base structures of known compounds, exploring
all possible substitutions to retain the pharmacological
effects of the original drugs and at the same time to cir-
cumvent the existing laws and their disclosure [3-6].

4,4'-Dimethylaminorex (4-methyl-5-(4-methylphenyl)-
4,5-dihydro-1,3-oxazol-2-amine, also known as 4,4'-
DMAR, or simply DMAR) is a synthetic psychostimulant
and anorexigenic substance structurally correlated to the
controlled drugs aminorex ((RS)-5-phenyl-4,5-dihydro-
1,3-oxazol-2-amine) and 4-methylaminorex (4-methyl-
5-phenyl-4,5-dihydro-1,3-oxazol-2-amine, also known as
4-MAR) [7, 8]. Both aminorex and 4-MAR were intro-
duced into the market in 1960s as appetite suppressants,
but were subsequently withdrawn due to fatal complica-
tions related to pulmonary hypertension [9, 10]. Due to
two chiral centres within the oxazoline ring, 4,4'-DMAR
exists in four enantiomers or two different ((£)-cis and
(z)-trans) racemates.

4,4'-DMAR was identified for the first time in 2012 in
seized white powder at a national focal point in the Nether-
lands [11] and reported to the European Monitoring Centre
for Drugs and Drug Addiction (EMCDDA) [7]. In 2013,
4,4'-DMAR was associated with 31 deaths in Europe. For
this reason, the Commission on Narcotic Drugs, in 2016,
decided to internationally control this new synthetic drug
by adding it into Schedule II of the Convention on Psy-
chotropic Substances of 1971 [12, 13]. 4,4'-DMAR was
initially sold as a “research chemical” on the illicit Inter-
net market in powder form, under different names (e.g.,
“4-methylU4Euh”, “4-methyl-euphoria”, “Serotoni”) [14,
15]. Subsequently, it was found on the “street market" as
tablets of various colours and shapes, with logos (e.g.,
star, cross, cherries, or playboy) similar to those reported
on “ecstasy” tablets [14, 15].

The pharmacological properties of 4,4'-DMAR are
mainly due to its interaction with neurotransmitter trans-
porters, namely the dopamine transporter (DAT), the
serotonin transporter (SERT) and the norepinephrine
transporter (NET). Studies carried out on rat brain synap-
tosomes have shown that the cis-isomer acts as a potent,
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non-selective releaser, leading to an increase in the syn-
aptic cleft concentration of monoamines. Specifically, in
comparison to aminorex and 4-MAR, the cis-4,4'-DMAR
isomer showed higher activity on SERT. This absence of
selectivity is probably linked to the para-substitution of
the phenyl ring [13, 16, 17]. Similar studies carried out on
the rrans-isomer showed that it was a releasing agent at
DAT and NET, although less potent than the cis-isomer;
nevertheless, at the SERT, it acts as an uptake blocker
[13, 17].

The desired and adverse effects of 4,4-DMAR are mainly
linked to the increased levels of extracellular neurotransmit-
ters. For indeed, overstimulation of central serotoninergic
and dopaminergic systems causes hyperthermia, agitation,
nausea and convulsion, whereas the higher norepinephrine
release is responsible of cardiovascular toxicity [13, 17].
These unwanted effects were similar to those of the sym-
pathomimetic drugs 3,4-methylenedioxymethamphetamine
(MDMA) and mephedrone; consequently, apart from being
considered an NPS, 4,4-DMAR also falls into the section S6
“stimulants” of the list of prohibited substances and methods
published by the World Anti-Doping Agency (WADA) [18].

So far, little is known about the pharmacokinetics of 4,4'-
DMAR and its analogs; Lucchetti et al. [12] identified four
metabolites (hydroxylated, carboxylated, deaminated, and
4-methylnorephedrine) of cis-4,4'-DMAR in rat plasma and
brain tissues. No information was, instead, available on the
urinary excretion profile of the 4,4'-DMAR isomers.

The aim of the present study was to identify and select the
most suitable marker(s) of intake of 4,4’-DMAR for foren-
sic purposes. We are here presenting the results of in vitro
studies performed with human liver microsomes (HLM) and
recombinant cytochrome P450 isoforms. In vivo metabo-
lism was, instead, explored on male mice ICR (CD—1®), to
investigate the urinary excretion profile and to establish the
windows of detection 4,4-DMAR and its metabolites.

Materials and methods
Chemicals and reagents

cis/trans-4,4'-DMAR were synthesized and provided by the
University of Ferrara, Department of Organic Chemistry.
(+)-Amphetamine-D,; (used as internal standard: ISTD) was
provided by Sigma-Aldrich (St. Louis, MO, USA). The rea-
gents (formic acid, acetic acid, ammonium acetate, sodium
phosphate, sodium hydrogen phosphate, potassium carbon-
ate, potassium hydrogen carbonate, acetonitrile, methanol,
ethyl acetate, chloroform, and fert-butyl methyl ether) were
all analytical grade and supplied by Sigma-Aldrich (Milan,
Italy). The ultra-purified water used was of Milli-Q-grade
(Millipore Italia, Vimodrone, Milan, Italy). The enzymes
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B-glucuronidase (from E. coli) and arylsulfatase (from Helix
pomatia) used for the enzymatic hydrolysis of glucurono-
and sulfo-conjugate metabolites were purchased from Roche
(Monza, Italy).

The enzymatic proteins (CYP recombinant isoforms
CYP1A2, CYP2C19, CYP2C9, CYP3A4, CYP3AS, and
CYP2D6) and the HLM, pooled from 20 Caucasian mixed
male and female donors of different ages, as well as all
the analytically reagents used for the in vitro metabolism
studies [sodium phosphate and, magnesium chloride hexa-
hydrate, glucose-6-phosphate, glucose-6-phosphate dehy-
drogenase, nicotinamide adenine dinucleotide phosphate
(NADPY) and CYP450 oxidoreductase] were supplied by
BD Biosciences (Milano, Italy). HLM containing the differ-
ent CYP2D6 allelic variants (moderate, high, and without
activity) were purchased from XenoTech (Kansas City, KS,
USA).

Animals

Male ICR (CD-1®) mice weighing 25-30 g, were purchased
from Harlan Italy (S. Pietro al Natisone, Italy). Food (Diet
4RF25 GLP; Mucedola, Settimo Milanese, Milan, Italy)
and tap water were available ad libitum during the entire
time when the animals spent in their home cages. For the
in vivo studies, a group of three mice was administered with
cis-4,4'-DMAR, dissolved in absolute ethanol (final concen-
tration of 2%), and Tween 80 (2%) and brought to its final
volume with saline (0.9% NaCl). The solution made with
ethanol, Tween 80, and saline was also used as the vehicle.
The drug was administered by intraperitoneal injection at
a volume of 4 pL/g; the final concentration of 4,4-DMAR
was 10 mg/kg. The control group of three mice was admin-
istered only with vehicle solution. The mice were single-
housed (1 mouse per cage, with a per-animal floor area of 80
cm? and a minimum enclosure height of 12 cm) in a colony
room under constant temperature (23-24 °C) and humid-
ity (45-55%). Urine samples were collected in 2 mL tubes
before and after 2, 4, 6, and 9 h from the administration of
the drug, and stored at — 20 °C until analysis. Experimental
protocols followed in the present study were planned and
carried out in compliance to the new European Communi-
ties Council Directive of September 2010 (2010/63/EU), a
revision of Directive 86/609/EEC, and were approved by
the Italian Ministry of Health (license n. 335/2016-PR) and
Ethics Committee of the University of Ferrara.

Protocols for the in vitro studies

All incubation conditions (i.e., substrate concentrations and
incubation times) were preliminarily optimized, consider-
ing the protocols currently used in our laboratory to per-
form similar studies [19-25]. Different concentrations of cis

and trans-4,4'-DMAR (5, 10, 20, and 30 uM) and different
incubation times (30, 60, 120, 240, 1440 min) were evalu-
ated. The final incubation medium also contained 3.3 mM
magnesium chloride, 1.3 mM NADP?*, 3.3 mM glucose-
6-phosphate and 0.4 U/mL glucose-6-phosphate dehydro-
genase in a total volume of 250 pL. Samples were prein-
cubated at physiological temperature (37 °C) with gentle
shaking (500 rpm) for 5 min, and the appropriate enzymatic
proteins (either HLM or CYP recombinant isoforms) were
added to start the phase I reactions. The phase I reactions
were stopped by the addition of 250 pL of ice-cold acetoni-
trile, and the proteins were further precipitated, transferring
the samples into an ice bath for 5 min. The precipitate was
subsequently separated from the supernatant by centrifuga-
tion at 21,000 g at room temperature for 10 min. Negative
control samples, containing all reaction mixture components
except the enzymatic proteins, were included to monitor the
potential non-enzymatic reactions within the incubation
period. Each incubation was performed at least in duplicate.

Sample pretreatment

The optimization of sample pretreatment considered dif-
ferent extraction protocols, i.e., liquid/liquid extraction at
different pH values (7, 9, 11) and using different organic
solvents (tert-butyl methyl ether, ethyl acetate, chloroform).
The selected protocol was based on the use of ethyl acetate
at alkaline pH. Briefly, on the samples obtained by either
in vitro or in vivo experiments, 50 puL of the ISTD (final
concentration 500 ng/mL) and 50 pL of the carbonate buffer
(2 M, pH> 10) were added. The pH value was then adjusted
to 11 by adding the most properly volume of 2N NaOH and
liquid/liquid extraction was performed with 7 mL of ethyl
acetate for 6 min on a mechanical shaker. After centrifuga-
tion at 3000 rpm for 2 min, the organic layer was transferred
into a 10 mL tube and evaporated to dryness under nitro-
gen stream at 40 °C. The extraction procedure was repeated
twice. The residue was reconstituted in 50 uL. of mobile
phase (initial composition), and an aliquot of 10 uL was
injected into the liquid chromatography—mass spectrometry
(LC-MS) systems for the detection of phase I metabolites.

To the aqueous layer, 200 pL of phosphate buffer (0.8 M,
pH 7.4), 50 pL of p-glucuronidase (from E. coli) and 50 pL
of the ISTD (final concentration 500 ng/mL) were added,
and the samples were incubated for 1 h at 55 °C. After
hydrolysis, 50 puL of carbonate buffer (2 M, pH > 10) and
7 mL of ethyl acetate were added. The liquid/liquid extrac-
tion was carried out for 6 min on a mechanical shaker. After
centrifugation at 3000 rpm for 2 min, the organic layer
was transferred to a 10 mL tube and evaporated to dryness
under nitrogen stream at 40 °C. The extraction procedure
was repeated twice. The residue was reconstituted in 50 uLL
of mobile phase (initial composition), and an aliquot of 10
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puL was injected into the LC-MS systems for the detection
of the glucurono-conjugates metabolites.

To the aqueous layer, 800 uL of acetate buffer (2 M, pH
5), 50 uL of arylsulfatase (from Helix pomatia) and 50 pL of
ISTD (final concentration 500 ng/mL) were added, and the
samples were incubated for 2 h at 55 °C. After hydrolysis,
1 mL of carbonate buffer (2 M, pH> 10) and 7 mL of ethyl
acetate were added. The liquid/liquid extraction was carried
out for 6 min on a mechanical shaker. After centrifugation at
3000 rpm for 2 min, the organic layer was transferred into a
10 mL tube and evaporated to dryness under nitrogen stream
at 40 °C. The extraction procedure was repeated twice. The
residue was resuspended in 50 uL of mobile phase (initial
composition) and an aliquot of 10 uLL was injected into the
LC-MS systems for the detection of the sulfo-conjugate
metabolites.

LC-MS conditions
Untargeted analysis

An Agilent 1290 Infinity II UHPLC with a binary gradi-
ent system and an automatic injector (Agilent Technolo-
gies, Cernusco sul Naviglio, Milano, Italy) was used for the
chromatographic separation. Reversed-phase liquid chro-
matography was performed using Agilent Zorbax Eclipse
plus C18 column (100x 2.1 mm i.d., particle size 1.8 um).
Ultra-purified water (eluent A) and acetonitrile (eluent B),
both containing 0.1% formic acid, were selected as mobile
phases. The chosen elution program started at 2% B, and
was increased to 60% B in 6 min, to 80% B in 2 min, and
finally to 100% B in 1 min. The column was flushed for at
least 2 min at 100% B and finally re-equilibrated at 2% B for
2 min. The flow rate was set at 0.4 mL/min.

High-resolution/high-accuracy measurements were per-
formed on Agilent Technologies 6545 orthogonal accel-
eration time-of-flight mass spectrometer, equipped with an
electrospray ionization (ESI) source operating in positive
mode. Nitrogen was used as the drying and nebulizing gas.
The drying gas flow was 10 L/min, and the temperature was
set at 320 °C. The nebulizer gas pressure was 45 psi. The
applied capillary and fragmentor voltages were 3500 and
150 V, respectively. Mass spectra data were collected from
m/z 100 to 1000 at 9300 transients per second. All other
parameters were automatically optimized by the daily per-
formed instrument autotuning procedure.

The mass calibration was executed daily at the begin-
ning of every analytical session, using a calibration solu-
tion 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 simulta-
neously introduced via the second orthogonal sprayer, and
these ions were used as internal calibrants along with all the
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analysis. All aspects of instrumental control, tuning, method
setup and parameters, sample injection, and sequence oper-
ation were controlled by the Agilent Technologies Mass
Hunter software version B.08.00.

Target analysis

An Agilent 1200 Rapid Resolution Series HPLC pump with
a binary gradient system and automatic injector (Agilent
Technologies) was used for the chromatographic sepa-
ration. Reversed-phase liquid chromatography was per-
formed using a C18 column (150 X 2.1 mm i.d., particle size
2.7 um). Ultra-purified water (mobile phase A) and acetoni-
trile (mobile phase B), both containing 0.1% formic acid,
were also selected as mobile phases. The gradient program
selected started at 2% B, increased to 60% B in 6 min fol-
lowed by hold for 3 min, and finally increased to 100% in
4 min. The column was flushed for 2 min at 100% B and
finally re-equilibrated at 2% B for 3 min. The flow rate was
set to a constant flow rate of 0.25 mL/min.

Detection was carried out using a triple quadrupole as
a mass analyzer (API4000; ABSciex, Monza, Italy) with
positive ESI. The capillary and declustering voltages were
set at 5000 and 60 V, respectively. The source temperature
was set at 500 °C. Curtain gas, ion source gas 1 (auxiliary
gas), and ion source gas 2 (nebulizer gas) pressures were
set at 25, 35, and 40 psi, respectively. Full scan, product
ion scan, and multiple reaction monitoring (MRM) were
used as acquisition modes. The collision-induced dissocia-
tion (CID) was performed using nitrogen as collision gas at
5.8 mPa, obtained from dedicated nitrogen generator system
Parker-Balston model 75-A74, giving gas purity 99.5% (CPS
Analitica, Milan, Italy). All aspects of instrument control,
method setup parameters, sample injection, and sequence
operation were controlled by Analyst software version 1.6.1
(ABSciex).

Results
LC-MS(/MS) analysis
Optimization of instrumental conditions

MS and MS/MS parameters were optimized by infusing the
standard solution (10 pg/mL in methanol) of either cis- or
trans-4,4'-DMAR. Full scan experiments were first per-
formed in both positive and negative ionization modes to
select the most appropriate molecular ion. The protonated
molecular ion was identified using positive ionization at
m/z 191; no adducts were detected. The source parameters
were optimized to obtain the maximum signal of the proto-
nated molecular ion selected. Product ion scan experiments
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were then performed at different collision energies (15,
20, 25, 30, 40, and 50 eV) to investigate the characteris-
tic fragmentation pathways of both cis- and trans isomers.
Figure la—c reports both the product ion mass spectra, col-
lected at 25 eV (Fig. la, b), and the proposed fragmenta-
tion pathways (Fig. 1¢). The dominant signals at a collision
energy of 25 eV were the product ions at m/z 148 and 131;
by increasing the collision energy at 45-50 eV, the product
ions at m/z 56 and 91 became the most abundant ones. The
product ions at m/z 148, 131 and 91 were selected as diag-
nostic ions (structural markers: characteristic portions of the
molecular structure that is common to the parent compound
and its metabolites) to postulate the molecular structures of
the metabolic products generated by both the in vitro and
in vivo models.

The chromatographic conditions were optimized based on
the elution program used in our laboratory to detect similar
compounds. Different gradients were comparatively evalu-
ated to obtain an optimal separation of the metabolites with
isomeric molecular ions (e.g., monohydroxylated metabo-
lites) and to obtain acceptable retention times for the parent
compounds and their metabolites.

For the parent compounds, satisfactory chromatographic
retention was obtained starting at 15% of the acetonitrile
solvent (mobile phase B); the metabolites, on the contrary,
under these conditions were not retained or separated. The
optimal conditions in terms of chromatographic retention
and selectivity were obtained, starting at 2% of the acetoni-
trile solvent (mobile phase B) for both the parent compounds
and their metabolic products (see Fig. 2a, b for the results).

Optimization of sample pretreatment conditions

Sample pretreatment was optimized by testing liquid/liquid
extraction at different pH values (7, 9, and 11) with various
organic solvents (i.e., chloroform, tert-butyl methyl ether
and ethyl acetate). The parent compounds were extracted
with recoveries higher than 70% at all the pH and organic
solvent evaluated; in contrast, satisfactory recoveries (higher
than 70%) for the metabolites were obtained using pH higher
than 10 and ethyl acetate as the organic solvent. The liquid/
liquid extraction at pH 11 using ethyl acetate as the organic
solvent was the sample pretreatment selected to extract with
optimal recoveries for both the parent compounds and their
metabolites.

In vitro investigation

The in vitro phase I metabolism protocol was optimized,
starting from the protocols currently used in our laboratory
to perform similar studies [19-25]. Different concentrations
of the substrates (5, 10, 20, and 30 uM) and different incuba-
tion times (30, 60, 120, 240, 1440 min) were evaluated. The

best results were obtained using a substrate concentration of
20 uM and an incubation time of 4 h. Figure 2a, b reports the
extracted ion chromatograms obtained analysing the sam-
ples by incubating the two isomers of 4,4'-DMAR separately
in the presence and absence of HLM. No metabolites were
detected for the trans-isomer, whereas for the cis-isomer,
five compounds not detected in the samples incubated with-
out enzymatic proteins (negative control samples) were
identified. Small amounts of trans-4,4'-DMAR were also
detected, probably due to thermic isomerization. Indeed,
the trans-isomer was also detected in the sample incubated
in the absence of HLM (Fig. 2a(2)). Table 1 reports the
elemental compositions of the five compounds detected in
the sample incubated in the presence of HLM. In detail, we
have identified for the cis-isomer (also see Fig. 2a for the
extracted ion chromatograms):

e Two chromatographic peaks (M1, M3) presenting
precursor ions at m/z 207 and elemental composition
C,;H,4N,0,. The presence of the product ion at m/z 164
(Table 1), which differs 16 Da from the selected diag-
nostic product ion at m/z 148, denoted the presence of a
hydroxyl group.

e One chromatographic peak (M2) with precursor ion at
m/z 221 and elemental composition C,;H,N,03. The
presence of the product ion at m/z 178 which differed
30 Da from the selected diagnostic fragment ion at m/z
148, together with the absence of the fragment ion at
m/z 91 denoted the presence of a carboxyl group on the
aromatic ring.

e One chromatographic peak (M4) presenting precursor
ion at m/z 205 and elemental composition C,;H;,N,0,.
The presence of the product ions at m/z 162 that differed
14 Da from the selected diagnostic fragment ion at m/z
148, denoted the presence of a carbonyl moiety.

e One chromatographic peak (MS5), with precursor ion at
m/z 166 and elemental composition C,,H;sNO denoted
the presence of 4-methylnorephedrine, confirming the
data reported in the literature [12].

To investigate the main CYP450 isoforms involved in
the cis-4,4'-DMAR biotransformation pathways identi-
fied, the parent compound was incubated in the presence
of CYP1A2, CYP2C19, CYP2C9, CYP3A4, CYP3AS, and
CYP2D6 separately at a concentration of 20 uM for 4 h. The
results obtained showed that the CYP2D6 was the main iso-
form involved in the phase I metabolism of cis-4,4'-DMAR.
Since CYP2D6 is an isoenzyme subjected to genetic poly-
morphism, the potential differences in the metabolic profile
of cis-4,4'-DMAR between poor, normal and rapid metabo-
lizers were also evaluated, by incubating the parent com-
pound in the presence of HLM containing different allelic
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Fig.2 a Extracted ion chromatograms obtained analysing the stand-
ard solution of cis-4,4'-DMAR at a concentration of 100 ng/mL,
20 uM of cis-4,4'-DMAR in the presence and absent of human liver
microsomes (HLM), using the ultra-high-performance liquid chro-
matography—quadrupole time-of-flight mass spectrometry (UHPLC-

QTOF-MS) system, b Extracted ion chromatograms obtained by ana-
lysing the standard solution of cis-4,4-DMAR at a concentration of
100 ng/mL, 20 uM of trans-4,4'-DMAR in the presence and absence
of HLM, using the UHPLC-QTOF-MS system

Table 1 Elemental compositions, molecular ions, and characteristic product ions of cis-4,4’-dimethylaminorex (4,4'-DMAR) and its metabolites

obtained by in vitro experiments using human liver microsomes

ID  Metabolic reaction QTOF-MS QqQ-MS
Elemental composition [M+ H™ (m/z)  Error (Appm) Precursor Production (m/z) Collision energy (eV)

ion (m/z)

M1 Hydroxylation C,;H4,N,0, 207.1179 2.89 207 91, 117, 147, 164 40, 40, 35, 30

M2 Carboxylation C,H,N,0; 221.0921 3.22 221 56, 161, 178, 40, 35, 30

M3  Hydroxylation C,;H;4,N,0, 207.1179 3.86 207 91, 117, 147, 164 40, 40, 35, 30

M4  Carbonylation C,;H;,N,0, 205.0972 3.16 205 91, 115, 145,162 40, 40, 35, 30

M5  Hydrolysis C,oH;sNO 166.1226 3.39 166 91, 148 40, 30

P cis-4,4-DMAR C,;;H,)N,O 191.1179 1.23 191 91, 131, 148 40, 35, 30

QTOF-MS quadrupole time-of-flight-mass spectrometry, QgQ-MS triple quadrupole-mass spectrometry, P parent

variants of CYP2D6 (high (HA), moderate (MA) and with-
out activity (NA)). Figure 3 shows the percentages of each
metabolite referred to the specific allelic variants, except
for M5, which was found in trace amounts only. Significant
differences in the metabolic profile were registered: M1 was
the only metabolite detected after incubation in the presence
of CYP2D6 without activity (NA); on the contrary, CYP2D6

with moderate (MA) and high activity (HA) led to the for-
mation of M1, M2, M3, and M4 in different amounts.

In vivo investigation
Urine samples from three mice, collected before and

after 2, 4, 6, and 9 h from the administration of 10 mg/
kg of cis-4,4'-DMAR, were analysed using the analytical
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100 protocol (sample pretreatment and instrumental analysis)
= DMAR previously developed. Figures 4 and 5 report extracted

80— = Ml ion chromatograms obtained by using target analysis for
= M2 mouse 3 (Fig. 4) and the excretion profile of cis-4,4'-

60 DMAR and its main metabolites (M1, M2, and M3) in the
R =1 M3 free and conjugated fractions for all the three mice stud-
40+ Em M4 ied (Fig. 5). All the metabolites identified by the in vitro
analysis were detected, except for M5 (Fig. 4). Briefly, M1

20+ (monohydroxylated metabolite) was present in a high per-
O centage (80-90%) in the free fraction and in a percentage

0- T T of 10-20% in the glucuronide conjugate fraction, whereas

HA MA NA no signal was detected in the sulfo-conjugate fraction. M2

(carboxylated metabolite) was, instead, present in lower

Fig.3 cis-4,4-DMAR, M1, M2, M3, M4 and M5 percentages percentage in the free and glucuronide fraction (lower than
according to CYP2D6 high activity (HA), moderate activity (MA)  30% with the exception of mouse 2, in which the glucu-
and without activity (NA) ronide was present in higher amount), and more than 70%
as sulfo-conjugate. M3 (monohydroxylated metabolite)

was present in a percentage of 40-60% in both free and
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Fig.4 Liquid chromatography—tandem mass spectrometry (LC-MS/ istration: a without enzymatic hydrolysis (free fraction), b after
MS) extracted ion chromatograms obtained by analysing the urine hydrolysis with p-glucuronidase (glucuronide fraction) and c after
collected from a single mouse (number 3) after 4 h from drug admin- hydrolysis with arylsulfatase (sulfate fraction)
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Fig.6 Total excretion profile (free + glucuronide + sulfate forms) of cis-4,4-DMAR and its main metabolites (M1, M2 and M3) into mouse urine

glucuronide forms and in less than 1% as sulfo-conjugate
(Fig. 5). M4 (carbonylation product) was found in trace
amounts only in the free phase (Fig. 4).

Figure 6 shows the total (free + glucuronide + sulphate
fractions) urinary excretion profile in the three mice con-
sidered. As can be noticed, all the metabolites reached the
maximum excretion after 2 h from the administration. The
metabolites M1 and M2 were the analytes excreted in a
higher amount and for a longer time. The parent compound
found only in the free fraction was also excreted at high
concentration and for all the intervals of time considered.

Discussion

The main aim of this study was to investigate the phase I
and II metabolism of 4,4'-DMAR, with selecting the most
appropriate marker(s) of intake allowing the unequivo-
cal detection of this NPS in urine for doping and foren-
sic purposes. Indeed, metabolism studies from previous
investigators reported data obtained from blood samples
only [12]. Clearly, blood is the primary biological fluid
to monitor the levels of an exogenous compound after a
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recent intake, also allowing to know whether the subject is
still under its pharmaco-toxicological effects. At the same
time, urine is a more appropriate fluid in the case a longer
window of detectability is required, targeting either the
parent drug or its metabolites.

In this study, we have performed both in vitro studies
and in vivo studies on animal models. The use of HLM
and recombinant cytochrome P450 isoforms allowed to
reproduce metabolism in humans and characterize the
enzymatic isoforms involved in the metabolic pathways
detected, whereas the analysis of urine samples collected
from mice allowed to define the window of detection of the
parent compounds and its main metabolites, and to select
the most appropriate target compound(s) to detect drugs
after recent intake. Five metabolites (see Fig. 7 for the
proposed molecular structures) were detected after incuba-
tion of the cis-isomer with HLM, and four metabolites in
the mice urine samples. The metabolic reactions detected
are typical of amphetamine-like compounds: hydroxyla-
tion, carboxylation and carbonylation, confirming in part
the data previously reported in blood by Lucchetti et al.
[12]. The metabolite originating from hydrolysis, the para-
methyl derivative of norephedrine, was instead detected
only after incubation of 4,4’-DMAR in the presence of
HLM.

The main isoenzyme involved in the phase I metabolism
of 4,4'-DMAR was CYP2D6, and significant metabolic
differences were observed after incubation in the pres-
ence of different allelic variants of this isoenzyme, indi-
cating significant differences in the excretion profile of
4,4'-DMAR between poor, normal and rapid metabolizers.

The phase I metabolites once formed were extensively
conjugated in vivo, and the use of both $-glucuronidase and
arylsulfatase to perform the enzymatic hydrolysis of phase
II metabolites during the sample pretreatment step is rec-
ommended, being the carboxylated metabolites excreted
in urine mainly as sulfo-conjugate and the hydroxylated
metabolites, or, only as glucurono-conjugate.

Carboxylation (M2) and the aromatic hydroxylation (M1)
were likely to be the major metabolic pathways identified.
These metabolites were selected as the most suitable mark-
ers of intake. In addition, because the significant alteration
in the formation of the metabolites by the different allelic
variants of the isoenzyme CYP2D6 is involved in the phase
I metabolism of cis-4,4-DMAR, the selection of the parent
compound together with the metabolites M1 and M2 might
be useful for more sensitive assessment of cis-4,4'-DMAR
intake in humans.

Concerning the frans-isomer, no metabolites were
detected neither in vitro nor in vivo studies indicating a ste-
reoselectivity in the metabolism of 4,4-DMAR. Indeed, as
reported in previous studies, metabolizing enzymes might
display remarkable differences in drug metabolism. As is
well known for pharmaceutical drugs, the pharmacokinetic
profile can be significantly different among the stereoiso-
mers of the same drug [26]. This was observed for phase I
metabolism catalyzed by CYP isoforms that show stereose-
lective preference for a specific isomer [26—29] and also for
phase II reactions (e.g., sulfation and glucuronidation) [26,
30, 31]. The same stereospecific interactions were described
for other drugs of abuse (e.g., methadone, amphetamine)
[32, 33]. These previous studies might explain the metabolic
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Fig.7 Scheme of the proposed phase I and II metabolic pathways of cis-4,4-DMAR. G glucorono-conjugate, S sulfo-conjugate
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difference observed between cis- and trans-4,4'-DMAR. Fur-
ther studies are required to clarify any interactions between
the two stereoisomers when administered simultaneously.

Conclusions

To our knowledge, this work represents the first extensive
report of the phase I and II metabolism of 4,4-DMAR, a
synthetic psychostimulant and anorexigenic substance
structurally correlated to the controlled drugs aminorex and
4-methylaminorex. The metabolic profile of 4,4-DMAR in
HLM and in urine samples collected from male mice was
investigated and the major metabolic pathways identified
by LC-MS-based techniques. The trans-isomer resulted
to be metabolically stable in our experimental conditions.
On the contrary, the cis-isomer was quickly metabolized: 5
metabolites were detected after incubation with HLM and
4 in the urine samples. The compounds selected as most
suitable markers of intake were the carboxylated and the
hydroxylated metabolites.

In the future, we aim to synthesize the isolated metabo-
lites, to confirm the postulated molecular structures and to
shed further light on their pharmacological activities.
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