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Abstract

The synthetic cannabinoid receptor agonists (SCRAs) (quinolin-8-yl 4-methyl-3-
(morpholine-4-sulfonyl)benzoate [QMMSB]) and (quinolin-8-yl 4-methyl-3-((propan-
2-yl)sulfamoyl)benzoate [QMIiPSB], also known as SGT-46) are based on the
structure of quinolin-8-yl 4-methyl-3-(piperidine-1-sulfonyl)benzoate (QMPSB) that
has been identified on seized plant material in 2011. In clinical toxicology, knowledge
of the metabolic fate is important for their identification in biosamples. Therefore,
the aim of this study was the identification of in vitro Phase | and Il metabolites of
QMMSB and QMIPSB in pooled human liver S9 fraction (pHLS9) incubations for use
as screening targets. In addition, the involvement of human monooxygenases and
human carboxylesterases (hCES) was examined. Analyses were performed by liquid
chromatography coupled with high-resolution tandem mass spectrometry. Ester
hydrolysis was found to be an important step in the Phase | metabolism of both
SCRAs, with the carboxylic acid product being found only in negative ionization
mode. Monohydroxy and N-dealkyl metabolites of the ester hydrolysis products were
detected as well as glucuronides. CYP2C8, CYP2C9, CYP3A4, and CYP3A5 were
involved in hydroxylation. Whereas enzymatic ester hydrolysis of QMIiPSB was
mainly catalyzed by hCES1 isoforms, nonenzymatic ester hydrolysis was also
observed. The results suggest that ester hydrolysis products of QMMSB and
QMIiPSB and their glucuronides are suitable targets for toxicological screenings. The
additional use of the negative ionization mode is recommended to increase detect-
ability of analytes. Different cytochrome P450 (CYP) isozymes were involved in the
metabolism; thus, the probability of drug-drug interactions due to CYP inhibition can

be assessed as low.
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1 | INTRODUCTION

Synthetic cannabinoids, also referred as synthetic cannabinoid recep-
tor agonists (SCRAs), represent one of the largest subgroups of new
psychoactive substances (NPS).! SCRAs can cause severe poisoning
and even death.? Each year, over 100 different SCRAs are identified
on drug markets around the world.! The chemical structures are modi-
fied to circumvent legislation or optimize potency so that new sub-
stances are continuously introduced.’ In 2021, 15 new SCRAs were
reported for the first time in Europe.® SCRAs are often sprayed on
plant material and sold as “herbal smoking mixtures.”*

In 2007, quinolin-8-yl 4-methyl-3-(piperidine-1-sulfonyl)benzoate
(QMPSB) (Figure 1) was discovered during high-throughput screening
as a potent SCRA. Subsequently, QMPSB became a template for a
group of SCRAs containing a sulfamoyl benzoate core and/or a
quinolin-8-yl ester head group.> Previous research showed that
QMPSB acts as an agonist at the cannabinoid receptors CB1 and CB2,
with moderate selectivity for the CB2 receptor.”>® QMPSB derivatives
were screened in search of structures with improved potency, recep-
tor selectivity, and chemical stability. However, all examined deriva-
tives showed reduced potency at the CB1 receptor, whereby the CB1
potency of the morpholine analog quinolin-8-yl 4-methyl-3-(morpho-
line-4-sulfonyl) benzoate (QMMSB) was only slightly lower
(Figure 1).° In 2012, a company started working on this group of
SCRAs to develop substances for therapeutic applications. In trials on
human volunteers, QMPSB and QMMSB were found to be psychoac-
tive, even though the effect seemed to be of short duration.” It was
also reported that both substances had poor solubility and thermal
instability.” Various QMPSB derivatives were studied, including
QMIPSB (also known as SGT-46), which has an isopropyl tail group
instead of the piperidine ring (Figure 1). However, QMiPSB showed
reduced potency compared to QMPSB.” After the chemical structures
became known, QMPSB appeared on the NPS market in Australia in

Q*% Q*% Q*%

0=5=0 0=8=0 0=s=0
o
QMPSB QMMSB QMiPSB
FIGURE 1 Chemical structures of the template compound

quinolin-8-yl 4-methyl-3-(piperidine-1-sulfonyl)benzoate (QMPSB)
and the two examined synthetic cannabinoid receptor agonists
(SCRAs) quinolin-8-yl 4-methyl-3-(morpholine-4-sulfonyl)benzoate
(QMMSB) and quinolin-8-yl 4-methyl-3-((propan-2-yl)sulfamoyl)
benzoate (QMiPSB)

20112 and its difluoro derivative 2F-QMPSB appeared in Italy in
2018.° The combination of the quinolin-8-yl ester head group of
QMPSB with an N-alkyl-1H-indole core led to the SCRAs PB-22 (also
known as QUPIC) and BB-22 (also known as QUCHIC), which
appeared on the NPS market in 2012 and 2013 for the first time.©
For clinical and forensic toxicology, metabolism data of emerging
NPS are needed to develop screening methods, particularly for plasma
and urine samples. For many SCRAs, only metabolites can usually be
found in urine, but not the parent compound.t* To our knowledge, no
data on the metabolism of QMMSB and QMIPSB are available in the
literature. Therefore, this study was designed to identify metabolites
of these two SCRAs to serve as potential targets for toxicological
screening approaches using liquid chromatography coupled to high-
resolution tandem mass spectrometry (LC-HR-MS/MS). In vitro incu-
bations with pooled human liver S9 fraction (pHLS9) were used for
the identification of Phase | and Il metabolites. In addition, the
involvement of individual monooxygenases in the Phase | metabolism
was examined using an in vitro monooxygenase screening procedure.
Since earlier studies showed that human carboxylesterases (hCES) are
involved in the metabolism of related SCRAs with a quinolin-8-yl ester
head group, a carboxylesterases activity assay was also

performed.?13

2 | EXPERIMENTAL

21 | Chemicals and reagents

QMMSB and QMIPSB were provided by Stargate International
(Auckland, New Zealand) and were available from previous studies.”
Stock solutions of QMMSB and QMiPSB were prepared in acetonitrile
(1 mg/ml) and were stored at —18°C. Trimipramine-d; and glibencla-
mide were bought from LGC Standards (Wesel, Germany). Isocitrate,
isocitrate dehydrogenase (IDH), superoxide dismutase (SOD), 3'-phos-
S-(5’-adenosyl)-L-
methionine (SAM), dithiothreitol, reduced glutathione, magnesium

phoadenosine-5'-phosphosulfate (PAPS),

chloride (MgCl,), potassium dihydrogen phosphate (KH,PQ,), dipotas-
sium hydrogen phosphate (K;HPO,), and tris(hydroxymethyl)amino-
methane hydrochloride were bought from Sigma-Aldrich (Taufkirchen,
Germany). Nicotinamide adenine dinucleotide phosphate (NADP™)
was purchased at Biomol (Hamburg, Germany). Baculovirus-infected
insect cell microsomes (Supersomes) containing the human
complementary DNA-expressed cytochrome P450 (CYP) isozymes
CYP1A2 (1 nmol/ml), CYP2A6 (2 nmol/ml), CYP2B6 (1 nmol/ml),
CYP2C8 (1 nmol/ml), CYP2C9 (2 nmol/ml), CYP2C19 (1 nmol/ml),
CYP2Dé6 (1 nmol/ml), CYP2E1 (2 nmol/ml), CYP3A4 (1 nmol/ml), and
CYP3A5 (1 nmol/ml); flavin-containing monooxygenase 3 (FMOS,
5 mg/ml); recombinant hCES1b (5 mg/ml), hCES1c (5 mg/ml), and
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hCES2 (5 mg/ml); pooled human liver microsomes (pHLM, 20 mg pro-
tein/mL, 360 pmol total CYP/mg, 26 donors) and pHLS9 (20 mg pro-
tein/mL, 8 donors); and UGT reaction mixture solution A (25mM
UDP-glucuronic acid) and UGT reaction mixture solution B (250mM
Tris HCI, 40mM MgCl,, and 125 pg alamethicin/mL) were bought
from Corning (Amsterdam, the Netherlands). Sufficient activities of
the enzymes used (IDH, SOD, CYP, FMOS, hCES, pHLM, and pHLS9)
were shown by the manufacturers using suitable test substrates. The
enzymes were thawed at 37°C after delivery, aliquoted, snap-frozen
in liquid nitrogen, and stored at —80°C until use. Acetonitrile (LC-MS
grade), methanol (LC-MS grade), ammonium formate (analytical
grade), formic acid (LC-MS grade), and all other reagents and chemi-
cals (analytical grade) were bought from VWR (Darmstadt, Germany).

2.2 | Investigation of Phase | and Il metabolites
using pHLS9 incubations

The incubations of QMMSB or QMIiPSB with pHLS9 were performed
according to a previous publication with the following minor modifica-
tions.* The acetyl coenzyme A system was omitted since acetylation
was not suspected to be the main metabolic pathway of the investi-
gated substances. Both substances were incubated with pHLS9 for
6 h, with a 60 pl sample taken after 1 h. Trimipramine-ds (2.5 pM) was
chosen as internal standard (IS).

2.3 | Monooxygenases activity screening

QMMSB and QMIiPSB were incubated with 11 different recombinant
monooxygenases for 30 min according to a protocol employed previ-
ously with minor modifications.'® The concentration of trimipramine-
dz as IS was reduced to 2.5 pM, and the samples were centrifuged at
18,407 xg for 2 min after the incubation.

2.4 | Carboxylesterases activity screening

QMMSB and QMIPSB were incubated with recombinant hCES1b,
hCES1c, and hCES2 as well as with pHLM and pHLS9 for 60 min
according to the protocol used in a previous study.*?

2.5 | LC-HRMS/MS settings

LC-HR-MS/MS analysis of all experiments was performed with a
Thermo Fisher Scientific (TF, Dreieich, Germany) Dionex UltiMate
3000 RS LC system consisting of a degasser, a quaternary pump, and
an HTC PAL Autosampler (CTC Analytics AG, Zwingen, Switzerland)
coupled to a TF Q-Exactive mass spectrometer with a heated electro-
spray ionization (HESI)-Il source. External mass calibration was per-
formed before analysis. The injection volume of the samples was set
to 5ul. A TF Accucore Phenyl-Hexyl column (100 mm x 2.1 mm,

2.6 pm) was used with a gradient elution at 40°C as described in a
previous publication.?® The HESI-II settings from an earlier publication
were used, with a separate run being performed in negative ionization
mode in addition to positive ionization.!” Mass spectrometer settings
and subsequent data analysis were carried out according to a method
described previously, with the scan range for the expected metabo-
lites of QMMSB and QMIiPSB set to a mass-to-charge ratio (m/z) 80-
850.17 Deviations between measured and calculated precursor ion
(PI) masses were determined, and a maximum deviation of 5 ppm was
tolerated. In case of fragment ions (Fls), ppm deviations of more than
5 ppm were acceptable. Fls at low m/z (<100) measured in negative
ionization mode often show deviations above 5 ppm.

3 | RESULTS AND DISCUSSION

3.1 | |Identification of in vitro Phase | and Il
metabolites of QMMSB

Exact protonated and deprotonated Pl masses of expected Phase |
and Il metabolites were calculated. High-resolution (HR) full scan data
from the pHLSY9 and monooxygenase isozyme incubations were
screened for the calculated Pl masses, and the corresponding MS?
spectra were interpreted. All metabolites could only be tentatively
identified as no reference materials were available.

Eleven Phase | and four Phase Il metabolites of QMMSB were
detected in pHLSY and/or monooxygenase isozyme incubations
(metabolites MM1-MM15; see Table S1 in the Electronic Supplemen-
tary Material, ESM). Table S1 also contains the ionization mode (posi-
tive or negative) and incubation type (pHLS9 and/or monooxygenase
isozyme incubation) in which the respective metabolites were
detected.

Seven metabolites were detected in pHLSY incubations. No
metabolite with an intact ester moiety could be found, which is con-
sistent with previous studies on the related SCRAs QMPSB, QMPCB,
and 2F-QMPSB.*213 All detected metabolites were ester hydrolysis
products or metabolites thereof. In accordance with previous studies
on related SCRAs, the ester hydrolysis products MMé6 and MM11
(Table S1) could be found in the control samples without enzyme,
which suggests nonenzymatic ester hydrolysis.*?*® The 1-h and 6-h
samples of pHLS9 incubations showed the same QMMSB
metabolites.

The MS? spectra of QMMSB and its most abundant metabolites
in pHLS9 incubations are depicted in Figure 2a-f. MS? spectra of
additional metabolites are shown in Figure S1 (ESM). The MS? spec-
trum of QMMSB (Figure 2a/Table S1) with the protonated Pl at m/z
413.1166 (C,1H21N>O5S) is in accordance with a previous publica-
tion.” The base peak at m/z 286.0744 (C1,H14NOsS) results from the
loss of the quinoline head group. Further cleavage of the morpholine
ring leads to the Fl at m/z 183.0110 (CgH-O3S). Further elimination of
SO, and CO leads to the FIs at m/z 119.0491 (CgH,0O) and m/z
91.0542 (C;H5). Metabolite MMé (Figure 2b/Table S1) is the carbox-
ylic acid product of ester hydrolysis with the deprotonated Pl at m/z
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FIGURE 2 Legend on next page.

85U8017 SUOWWOD BAIe.D 3(qedldde ay) Aq peusenob afe sejoie YO ‘8sn JO S9N J0} AIq1T 8UIUO A8]IAA UO (SUOIPUCD-PUE-SWLB)W00 A8 |1 Afe.d 1 |BulUo//:Sdny) SUONIPUOD pue swie 1 8y} 88S *[zZ0z/TT/yT] uo Akeiqiauliuo A[1M ‘1501 Aq S8EEBIP/Z00T OT/I0p/W00" A8 | Ake.q|1|Bul UO'S feuno ous 10s o nA feue;/:sdny woiy pepeojumod ‘0 ‘TT9.Zv6T



RICHTER ET AL.

WILEY_L_®

FIGURE 2 HR-MS? spectra of quinolin-8-yl 4-methyl-3-(morpholine-4-sulfonyl)benzoate (QMMSB) and most abundant QMMSB metabolites
detected in pooled human liver S9 fraction (pHLS9) incubations (MMé6, MM10, MM11, MM14, and MM15). gluc, glucuronic acid; neg, negative

ionization mode; pos, positive ionization mode; RT, retention time

284.0598 (C1,H14NOsS). Loss of CO, and the 4-methyl benzoate
core results in the Fl at m/z 240.0700 (C;1H14NO3S) and m/z
150.0230 (C4HgNO3S). Metabolite MM10 (Figure 2c/Table S1) with
the Pl at m/z 460.0919 (C1gH2,NO4,S) is the glucuronide of the ester
hydrolysis product MMé. The loss of glucuronic acid, CO, and the
4-methyl benzoate core leads to the FI at m/z 284.0598
(C12H14NOsS), m/z 240.0700 (C11H14NO3S), and m/z 150.0230
(C4HgNO3S), which were also present in the MS? spectrum of MM6.
Metabolite MM11 (Figure 2d/Table S1) is the ester hydrolysis product
8-hydroxyquinoline with the protonated Pl at m/z 146.0600
(CoHgNO). Loss of CO results in the FI at m/z 118.0651 (CgHgN).
Metabolite MM14 (Figure 2e/Table S1) is the glucuronidated
8-hydroxyquinoline with the protonated Pl at m/z 322.0921
(C15H16NO>). Loss of glucuronic acid leads to the FI at m/z 146.0600
(CoHgNO), which corresponds to the protonated Pl of MM11. The
hydroxylated and glucuronidated 8-hydroxyquinoline with the proton-
ated Pl at m/z 338.0870 (Cy5H1cNOg) (metabolite MM15 in
Figure 2f/Table S1) was also detected. After cleavage of the glucuro-
nic acid, the hydroxylated 8-hydroxyquinoline with FlI at m/z
162.0550 (CoHgNO,) is formed.

In previous studies on the related cannabinoids QMPSB and 2F-
QMPSB, the carboxylic acid products of ester hydrolysis and metabo-
lites thereof either were only detectable in the negative ionization
mode or had only a higher abundance compared to measurements in
the positive mode.??*® Therefore, the negative ionization mode was
also used in this study. In fact, QMMSB metabolites derived from the
carboxylic acid product of ester hydrolysis could only be measured in
the negative ionization mode (MM7-MM9 in Table S1) or had a
higher abundance in the negative ionization mode (MMé and MM10
in Table S1). Consequently, a combination of positive and negative
ionization modes increases the detectability of QMMSB metabolites
and provides opportunities to confirm the results obtained in the

positive mode.

3.2 | |Identification of in vitro Phase | and Il
metabolites of QMiPSB

Twelve Phase | and four Phase Il QMIiPSB metabolites have been ten-
tatively identified in pHLS9 and/or monooxygenase isozyme incuba-
tions (metabolites IM1-IM16 in Table S2). Table S2 shows the
ionization mode used and the incubation type in which the metabo-
lites were detected.

Eight QMiPSB metabolites were detected in pHLS9 incubations
(Table S2). Comparable to the QMMSB results, no metabolite identi-
fied in the pHLS9 incubation had an intact ester group. The ester
hydrolysis products of QMIiPSB could also be detected in the control
sample, indicating nonenzymatic ester hydrolysis.

Figure 3a-f depicts the MS? spectra of QMiPSB and its most
abundant metabolites in pHLS9 incubations. MS? spectra of further
QMIiPSB metabolites can be found in Figure S2. The MS? spectrum of
QMIiPSB (Figure 3a/Table S2) with the protonated Pl at m/z 385.1217
(C20H21N204S) is comparable to data of a previous publication.” Loss
of the 8-hydroxyquinoline head group leads to the base peak at m/z
240.0689 (C11H14NO3S). Loss of the isopropyl group, SO,, and CO
resulted in the Fl at m/z 183.0110 (CgH,05S), m/z 119.0491 (CgH-0),
and m/z 91.0542 (C;H-). Metabolite IM7 (Figure 3b/Table S2) is the
carboxylic acid product of ester hydrolysis with the deprotonated PI
at m/z 256.0649 (C11H14NO,S). Cleavage of CO, and the 4-methyl
benzoate core leads to the Fl at m/z 212.0751 (C10H14NO,S) and m/z
122.0281 (C3HgNO,S). Metabolite IM10 (Figure 3c/Table S2) is the
glucuronide of IM7 with the deprotonated Pl at m/z 432.0970
(C17H22NO40S). Loss of glucuronic acid, CO,, and the 4-methyl ben-
zoate core leads to the Fls at m/z 256.0649 (C11H14NO4S), m/z
212.0751 (C10H14NO5S), and m/z 122.0281 (C3HgNO,S), which are
also the characteristic ions in the MS? spectra of the non-
glucuronidated metabolite IM7. Metabolite IM11 (Figure 3d/Table S2)
is the ester hydrolysis product 8-hydroxyquinoline. Both QMMSB and
QMIiPSB bear an 8-hydroxyquinoline ester head group and thus share
similar metabolites. The MS? spectrum of 8-hydroxyquinoline, its glu-
curonide, and the hydroxylated and glucuronidated
8-hydroxyquinoline (IM11, IM15, and IM16 in Figure 3d-f) were dis-
cussed above as metabolites of QMMSB (MM11, MM14, and MM15
in Figure 2d-f).

In agreement with the results of QMMSB, the additional use of
the negative ionization mode could also increase the detectability of
QMIPSB metabolites. Metabolites of the carboxylic acid product after
ester hydrolysis could only be measured in the negative ionization
mode (IM8-IM10 in Table S2). The carboxylic acid product itself was
found with a higher abundance in the negative ionization mode com-
pared to the positive ionization mode (IM7 in Table S2). Therefore,
when developing bioanalytical methods for QMiPSB, a combination of
positive and negative ionization mode is recommended to increase

detectability of the metabolites.

3.3 | Proposed metabolic pathways of QMMSB

The proposed metabolic pathways of QMMSB are shown in Figure 4.
In accordance with previous studies on related SCRAs, which also
carry an 8-hydroxyquinoline ester head group, ester hydrolysis was
also an important step in the metabolism of QMMSB.*23 Therefore,
the metabolites of QMMSB were divided into three groups: metabo-
lites with an intact ester group (MM1-MMS5 in Figure 4), the carbox-
ylic acid product after ester hydrolysis with additional metabolic

reactions (MM6-MM10 in Figure 4), and the ester hydrolysis product
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FIGURE 3 HR-MS? spectra of quinolin-8-yl 4-methyl-3-((propan-2-yl)sulfamoyl)benzoate (QMiPSB) and most abundant QMIiPSB metabolites
detected in pooled human liver S9 fraction (pHLS9) incubations (IM7, IM10, IM11, IM15, and IM16). gluc, glucuronic acid; neg, negative ionization

mode; pos, positive ionization mode; RT, retention time
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FIGURE 4 Proposed in vitro metabolic pathways of quinolin-8-yl 4-methyl-3-(morpholine-4-sulfonyl)benzoate (QMMSB). gluc, glucuronic

acid; MM1-MM15, metabolites of QMMSB

8-hydroxyquinoline with additional metabolic reactions (MM11-
MM15 in Figure 4).

All metabolites with an intact ester linker (MM1-MM5 in
Figure 4) and MM7, MMS8, and MM12 (Figure 4) were only
detected in some of the monooxygenase isozyme incubations but
not in pHLS9 incubations. As hCES are naturally contained in the
pHLS9 fraction and the incubation time for the pHLS9 experiments
was even longer than the monooxygenase isozyme incubations, this
might result in the observed extensive ester hydrolysis. Further-

more, the formed Phase | metabolites in pHLSY incubations could

have been further metabolized to Phase Il metabolites, following
the missing detection of Phase | metabolites. Therefore, metabolites
detected in the pHLS9 incubations should reflect the in vivo situa-
tion more accurately, as opposed to the additional Phase | metabo-
lites only found in the monooxygenase incubations. In vivo data are
available in the literature for the related SCRA FUB-PB-22, which
also has a quinolin-8-yl ester head group but an N-alkyl-1H-indole
core instead of a sulfamoyl benzoate core. Neither the parent com-
pound nor the metabolites with an intact ester bond could be

detected in an authentic urine sample.*®
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MM6 (Figure 4) is the carboxylic acid product of ester hydrolysis.
Hydroxylation of the morpholine ring of MMé resulted in metabolite
MMG9. Based on the MS? spectrum alone, the position of the hydroxy
group cannot be determined with certainty but can be narrowed
down to certain parts of the molecule, such as the morpholine ring in
the case of MM9. Therefore, MM9 can also be hydroxylated in the
a-position next to the nitrogen atom of the morpholine ring, which
can lead to ring opening. This mechanism has already been described
for other substances.'??° Further metabolic steps resulted in the
cleavage of one C2 alkyl chain of the morpholine ring (MM8; N,O-bis-
dealkylation) or both C2 alkyl chains of the morpholine ring (MM7;
N,N-bis-dealkylation). Glucuronidation of the carboxylic acid product
MM6 led to the acyl glucuronide MM10.

The ester hydrolysis product 8-hydroxyquinoline (MM11) was
hydroxylated to MM12 (Figure 4). In Phase |l metabolism, the glucuro-
nides of MM11 and MM12 were detected (MM14 and MM15). Sulfa-
tion of 8-hydroxyquinoline formed metabolite MM13.

Five metabolites with an intact ester group could be detected
(MM1-MMS5 in Figure 4). Monohydroxylation on the quinoline
head group or the morpholine ring led to MM3 and MM4. The
dihydroxy metabolite MM5 is hydroxylated at both the quinoline
head group and the morpholine ring. MM1 is the N,N-bis-dealkyl
metabolite, which was hydroxylated on the 4-methyl benzoate
core, resulting in MM2.,

In comparison with an earlier in vitro study on the SCRA QMPSB,
which carries a piperidine ring instead of a morpholine ring, a large
number of similar metabolites were found'? The metabolites MM1,
MM7, and MM11-MM14 were also identified in QMPSB incubations
since these do not contain the piperidine or morpholine tail structure.
In the case of the metabolites MM3, MM5, MM6, MM9, and MM10
containing the morpholine structure, the analogous metabolites with a
piperidine ring were formed in the QMPSB incubations. Moreover, in
the QMPSB incubations, further metabolites could be identified,
which show hydroxylation steps on the piperidine ring, since the
piperidine ring has more potential positions available for hydroxylation
compared to the morpholine ring.

From the seven metabolites identified in the pHLS9 incubations,
the ester hydrolysis products MMé and MM11 and their glucuronides
MM10 and MM14 had the most abundant signals. Hence, these
metabolites should be treated as the main targets for toxicological
screenings. Published in vivo data from the related SCRA FUB-PB-22
describe the acyl glucuronide of the ester hydrolysis product as the
major metabolite in an authentic urine specimen.'® Furthermore, it is
important to note that various SCRAs carry an 8-hydroxyquinoline
ester head group. Considering this, 8-hydroxyquinoline and its metab-
olites are not specific metabolites of QMMSB, but they can indicate
the presence of an SCRA with this head group.

3.4 | Proposed metabolic pathways of QMiPSB

The proposed metabolic pathways of QMIPSB are depicted in
Figure 5. The structures of QMMSB and QMIiPSB differ only in the tail

group, resulting in the detection of similar metabolic steps. Thus, ester
hydrolysis also played an important role in the metabolism of
QMIPSB: The metabolites IM1-IMé have an intact ester group, IM7-
IM10 are the carboxylic acid product of ester hydrolysis or its metab-
olites, and IM11-IM16 are the ester hydrolysis product
8-hydroxyquinoline or its metabolites.

The carboxylic acid product of the ester hydrolysis IM7 (Figure 5),
its acyl glucuronide IM10, and the N-dealkyl metabolite IM8 were
formed. Furthermore, the monohydroxy metabolite IM9 was identi-
fied, whereby the exact position of the hydroxy group on the core
structure could not be specified based on the fragmentation. Metabo-
lites IM12 and IM14-IM16 were also identified in incubations with
QMMSB derived from the 8-hydroxyquinoline structure (IM11). Only
the dihydroxy metabolite IM13 could be detected as an additional
metabolite in the QMIPSB incubations. Among the metabolites with
an intact ester bond, three monohydroxy isomers IM3-IM5 could be
detected, sharing the same fragmentation pattern. Retention times
vary slightly, indicating different hydroxylation positions on the quino-
line structure. Furthermore, the N-dealkyl metabolite IM1 and its
monohydroxy metabolite IM2 were detected, which were also identi-
fied as metabolites of QMMSB (MM1 and MM2).

Comparable to QMMSB, in the pHLS9 incubations with QMiPSB,
the two ester hydrolysis products IM7 and IM11 as well as their glu-
curonides IM10 and IM15 had the most abundant signals (Figure 5).
Therefore, these metabolites should be regarded as the main targets

for toxicological screenings.

3.5 | Monooxygenases activity screening

Several monooxygenases contributed to the Phase | metabolism of
QMMSB and QMIPSB (Tables S3 and S4). Both SCRAs were metabo-
lized by CYP2C8, CYP2C9, CYP3A4, and CYP3AS5. In addition,
CYP2C19 also played an important role in the metabolism of
QMMSB, whereas CYP1A2 was involved in the metabolism of
QMIiPSB. Since both SCRAs are metabolized via several monooxy-
genases, they can be further degraded if a single CYP enzyme is inhib-
ited. Hence, a drug-drug interaction due to inhibition of a single CYP
isozyme seems to be unlikely. The same can be expected from a per-
son with a poor metabolizer status for a single CYP isozyme.'® The
ester hydrolysis products of both SCRAs were found in all enzyme
incubations (CYP isozymes, FMO3, and HLM) but also in the control
incubations, so that they appear to be formed by nonenzymatic

degradation.

36 |
QMiPSB

Carboxylesterases activity screening of

Rapid ester hydrolysis of the quinolin-8-yl ester head groups of
QMMSB and QMIiPSB was revealed in the pHLS9 incubations. Previ-
ous studies describe the instability of this SCRA head group in the
form of hydrolysis and transesterification with solvents like methanol
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acid; IM1-IM16, metabolites of QMiPSB

or ethanol®® A carboxylesterases activity screening was also
employed to assess the influence of different hCES on the metabolism
of the investigated SCRA. However, this assay could only be per-
formed for QMIPSB as not enough parent compound of QMMSB was
available.

The hydrolysis of many ester-containing endogenous and exoge-
nous substances is catalyzed by hCES, with the isoforms hCES1b and
hCES1c being expressed primarily in the lung and in the liver and
hCES2 in the gastrointestinal tract.2224 Therefore, QMiPSB was incu-
bated with the recombinant isoforms hCES1b, hCES1c, and hCES2 as
well as with pHLM and pHLS9, which represent the diversity of natu-
ral carboxylesterases in the human liver. Furthermore, control samples
without enzymes were also prepared, since earlier studies on the
related SCRAs QMPSB, QMPCB, and 2F-QMPSB have shown none-
nzymatic ester hydrolysis.}>3

The ester hydrolysis of QMiPSB was monitored via the peak area
of the carboxylic acid hydrolysis product (IM7 in Figure 5). Samples
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Proposed in vitro metabolic pathways of quinolin-8-yl 4-methyl-3-((propan-2-yl)sulfamoyl)benzoate (QMIiPSB). gluc, glucuronic

were taken after 0, 8, 14, 20, 30, and 45 min. The peak area of the
carboxylic acid product of the O min sample was subtracted from the
other samples to capture only ester hydrolysis during the incubation
period. The incubations were performed in duplicates. The mean
values of the duplicates are displayed in Figure 6. In the control incu-
bations, an increase in the carboxylic acid product IM7 could be
detected because of nonenzymatic ester hydrolysis, since the control
incubations did not contain any carboxylesterases. This observation
agrees with previous studies on related SCRAs with a quinolin-8-yl
ester head group, which also showed nonenzymatic ester hydroly-
sis.221% The incubations with hCES showed a faster increase of the
ester hydrolysis product IM7 compared to the control samples, indi-
cating enzymatic hydrolysis. The ester hydrolysis product increased
faster in the incubations with hCES1b and hCES1c than in the incuba-
tions with hCES2. The ester bond of QMIPSB thus appears to be pre-
dominantly cleaved by hCES1 isoforms. This is of particular

importance as SCRAs are usually smoked by consumers and hCES1 is
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FIGURE 6 Results of carboxylesterases activity screening of
quinolin-8-yl 4-methyl-3-((propan-2-yl)sulfamoyl)benzoate (QMiPSB):
peak area of carboxylic acid hydrolysis product using different
enzyme sources. Values from time point zero were subtracted from all
the following time points. Shown data represent the mean of
duplicate determination. hCES, human carboxylesterases; pHLM,
pooled human liver microsomes; pHLS9, pooled human liver S9
fraction

the predominant isoform in the human lung.?* Previous studies
revealed that the hydrolysis of the related SCRAs QMPSB, 2F-
QMPSB, BB-22, PB-22, and 5F-PB-22, which also have an
8-hydroxyquinoline ester head group, was mainly catalyzed by hCES1
as well.121325 Furthermore, a study on SCRAs containing a methyl
ester showed that mostly hCES1 catalyzed the hydrolysis.?®
Incubations with pHLM and pHLS9 revealed a faster increase in
the hydrolysis product than the control incubations, indicating enzy-
matic ester hydrolysis as well. In both incubations, QMiPSB was
almost completely degraded after 8 or 14 min, so no further ester
hydrolysis was possible. These results show that the natural hCES
spectrum of the human liver can cleave the ester bond of QMIiPSB.
Since hCES1 is predominantly expressed in the liver, this result is in
agreement with the results of the recombinant esterases.?* However,
as the manufacturer of the pHLM and pHLS? solutions does not spec-
ify any hCES activities, only qualitative statements are possible here.
These results indicate that ester hydrolysis plays an important
role in the Phase | metabolism of QMiPSB and is mainly catalyzed by
hCES1 isoforms. In addition to the enzymatic ester hydrolysis, none-
nzymatic ester hydrolysis was observed, which further accelerates the
ester hydrolysis. Therefore, mainly ester hydrolysis products and their
metabolites can be expected in in vivo samples. The chemical instabil-
ity of the ester bond must also be taken into account during sample
storage and processing. No solvents leading to hydrolysis or transes-

terification should be used.

4 | CONCLUSIONS

A total of 15 QMMSB metabolites and 16 QMiPSB metabolites were
tentatively identified by LC-HR-MS/MS in the in vitro incubations. The
carboxylesterases activity assay showed that ester hydrolysis is an

important step in the metabolism of the quinolin-8-yl ester head group,

whereby the ester bond of QMIiPSB was cleaved primarily by hCES1
isoforms. For both substances, QMMSB and QMIiPSB, the two ester
hydrolysis products as well as their glucuronides are assumed to be the
most important targets for toxicological plasma and urine screenings.
Additional measurements in the negative ionization mode increase the
detectability of the carboxylic acid products of ester hydrolysis and
their metabolites. Several CYP isoforms are involved in the metabolism
of QMMSB and QMIPSB, with both substances being metabolized by
CYP2C8, CYP2C9, CYP3A4, and CYP3A5. The hepatic clearance of
QMMSB and QMIPSB should therefore not be significantly impaired
by a drug-drug interaction targeting a single CYP isozyme.
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