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Abstract MAM-2201 is a synthetic cannabinoid that is in-
creasingly found in recreational drug abusers and cases of
severe intoxication. Thus, characterization of the metabolic
pathways of MAM-2201 is necessary to predict individual
pharmacokinetics and toxicity differences, and to avoid toxic
drug-drug interactions. Collectively, 19 phase 1 metabolites of
MAM-2201 were identified using liquid chromatography—
Orbitrap mass spectrometry following human liver microsom-
al incubations in the presence of NADPH: 7 hydroxy-MAM-
2201 (M1-M7), 4 dihydroxy-MAM-2201 (M§8-M11),
dihydrodiol-MAM-2201 (M12), N-(5-hydroxypentyl)-
MAM-2201 (M13), hydroxy-M13 (M14), N-dealkyl-MAM-
2201 (M15), 2 hydroxy-M15 (M16, M17), MAM-2201 N-
pentanoic acid (M18), and hydroxy-M18 (M19). On the basis
of intrinsic clearance values in human liver microsomes,
hydroxy-MAM-2201 (M1), N-(5-hydroxypentyl)-MAM-
2201 (M13), and hydroxy-M13 (M14) were the major metab-
olites. Based on an enzyme kinetics study using human
cDNA-expressed cytochrome P450 (CYP) enzymes and an
immunoinhibition study using selective CYP antibodies in
human liver microsomes, CYP1A2, CYP2B6, CYP2CS,
CYP2C9, CYP2C19, CYP2D6, and CYP3A4 enzymes were
responsible for MAM-2201 metabolism. The CYP3A4
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enzyme played a prominent role in MAM-2201 metabolism,
and CYP1A2, CYP2B6, CYP2CS, and CYP2C9 enzymes
played major roles in the formation of some metabolites.
MAM-2201 is extensively metabolized by multiple CYP en-
zymes, indicating that MAM-2201 and its metabolites should
be used as markers of MAM-2201 abuse and toxicity.

Keywords MAM-2201 - In vitro metabolism - Cytochrome
P450 characterization

Introduction

Synthetic cannabinoids, a group of substances with generally
similar chemical structures binding to the cannabinoid recep-
tor type 1 (CB)) or type 2 (CB,), were first identified in
“herbal mixtures” in 2008 [1-3]. Structure—activity relation-
ships for synthetic cannabinoids have been established [4-8],
and JWH compounds (JWH-018, JWH-122, and JWH-073)
have been modified as follows: introduction of a fluorine atom
(AM-2201, MAM-2201, and EAM-2201) [9] and substitution
of the naphthyl group for a cyclopropyl group (UR-144 and
XLR-11) [10, 11], adamantyl group (APICA and 5F-APICA)
[10], or quinolinyl group (QUPIC and QUCHIC) [12, 13].
Synthetic cannabinoids have been found in seized herbal
materials, and their continual emergence on recreational and
illicit drug markets has become a global issue [14—19].
MAM-2201, [1-(5-fluoropentyl)-1H-indol-3-yl](4-methyl-
1-naphthalenyl)-methanone, is a third-generation synthetic can-
nabinoid detected as an active ingredient in illegal herbal in-
cense blends [10, 16, 18, 20, 21]. MAM-2201 exerts potent
pharmacological actions on brain function and causes psycho-
active and intoxicating effects [22-24]. MAM-2201 has been
detected in recreational users and intoxication cases, when

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00216-016-0113-9&domain=pdf

1668

T.Y. Kong et al.

plasma concentrations ranged from <0.1 to 49 ng/mL, indicat-
ing its extensive metabolism [19-21, 25-27]. N-(5-
hydroxypentyl)-MAM-2201, N-(4-hydroxyfluoropentyl)-
MAM-2201, MAM-2201 pentanoic acid, and dealkyl-MAM-
2201 have been identified as the metabolites of MAM-2201 in
urine and hair samples from MAM-2201 abusers [27-32].

Incubation of EAM-2201, a structural analogue of MAM-
2201, with human liver microsomes formed 39 phase 1 metab-
olites [33]; however, in vitro metabolism of MAM-2201 in hu-
man liver microsomes resulted in only three metabolites, i.e.,
N-(5-hydroxypentyl)}-MAM-2201, N-(4-hydroxyfluoropentyl)-
MAM-2201, and MAM-2201 pentanoic acid [27]. Therefore,
it is necessary to identify additional in vitro metabolites of
MAM-2201 and separate the metabolites with the same molec-
ular ions ((M + HJ"). To predict individual differences in syn-
thetic cannabinoid toxicity and to avoid toxic drug-drug interac-
tions, the drug-metabolizing enzymes of the derivatives AM-
2201 and EAM-2201 were characterized using major human
cytochrome P450 (CYP) enzymes [33, 34]. Conversion of
AM-2201 to 4-hydroxyfluoropentyl-AM-2201, AM-2201
pentanoic acid, and 5-hydroxypentyl-AM-2201 was catalyzed
by CYP1A2, CYP2C9, and CYP2C19, respectively [33].
Twenty-eight metabolites were formed from EAM-2201 by
CYP1A2, CYP2B6, CYP2C8/9/19, CYP2D6, and CYP3A4
[34]; however, there are no reports of the CYP enzymes respon-
sible for MAM-2201 metabolism.

In the present study, 19 MAM-2201 metabolites were iden-
tified for the first time after human liver microsome incubation
of MAM-2201 in the presence of NADPH using liquid chro-
matography—Orbitrap mass spectrometry (LC-Orbitrap MS)
and an analytical method for the simultaneous determination
of 19 MAM-2201 metabolites in human liver microsome mix-
tures was described using LC-tandem mass spectrometric
(LC-MS/MS). To predict individual differences in MAM-
2201 pharmacokinetics and toxicity, the CYP enzymes in-
volved in MAM-2201 metabolism were also characterized
using enzyme kinetics with human cDNA-expressed CYP
enzymes and immunoinhibition assays with human CYP-
selective antibodies in human liver microsomes.

Materials and methods
Reagents

MAM-2201 and its metabolites such as N-(4-
hydroxyfluoropentyl)-MAM-2201, N-(5-hydroxypentyl)-
MAM-2201, and MAM-2201 pentanoic acid were purchased
from Cayman Chemical Company (Ann Arbor, MI, USA).
Reduced nicotinamide adenine dinucleotide phosphate
(NADPH) was obtained from Sigma-Aldrich Co. (St. Louis,
MO, USA). UltraPool human liver microsomes (150 donors),
human cDNA-expressed CYP enzymes (CYPs 1A2, 2A6,
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2B6, 2C8, 2C9, 2C19, 2D6, 2E1, and 3A4), and human-
specific antibodies for the immunoinhibition of human CYPs
(anti-CYP1A2, anti-CYP2B6, anti-CYP2CS, anti-CYP2C19,
anti-CYP2D6, and anti-CYP3A4) were obtained from
Corning Life Sciences (Woburn, MA, USA). Homoegonol
was obtained from Toronto Research Chemicals (Toronto,
Ontario, Canada). Methanol and water (LC-MS grade) were
from Fisher Scientific (Fair Lawn, NJ, USA). Other chemicals
used were of the highest quality available.

Identification of MAM-2201 metabolites in human liver
microsomes

Incubation mixtures containing 240 pL of 50 mM potassium
phosphate buffer (pH 7.4), 12 uL of 250 mM magnesium chlo-
ride, 30 pL of human liver microsomes (3 mg/mL total protein),
15 pL of 1 mM NADPH, and 3 pL of 2 mM MAM-2201
(20 uM final) were prepared in a total incubation volume of
300 pL. Control incubations were conducted under the same
conditions with MAM-2201 in the absence of NADPH. The
reaction mixtures were incubated at 37 °C for 20 min in a
shaking water bath, and the reaction was terminated by adding
300 uL of ice-cold methanol. The reaction mixture was then
centrifuged (10,000xg, 4 min, 4 °C), and 500 uL of supernatant
was evaporated under an N, gas stream. The residue was dis-
solved in 100 puL of 40% methanol, and a 5 pL aliquot was
injected into the LC-Orbitrap MS system.

Metabolism of MAM-2201 by human ¢cDNA-expressed
CYP enzymes

Screening of the major human CYP enzymes responsible for
the metabolism of MAM-2201 was performed with reaction
mixtures containing 10 puL of nine different human cDNA-
expressed CYP enzymes (CYPs 1A2, 2A6, 2B6, 2C8, 2C9,
2C19, 2D6, 2E1, and 3A4; 4 pmol), 1 uL of 250 uM MAM-
2201 (2.5 uM final), 4 uL of 250 mM magnesium chloride,
and 80 uL of 50 mM potassium phosphate buffer (pH 7.4). The
reaction was initiated by adding 5 pL of 1| mM NADPH, and
the mixtures (final volume, 100 1L) were incubated in triplicate
for 20 min at 37 °C in a shaking water bath. The reaction was
stopped by adding 100 pL of ice-cold methanol containing
internal standard (homoegonol, 70 ng/mL). The mixtures were
centrifuged (10,000xg, 4 min, 4 °C), and 150 uL of supernatant
was evaporated under an N, gas stream. The residue was dis-
solved in 50 uL of 40% methanol, and an aliquot (5 nL) was
injected into the LC-MS/MS system.

For the enzyme kinetic experiments, 1 uL of MAM-2201
at various concentrations (final concentrations of 0.125 to
25 uM; final acetonitrile concentration not exceeding 1.0%,
v/v) was incubated with 10 pL of human cDNA-expressed
CYP enzymes (CYPs 1A2, 2B6, 2C8, 2C9, 2C19, 2D6, and
3A4; 2 pmol), 5 pL. of 1 mM NADPH, 4 uL of 250 mM
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magnesium chloride, and 80 pL of 50 mM potassium phos-
phate buffer (pH 7.4) for 15 min at 37 °C in a shaking water
bath. After addition of 100 uL of ice-cold methanol contain-
ing homoegonol (70 ng/mL), the mixture was centrifuged
(10,000%g, 4 min, 4 °C) and 150 pL of supernatant was evap-
orated under an N, gas stream. The residue was dissolved in
50 uL of 40% methanol, and an aliquot (5 puL) was injected
into the LC-MS/MS system.

Immunoinhibition of MAM-2201 metabolism with CYP
antibodies in human liver microsomes

Immunoinhibition experiments were performed by incubating
ultrapool human liver microsomes with various amounts of
human CYP-selective antibodies including anti-CYP1A2, an-
ti-CYP2B6, anti-CYP2C8, anti-CYP2C19, anti-CYP2D6,
and anti-CYP3A4 for 20 min on ice, and then, the reaction
was initiated by the addition of 50 mM potassium phosphate
buffer (pH 7.4), MAM-2201 (final concentration of 2.5 uM),
250 mM magnesium chloride, and 1 mM NADPH. Control
incubations were performed using liver microsomes and
25 mM Tris buffer instead of a CYP-selective antibody.

LC-MS analysis

A Q-Exactive Orbitrap mass spectrometer equipped with an
Accela UPLC system (Thermo Fisher Scientific Inc.,
Waltham, MA, USA) was used for the separation and identifi-
cation of MAM-2201 and its metabolites. MAM-2201 and its
metabolites were separated on a Halo C18 column (2.7 pm,
2.1 mm i.d. x 100 mm; Advanced Materials Technology,
Wilmington, DE, USA) using a gradient elution of 0.1% formic
acid in 5% methanol (mobile phase A) and 0.1% formic acid in
95% methanol (mobile phase B) at a flow rate of 0.3 mL/min:
40% mobile phase B for 0.5 min, 40 to 60% mobile phase B for
14.5 min, 60 to 95% mobile phase B for 9 min, 95% mobile
phase B for 3 min, 95 to 40% mobile phase B for 0.1 min, and
40% mobile phase B for 2.9 min. The column and autosampler
were maintained at 40 °C and 4 °C, respectively.

The mass spectra for MAM-2201 and its metabolites were
obtained with an electrospray ionization source (ESI) in pos-
itive mode. The ESI source settings for MAM-2201 and its
metabolites were optimized as follows: sheath gas flow rate,
35 (arbitrary units); auxiliary gas flow rate, 10 (arbitrary
units); spray voltage, 4 kV; and auxiliary gas heater tempera-
ture, 300 °C. Data were acquired using the Xcalibur software
(Thermo Fisher Scientific Inc.). Full MS scan data were ob-
tained from m/z 100 to 600 at a resolution of 70,000, and data-
dependent MS/MS spectra were acquired at a resolution of
35,000 with a normalized collision energy of 40 eV. The pro-
posed compound structures were determined using the Mass
Frontier software (ver. 6.0; HighChem Ltd., Slovakia) with
product ions of MAM-2201 and its metabolites.

The quantification of each metabolite was performed using
an Agilent 6460 triple quadrupole mass spectrometer coupled
with Agilent 1290 Infinity LC (Agilent Technologies, Santa
Clara, CA, USA). Chromatographic separation was per-
formed as described above, and the ESI source for MAM-
2201 and its metabolites was operated in the positive mode
setting, as follows: gas temperature, 350 °C; gas flow, 10 L/
min; nebulizer gas pressure, 35 psi; sheath gas temperature,
350 °C; sheath gas flow, 11 L/min; capillary voltage, 3500 V;
and nozzle voltage, 0 V. Selected reaction monitoring (SRM)
of'the analytes was performed using N, gas as the collision gas
set to 32, and SRM mode was applied using the mass transi-
tion of each protonated molecular ion to the most abundant
product ion (the first diagnostic product ions in Table 1). The
Mass Hunter software (Agilent Technologies) was used for
the LC-MS/MS system control and data processing.

Calibration standards for MAM-2201 and the three metabo-
lites, N-(4-hydroxyfluoropentyl)-MAM-2201, N-(5-
hydroxypentyl)-MAM-2201, and MAM-2201 pentanoic acid,
were prepared at seven different concentrations in a blank mi-
crosomal incubation mixture. The calibration curves for MAM-
2201 and three metabolites were linear over 0.005-25 pmol.
The coefficients of variation (precision) and accuracy of the
quality control samples at 0.005, 0.015, 0.15, and 15 pmol of
MAM-2201 and three metabolites in blank microsomal incu-
bation mixture were <I1.5 and 97.5 to 101.6%, respectively.
Authentic standards of 16 metabolites (except M2, M13, and
M18) were not available; thus, the quantification of these 16
metabolites was performed using the standard curve of N-(4-
hydroxypentyl)-MAM-2201. Consequently, a limitation exists
in the accurate interpretation of the enzyme kinetic data for 16
metabolites because their concentration was calculated from the
calibration curve for N-(4-hydroxypentyl)-MAM-2201.

Data analysis

Results are presented as the average of three determinations
obtained from human liver microsomes and human cDNA-
expressed CYP enzymes. The apparent kinetic parameters
(K, and V) were determined using the Michaelis—Menten
equation [V =V,.«-S/(Ky, + S)], the Hill equation
[V= V9 SY(KL" + S™)], or the substrate-inhibition equation
[V = Viaa/(1 + Ky/S) + S/K;)] using the Enzyme Kinetics pro-
gram (ver. 1.3; Systat Software Inc.). In the equations above,
Vs the velocity of the reaction at substrate concentration [S],
Vinax 18 the maximum velocity, K, is the substrate concentra-
tion at which the reaction velocity is 50% of V., and n is the
Hill coefficient. The intrinsic clearance (Cl;,) of in vitro
incubation was calculated as V., /K,,,.

The relative contributions of CYP isoforms to the formation
of metabolites (M1-M19) from MAM-2201 in human liver mi-
crosomes were determined using the relative activity factor
(RAF) [35]. The RAF incorporates the hepatic abundance of
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Table 1

Retention time, elemental composition, accurate mass, mass accuracy, and diagnostic product ions of MAM-2201 and its possible metabolites

identified after incubation of MAM-2201 with human liver microsomes in the presence of NADPH

Metabolites tg (min) Formula Exact mass Error (ppm) Diagnostic product ions® (m/z)
M + H]*(m/z)

MAM-2201 21.7 C,sH4FNO 374.1915 -1.6 169.0647, 144.0443, 141.0698, 232.1129
Ml 17.2 C,sH,4FNO, 390.1864 -1.5 185.0595, 232.1129, 144.0442, 157.0646
M2 17.7 C,sH,4FNO, 390.1864 -1.5 169.0647, 144.0443, 141.0698, 248.1078
M3 18.5 C,5sH,4FNO, 390.1864 -1.3 169.0647, 141.0698, 248.1077, 144.0444
M4 19.0 C,5sH,4FNO, 390.1864 -1.3 169.0647, 141.0698, 248.1078, 160.0392
M5 19.4 C,5sH,4FNO, 390.1864 -1.5 185.0595, 232.1128, 144.0444, 157.0646
M6 20.2 C,5sH24FNO, 390.1864 -1.5 185.0595, 232.1129, 144.0443, 157.0645
M7 20.6 C,5H24FNO, 390.1864 -1.0 169.0646, 160.0392, 141.0698, 248.1077
M8 9.9 C,sH24FNO3 406.1813 -1.7 185.0596, 248.1078, 160.0391

M9 10.3 C,sH24FNO3 406.1813 -1.5 185.0596, 144.0443, 248.1078, 157.0647
M10 11.4 Cy5H,4FNO; 406.1813 -12 185.0596, 248.1078, 157.0649, 144.0443
M1l 15.4 Cy5H,4FNO; 406.1813 2.2 183.0439, 155.0490, 232.1129, 201.0544, 144.0444
M12 12.4 Cy5H,6FNO; 408.1975 -2.0 185.0596, 232.1129, 157.0647, 144.0442, 203.0700
M13 18.8 Cy5Hy5sNO, 372.1958 -1.6 169.0647, 141.0697, 230.1172, 144.0442
Mi14 12.0 C,5H,sNO3 388.1907 2.6 185.0593, 144.0441, 230.1169, 157.0645
M15 15.4 CyoH;sNO 286.1226 2.1 169.0646, 144.0442, 141.0697, 116.0496
Mil6 7.5 CyoH;sNO, 302.1176 -1.7 144.0442, 185.0596, 157.0646, 116.0495
M17 10.4 CyoH5sNO, 302.1176 -1.3 169.0647, 160.0392, 141.0698

Mi18 18.4 C,5H3NO3 386.1751 -0.8 169.0647, 141.0698, 144.0443, 244.0965
M19 11.3 Cy5Hp3sNOy 402.1700 -1.5 185.0596, 144.0443, 244.0965

#Product ions are arranged in the order of intensity

each CYP isoform and the differences in activity per unit en-
zyme between human cDNA-expressed CYPs and human liver
microsomal CYPs [35]. The RAF for each CYP isoform was
defined as Viyax g4/ Vinax.cye (pmol CYP/mg protein), where
Vinax.zzas 18 the maximum velocity of the CYP probe of interest
in human liver microsomes (pmol/min/mg protein) and V.« cyp
is the maximum velocity of the CYP probe of interest in human
cDNA-expressed CYP enzymes (pmol/min/nmol CYP). The
velocity for MAM-2201 metabolites catalyzed by multiple
CYPs can be described as a linear combination of velocity func-
tions for each CYP isoform (Velocitycyp;) weighted for the

RAFs: Velocityy,, = Y. Velocityqyp; X RAF cypi. The rela-
i=1

tive contribution of each CYP isoform to MAM-2201 metabo-
lism activity in human liver microsomes is as follows: contribu-
tion (%) = (Velocitycypi/ Velocityy g % 100.

Results and discussion

Identification of MAM-2201 metabolites in human liver
microsomes

Nineteen metabolites (M1-M19) were identified by LC-
Orbitrap MS analysis after incubation of MAM-2201 with
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human liver microsomes in the presence of NADPH (Fig. 1).
The exact masses of [M + H]" ion and diagnostic product ions
and the retention times of MAM-2201 and its possible metab-
olites (M1-M19) are listed in Table 1. Diagnostic product ions
are listed in order of relative abundance.

Because many metabolites of MAM-2201 have the same
[M + H]" ions including M1-M7 at m/z 390.1864, M8—
MI11 at m/z 406.1813, and M17-M18 at m/z 302.1176
(Table 1), chromatographic separation of the metabolites was
necessary to unambiguously identify the structure of the me-
tabolites. MAM-2201 and its 19 metabolites were well sepa-
rated on a Halo C18 column using a gradient elution of meth-
anol and 0.1% formic acid (Fig. 1, Table 1).

The MS/MS spectrum of MAM-2201 showed four charac-
teristic product ions at m/z 169.0647 [(4-methylnaphthalen-1-
yl)(oxo)methylium ion], m/z 141.0698 (4-methylnaphthalen-
1-ylium ion), m/z 232.1129 (loss of 4-methyl-1-naphthalenyl
moiety from [M + H]" ion of MAM-2201), and m/z 144.0443
(loss of 5-fluoropentyl moiety from m/z 232.1129) (Fig. 2),
serving as diagnostic product ions for the identification of
MAM-2201 metabolites.

MI1-M7 showed the [M + H]* ion at m/z 390.1864,
16 amu more than the [M + H]" ion of MAM-2201, indi-
cating hydroxylation of MAM-2201 (Fig. 1). On the basis
of MS/MS spectra, seven hydroxy-MAM-2201 (M1-M7)
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were classified into three categories due to hydroxylation
positions at the methylnaphthalene, indole, and pentyl
moieties. M1, M5, and M6 showed characteristic product
ions at m/z 185.0595 [hydroxy-(4-methylnaphthalen-1-
yl)(oxo)methylium ion], m/z 157.0646 (hydroxy-4-
methylnaphthalen-1-ylium ion), m/z 232.1129, and m/z
144.0443, suggesting that hydroxylation in M1, M5, and
M6 occurred at the methylnaphthalene moiety, but the
exact hydroxylation positions were not identified
(Fig. 2). M2 and M3 showed product ions at m/z
248.1078 (loss of 4-methyl-1-naphthalenyl moiety from
[M + HJ* ions of M2 and M3), m/z 144.0443 (loss of
hydroxy-5-fluoropentyl moiety from m/z 248.1078), m/z
169.0647, and m/z 141.0698, indicating that hydroxyl-
ation occurred in the 5-fluoropentyl group of MAM-
2201, but the exact hydroxylation position of M3 was
not identified (Fig. 2). M2 was identified as N-(4-
hydroxyfluoropentyl)-MAM-2201 by comparison with
the retention time and the product scan spectrum of the
corresponding authentic standard. M4 and M7 produced
characteristic product ions at m/z 248.1078 (loss of 4-
methyl-1-naphthalenyl moiety from [M + H]* ions of
M4 and M7), m/z 160.0392 (loss of 5-fluoropentyl moiety
from m/z 248.1078), m/z 169.0647, and m/z 141.0698,

indicating that hydroxylation of M4 and M7 occurred at
the indole moiety, but the accurate hydroxylation posi-
tions were not identified (Fig. 2).

Four MAM-2001 metabolites (M8—M11) showed the [M +
H]* ion at m/z 406.1813, 32 amu higher than MAM-2201,
indicating that M§—M11 may be dihydroxy-MAM-2201
(Fig. 1). M8 showed product ions at m/z 185.0596, m/z
248.1078, and m/z 160.0391, indicating that M8 was
dihydroxylated at both the methylnaphthalene and indole moi-
eties (Fig. 2). M9 and M10 showed product ions at m/z
185.0596, m/z 157.0647, m/z 248.1078, and m/z 144.0443
(Fig. 2), suggesting that M9 and M10 were dihydroxylated
at both the methylnaphthalene and 5-fluoropentyl moieties.
M9 was identified as the major metabolite after incubation
of N-(4-hydroxyfluoropentyl)-MAM-2201 (M2) with human
liver microsomes in the presence of NADPH, so M9 was
tentatively identified as hydroxy-M2, but the exact hydroxyl-
ation site at the methylnaphthalene moiety could not be iden-
tified (Fig. 2). M11 produced product ions at m/z 232.1129, m/
7 201.0544 [dihydroxy-(4-methylnaphthalen-1-
yl)(oxo)methylium ion], m/z 183.0439 (a loss of H,O from
m/z 201.0544), m/z 155.0490 (a loss of CO from m/z
183.0439), and m/z 144.0444, indicating dihydroxylation of
MAM-2201 at the methylnaphthalene moiety (Fig. 2).
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Fig. 2 Product scan spectra of MAM-2201, hydroxy-MAM-2201 (M1-
M7), and dihydroxy-MAM-2201 (M8-M11) formed after human liver
microsome incubation of MAM-2201 in the presence of NADPH for

M12 showed the [M + H]" ion at m/z 408.1975, which is
34 amu higher than MAM-2201 (Fig. 1), and generated product
ions at m/z 390.1860 (loss of H,O from [M + H]* ions of M12),
m/z232.1129, m/z 203.0700, m/z 185.0596 (a loss of H,O from
m/z203.0700), m/z 157.0647 (aloss of CO from m/z 185.0596),
and m/z 144.0442, suggesting the formation of a dihydrodiol
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20 min at 37 °C using an LC-Q-Exactive mass spectrometer with a
normalized collision energy at 40 eV

metabolite (Fig. 3). These results indicate that M12 is
dihydrodiol-MAM-2201 via epoxide formation at the naphtha-
lene ring and subsequent hydrolysis of the epoxide moiety. The
hydroxyl positions of M12 were not accurately identified.
M13 showed the [M + H]" ion at m/z 372.1958, which was
2 amu lower than the MAM-2201 [M + H]" ion (Fig. 1). M13
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Fig. 3 Product scan spectra of dihydrodio- MAM-2201 (M12), N-(5-
hydroxypentyl)-MAM-2201 (M13), hydroxy-M13 (M14), N-dealkyl-
MAM-2201 (M15), hydroxy-M15 (M16 and M17), MAM-2201
pentanoic acid (M18), and hydroxy-M18 (M19) formed after human

produced product ions at m/z 169.0647, m/z 141.0697, m/z
144.0442, and m/z 230.1172 (loss of m/z 141.0697 from [M
+ H]" ion of M13), indicating that M13 was formed from
MAM-2201 via oxidative defluorination (Fig. 3). M13 was
identified as N-(5-hydroxypentyl)-MAM-2201 by compari-
son with the retention time and the product scan spectrum of
the corresponding authentic standard. Human liver microsome
incubation of M 13 in the presence of NADPH resulted in the
formation of M14, M15, M18, and M19.

M14 showed the [M + H]" ion at m/z 388.1907, which was
16 amu higher than the [M + H]* ion of M13 (Fig. 1), and
produced product ions at m/z 185.0595, m/z 230.1173, m/z
157.0646, and m/z 144.0443, indicating additional hydroxyl-
ation of M13 at the methylnaphthalene moiety (Fig. 3). M14

liver microsome incubation of MAM-2201 in the presence of NADPH
for 20 min at 37 °C using an LC-Q-Exactive mass spectrometer in a
normalized collision energy at 40 eV

was also identified as the major metabolite after human liver
microsome incubation with M13 and NADPH, supporting
that M 14 was tentatively identified as hydroxy-M13.

M15 showed the [M + H]" ion at m/z 286.1226, which was
88 amu lower than the [M + H]* ion of MAM-2201, and the
product ions at m/z 144.0443, m/z 169.0647, m/z 141.0697,
and m/z 116.0496 (Fig. 1, Table 1), indicating that M15 was
N-dealkyl-MAM-2201 due to the loss of the 5-fluoropentyl
group (Fig. 3).

M16 and M17 showed the [M + H]" ion at m/z 302.1176,
which was 16 amu higher than the [M + H]" ion of M15,
indicating hydroxylation of M15 (Fig. 1, Table 1). M16
showed product ions at m/z 185.0596, m/z 157.0647, m/z
144.0443, and m/z 116.0497, indicating hydroxylation of the
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methylnaphthalene moiety in M15 (Fig. 3). M17 showed
product ions at m/z 169.0647, m/z 141.0698, and m/z
160.0392, indicating hydroxylation of the indole moiety in
M15 (Fig. 3).

M18 showed the [M + H]" ion at m/z 386.1751 and product
ions at m/z 144.0443, m/z 141.0697, m/z 169.0647, and m/z
244.0965 (Figs. 1 and 3), indicating that M 18 was formed via
the biotransformation of a fluoropentyl group to pentanoic
acid. M18 was identified as MAM-2201 pentanoic acid by
comparison with the retention time and the product scan spec-
trum of the corresponding authentic standard.

M19 showed the [M + H]" ion at m/z 402.1700, which was
16 amu higher than [M + H]* ion of M18, and product ions at
m/z 144.0442, m/z 185.0595, and m/z 244.0965
(Fig. 1, Table 1), indicating hydroxylation of M 18 at the meth-
ylnaphthalene moiety (Fig. 3). M19 was also identified as the
major metabolite after human liver microsome incubation of
MAM-2201 pentanoic acid (M18) in the presence of NADPH,
supporting that M19 was tentatively identified as hydroxy-
M18, but the exact hydroxylation site at methylnaphthalene
moiety could not be determined.

Based on these results, the proposed possible metabolic
pathways of MAM-2201 in human liver microsomes are
shown in Fig. 4, as follows: monohydroxylation of the meth-
ylnaphthalene moiety to M1, M5, and M6; monohydroxylation
of the indole moiety to M4 and M7; monohydroxylation of the
pentyl moiety to M2 and M3; dihydroxylation of the methyl-
naphthalene moiety to M11; dihydroxylation of the methyl-
naphthalene and indole moieties to M8; dihydroxylation of

Fig. 4 Possible metabolic oy jm . D,

pathways of MAM-2201 in b &

human liver microsomes Co — [ .}k\\(
M9 ! M2 ’
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the methylnaphthalene and pentyl moieties to M9 and M10;
oxidative defluorination to M13; dihydrodiol formation to
M12; N-dealkylation to M15; carboxylation to M18; and hy-
droxylation of M2, M13, M18, and M15 at the methylnaphtha-
lene moiety to M9, M 14, M19, and M16, respectively.

Characterization of CYP enzymes responsible
for MAM-2201 metabolism

Reaction phenotyping of the CYP enzymes responsible for
MAM-2201 metabolism was performed by metabolism study
using human cDNA-expressed CYP enzymes and
immunoinhibition study in human liver microsomes.
Metabolite screening of MAM-2201 with nine human
cDNA-expressed CYP enzymes revealed that CYP1A2,
CYP2B6, CYP2CS8, CYP2C9, CYP2C19, CYP2D6, and
CYP3A4 enzymes were responsible for MAM-2201 metabo-
lism (Table 2). CYP2A6 and CYP2E1 enzymes were not in-
volved in MAM-2201 metabolism.

The formation rates of 19 metabolites (M1-M19) from
MAM-2201 versus the MAM-2201 concentration in the pres-
ence of NADPH in human liver microsomes and human
cDNA-expressed CYP1A2, CYP2B6, CYP2C8, CYP2C9,
CYP2C19, CYP2D6, and CYP3A4 enzymes demonstrated a
better fit to single enzyme kinetics, Hill, or the substrate-
inhibition equation per each metabolite. Enzyme kinetic param-
eters, such as K, Vinax 71, K;, and Cly, values, for the formation
of the 19 metabolites from MAM-2201 in human liver micro-
somes and cDNA-expressed CYPs are summarized in Table 3.
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Table2 Formation rates of 19 metabolites of MAM-2201 obtained after incubation of 2.5 uM MAM-2201 with major human cDNA-expressed CYP

enzymes in the presence of NADPH (n=3)

Metabolites Formation rates of MAM-2201 metabolites (fimol/min/pmol CYP, mean + SD)

CYP1A2 CYP2A6 CYP2B6 CYP2C8 CYP2C9 CYP2C19 CYP2D6 CYP2El CYP3A4
Ml 48.1 £3.1 ND 2.3+0.07 5.1+£04 60.4+2.7 222+1.5 33.3+1.1 ND 96.3+5.8
M2 224021 ND 156.1£4.4 422+14 ND 301+1.4 ND ND 0.85+£0.06
M3 149+1.2 ND 5.1+0.2 16.3+0.8 ND 67.7+2.0 ND ND 73+£0.8
M4 167.2+10.4 ND 84.1+£4.7 2.5+0.2 10.1£0.6 73.1+2.8 545+1.2 ND 10.6+2.4
M5 43+0.5 ND 0.58+0.05 ND 2.9+0.2 1.4+0.1 305+1.4 ND 59+0.1
M6 ND ND 22+0.1 ND ND ND ND ND 26.7+t1.2
M7 12.8+0.8 ND 1.1+0.1 ND ND 3.8+0.3 52+0.3 ND 23+04
MS 1.6+£0.2 ND ND ND ND ND ND ND 2.8+0.1
M9 ND ND ND ND ND 34+04 ND ND 22+0.04
M10 ND ND ND ND ND 49403 ND ND 11.1+£0.6
Mil ND ND ND ND ND ND ND ND 62+03
Mi2 55+04 ND 22+0.1 ND ND 2.1+0.1 18.0+0.4 ND 55406
Mi13 58+0.5 ND 26.8+£1.5 1945+2.1 3.84+0.3 21.5+04 2.8+0.04 ND 0.96+0.21
Mi14 0.73+0.08 ND ND ND ND 1.7+0.1 ND ND 1.5+£02
M15 479+3.6 ND 15.6+£0.6 1.7£0.2 ND ND ND ND 10.7+0.7
Mil6 22403 ND ND ND ND ND ND ND 57+02
M17 182+2.0 ND ND ND ND ND ND ND 4.8+0.3
M18 0.72+£0.09 ND 1.6+0.2 44.0+0.5 ND 5.1+0.2 ND ND 9.7+0.5
MI19 ND ND ND ND ND ND ND ND 37+£04

ND < 0.5 fmol/min/pmol CYP

Cl;y¢ values for the formation of hydroxy-MAM-2201
(M1), N-(5-hydroxypentyl)-MAM-2201 (M13), and
hydroxy-M13 (M14) (19,731, 18,059, and 13,125 nL/min/
mg protein, respectively) were higher than CI;,, values of the
other 16 metabolites (32—1881 nL/min/mg protein) in human
liver microsomes. These results indicate that hydroxylation to
M1, oxidative defluorination to M13, and hydroxylation of
M13 to M14 were the major metabolic pathways of MAM-
2201 in human liver microsomes. N-(5-hydroxypentyl)-
MAM-2201 (M13) was identified as a major metabolite in
human liver microsomes and human urine [28], but
hydroxy-MAM-2201 (M1) and hydroxy-M13 (M14) were
for the first time identified as major in vitro metabolites of
MAM-2201 in this study. From these results, hydroxy-
MAM-2201 (M1) and hydroxy-M13 (M14) can be used with
N-(5-hydroxypentyl)-MAM-2201 (M13), N-(4-
hydroxyfluoropentyl)-MAM-2201 (M2), and MAM-2201
pentanoic acid (M18) as abuse biomarkers of MAM-2201.

CYP3A4 enzyme was involved in the formation of 19 me-
tabolites from MAM-2201 and played the major role in the
formation of hydroxy-MAM?2201 (M3-M7), dihydroxy-
MAM-2201 (M8-M11), dihydrodiol-MAM-2201 (M12),
hydroxy-M13 (M14), dealkyl-MAM-2201 (M15), hydroxy-
M15 (M16), MAM-2201 pentanoic acid (M18), and
hydroxy-M18 (M19) (Table 3). CYP1A2 enzyme played the

major role in the formation of hydroxy-MAM-2201 (M3, M4,
M5, M7), dihydroxy-MAM-2201 (M8), dihydrodiol-MAM-
2201 (M12), hydroxy-M13 (M14), dealkyl-MAM-2201
(M15), and hydroxy-M15 (M16, M17). CYP2B6 enzyme
played the major role in the formation of N-(4-
hydroxyfluoropentyl)-MAM-2201 (M2) and hydroxy-MAM-
2201 such as M4 and M6 (Table 3). CYP2C8 enzyme played
the major role in the formation of N-(4-hydroxyfluoropentyl)-
MAM-2201 (M2), hydroxy-MAM-2201 (M3), N-(5-
hydroxypentyl)-MAM-2201 (M13), and MAM-2201
pentanoic acid (M18). CYP2C9 enzyme played a prominent
role in the formation of hydroxy-MAM-2201 (M1). CYP2C19
and CYP2D6 enzymes showed a little contribution to the for-
mation of the metabolites from MAM-2201 (Table 3).

To further investigate the CYP enzymes responsible for
MAM-2201 metabolism, immunoinhibition studies were per-
formed via pretreatment of human liver microsomes with an-
tibodies to CYP1A2, CYP2B6, CYP2C8, CYP2C19,
CYP2D6, and CYP3A4 (Fig. 5).

The relative contributions of CYP2C8, CYP2C9, and
CYP3A4 enzymes to the formation of N-(5-hydroxypentyl)-
MAM-2201 (M13), a major metabolite of MAM-2201, were
88.1, 5.4, and 2.4%, respectively (Table 3). The CYP2CS anti-
body potently inhibited the formation of N-(5-hydroxypentyl)-
MAM-2201 (M13) in human liver microsomes by up to 73%
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Table 3  Enzyme kinetic parameters for the metabolism of MAM-2201 in human liver microsomes and human cDNA-expressed CYP enzymes

Kinetic parameters CYP1A2 CYP2B6 CYP2C8 CYP2C9 CYP2C19 CYP2D6 CYP3A4 Liver microsomes

M1

K (UM) 2.3 1.3 1.4 0.2392 0.7535 1.2 43 2.6
Vimax 295.5 10.2 17.2 107.4 68.5 88.5 670.3 513
Cli 128.5 7.8 12.3 449.0 90.9 73.8 155.9 19731
n — 1.3 22 2.2 1.8 1.7 1.2 1.4
Contribution (%) 3.8 0.1 1.3 87.0 0.3 0.3 7.3 -
M2

Ky (LM) 3.1 1.3 0.9472 - 0.7172 - 8.1 3.9
Vinax 11.9 477.3 71.4 - 50.8 - 16 5.5
Clin 3.8 367.2 75.4 - 70.8 - 2.0 1410
K; (LM) - - - - 422 - - -

n - - 1.8 - - 1.3 1.4
Contribution (%) 2.6 344 55.8 0.0 1.4 0.0 5.7 -
M3

Ky (UM) 2.8 34 1.1 - 0.763 - 7.4 4.9
Vinax 58 25.9 29.8 - 111.1 - 94.3 3.7
Clin 20.7 7.6 - - 145.6 - 12.7 755
K; (M) - 328 328 - 40.6 - - -

n - - 2 - - - 1.4 1.8
Contribution (%) 17.3 2.5 31.2 0.0 42 0.0 448 -
M4

Ko (UM) 1.7 35 1.4 0.4246 0.7982 3.1 7.3 42
Vinax 788.3 548.6 6.8 13.6 122.7 205.4 139.5 7.9
(o)™ 463.7 156.7 49 32.0 153.7 66.3 19.1 1881
K; (uM) - 17.1 - - 252 19.1 -

n - - 2.6 2 - - 1.5 2
Contribution (%) 58.6 132 1.8 6.7 1.1 2.0 16.5 -
M5

Ky (UM) 3.1 1.7 - 0.7516 1.6 1.3 6.8 4.7
Vinax 69.3 5.5 - 5.1 5.8 97.6 102.3 3.7
Cli 22.4 32 - 6.8 3.6 17.1 15.0 787
K (uM) - - - - - - - -

n 1.2 1.3 - 2.7 - 2.3 1.5 2.2
Contribution (%) 24.6 0.6 0.0 12.0 0.3 4.6 57.9 -
M6

Ky (M) - 45 - - - - 2 3.1
Vinax - 17.4 - - - - 324 1.4
Clin - 3.9 - - - - 16.2 452
K; (M) - 9.1 - - - - - -

n - - - - - - 1.4 1.9
Contribution (%) 0.0 9.8 0.0 0.0 0.0 0.0 90.2 -
M7

Ky (UM) 1.7 42 - - 0.93 1 5.8 44
Vinax 47.1 6.2 - - 24 7.8 18.3 0.89
Cliny 27.7 1.5 - - 2.6 7.8 3.2 202
K; (LM) - 12 - - - - - -

n 1.4 - - - - 2.5 1.4 2.6
Contribution (%) 59.1 2.5 0.0 0.0 0.4 1.3 36.7 -
M8

K (UM) 1.6 - - - - - 2.2 2.7
Vimax 10.2 - - - - - 9 0.1
Cli 6.38 - - - - - 4.1 37
n - - - - - - 1.5 1.7
Contribution (%) 41.5 0.0 0.0 0.0 0.0 0.0 58.5 -
M9

Ky (UM) - - - - 0.36 - 3.5 1.8
Vinax - - - - 6.8 - 13.4 1.3
Cline - - - - 18.8 - 38 722
K; (M) - - - - 8.6 - - -

n - - - - - - 1.3 1.2
Contribution (%) 0.0 0.0 0.0 0.0 4.0 0.0 96.0 -
M10

Ky (UM) - - - - 0.38 - 2.5 3.1
Vimax - - - - 9 - 24.6 0.93
Clin - - - - 23.6 - 9.8 300
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Table 3 (continued)

Kinetic parameters CYPIA2 CYP2B6 CYP2C8 CYP2C9 CYP2C19 CYP2D6 CYP3A4 Liver microsomes
K, (M) - - - - 7.6 - - -

n - - - - - - 1.3 —
Contribution (%) 0.0 0.0 0.0 0.0 2.9 0.0 97.1 -
Mil1

Ko (LM) - - - - - - 23 33
Vinax - - - - - - 17 0.34
Cling - - - - - - 7.39 103
n - - - - - - 1.3 1.9
Contribution (%) - - - - - - 100.0 -
M12

Ko (LM) 1.7 32 - - 1.1 1.5 3 32
Vinax 26 15.8 - - 5.6 41.1 12.8 0.78
Cline 15.29 4.94 - - 5.09 27.40 4.27 244
K, (M) - 442 11 36 - -

n - - - - - 1.4 1.8
Contribution (%) 45.1 8.9 0.0 0.0 1.2 9.4 354 -
M13

Ko (UM) 4.5 1.3 1.2 4.1 0.7842 5.9 15.1 34
Vinax 71.6 158.2 850.1 27.8 80.8 40 51.8 61.4
Cline 15.91 121.69 708.42 6.78 103.03 6.78 3.43 18059
K (LM) - 222 334 - -

n - 13 - - - 1.2 1.2
Contribution (%) 2.1 1.5 88.1 5.4 0.3 0.2 2.4 -
M14

Km (M) 1.3 - - - 0.497 - 32 1.6
Vinax 53 - - - 6.5 - 6.6 21
Cling 4.08 - - - 13.08 - 2.06 13125
K (uM) - - - - 8.5 - - 103.1
Contribution (%) 31.8 0.0 0.0 0.0 4.9 0.0 63.3 -
M15

Koy (M) 4.1 14 25 - - - 5.7 3.8
Vinax 256.1 43.1 4.9 - - - 60.2 2.1
Cling 62.46 30.79 1.96 10.56 553
n - 14 14 - - - 1.2 1.7
Contribution (%) 66.8 3.6 45 0.0 0.0 0.0 25.1 -
M16

Ko (LM) 1.7 - - - - - 1.9 1.9
Vinax 15.6 - - - - - 6.9 0.202
Clin 9.18 - - - - - 3.63 106
n - - - - - - 1.2 1.3
Contribution (%) 58.2 0.1 0.6 0.0 0.0 0.0 41.1 -
M17

Ko (LM) 1.6 - - - - - 1.6 2.6
Vinax 110.2 - - - - - 4 0.082
Cling 68.88 2.50 32

n - - - - - - 1.4 24
Contribution (%) 94.5 0.0 0.0 0.0 0.0 0.0 5.5 -
M18

Ko (UM) 2.7 1.6 13 - 0.3859 - 33 4
Vinax 43 8.1 100 - 11 - 28.6 53
Cline 1.59 5.06 76.92 - 28.50 - 8.67 1325
K; (uM) 15.1 - 6.9 - -

n - - - - - - 1.2 1.4
Contribution (%) 1.1 0.6 86.7 0.0 0.3 0.0 11.3 -
M19

Ky (UM) - - - - - - 1.3 1.7
Vinax - - - - - - 5.7 2
Cling - - - - - - 4.38 1176
K (uM) - - - - - - - 50.2
n - - - - — - 1.8 —
Contribution (%) - - - - - - 100.0 -

Vimax: fmol/min/pmol CYP for CYP enzymes and pmol/min/mg protein for liver microsomes

Clin: nL/min/pmol CYP for CYP enzymes and nL/min/mg protein for liver microsomes
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Fig. 5 Effects of human-specific CYP antibodies on the metabolism of
MAM-2201 to 12 major metabolites. Ultrapool human liver microsomes
(0.2 mg protein/mL) were preincubated with anti-CYP1A2 (white circle),

(Fig. 5). These results indicate that CYP2C8 plays a more
prominent role in the oxidative defluorination of MAM-2201
to N-(5-hydroxypentyl)-MAM-2201 (M13) than CYP2C9 or
CYP3A4 in human liver microsomes.

The relative contributions of CYP2C9, CYP3A4, and
CYP1A2 to the formation of hydroxy-MAM-2201 (M1),
one of the major metabolites, from MAM-2201 were 87.0,
7.3, and 3.8%, respectively (Table 3). The CYP3 A4 antibody
inhibited the formation of hydroxy-MAM-2201 (M1) in hu-
man liver microsomes by up to 30% (Fig. 5). These results
indicate that CYP2C9 and CYP3A4 play major roles in the
hydroxylation of MAM-2201 to hydroxy-MAM-2201 (M1).

Formation of hydroxy-M13 (M14), one of the major me-
tabolites from MAM-2201, was mediated by CYP3A4 and
CYP1A2 on the basis of the relative contributions of
CYP3A4 (63.3%) and CYP1A2 (31.8%) (Table 3). M14
was identified as a major metabolite after incubation of M13
with human liver microsomes. The formation of hydroxy-
M13 (M14) from MAM-2201 in human liver microsomes
was inhibited by CYP3A4 antibody by up to 30%, but was
inhibited negligibly by CYP1A2 antibody (Fig. 5). Based on
these results, CYP3A4 plays a prominent role in the hydrox-
ylation of M13 to hydroxy-M13 (M14).

Formation of N-(4-hydroxyfluoropentyl)-MAM-2201
(M2) from MAM-2201 was mediated by CYP2B6 and
CYP2CS8 on the basis of the relative contributions of
CYP2B6 (34.4%) and CYP2C8 (55.8%) (Table 3) and the
inhibition of M2 formation by CYP2B6 and CYP2CS anti-
bodies, up to 45 and 60%, respectively (Fig. 5).
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Antibody (L)

anti-CYP2B6 (black circle), anti-CYP2C8 (white triangle), anti-CYP2C19
(black triangle), anti-CYP2D6 (white square), and anti-CYP3A4 (black
square). Data shown are the average of duplicate determinations

Antibody (pL)

Formation of MAM-2201 pentanoic acid (M18) from
MAM-2201 was mediated by CYP2C8 and CYP3A4 on the
basis of the relative contributions of CYP2C8 (86.7%) and
CYP3A4 (11.3%) (Table 3) and the inhibition of M18 forma-
tion by CYP2C8 and CYP3A4 antibodies in human liver mi-
crosomes, up to 80 and 35%, respectively.

The relative contributions of CYP3A4 to the formation of
dihydroxy-MAM-2201 metabolites such as M8, M9, M10,
and M11 from MAM-2201 were 58.5, 96.0, 97.1, and
100.0%, respectively (Table 3), and the formation of M8—
MI11 from MAM-2201 was potently inhibited by CYP3A4
antibody in human liver microsomes. These results indicate
that CYP3 A4 is responsible for the formation of dihydroxy-
MAM-2201 metabolites (M8-M11) from MAM-2201.

The relative contributions of CYP3 A4 to the hydroxylation
of MAM-2201 to hydroxy-MAM-2201 metabolites such as
M3, M5, M6, and M7 were 44.8, 57.9, 90.2, and 36.7%,
respectively (Table 3), and the CYP3A4 antibody potently
inhibited the formation of M3, M5, M6, and M7 by 65 to
90% in human liver microsomes. CYP3A4 plays a more
prominent role in the hydroxylation of MAM-2201 to M3,
MS5, M6, and M7 than other CYP enzymes. However,
CYP1A2 played a major role in the formation of hydroxy-
MAM-2201 (M4) from MAM-2201 with a contribution from
CYP3A4 and CYP2B6 on the basis of the relative contribu-
tion of each CYP enzyme and the immunoinhibition study.

CYP1A2 and CYP3A4 were the major enzymes involved
in the formation of dihydrodiol-MAM-2201 (M12) from
MAM-2201 on the basis of the relative contributions of
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CYP1A2 (45.1%) and CYP3A4 (35.4%) (Table 3) and potent
inhibition by CYP3A4 and CYP1A2 antibodies (Fig. 5).

The major enzymes responsible for the formation of
dealkyl-MAM-2201 (M15) from MAM-2201 were CYP1A2
and CYP3A4 based on the high contributions of CYP1A2
(66.8%) and CYP3A4 (25.1%) (Table 3) and
immunoinhibition by CYP3A4 and CYP1A2 antibodies, re-
spectively (Fig. 5).

The major enzymes involved in the formation of the 19
MAM-2201 metabolites were CYP3A4, CYP1A2,
CYP2B6, CYP2C8, and CYP2C9. These polymorphic en-
zymes were responsible for significant inter-individual differ-
ences in MAM-2201 pharmacokinetics [36—40]. CYP3A4 en-
zyme, which is abundantly expressed in the gastrointestinal
tract and liver, was the prominent enzyme responsible for the
formation of 19 metabolites from MAM-2201. Therefore,
MAM-2201 is extensively metabolized by first-pass metabo-
lism in humans, supporting the very low concentrations of
MAM-2201 found in urine and plasma samples of MAM-
2201 abusers [20, 21, 25, 27, 28, 31].

Conclusions

On the basis of the exact mass of [M + H]* ion and the diag-
nostic product ions, 19 metabolites of MAM-2201 from hu-
man liver microsomes were identified, including 7 hydroxy-
MAM-2201 (M1-M?7), 3 dihydroxy-MAM-2201 (M8-M11),
dihydrodiol-MAM-2201 (M12), N-(5-hydroxypentyl)-MAM-
2201 (M13), hydroxy-M13 (M14), N-dealkyl-MAM-2201
(M15), 2 hydroxy-M15 (M16 and M17), MAM-2201 N-
pentanoic acid (M18), and hydroxy-M18 (M19) (Table 1,
Fig. 4). Multiple CYP enzymes such as CYP3A4, CYP1A2,
CYP2B6, CYP2C8/9/19, and CYP2D6 were involved in
MAM-2201 metabolism. CYP3A4 played a more prominent
role, with moderate contributions of CYP1A2, CYP2B6,
CYP2C8, and CYP2C9 in MAM-2201 metabolism. The met-
abolic pathways of MAM-2201 may be useful in the develop-
ment of analytical methods for monitoring MAM-2201 abuse
in biological samples such as urine and plasma. Such path-
ways will also help to predict the individual differences in
MAM-2201 pharmacokinetics and toxicity.
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