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RATIONALE: y-Aminobutyric acid-B (GABAg) receptors are widely expressed in the nervous system and have been
implicated as targets for various neurological and psychiatric disorders. CGP7930 is a positive allosteric modulator of
GABAg receptors. It has been demonstrated to reduce drug self-administration and has gained increased research as a
potential psychotropic treatment.

METHODS: An in vitro metabolic system with liver microsomes of SD rats has been conducted and evaluated by probe
drugs. The predominant in vitro metabolite of CGP7930 was identified and elucidated using liquid chroma-
tography/electrospray ionization quadrupole time-of-flight tandem mass spectrometry (LC/ESI-QTOF-MS/MS). Its
structure was determined by comparing the characteristic ions of CGP7930 and those of the metabolite, based on the
accurate mass measurement by MS and the fragmentation pattern obtained by MS/MS.

RESULTS: We found that the main metabolic pathway of CGP7930 was via a monohydroxylation reaction and the
hydroxylation site located at the terminal butyl-carbon. The collision-induced dissociation (CID) fragmentation of the
hydroxylated metabolite underwent McLafferty rearrangement and a-cleavage.

CONCLUSIONS: This work provides an understanding of the in vitro metabolism of CGP7930, which is helpful for the
further study of the development of potential drug candidates targeting GABAg receptors, for the treatment of
depression. The work also demonstrates that the LC/ESI-QTOF-MS/MS method has the advantage of possibly
determining the structures of drug metabolites without the use of standards. Copyright © 2016 John Wiley & Sons, Ltd.

y-Aminobutyric acid (GABA) is the predominant inhibitory
neurotransmitter in the mammalian central nervous system.
Because GABA regulates neuronal excitability and GABA
receptors are widely distributed throughout the brain and
the nervous system, drugs targeting GABA receptors can
profoundly regulate behaviour.! GABAg, one of the major
GABA receptors, belong to the G protein-coupled receptor
family and are generally considered to be excellent drug
targets.””! The GABA receptors play an important role in
the treatment of depression and anxiety.”! However,
conventional drug development targeting GABAg receptors
mainly focuses on agonists and antagonists which have the
limitations of side effects, poor pharmacokinetics, and the
development of tolerance.™! For example, baclofen, a GABAg
agonist, is currently a commercial drug for treating
depression and other various mental disorders, but it can
result in adverse reactions and drug fastness.>® Therefore,
recent studies have tended to explore allosteric modulators
as potential drug candidates, instead of agonists and
antagonists for drug development.
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3,5-Bis(1,1-dimethylethyl)-4-hydroxy-p,p-dimethylbenzene-
propanol (CGP7930) is a positive allosteric modulator of
GABAg receptors.[7’8] Compared to baclofen, CGP7930 has the
advantage of treating drug abuse and positive psychotropic
effects,”®! which may be very useful in the treatment of dep-
ression and anxiety. The literature contains reports of research
on the pharmacological profile!'®! and effects of CGP7930 on
food intake,®! anxiolytic[u] and depression,m] but the in vitro
metabolism of CGP7930 has rarely been studied.

The investigations of in vivo and in vitro metabolites are very
critical in the development of drug candidates.>* Liquid
chromatography coupled with tandem mass spectrometry
(LC/MS/MS) has nowadays become a very important
technique to probe and characterize metabolites for drug
study.">'®! Tandem mass spectrometry has been successfully
applied to the structural elucidation of metabolites by coupling
a HPLC (high-performance liquid chromatography) column
with a triple-quadrupole (QQQ),"”*®! a quadrupole ion trap
QIT),? or a quadrupole time-of-flight (QTOF)*"* mass
spectrometer. In LC/MS/MS analysis, the chromatograms of
complex metabolite profiles are resolved by HPLC separation,
and full scan MS and product ion scan MS/MS spectra are
obtained online for structural characterization.?>?*! Therefore,
LC/MS/MS has shown the advantage of making it possible
to speculate the structure of drug metabolites rapidly and
systematically without the use of standards.
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In order to predict the in vivo drug metabolism, the in vitro
drug metabolism by using human liver microsomes or
hepatocytes is often studied prior to animal experiments.*>2°!
Such in wvitro studies are significantly useful for the
explanation of metabolite generation and the development
of toxicology studies. Furthermore, it also provides data for
predicting pharmacokinetic variability and potential drug-
drug interactions before clinical trials in humans. 427281

In this work, we have developed a LC/ESI-QTOF-MS/MS
(liquid chromatography/electrospray ionization quadrupole
time-of-flight tandem mass spectrometry) method to
investigate the major CGP7930 in vitro metabolite by a liver
microsomal incubation system. The accurate molecular
weight of CGP7930 metabolite was measured by a TOFMS full
scan with high resolution. The fragmentation pattern of the
target metabolite ion was obtained from collision-induced
dissociation (CID) MS/MS analysis for structural elucidation.
We have determined the structure of the monohydroxylation
metabolite of CGP7930 and proposed the fragmentation
mechanism including a McLafferty rearrangement. The
present study helps us understand the in vitro metabolism of
CGP7930, and also assists the further in vivo metabolism study
of CGP7930 and safety evaluation of anti-depressant drugs.

EXPERIMENTAL

Chemicals and materials

CGP7930 (purity >98%) was purchased from Tocris Bioscience
Co. Ltd. (Bristol, UK). Midazolam (purity >97%) and
testosterone (purity >98%) were purchased from Aladdin
Chemistry Co., Ltd. (Shanghai, China).

Glucose 6-phosphate (purity >98%), NADP (purity >98%),
glucose-6-phosphate dehydrogenase (200400 units/mg)
and phosphate-buffered saline tablets were purchased from
Sigma Chemical Co. (St. Louis, MO, USA). HPLC grade
methanol and acetonitrile were purchased from Fisher
Scientific (Waltham, MA, USA). Analytical reagent (AR) grade
MgCl, and HPLC grade ethyl acetate were obtained from
Kermel Chemical Reagent Co. (Tianjin, China). Ultra-purified
water was obtained from a water purification system (Mole
Scientific Instrument Co., Ltd., Shanghai. China).

In vitro incubation with liver microsomes and sample
preparation

The in vitro incubations were carried out in 1.5 mL polystyrene
vials with 360 pL of a mixture which contained 200 pL potassium
phosphate buffer (pH 7.4, 0.1 M), 50 uL liver microsomes (20
mg/mL), 10 pL substrate (i.e. 0.2 mM midazolam, testosterone
or CGP7930), 40 uL MgCl, (5 mM), 20 pL glucose-6-phosphate
dehydrogenase (200400 units/mg), and 40 pL D-glucose 6-
phosphate (10 mM). The mixture was shaken for 5 min for
equilibration in a water bath at 37 °C before adding NADP to
initiate the reactions. Anaerobic incubation was performed as
described in the literature.”! Briefly, the incubation was carried
out at 37 °C in the dark for 30 min and the mixture was extracted
using 500 pL ice-cooled ethyl acetate. The sample was vortexed
and centrifuged for 10 min. The organic layer was collected

and evaporated by a stream of nitrogen gas at 37 °C. The dried
residue was constituted with 100 pL of acetonitrile and water
(v/v, 1:1) prior to injection onto the HPLC column for LC/MS
and LC/MS/MS analysis. Sample preparations were conducted
in four replicates for testing the reproducibility.

LC/ESI-MS and LC/ESI-MS/MS analysis

HPLC experiments were conducted on a model 1200 LC
system (Agilent, Santa Clara, CA, USA). A 2.1 x 150 mm,
ZORBAX Eclipse XDB-C18 reversed-phase column was used
for separation and the injection volume was 5 uL. The mobile
phases were water (A) and acetonitrile (B). The solvent
gradient was started from 25%B, programmed to 50%B in
another 5 min, and raised to 65%B in another 5 min, then
increased to 98%B at 20 min, and finally returned to 25%B
in 10 min. All mass spectra and collision-induced dissociation
(CID) MS/MS spectra were acquired from a model 6520
quadrupole time-of-flight mass spectrometer (Agilent, Santa
Clara, CA, USA) with a standard ESI source. The samples
were injected by an autosampler and introduced into the ESI
source by a quaternary pump at a flow rate of 0.3 mL/min.
The source parameters were optimized as follows: gas
temperature, 300 °C; flow rate of the drying gas, 12 L/min;
nebulizer pressure, 40 psi; capillary voltage, 3500 V;
fragmentor voltage, 125 V. The collision energy used for the
MS/MS scan was 40 eV.

RESULTS AND DISCUSSION

Confirmation of in vitro microsomal incubation system
using probe drugs

Because CYP3A4 was the most important isoform in the P450
enzyme system, its specific probe drugs, namely testosterone
and midazolam, were chosen in this work to evalutate the
in vitro microsomal incubation system.m] The metabolites of
testosterone and midazolam are known to be 6B-OH-
testosterone®*? and 1-OH-midazolam,®*?*! respectively.
Hence, the signal responses for these probe drugs and their
metabolites were measured by LC/ESI-QTOFMS to assess
the activity of CYP450 enzymes in the used liver microsomes.
In addition, the accurate masses of probe drugs and their
metabolites were measured and compared with theoretical
values to assess the mass accuracy of the QTOFMS analysis
of CGP7930 and its metabolites for quality assurance (QA).

In vitro incubation of these probe drugs followed the same
protocol as that for CGP7930 described above, and the ESI-MS
analysis was performed in positive ion mode. The extracted
ion chromatogram (EIC) and ESI-MS spectra of testosterone
and the metabolite species are given in Supplementary Fig.S1
(see Supporting Information). The protonated ion of testosterone
was detected at 111/z 289.2186 and its metabolite ion was seen 16
m/z higher than that, which was the monohydroxylated
testosterone. Testosterone and its metabolite (i.e. 6B-OH-
testosterone) were assumed to have the same ESI-MS responses
and so the metabolic rate of testosterone was calculated to be
65.1% according to the ratio of their peak areas.

Similar to the testosterone system, midazolam and its main
metabolite, 1-OH-midazolam, were analyzed by LC/ESI-
QTOEMS (the spectra are given in Supplementary Fig.S2,
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see Supporting Information). The metabolic rate of
midazolam was calculated as 40.3%. These experiments
demonstrated that the incubation system using such liver
microsomes was valid to metabolize the probe drugs and
thus could be used for the further study of CGP7930
metabolism in vitro.

Characterization of CGP7930 and its metabolite by
LC/ESI-MS

The CGP7930 in vitro metabolism was carried out by using the
same incubation system as the probe drugs. LC/ESI-QTOFMS
analysis was performed to separate and identify CGP7930 and
its metabolite, for which their EIC and negative ion ESI-MS
spectra are given in Fig. 1. The deprotonated CGP7930 at m/z
291 (the exact mass m/z 291.2393 + 5 ppm) was eluted at the
retention time of 17.5 min and the deprotonated metabolite
at m/z 307 (the exact mass m/z 307.2390 + 5 ppm) was eluted
at 14.2 min. Comparing the MS data of both ions, we found
that the mass-to-charge ratio of the metabolite was 16 Da
higher than that of CGP7930 (Fig.2). Because cytochromes
P450 (P450s) in liver microsomes function as terminal

oxidases in multi-component mono-oxygenase systems,>**”]

CGP7930 can be oxygenated by P450s to produce hydroxylation
or epoxidation metabolites. Hence, the metabolite at n1/z 307
could be generated from the mono-oxidation of CGP7930
catalyzed by P450s, resulting in the addition of one oxygen
atom with a m/z shift of 16 Da. This metabolism could occur
either via an epoxidation or a monohydroxylation. However,
all the possible epoxidized sites on the phenyl ring of
CGP7930 were occupied by alkyl or phenol groups and so
CGP7930 was unlikely to be epoxidized. Therefore, we
presumed that m/z 307 was the deprotonated ion of the
monohydroxylated metabolite that was formed by the
in vitro incubation of CGP7930 with liver microsomes. This
metabolite detected by ESI-MS was also subjected to
subsequent ESI-MS/MS analysis for structural confirmation.

Identification of metabolite structure and fragmentation
profile by ESI-MS/MS

In order to determine the molecular structure of the
metabolite, MS/MS spectra of the deprotonated CGP7930
and the metabolite ions were examined. Due to the simple
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Figure 1. (a) The extracted ion chromatogram (EIC) of in vitro CGP7930
metabolism. CGP7930 eluted at 17.5 min and the metabolite eluted at 14.2 min.
(b) The ESI-MS spectrum of CGP7930. (c) The ESI-MS spectrum of the
monohydroxylation metabolite of CGP7930.
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Figure 2. ESI-MS/MS spectra of CGP7930 (a) and the metabolite (b) at 40 eV

collision energy.

and stable structure of CGP7930, its MS/MS spectrum only

H H

showed two abundant ions: one was the precursor ion at —277 regﬂ:;-:ff:':zm H

m/z 291 (the exact mass m/z 291.2385 + 5 ppm) and the o™ # H

other one was the fragment ion at m/z 218 (the exact mass 30— Z

m/z 218.1723 + 5 ppm) after CID at 40 eV collision energy H o o

(Fig.2). The m/z value of the fragment ion is 73 Da lower m/z277

than that of the precursor ion. [M-H] of CGP7930 could o

undergo a favoured a-cleavage at the benzylic position by g %Xe Ba—ns o 24— o

a neutral loss of -C(CHs),CH,OH (ie., -C;HoO, 73 Da. 0 I -
m/z307

The fragmentation of CGP7930 [M-H] was also used as
the reference for helping identify the fragment ions of the
metabolite moiety. The MS/MS spectra of the metabolite
gave prominent ions at m/z 307, 277, 234, 204 (the exact
mass m/z were 307.2390, 277.2261, 234.1696, 204.1592 + 10
ppm, see Fig.1), respectively. The ion at m/z 307, 16 Da
higher than [M-H]  of CGP7930, was the undissociated
precursor ion [M-H]  of the metabolite. Very similar to
CGP7930, the fragment ion with m/z 234 resulted from a
neutral loss of 73 Da (-C4HyO) via an o-cleavage on the
precursor ion, which was also 16 Da higher than the
corresponding fragment ion of CGP7930 at m/z 218. Moreover,
this demonstrated that the metabolized monohydroxylation
of CGP7930 did not occur on this benzenepropanol
substitution of CGP7930, which would otherwise have lost
a neutral mass of 73 + 16 Da. Because CGP7930 has two
symmetric 3,5-bis(1,1-dimethylethyl) substitutions on the
benzene ring, the chance of monohydroxylation reaction
on both butyl groups is equivalent. Monohydroxylation on
any of the six methyl carbons results in indistinguishable
molecules. This explained why only one main metabolite
was detected by ESI-MS after CGP 7930 was incubated
with liver microsomes. It was noted that under the same
CID condition at 40 eV, the intensity of the metabolite
precursor ion [M-H]™ at m/z 307 was significantly lower

OH rearrangement
—_—

-CH,0
o
m/z234

m/z204

Figure 3. Proposed fragmentation mechanisms for the
deprotonated monohydroxylation metabolite of CGP7930.

than that of CGP7930 at m/z 291 (see Fig.2). Moreover, the
MS/MS fragmentation of m/z 307 produced a base peak for
the fragment ion at m/z 277 by the loss of 30 Da, which was
ascribed to a neutral molecule loss via a rearrangement. The
-OH group on the monohydroxylated site of the metabolite
was an y-H donor and the benzene ring was a typical
H-acceptor. It readily underwent McLafferty rearrangement
and lost a CH,O with 30 Da to produce the fragment ion
of m/z 277. This characteristic ion also confirmed our
assumption of the metabolite structure that the
monohydroxylation occurred at the ortho-butyl group of
CGP 7930. This fragment ion at m/z 277 could further
undergo an a-cleavage and yielded a fragment ion at m/z 204
by the loss of 73 Da. The structure of the monohydroxylation
metabolite of CGP7930 and the fragmentation mechanisms
are illustrated in Fig. 3.
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CONCLUSIONS

This work employed a LC/ESI-QTOF-MS/MS method to
explore the in vitro metabolite of the positive allosteric
modulator of the GABAg receptor: CGP7930. The metabolite
of CGP7930 was obtained from in vitro incubation with liver
microsomes of SD female rats. MS and MS/MS analyses
revealed that the major metabolism of CGP7930 was the
monohydroxylation and the molecular structure of the metabolite
was identified for the first time. In addition, the fragmentation
pathways of CGP7930 and of the monohydroxylation
metabolite were elucidated to assist the determination of the
metabolite structures. Fragmentation mechanisms involving
a McLafferty rearrangement were proposed for the
production of major fragment ions in the MS/MS of the
CGP7930 metabolite. Experimental evidence demonstrated
that the location of monohydroxylation was on one of the
terminal carbons of the 1,1-dimethylethyl groups in CGP7930.
This present study contributes to the understanding of the
in vitro metabolism of CGP7930 and is useful for the
development and validation of potential drug candidates based
on positive allosteric modulators targeting GABAg receptors
for treatment of depression.
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