O

Research article 15—

Received: 19 November 2012 Revised: 12 January 2013 Accepted: 13 January 2013 Published online in Wiley Online Library

(wileyonlinelibrary.com) DOI 10.1002/jms.3170

Detection and characterization of ticlopidine
conjugates in rat bile using high-resolution
mass spectrometry: applications of various
data acquisition and processing tools

Fuying Du,® Qian Ruan,® Mingshe Zhu®* and Jie Xing®*

Ticlopidine, an antiplatelet drug, undergoes extensive oxidative metabolism to form S-oxide, N-oxide, hydroxylated and dealky-
lated metabolites. However, metabolism of ticlopidine via conjugation has not been thoroughly investigated. In this study, multiple
data acquisition and processing tools were applied to the detection and characterization of ticlopidine conjugates in rat bile.
Accurate full-scan mass spectrometry (MS) and collision-induced dissociation (CID) MS/MS data sets were recorded using isotope
pattern-dependent acquisition on an LTQ/Orbitrap system. In addition, mass spectral data from online H/D exchanging and high
collision energy dissociation (HCD) were recorded. Data processes were carried out using extracted ion chromatography (EIC), mass
defect filter (MDF) and isotope pattern filter (IPF). The total ion chromatogram displayed a few major conjugated metabolites and
many endogenous components. Profiles from EIC and IPF processes exhibited multiple conjugates with no or minimal false positives.
However, ticlopidine conjugates that were not predictable or lost a chorine atom were not found by EIC or IPF, respectively. MDF was
able to detect almost all of ticlopidine conjugates although it led to a few more false positives. In addition to CID spectra, data from
HCD, H/D exchanging experiments and isotope pattern simulation facilitated structural characterization of unknown conjugates.
Consequently, 20 significant ticlopidine conjugates, including glucuronide, glutathione, cysteinylglycine, cysteine and N-acetylcysteine
conjugates, were identified in rat bile, a majority of which are associated with bioactivation and not previously reported. This study
demonstrates the utility and limitation of various high-resolution MS-based data acquisition and processing techniques in detection

and characterization of conjugated metabolites. Copyright © 2013 John Wiley & Sons, Ltd.

Supporting information may be found in the online version of this article.
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Introduction

Ticlopidine is a noncompetitive adenosine diphosphate (ADP)
receptor antagonist that inhibits platelet aggregation induced
by ADP, and it has been widely used for the secondary preven-
tion of atherothrombosis. Ticlopidine is also as effective as aspirin
in preventing cardiovascular events in cerebrovascular, cardio-
vascular and peripheral vascular diseases.!"! However, ticlopidine
can cause a series of adverse effects, including skin rashes,
diarrhea, neutropenia and agranulocytosis.>* The bioactivation
of ticlopidine to reactive metabolites and their subsequent
covalent binding to cellular macromolecules are thought to be
involved in the occurrence of idiosyncratic hepatotoxicity in
patients.

Ticlopidine undergoes extensive metabolism in humans.
About 60% of the dose is excreted into urine, where there is only
a trace amount of the drug. The parent drug accounts for one-
third of the radioactivity in the feces™ In vitro metabolism
studies of ticlopidine in human liver microsomes (HLM) and rat
liver S9 showed that major metabolic reactions are N-dealkylation,
N-oxidation, the formation of dihydrothienopyridinium (M23),
thienopyridinium (M24) (Fig. 1), thiophene S-oxidation and
thiophene epoxidation.®”? Some of these oxidative metabolites
were also found in rats and humans. Reactive intermediates from
thiophene-epoxidation (M21), S-oxidation (M22) and epoxidation

of the chlorophenyl ring (M25) can be trapped by glutathione
(GSH) in vitro and may lead to protein covalent bindings
(Fig. 1)1 |n addition, the ticlopidine S-oxide intermediate can
form a dimer in vitro'® A radiolabeled drug disposition study"”?
found that a GSH adduct of ticlopidine S-oxide (M11) is a main bil-
iary metabolite in rats although multiple major radioactive compo-
nents remain to be identified.

Traditionally, triple quadrupole mass spectrometry (MS) is
employed for detection and characterization of conjugated
metabolites. In the experiments, constant neutral loss (N
and precursor ion (Pl) scans''® are carried out for screening
conjugated metabolites based on unique fragmentations of
various drug conjugates. For example, positive NL scan of
176 Da and negative Pl scan of m/z 272 are routinely applied to
the detection of glucuronide and GSH conjugates, respectively.
However, to find different types of conjugates, multiple liquid
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Figure 1. Proposed bioactivation pathway of ticlopidine in rats based on its conjugated metabolites found in rat bile from this study and the metab-
olism information reported in the literature. Definitive structures of ticlopidine metabolites (M23, M24 and M11) were previously determined using NMR
(Refs. 6 and 7). Proposed structures of other metabolites were determined using HRMS.

chromatography (LC)-MS injections with different NL and Pl scans
are often required. Once unknown conjugated metabolites are
detected by NL and/or Pl scans, additional LC-MS experiments
are performed to acquire their product ion (MS/MS) spectra for
structural identification. Recently, high-resolution-MS (HRMS)
has been increasingly used for drug metabolite detection and
identification. In the HRMS experiments, full-scan MS and data-
dependent MS/MS acquisition, such as intensity-, list- or isotope
pattern-dependent methods, is performed to record both full-
scan MS and MS/MS data in the same injections.">' Then,
post-acquisition data processes using mass defect filter
(MDF),">"® extracted ion chromatogram (EIC) analysis, isotope
pattern filter (IPF)""”'® and other data-mining tools are carried
out for fast and comprehensive searching of drug metabolites
from full-scan MS and MS/MS dataset. The effectiveness of HRMS
and post-acquisition data processing tools in identification of
oxidative metabolites has been demonstrated in many examples
in the literature.'>"">"® However, there are limited reports of
using HRMS for effective detection and structural characteriza-
tion of drug conjugates in complex biological matrices.
Conjugated drug metabolites have molecular weights signifi-
cantly greater than oxidative metabolites. Effects of endogenous
components and background noises in biological samples on
the detection and identification of conjugated metabolites by
HRMS are different from the detection of oxidative metabolites,
which is dictated by similarities of molecular weights, mass
defect values and isotope patterns of interference components
to those of conjugated metabolites."” Therefore, analysis of
drug conjugates using various types of HRMS data acquisition
and processing techniques may not be as effective as analysis
of oxidative metabolites.

The main objective of the current study was to develop an
integral workflow for fast and comprehensive profiling and
characterization of various classes of conjugated metabolites

using HRMS. The utility and limitation of various HRMS-based
data acquisition and processing techniques in analyzing drug
conjugates were evaluated. The secondary objective was to
determine metabolic activation pathways of ticlopidine in rats.
Results from analyzing biliary ticlopidine conjugates associated
with reactive intermediates in rat bile, including glutathione
(GSH), cysteinylglycine (cys—gly), cysteine (cys) and N-acetylcysteine
(NAQ) conjugates, provided insight into ticlopidine bioactivation
in rats in vivo.

Experimental
Chemicals and reagents

Ticlopidine hydrochloride was purchased from Sigma-Aldrich
(St. Louis, MO, USA). All other chemicals were purchased from
Sigma-Aldrich or ThermoFisher Scientific (Waltham, MA). All
compounds were of highest purity available.

Metabolism of ticlopidine in rats

Male Wistar rats (200-230 g) were supplied by Lab Animal
Center of Shandong University (Grade I, Certificate No. SYXK
2003-0004). The experimental protocol was approved by the
Shandong University Ethics Committee and conformed to the
‘Principles of Laboratory Animal Care’ (NIH Publication No. 85-23,
revised 1985). Rats were fasted for 12 h before drug administration
and for a further 3 h after dosing. Water was freely available for rats
during experiments. Rats (n=6) were given a single oral dose of
ticlopidine hydrochloride (20 mg/kg) dissolved in distilled water.
Bile samples were collected from 0 to 8 h after oral administration
of ticlopidine, and 0.1% formic acid was added (1:1, v/v) in part of
bile samples to stabilize the potential glucuronide conjugates.
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Untreated and stabilized bile samples (0.5 ml) were filtered
through a 0.22 pm micropore filter and then loaded onto
pretreated solid-phase extraction cartridges (Oasis extraction
cartridges, Waters Corp., Milford, MA). The cartridges were washed
with 1 ml of water and then eluted with 1 ml of methanol.
The methanol fractions were dried and reconstituted with 100 pl of
initial mobile phase. Aliquots (20 pl) of the reconstituted solutions
were injected onto LC-HRMS.

LC-MS conditions

All LC-MS experiments were carried out on a ThermoFisher
Scientific LTQ/Orbitrap XL hybrid mass spectrometer equipped
with an electrospray ionization interface. An Accela HPLC system
(ThermoFisher Scientific) was equipped with an autosampler, a
vacuum degasser unit and a quaternary pump. The mass spec-
trometer employing positive ionization was calibrated using the
manufacturer’s calibration standards mixture allowing for mass
accuracies <5 ppm in external calibration mode. The ionization
voltage was 4.2 kV, and the capillary temperature was set at
300°C. Nitrogen was used as both the sheath gas (40 units) and
auxiliary gas (10 units).

A nominal mass difference of 2 Da and the ratio (0.32) of the
nominal m/z corresponding to the isotopic doublet from full-scan
mass analysis was used to trigger data-dependent MS/MS
acquisition of ticlopidine metabolites. The resolving power was
15000 for full scan and 7500 for the MS? scans. The [M +H]" Pls
of ticlopidine and its metabolites were dissociated in the colli-
sion-induced dissociation (CID) or high collision energy dissocia-
tion (HCD) mode using the normalized collision energy at 35%
with an isolation width of 3 Da and an activation time of 30 ms.

Chromatographic separation was achieved on a Zorbax SB C18
column (150 mm x 2.1 mm id., 5 um; Agilent, Santa Clara, CA)
with a 4.0 mm x 3.0 mm i.d. SecurityGuard C18 (5 pum) guard
column (Phenomenex, Torrance, CA). The reversed-phase
gradient LC-HRMS experiments were performed using a mobile
phase A of 0.02% trifluoroacetic acid in H,O and a mobile phase
B of acetonitrile at a flow rate of 0.3 ml/min. The HPLC gradient
system for metabolites characterization started with 15% B and
linearly increased to 90% B in 20 min, followed by a decrease
to 15% B in 2 min prior to column re-equilibration.

For online H/D exchange LC-MS experiments, deuterated
water was used as the mobile phase A, i.e. deuterium oxide
(D,0O) (100% atom D, ThermoFisher Scientific) with 0.02%
D-trifluoroacetic acid (98% atom D, Sigma-Aldrich). Acetonitrile
was used as the mobile phase B.

MS data processing

High-resolution MS data processing was carried out using the
QualBrowser of Xcalibur 2.1 (Thermo Fisher Scientific), including
EIC, calculation of elemental compositions using potential
metabolite ions with 5-ppm mass tolerance and isotope pattern
simulation. Multiple MDFs were carried out using MetWorks
1.3 (Thermo Fisher Scientific). On the basis of the structure of
ticlopidine, the following MDF templates were applied to detect
ticlopidine conjugates: (1) the glucuronide of monohydroxylated
ticlopidine (m/z 456.088) and the NAC conjugate of ticlopidine
(m/z 427.091); (2) the GSH adduct of ticlopidine (m/z 569.129);
and (3) combination of (1) and (2). Specifically, the MDF windows
were set to + 0.060 Da around the mass defects of the templates
over a mass range of + 50 Da of the filter templates. Finally,

individual peaks present in MDF-processed ion chromatograms
were subjected to a quick confirmation based on the accurate
full-scan MS spectra. HR-IPF process was carried out using
MsXelerator (MsMetrix, Maarssen, Netherlands). The windows of
mass difference and intensity ratio for 3°Cl/*’Cl were set at
1.997 £5 ppm and 3 + 1, respectively. Structures of the detected
metabolites were characterized based on their MS shifts from the
parent drug, fragmentation patterns and elemental composi-
tions. In addition, Mass Frontier 6.0 (Thermo Fisher Scientific)
was used in aiding MS/MS spectral interpretation of metabolites.

Results and discussion

Analytical strategy

An integrated strategy using various HRMS-based data
acquisition and processing tools was applied to the detection
and structural characterization of ticlopidine conjugates in rat
bile. Accurate full-scan MS and MS/MS data were obtained mainly
using an isotopic pattern triggered data-dependent MS/MS
acquisition method. Both CID and HCD spectra were acquired
at the same time. To search for both common and uncommon
conjugated metabolites from recorded full-scan MS dataset, data
mining techniques including EIC, IPF and MDF were performed at
selected m/z ranges corresponding to various classes of drug
conjugates. When a ticlopidine metabolite with the chlorine
atom was found by any of these data processing techniques, its
product ion spectrum was acquired in isotope-dependent
product ion scanning analysis. Furthermore, an online H/D
exchange experiment was carried out to confirm the exchange-
able hydrogen atoms in metabolites for structural characteriza-
tion. The strategy is also applicable to characterization of drug
conjugates that have no distinct isotope patterns. In this case,
intensity-, list- and/or mass defect-dependent acquisition
method(s) can be employed to record MS/MS spectra of conju-
gated metabolites. It should be mentioned that this analytical
strategy is also useful for profiling and characterization of oxida-
tive metabolites, in which data processing is carried out in m/z
ranges similar to and significantly smaller than the parent drugs.

Detection of conjugates of ticlopidine in rat bile

The total ion chromatogram (TIC) of the full-scan MS dataset
revealed eight ticlopidine conjugates, some of which overlapped
with endogenous components, while low abundant metabolites
were buried in high levels of matrixes (Fig. 2A). IPF was able to
selectively detect 18 ticlopidine conjugates with few false
positive peaks based on their unique isotope pattern (Fig. 2B).
However, the dechlorinated metabolites, M15 and M16
(P + O-4H-HCI + GSH), were not detected by IPF. Extracted ion
chromatogram (EIC) was utilized to detect conjugated metabolites
based on m/z values predicted from common biotransformation
reactions or reported in the literature. As a result, 11 conjugates
of ticlopidine including some metabolites with relatively low
abundance were detected by EIC (Table 1). For example, M13
(P+0O+GSH) and M16 (P + O — 4H — HCl + GSH) were clearly dis-
played in the profiles processed with EIC (Fig. 2C and 2D), but not
visible in TIC (Fig. 2A).

Various MDF templates were utilized to detect ticlopidine
conjugates in this study. The chemical background noise and
matrix noise were significantly reduced after using the drug-
related MDF filter templates. As a result, multiple glucuronide,
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Figure 2. Metabolite profiles of ticlopidine in rat bile. (A) Unprocessed total ion chromatogram (TIC) (m/z 200-800), (B) Isotope pattern filter (IPF)
processed profile (m/z 350-800), (C) Extracted ion chromatograms (EIC) of an ion at m/z 587.1395 (P + O + GSH) and (D) EIC of an ion at m/z 547.1316

(P +0-4H-HCl + GSH).

Table 1. Ticlopidine conjugates detected and characterized in rat bile by Orbitrap and multiple data mining tools

Metabolites  tg m/z m/z Assignment Major fragments obtained using CID mode IPF MDF EIC
(except for the data in the parentheses obtained
(min)  [M+H]" [M+DJ" using HCD mode)
Mo 2161 264.0616 265.0675 P (parent drug) 154, 9125
M1 1419 456.0891 461.1203 P+0+Glu 280, 154, 125 + o+ o+
M2 16.84 456.0889 461.1204 P+0O+Glu 280, 262, 154, 125 + - +
M3 17.91 488.1154 493.1465 P+0+CH,+H,0+Glu 470, 442, 424,°312, 264, 154 + + =
M4 7.65 401.0766 405.1017 P+O+cys 383, 353, 280, 232, 154, 125 + 4+ -
M5 17.56 440.0875 444.1128 P-2H+cys-gly na. + + -
M6 17.83 440.0876 444.1128 P-2H+cys-gly na. + 4+ -
M7 7.68 458.0982 463.1296 P+0+cys—-gly 440, 410, 305, 287, 280, 232, 154, 125 + + -
M8 9.00 458.0983 464.1357 P+0+cys—gly 440, 305, 287, 280, 154 + + =
M9 17.79 458.0983 n.a. P+0+cys—gly 4440, 305, 287, 280, 154 + - =
M10 18.61 454.0666 458.0918 P+ 0O-4H+cys—gly na. + 4+ -
M11 8.13 587.1413 5941853 P+0+GSH 569, 539, 512, %458, 440, 410, 308, 296, 274,232 (154, 125) + + +
M12 1037 587.1415 595.1914 P+0O+GSH 569, 551, 494, 458, 440, 308, 287, (184, 154, 125) + 4+ o+
M13 12.01 587.1415 595.1913 P+0O+GSH 9569, 494, 458, 440, 308, 280, 264, (184, 154, 125) + + +
M14 1460 567.1151 573.1512 P-4H+GSH 550, 522, 510, 438, %294, 260, (136, 125) + + -
M15 5.59 547.1329 n.a. P + O-4H-HCl + GSH 472,418, 337, 283, 2274, 266, 180, (163, 139) -+ +
M16 7.72 547.1326 n.a. P+ O-4H-HCl + GSH 472,418, 337, 283, %274, 266, 180, (163, 139) - + +
M17 11.75 443.0873 446.1062 P+0+NAC 425, 9395, 314, 296, 280, 232, 154, 125 + 4+ o+
M18 16.40 443.0875 447.1120 P+0+NAC 425, 314, 296, °280, 262, 232, 170, 154, 136, 125 + o+ o+
M19 16.70 443.0874 447.1121 P+0O+NAC 9425, 415, 314, 296, 280, 272, 230, 184, 154, 125 + +  +
M20 1722 443.0873 447.1120 P+0O+NAC 425, 415, 314, 296, 280, 272, 230, 184, @154, 125 + + +
Number of detected metabolites by each data mining method 18 18 11

n.a., not acquired;

4, base peak in MS/MS spectrum.
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N-acetylacysteine (NAC), cys—gly, and cys conjugates were
detected using a combination of ticlopidine-glucuronide and
NAC conjugate as a MDF template (Fig. 3A). In addition, six
GSH conjugates were detected using ticlopidine-GSH as a MDF
template (Fig. 3B). The combination of both MDFs was able to
detect all of the 18 metabolites (Fig. 3C). MDF was capable of
finding uncommon metabolites such as M3, a glucuronide
(P+ 0O+ CH, +H,0 + Glu), from multiple steps of biotransforma-
tion. However, two minor metabolites, M2 and M9, were not
found by MDF due to their low abundance. In addition, a few
more false positives were generated as compared to IPF (Fig. 2B)
and EIC (Fig. 2C and Fig. 2D). Conjugated metabolites of ticlopi-
dine detected in rat bile using various data processing tools are
summarized in Table 1.

Structural characterization of ticlopidine conjugates
Mo

Unchanged ticlopidine (Cy4H;sNSCI) eluted at 21.6 min and gave
a protonated molecule (IM+H]") at m/z 264.061 (**Cl) and
266.058 (*’Cl). The MS/MS spectrum of the ion at m/z 264 mainly
displayed fragment ions at m/z 154.042 (CgHoNCl) and 125.015
(C7HeCI), which related to charged chlorophenyl group in ticlopi-
dine. The H/D exchange MS spectra of ticlopidine gave a proton-
ated molecule at m/z 265.067 with an elemental composition of
Ci4H14DNCIS ([M +D]Y), indicating ticlopidine has no exchange-
able hydrogen atom.

M1 and M2

These two metabolites were detected at 14.2 min and 16.8 min,
respectively, with the theoretical molecular ions at m/z 456.088
(P + O + Glu; C9H23NSCIO;). The protonated molecules displayed
a characteristic product ion at m/z 280.056 (C;4H;sNSCIO) by
loss of the glucuronic acid (Fig. 4). Another two fragment ions
at m/z 154.042 (CgHoNCl) and 125.015(C;HeCl) indicated that

100 (A)
80

60
40
20

the oxygen atom was located on the tetrahydrothienopyridine
moiety. As shown in Fig. 4A, the hydroxyl group in M1 could
probably locate on the thiophene ring since it was relatively
stable. The hydroxyl group in M2 was not stable, and the ion at
m/z 262.045 (C;4H;3NCIS; loss of one water molecule from P+ O)
was observed (Fig. 4B), which suggested that the hydroxylation
probably happened on the tetrahydropyridine ring. The H/D
exchange MS spectra of M1 and M2 showed five exchangeable
hydrogen atoms: four from the glucuronic acid moiety and one
from the charge.

M3

M3 was detected at 17.9 min with the theoretical protonated
molecule at m/z 488.114 (P+ O+ CH, + H,0 + Glu; C;;H»7NSCIOg).
The protonated molecules mainly displayed a product ion at
m/z 312.082 (Cy5H,oNSCIO,) by loss of the glucuronic acid (Fig. 4C).
Two characteristic fragment ions at m/z 442.126 (C,oH,5NCIOg; loss
of the methylthio group) and m/z 424.116 (C;oH,3NCIO-; loss of the
methylthio group and one water molecule) were generated, which
implied that M3 was a thiophene ring-opened metabolite and a
methyl group was attached to the sulfur atom. It has been found
that the S-oxide or epoxide intermediate could undergo a
rearrangement to 2-oxo-ticlopidine, which was then biotrans-
formed via thiophene ring opening into a pharmacologically active
metabolite."**” A carboxylic acid group was formed via this path-
way. The product ion at m/z 264.078 (C,4H;5NClO,) was generated
by loss of the methylthio group and the glucuronic acid. In the H/D
exchange MS spectra, no exchangeable proton was found for
the aglycone moiety. All the data above indicated that M3 was
an acylglucuronide of the thiophene ring-opened metabolite and
the S-CHs group existed in its structure (Fig. 4C).

M4

The metabolite M4 was determined at m/z 401.076 (P + O + Cys;
Cy7H2oN5S,CI03). The characteristic NL of cys (121.019 Da)
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Figure 3. High-resolution mass defect filter (MDF) chromatograms for ticlopidine conjugates in rat bile. (A) MDF of Glu and NAC conjugates; (B) MDF of
GSH adducts; (C) combined MDF of Glu, NAC and GSH conjugates (*, false positives).
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Figure 5. MS/MS spectra and proposed structures of thiophene-S-oxide conjugates of ticlopidine in rat bile: (A) M4, (P + O + cys, m/z 401.076); (B) M7,
(P + 0O+ cys—gly, m/z 458.097) and (C) M11, (P + O+ GSH, m/z 587.141).

resulted in the product ion at m/z 280.056 (C;,H;sNSCIO) (Fig. 5A).  respectively, indicating the presence of a sulfoxide moiety. Thus,
NL of the sulfoxide (47.969 Da) group and subsequent loss of M4 was proposed to be the cys conjugate of thiophene-S-oxide
cys generated fragments at m/z 353.109 and m/z 232.089, reactive intermediate (Fig. 5A).
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M5 and M6

These two metabolites with the same protonated molecule were
detected at 17.6 min and 17.8 min, respectively. Unfortunately,
their MS/MS spectra were not acquired during data-dependent
acquisition due to their low abundance. M5 was determined
at m/z 440.087 in the full-scan spectrum (Fig. S1), which was
2.5 ppm different from the theoretical value of the protonated
cys—gly conjugates of the dihydropyridinium metabolite, (P-2H +
cys—gly; Ci9H,3N35,Cl03). Moreover, determined isotopic peaks
of the protonated molecule and their relative intensities matched
those of C;9H,3N5S,ClOs, which was simulated using QualBrowser
(resolution < 5 ppm, and isotopic ratios < 20%) (Fig. S1). Thus, M5
and M6 were identified as cys—gly conjugates of ticlopidine. Most
likely, M5 and M6 were derived from ticlopidine GSH adducts that
were formed via a chlorophenyl epoxide intermediate (Fig. 1). The
same cys—gly conjugates of ticlopidine were previously observed
in liver microsomal incubations.”*"

M7-M9

These metabolites with the same protonated molecule at
m/z 458.097 (P+O+cys—gly; CyoH»5N3S,Cl0,) were detected
at 7.7 min, 9.0 min and 17.8 min. They shared the product ion
at m/z 280.056 (C;4H;5NSCIO, P + O) derived from a characteristic
NL of cys—gly (CsH;oN,SOs; 178.041). A NL of 47.969 Da from the
parent ion leading to a product ion at m/z 410.129 was observed
in the MS/MS spectrum of M7, indicating that M7 was a cys-gly
conjugate originated from thiophene-S-oxide reactive intermedi-
ate (Fig. 5B). M8 and M9 displayed multiple ions (Table 1), all of
which were observed in the MS/MS spectra of M7 except for
the ion at m/z 410.128. The data implied that M8 and M9 were
cys—gly conjugates of hydroxylated ticlopidine and formed from
GSH adducts of a thiophene epoxide. The proposed structures
and formation pathways of M8 and M9 are shown in Fig. 1.

M10

This metabolite eluted at 18.6 min displayed the protonated
molecule at m/z 454.067 in the full-scan spectrum, which was
2.1 ppm different from the theoretical m/z value of the proton-
ated molecule with chemical composition of P+ O-4H + cys—gly.
In addition, the measured isotopic peaks of M10 matched with
the corresponding isotope peaks of the C;9H,;N35,ClO, molecule
that was simulated using QualBrowser. Based on the mass
spectral data, M10 was proposed as a cys—gly conjugate of the
dihydrothienopyridinium metabolite of monooxidized ticlopidine
(Table 1).

M11-M13

The [M+HI* ions of M11-M13 were determined at m/z 587.139
(P+0O+GSH; Cy4H33N45,ClO,). The characteristic NL of glycine
(75.029), pyroglutamate (129.044) and GSH (307.083) from
the GSH moiety led to the product ions at m/z 512.107
(C22H27N352C|O5), m/z 458.097 (C19H25N352C|O4) and m/z 280.056
(C14H15NSCIO), respectively. A NL of 47.969 Da from the protonated
molecule of M11 (m/z 539.172) (Fig. 5C) indicated that this GSH
adduct was originated from the thiophene-S-oxide reactive
intermediate (M22, Fig. 1). In the deuterium exchange spectra of
M11, seven protons of the protonated GSH adduct were subjected
to substitution by deuterium: six from the GSH and one from the
positive charge. The observation confirmed that the oxygen was
attached to the S atom. The same GSH adduct was observed in
rat liver microsomal incubations® and rat bile!”? M12 and M13

showed diagnostic ions at m/z 154.042 (CgHoNCI) and
m/z 125.015 (C;HeCl), which indicated that oxidation occurred on
the tetrahydrothienopyridine moiety. Eight exchangeable hydro-
gen atoms found in the H/D exchange spectra of M12 and M13
suggested the addition of a hydroxyl group. Proposed structures
and formation pathways of M12 and M13 are displayed in Fig 1.
M12 and M13 were a pair of positional isomers that were formed
via addition of a GSH to a thiophene epoxide intermediate (M21).
A GSH adduct of the thiophene epoxide intermediate was previ-
ously observed in rat liver microsomal incubations.”

M14

The protonated molecule of M14 was determined at m/z 567.113
(P + GSH-4H; Cy4H»8N4S,CI0¢), which suggested that M14 was
formed via ticlopidine dehydrogenation followed by GSH addi-
tion. CID and HCD spectra of M14 are shown in Fig. 6. Character-
istic NLs of pyroglutamate (129.044) and GSH (307.083) led to
product ions at m/z 438.075 (C,9H,;N3S5,ClO3) and m/z 260.030
(Cy4H11NSCI), respectively, which confirmed that it was a GSH
adduct. Interestingly, the CID spectrum exhibited multiple, large
fragment ions from the GSH moiety, but no intense small product
ions associated with the drug moiety (Fig. 6A). In contrast, the
HCD spectrum of M14 displayed a few smaller fragment ions
without large fragments observed in the CID spectrum (Fig. 6B).
The product ion at m/z 125.0152 provided a key evidence for
the presence of the ticlopidine moiety in the GSH conjugate
(Fig. 6B). The results suggested that a combination of CID and
HCD provides both small and large fragments for GSH adducts,
which is useful for their structure characterization. M14 was
proposed as a GSH conjugate of the dihydrothienopyridinium
metabolite of ticlopidine (M23). It was reported that M23 is a
major metabolite formed in HLM.*? Most likely, M23 underwent
epoxidation on the chlorophenyl moiety, followed by addition of
GSH and loss of a water molecule, resulting in M14 (Fig. 1).
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Figure 6. MS/MS spectra of M14 obtained by (A) collision-induced
dissociation (CID) and (B) high collision energy dissociation (HCD). The
proposed structure of M14 is shown in Figure 4B.
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M15 and M16

The [M+H]" ions of M15 and M16 were found at m/z 547.132
(P + O-4H-HCl + GSH; C,54H5;N4S,05). The characteristic NL of
glycine (75.029) and pyroglutamate (129.044) led to the product
ions at m/z 472099 (C,,H,5N3S,05) and m/z 418.089
(Cy9H20N3S,0,), respectively, suggesting that these are GSH
adducts. The lack of intense M+ 2 isotope ions in the full-scan
MS spectra of M15 (Fig. S2) and M16 indicated the loss of
the chlorine atom in their structures. The fragment ions at
m/z 337.085 and m/z 283.075 suggested the dehydrogenation
of the tetrahydrothienopyridine moiety (loss of 4H) and the GSH
conjugation to the phenyl moiety. It is thus proposed that the
epoxidation took place on the chlorophenyl moiety, followed
by epoxide ring opening accompanying nucleophilic addition
of GSH and dechlorination. The product ion at m/z 274.036
(C14H,2NS,0) was derived from the cleavage of C-S bond of
the GSH moiety, and subsequent fragment ions at m/z 180.048
(CoH,oNSO), 163.021 (CoH,S0O) and 139.021 (C;H,SO) were also
observed (Fig. S2).

M17-M20

These four metabolites had the same protonated molecule at
m/z 443.086 (P + O + NAC; C;9H,4N,S,ClO,), and a product ion at
m/z 280.056 raised from the loss of an NAC moiety, which
suggested that M17-M20 were NAC conjugates of ticlopidine
mono-oxidation products. The deuterium exchange spectrum of
M17 showed three exchangeable protons: two from the NAC
and one from the positive charge (Fig. 7). The product ions at
m/z 395.118 (Cy9H24N,SCIO3) for M17 by loss of SO suggested
that this metabolite was the NAC conjugate of thiophene-S-
oxide, which has also been observed in another study.”! Four
exchangeable hydrogen atoms were found in the H/D exchange
spectra of M18-M20, which suggested that a hydroxyl group
existed in their structures. Metabolites M18-M20 showed prod-
uct ions at m/z 154.042 and m/z 125.015, which indicated that
the oxygen was located on the tetrahydrothienopyridine moiety.
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Figure 7. Representative mass spectra of M17 before deuterium
exchange (A) and after deuterium exchange (B). The proposed structure
of M17 is shown in Fig. 7B.

Comparison of various data acquisition and processing tools

In the present study, an analytical strategy using various data
acquisition methods were applied to the detection and charac-
terization of ticlopidine conjugates. Isotope pattern-triggered
data-dependent acquisition was able to selectively record accu-
rate full-scan MS data of all Pls as well as MS/MS data of most
ticlopidine conjugates based on the isotope pattern of chorine-
containing structures (Table 1). For compounds that have a
distinct isotope pattern at a known percentage, either due to
the presence of natural isotopes (Cl, Br, etc.) or stable-labeled
isotope analogues (*H, '3C, "°N, etc.), this dependent MS/MS
acquisition has always been a favorable choice. In contrast to
NL and PI scan, isotopic pattern-triggered MS/MS scan does not
rely on fragmentation patterns and thus is selective and sensitive
in the data acquisition of metabolites that have unique isotope
pattern. For data acquisition of conjugated metabolites derived
from drugs that have no unique isotope patterns, other data-
dependent MS/MS acquisition methods can be applied, which
include list-, intensity- and mass defect-triggered MS/MS acquisi-
tion. In addition to CID spectra, HCD spectra of ticlopidine conju-
gates were recorded using the same data-dependent method.
HCD produced more small and less large fragments than CID.
The combination of CID and HCD provided rich and comprehen-
sive fragments for conjugated metabolites, which is especially use-
ful for structural characterization of conjugates that usually display
a few large fragments via CID. The utility of the combination of CID
and HCD has been demonstrated in characterization of several
conjugated metabolites of ticlopidine such as M14 (Fig. 6). Further-
more, the current strategy included a step to acquire Pl spectra of
ticlopidine conjugates after H/D exchanging, which allowed distin-
guishing N- and S-oxide from mono-hydroxylated metabolites. For
example, a key evidence for characterization of conjugates of
ticlopidine S-oxide (M4, M7, M11 and M17) was from the H/D
exchanging experiment (Fig. 7). Another good example was the
structural characterization of M3, an acyl glucuronide conjugate,
which did not have any exchangeable proton in the drug moiety
(Fig. 4Q).

Multiple data mining techniques, including MDF, IPF, EIC, NLF,
PIF and/or background subtraction, have been extensively used
to process either full-scan MS or MS/MS data for fast and effective
detection of oxidative metabolites. In the current data processing
strategy, a combination of IPF, EIC and MDF was employed for
detection of conjugated metabolite ions. The task was accom-
plished by processing accurate mass full-scan MS dataset in
selected m/z ranges of different classes of ticlopidine conjugates.
As shown in IPF (Fig. 2B) and EIC (Fig. 2C and 2D) processed
metabolite profiles of rat bile, both data mining techniques had
good selectivity and sensitivity for detecting conjugated metabo-
lites. Metabolites that have no chorine atom (M15 and M16) or
not easily predicable molecular weights (M3-M10, M14) were
not found by IPF or EIC, respectively. In contrast, MDF was able
to recover most of conjugated metabolites from the full-scan
MS dataset based on their predictable mass defects rather than
their unique isotope pattern or predicable molecular weights
(Fig. 3 and Table 1). The downside of MDF is its relatively poor
selectivity, which resulted in more false positives. MDF profiles
had relatively high background levels, which made it difficult to
display minor metabolites, such as M2 and M9. The results from
analysis of ticlopidine conjugates in rat bile indicated that each
of the three data processing tools has its own advantages and
limitations. Another useful application of high-resolution full-scan
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MS data is the use of isotope simulation technique to increase
confidence of molecular formula determination of minor conju-
gated metabolites that does not have MS/MS spectral data. For
example, three cys—gly conjugates of ticlopidine (M5, M6 and
M10) were identified in bile solely based on their protonated
molecules and associated isotope patterns (Fig. S1). We highly
recommend using multiple data processing tools to improve
the selectivity, sensitivity and comprehensiveness of data mining
in search for Pls of conjugated metabolites. It should be pointed
out that the mass spectral data acquired for analysis of ticlopi-
dine conjugates are useful for detection and characterization of
oxidative metabolites of ticlopidine.

Bioactivation pathways of ticlopidine in rats

Metabolic activation of ticlopidine has been extensively studied
in vitro. GSH trapping experiments showed that the formations
of thiophene S-oxide (M22) and thiophene epoxide (M21)
that lead to multiple GSH adducts are major bioactivation path-
ways in human and rat liver microsomes (Fig. 1). Ticlopidine
forms much more GSH adducts in rat liver microsomes than in
HLM.#2 |n addition to the formation of thiophene S-oxide
(M22) and epoxide (M21) intermediates of the parent drug,
several other oxidative metabolites of ticlopidine, including
mono-oxidation and N-dealkylation products, also undergo
S-oxidation and epoxidation-mediated activation that lead to
many minor GSH adducts in rat liver microsomes.* Radiola-
beled metabolism and disposition study in rats showed that
biliary excretion is the major elimination pathway of radioactiv-
ity in rats and GSH adducts derived from reactive intermediates,
M21 and M22, are major drug related components in rat bile.”
An NAC adduct derived from GSH adduct of ticlopidine S-oxide
(M17) was also observed in rat. However, the radiolabeled study
did not find additional GSH, NAC, cys and cys—gly adducts.
The current study employed an improved LC-MS approach that
enabled the comprehensive and sensitive detection of various
conjugated metabolites. As a result, 20 ticlopidine conjugates
were structurally characterized in rat bile, 17 of which, including
GSH, cys, cys—gly and NAC adducts, were derived from reactive
intermediates (Table 1). Based on the findings and data reported
in the literature, bioactivation pathways of ticlopidine in rats are
proposed and illustrated in Fig. 1. The formation of thiophene
S-oxide and epoxide intermediates (M22 and M21) were major
bioactivation pathways of ticlopidine in rats. M22 and M21 were
trapped by GSH to form major GSH adducts, M11, M12 and M13.
Additional bioactivation pathways in rats are the formation of
GSH adducts M15 and M16 via an epoxide intermediate of
thienopyridium (M25). Thienopyridium (M24) was previously
observed as a major metabolite in HLM.??! The indirect observation
of the formation of M22, M21 and M25 intermediates in rats is
consistent with results from in vitro GSH trapping experiments."!
Detection of a minor GSH adduct M14 suggests that an epoxide
intermediate of dihydrothienopyridium was formed in rats (Fig. 1).
It was reported that dihydrothienopyridium is a major metabolite
formed in HLM.!*? However, the ticlopidine bioactivation
pathway via dihydrothienopyridium, which led to M14 (Fig. 1),
has not been reported in the literature. In addition, two minor
cys—gly conjugates, M5 and M6, were detected in rat bile, which
is consistent with a previous observation from in vitro GSH
trapping experiment.”"! The major inconsistency of the in vitro
GSH trapping experiments reported in the literature™®?! and
the current in vivo studies in rats were the observation of many

GSH adducts (or their derivatives) from oxidative metabolites of
ticlopidine in rat liver microsomes, but not in rat bile. Most likely,
primary oxidative metabolites initially formed were accumulated
and then catalyzed by CYPs to reactive intermediates during the
incubation in rat liver microsomes. In contrast, the same primary
oxidative metabolites formed in liver in vivo could be quickly
eliminated via bile or urine directly or undergo glucuronidation to
form glucuronides, such as M1, M2 and M3. Therefore, extensive
oxidations of these primary oxidative metabolites did not occur in
rats in vivo. The comparison of in vitro and in vivo bioactivation of
ticlopidine in rats indicates that primary bioactivation pathways
observed in GSH trapping experiments in rat liver microsomes are
good prediction of bioactivation in rats in vivo.

Conclusions

In this study, an improved analytical strategy has been developed
and tested for rapid detection and characterization of conjugated
metabolites in complex biological matrix. In addition to accurate
full-scan MS spectra, both CID and HCD spectra of conjugated
metabolites were acquired via a data-dependent manner.
Furthermore, mass spectral data from online H/D exchanging
experiment was recorded to facilitate structural elucidation.
Post-acquiring data mining to discover conjugated metabolites
was accomplished using IPF, EIC and MDF, each of which
employed a different mechanism for metabolite search, and
processed data were complementary (Table 1). Results from this
study suggest that HRMS-based data acquisition and processing
techniques, which are mainly developed for analysis of oxidative
metabolites, are also applicable to the detection and character-
ization of conjugated metabolites in biological matrices. Among
20 ticlopidine conjugates found in rat bile, 17 conjugates were
either GSH adducts and their downstream metabolites, such as
cys—gly, cys or NAC conjugates (Table 1), indicating bioactivation
was major metabolic pathways of ticlopidine in rats. Ticlopidine
S-oxide (M22), epoxide of thiophene (M21) or further metabolism
products of dihydrothienopyridium (M23) mediated the formation
of GSH adducts and derivatives of GSH adducts (Fig. 1). The bioac-
tivation pathways of ticlopidine observed in rats were predicted by
the data from reactive metabolite-trapping experiment in rat liver
microsomes although the in vitro system generated much more
GSH adducts.
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