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a b s t r a c t

The structural elucidation of metabolites of penehyclidine in rats, a novel anti-cholinergic drug, by the
method of liquid chromatography–electrospray ionization mass spectrometry, gas chromatography–mass
spectrometry with electron impact ion source and stable isotope ion cluster was described. Identifica-
tion and elucidation of the phase I and phase II metabolites were performed by comparing the daughter
ion pairs of stable isotope cluster, changes of the protonated molecular masses, full scan MSn spectra
and retention times with those of the parent drug, penehyclidine and penehyclidine deuterium-labeled.
Penehyclidine was easily biotransformed by the pathways of oxidative, hydroxylated, methoxylated
and phase II conjugated reactions to form several metabolites that retained the some features of the
parent molecules. Twelve metabolites (penehyclidine monoxide, hydroxypenehyclidine, penehyclidine
dioxide, hydroxypenehyclidine monoxide, dihydroxypenehyclidine, dihydroxypenehyclidine (position
isomer), dihydroxypenehyclidine monoxide, trihydroxypenehyclidine, methoxypenehyclidine dioxide,
dimethoxypenehyclidine, trihydroxymethoxypenehyclidine and glucuronide conjugated hydroxypene-
hyclidine) were identified. The results from electrospray ion and electron impact ion data with the stable

isotope cluster showed the qualitative differences in the mass spectral patterns, suggesting that these
technologies should be used in parallel to ensure comprehensive metabolites detection and characteri-
zation. The described method has wide applicability to rapidly screen and provide structural information
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of metabolites.

. Introduction

Penehyclidine is a novel anti-cholinergic drug developed by the
eijing Institute of Pharmacology and Toxicology of China. Pharma-
ological evaluation has proved that penehyclidine has obviously
nti-muscarinic and anti-nicotinic activities, while retaining potent
entral and peripheral anti-cholinergic activities. And penehy-
lidine has lower toxicity and side effects than other tropane
ompounds such as atropine, anisodamine and scopolamine from

he several toxic experiments [1–7]. The clinical results have
emonstrated that penehyclidine has a positively preventive and
urative effect for organic phosphorus pesticide poisoning and
an be also used before general anesthesia [8,9]. In recent years,
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ore and more pharmacological activities of penehyclidine have
een investigated and noticed widely [10–12]. Compared with the
omprehensive investigations of its pharmacological activities and
herapeutical practices, the study on its metabolism in vivo is lim-
ted [13,14], although the further metabolic study of penehyclidine
lays an important role in the development of a new drug and its
etter clinical application.

Because of development for soft ionization techniques, mass
pectrometry has assumed an increasingly important role in phar-
aceutics and biomedicine. Electrospray ionization multi-stage
ass spectrometry, a versatile technique, is applied in all stages

f drug development including chemical synthesis, drug tar-
et identification, library verification and toxicology, especially
n drug metabolism and pharmacokinetics. Identification and

uantification of drugs and their metabolites in biological matri-
es increasingly utilize MS technologies [15,16]. Hyphenated MS
echniques are frequently the initial choice for drug metabolite
etection and identification because of their sensitivity and con-
enience compared with other methods [17].

http://www.sciencedirect.com/science/journal/15700232
mailto:xuem@ccmu.edu.cn
mailto:keliangliu@yahoo.com
dx.doi.org/10.1016/j.jchromb.2008.07.049
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This paper comprehensively presents the methods of liq-
id chromatography–tandem multi-stage mass spectrometry with
lectrospray ionization (LC–ESI–MSn), gas chromatography–mass
pectrometry with electron impact ion source (GC–EI–MS) and
he stable isotope ion cluster for qualitative identification of the
n vivo metabolites of penehyclidine. Xue et al. had only reported
he four phase I metabolites metabolites of penehyclidine (monox-
de, hydroxylated, monoxide and hydroxylated, and dihydroxylated
roduct) in rat [13]. This paper has described the twelve penehycli-
ine metabolites which were both phase I metabolites and phase

I conjugated metabolite. Structural assignments of the metabo-
ites of penehyclidine were based on changes in molecular masses
nd spectral patterns of product ions. The analyzers of ion trap
ass, electron impact ion mass and stable isotope ion cluster pro-

ided comparatively sufficient mass information for identifying the
etabolites. And a superior sensitivity in full scan and MSn mode in

ombination with mass fragmentation provided most structurally
nformative product ion spectra for the metabolites. This approach
as found to be essential for more comprehensive detection and

haracterization of metabolites of penehyclidine by our method.
he fragmentation pathway of penehyclidine and the metabolic
athways of the metabolites of penehyclidine were discussed. The
esults in this paper provided important information for develop-
ng a novel anti-cholinergic drug and for a better use in clinical
ractice.

. Experimental

.1. Chemicals and reagents

Penehyclidine [(3-(2-hydroxy-2-cyclopentyl-2-phenyl) quincy-
loxyethane), MW = 315] and penehyclidine deuterium-labeled at
romatic ring (penehyclidine-d5, MW = 320) were prepared and
rovided from the Beijing Institute of Pharmacology and Toxicology
f China, which the structures of two compounds were identified
s pure compounds from the melting point, UV, IR, MS and NMR.
he purities of penehyclidine and penehyclidine-d5 were deter-
ined to be more than 99% by LC–MS, no impurities or degradation

roducts were detected [18–20]. Methanol (HPLC grade) was pur-
hased from Fisher Scientific Company (Fair Lawn, NJ, USA). Formic
cid (HPLC grade) was purchased from Dikma Reagent Company
Beijing, China). Water was triply distilled. All other reagents and
hemicals were of analytical grade.

.2. Liquid chromatography–mass spectrometry and conditions

The Liquid chromatography–mass spectrometry (LC–MS) sys-
em consisted of a HPLC system (Series 1100, Agilent technology,
alo Alto, CA, USA) including a HP 1100 G1312A binary pump, a
1379A vacuum degasser, and a G1313A autosampler, and cou-
led to Finngian LCQ Deca XP ion trap mass spectrometer (ITMS)
quipped with electrospray ion source (ESI) working in positive
r/and negative ion mode (Thermo Finnigan, San Jose CA, USA). The
C–MS system was controlled by the Thermo Finnigan Chemstation
oftware (Xcalibur version 1.3).

Separations of analytes were achieved using a BetaMax Acid
18 reversed-phase column (150 mm × 2.1 mm i.d., 5 �m; Thermo
lectron, CA, USA.) at ambient temperature. The mobile phase was
omposed of methanol and water (40:60, v/v), containing 0.5‰

ormic acid at pH 6, which was pumped at a flow rate of 0.2 ml/min
uring the whole run. The sample injection volume was 10 �l and
he run time of samples was 10 min.

The effluent was on-line transferred to ESI–MS system without
plitting. The mass spectrometer, working in positive or/and neg-
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tive ion mode, was connected to the LC system. The first–order
ull scan mass spectra covered the range m/z 50–1000. Nitrogen
as used as a sheath gas and ultra-high purity helium as the
ampening gas in the ion-trap. The MS analyses were performed
nder automatic gain control conditions, using a sheath flow-rate
f 34 kPa, a typical source spray voltage of 5 kV, a capillary volt-
ge of 41 V and a heated capillary temperature of 320 ◦C. The
ther parameters were also optimized for maximum abundances
f the ions of the interests by the automatic tune procedure of the
nstrument. The MSn product ion spectra were produced by colli-
ion induced dissociation (CID) of the protonated molecular ion
M+H]+ of all analytes at their respective HPLC retention times.
ata acquisition was performed in full scan LC–MS and tandem MS
odes.

.3. Gas chromatography–mass spectrometry and conditions

Gas chromatography–mass spectrometry (GC–MS) experiments
ere performed with a HP 5971A quadrupole mass spectrometer

Hewlett-Packard, Palo Alto, CA, USA) equipped with HP 5890 Series
I gas chromatograph (Hewlett-Packard, Palo Alto, CA, USA). A HP-5
apillary column (length 12 m, 0.2 mm i.d., film thickness 0.33 �m)
as employed with helium as carrier gas (flow 1.0 ml/min). A 1 �l

olume of sample was injected into the GC. The column tem-
erature was programmed as follows: first from 100 to 220 ◦C at
0 ◦C/min held for 6 min, then to 250 ◦C at a rate of 25 ◦C/min
eld for 10 min. The MS–EI ion source temperature was 200 ◦C, and
he temperature of injection and the interface between the chro-

atograph and the spectrometer were set at 280 ◦C. The MS was
perated in an electron impact ionization mode. The electron col-
ision energy was 70 eV. The full scan range of the sample for the
ualitative analysis was from m/z 50 to 1000. A HP ChemStation
ata system was used to control the GC–MS system and to collect
he data.

.4. Animal experiment and sample preparation

All studies on animals were in accordance with the guidelines
f the Committee on the Care and Use of Laboratory Animals in
hina. Male Sprague–Dawley rats (BW 250 ± 20 g) were obtained
rom Animals Center of Capital Medical University (CCMU, Bei-
ing, China). Rats were housed in metabolic cages for fasted, but
reely available to water. Each rat was intraperitoneally given a
ose of 10 mg/kg penehyclidine or administrated a dose of 5 mg/kg
enehyclidine and 5 mg/kg penehyclidine-d5 simultaneously. Urine
amples were collected from rat at pre-dose and at 0–48 h post-
ose, and stored at approximately −40 ◦C before the samples were
xtracted and analyzed.

An aliquot of 2 ml of mixed 0–48 h urine samples for LC–MS
as loaded onto a C18 solid-phase extraction cartridge that was
reconditioned with 2 ml of methanol and 1 ml of water. Then, the
PE cartridge was washed with 4 ml of water and the analytes were
luted with 2 ml of methanol. The elution solutions were filtered
hrough 0.45 �m membrane and an aliquot of 20 �l was used for
C–MS analyses.

The urine mixture samples for GC–MS were centrifuged
t 3000 × g for 10 min. The supernatant was extracted two
imes by adding two-fold volume of mixed solvent (ethyl
ther–dichloromethane 2:1, v/v). After centrifugation, the upper

rganic layers were removed, collected and evaporated to dryness
nder nitrogen at 40 ◦C, the dried residues containing metabolites
ere dissolved in 100 �l of methanol, an aliquot of 1 �l into GC–MS

or analysis. The blank experiment was carried out under the same
onditions.
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Fig. 1. (A) ESI–MS–MS product ion spectrum and the predominant fragmentation patterns of penehyclidine; (B) LC–MS2 chromatogram of penehyclidine.

Fig. 2. Fragmentation pathways of penehyclidine in ESI–MS/MS.
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The mass spectra of M1, which was detected at a retention
time of 4.03 min, gave a protonated ion [M+H]+ at m/z 330 that
was increased by 14 Da compared to that of the parent compound.
Series of characteristic product ions at m/z 246, 128, 126 and 110
of M1 appeared in the MS2 spectra. It indicated that there were no

Table 1
Stable isotope ion cluster comparison of penehyclidine, penehyclidine-d5 and their
metabolites with LC–ESI–MS and GC–EI–MS in rats

Peak Molecular ion cluster

ESI–MS [M+H]+ EI–MS [M]+

M0 316, 321 315, 320
M1 330, 335 (+14, O) 329, 334(+14, O)
M2 332, 337 (+16, OH) 331, 336(+16, OH)
M3 344, 349 (28, 2O) –
M4 346, 351 (30, O, OH) –
M5 348, 353 (32, 2 OH) –
M6 348, 353 (32, 2 OH) –
M7 362, 367 (46, O, 2 OH) –
M8 364, 369 (48, 3 OH) –
4 Y. Liu et al. / J. Chrom

. Results and discussion

.1. LC–MS/MS analysis of penehyclidine

This investigation involved the chromatographic and mass spec-
ral properties of the parent drug. The chromatographic and mass
pectrometry conditions were optimized for maximum abun-
ances of the ions of the interests of penehyclidine standard by
he automatic tune procedure of the instrument. The first step
n this investigation involved the characterization of mass spec-
ral properties of penehyclidine, full scan mass spectral analyses of
enehyclidine showed protonated molecule ions of m/z 316 from
C–ESI–MS. The MS–MS product ion spectrum of the protonated
olecular ion, the predominant fragmentation patterns and the

C–MS2 chromatogram of penehyclidine were showed in Fig. 1A
nd B. Penehyclidine was eluted at 5.08 min under the experimen-
al conditions. Fragmentation of the protonated molecular ion of
enehyclidine in the ion trap led to form the main ion series at m/z:
98, 246, 188, 171, 158, 143, 129, 128, 126 and 110. The product

ons at m/z 298 and 246 were generated via the loss of the neu-
ral fragment H2O and cyclopentyl group (C5H10, 70 Da) from the

olecular protonated ion at m/z 316, respectively. The most abun-
ant protonated product ion at m/z 128 was formed by the loss of
yclopentyl group (C5H9, 69 Da), phenyl group (C6H5, 77 Da) and
he fragment ion C2H2 group (26 Da) from the ion at m/z 298. The
rotonated ion at m/z 126 and 110 was produced by the loss of two
rotons and H2O (18 Da) from the ion at m/z 128, respectively. The
roduct ion at m/z 188 was formed by the loss of quiniuclidinol ring
C7H14ON, 128 Da) from the molecular ion at m/z 316. The fragment
on at m/z 171 was formed by the loss of OH (17 Da) from the ion
t m/z 188, and the ion at m/z 143 was formed by cyclopentane
ing cleavage and loss of C2H4 (28 Da) from the ion at m/z 171. The
haracteristic fragment ion series at m/z 128, 126 and 110 coex-
sted in the MS3 spectrum of m/z 298. It was easy to conclude that
he ions at m/z 128, 126 and 110 were the series of characteristic
roduct ions of penehyclidine. The molecular structure of penehy-
lidine and its proposed fragmentation pathways were showed in
ig. 2. Determination of the structures of penehyclidine metabo-
ites was facilitated by the fact that the compounds produced the
xtensive and characteristic fragment ions under MSn conditions.
he mass spectral patterns served as templates in the elucidation
f the structures of the proposed metabolites.

.2. GC–MS analysis of penehyclidine

The rat urine samples were collected and extracted after each
at was given an equal dose of penehyclidine and penehyclidine-
5 simultaneously. The first step elucidation of main metabolites
as carried out by the method of stable isotope ion cluster and
ass spectrometry. Penehyclidine-d5 that five deuterium were

abeled at phenyl ring of penehyclidine was as the useful tracer
or screening and recognizing the metabolites. Parent drug and its

etabolites formed by the labeled penehyclidine-d5 and the non-
abeled penehyclidine in rats showed the series of characteristic
table isotope ion clusters which named as the equal abundance
aughter peaks and there were the differences of five mass units for
ach pair of these compounds. From the characteristic ion cluster
ata the initial metabolites were easily screened and recognized.
he characteristic daughter peaks of stable isotope ion clusters
nd the predominant fragmentation patterns of penehyclidine and
enehyclidine-d5 in EI–MS were presented in Fig. 3.
.3. Identification of in vivo metabolites of penehyclidine

In order to identify the metabolites of penehyclidine, the pos-
ible structures of metabolites have been speculated according to

M
M
M
M
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he rule of drug metabolism [7]. At first, the full scan mass spectra
f free fractions in rat urine were compared with those of blank rat
rine sample and penehyclidine standard to explore the possible
etabolites after an equal dose coadministration of penehyclidine

nd penehyclidine-d5, and the initial metabolites could be screened
nd recognized easily from the equal abundance and characteris-
ic stable isotope ion cluster data. Then, these compounds were
urther analyzed by LC–ESI–MSn and GC–EI–MS. Their retention
imes, changes in observed mass and spectral patterns of prod-
ct ions were compared with those of penehyclidine to identify
etabolites and elucidate their structures.
The several pairs of characteristic daughter peaks of stable

sotope ion cluster of penehyclidine, penehyclidine-d5 and their
etabolites in mass spectra were obviously presented and screened

asily from the mass spectra data in rat urine after coadminis-
ration of equal dose labeled and no-labeled drug in rats. These
haracteristic and equally abundant daughter peaks of metabo-
ites could be recognized effectively from these complicated ion
lusters in rat urine samples. Only two pairs of the metabolites
f penehyclidine and penehyclidine-d5 could be detected using
C–EI–MS method with the stable isotope ion cluster, M3–M12
ould be not detected because it was difficult that these com-
ounds were gasified in GC–MS systems, which were more polar
olecules. Thirteen characteristic daughter peaks of penehycli-

ine, penehyclidine-d5 and their metabolites in LC–ESI–MS were
lso presented and screened obviously. And the ion cluster data
rom ESI–MS were more comprehensive and sound. The stable iso-
ope ion cluster comparison of penehyclidine, penehyclidine-d5
nd their metabolites with LC–ESI–MS and GC–EI–MS in rats was
hown in Table 1.

Based on the methods mentioned above, the parent drug and
ts metabolites were found in rat urine after coadministration of
enehyclidine and penehyclidine-d5. The LC–MS2 chromatograms,
he MS–MS molecular ions and the product ions of penehyclidine
nd its metabolites in rats were showed in Figs. 4 and 5. These mass
pectra were obtained via fragmentation of protonated molecular
ons that used for more precise structural identification of metabo-
ites. Among them, the retention time, the MS and MS2 spectra of
he molecular ion at m/z 316 (M0) were the same as those of the
arent drug. Therefore, M0 could be confirmed as the unchanged
arent drug, penehyclidine.
9 374, 379 (58, 2O, OCH3) –
10 376, 381 (60, 2 OCH3) –
11 394, 399 (78, 3 OH, OCH3) –
12 508, 513 (16, 176, OGlua) –

a Glu = glucuronic acid.
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ig. 3. The characteristic daughter peaks of stable isotope ion clusters and the pred

hanges at the phenyl group and quiniuclidinol ring of the parent
rug. The product ion at m/z 312 was generated via the loss of
he neutral fragment H2O from the molecular protonated ion at
/z 330. The product ion at m/z 246 was formed via the loss of

he cyclopentene (C5H7, 67 Da, dehydration from cyclopentanone)
rom the protonated ion at m/z 312. The appearance of product
on at m/z 185 in the MS2 spectrum at m/z 330 indicated that the
yclopentyl part was oxidized to form cyclopentanone, and the
ragment ion at m/z 185 was generated via the loss of H2O and
uiniuclidinol ring (C7H14ON, 128 Da) from the parent ion at m/z
30. In the MS2 spectrum, the product ions at m/z 143 and 141 were
roduced via the loss of 42 and 44 Da and rearrangement from the

on at m/z 330, respectively. Besides, there was the evidence for
upporting the cyclopentanone oxidation from the equal abundant
roduct ions at m/z 189 (175 + 14) and m/z 194(180 + 14) were
etected in the EI–MS spectrum by coadministrating of equal dose
f penehyclidine and penehyclidine-d5. The fragmentation feature
as been validated in our experiment [13]. Based on these data, M1
as identified as penehyclidine monoxide at the cyclopentane ring.

The mass spectra of M2 that was detected at a retention time
f 4.40 min gave an ion [M+H]+ at m/z 332. The protonated molec-
lar ion at m/z 332 was increased by 16 Da compared to that of
he unchanged drug. The characteristic product ions of M2 were
he series ions of m/z 246, 128, 126 and 110, which were similar
o the characteristic ions of penehyclidine. It indicated that there
ere no changes at the phenyl group and quiniuclidine group of the
arent drug. The product ions at m/z 314, 246 and 204 were gen-
rated via the loss of neutral fragment H2O, hydroxycyclopentane
hydroxylation in cyclopentane, C5H9O, 85 Da) and quiniuclidinol
ing (C7H14ON, 128 Da) from the molecular protonated ion at m/z
32, respectively. The fragment ion at m/z 187 was formed by the
oss of quiniuclidinol group (C7H14ON, 128 Da) from the ion at m/z
14. The characteristic fragment ion at m/z 175 was produced by
he loss of CO group from the neutral fragment ion at m/z 204. The
eutral fragment ion at m/z 169 was formed via the loss of phenyl

roup (C6H5, 77 Da) from the ion at m/z 246. The ion at m/z 157
as formed via the loss of quiniuclidinol group and OH group from

he ion at m/z 314. Based on the appearances of these character-
stic fragment ions in its MS2 spectrum, M2 was identified as the
ydroxypenehyclidine at cyclopentane ring [13].

3
y
m
t
o

nt fragmentation patterns of penehyclidine (A) and penehyclidine-d5 (B) in EI–MS.

The mass spectra of M3, which was detected at a retention time
f 4.06 min, gave a protonated ion at m/z 344 that was increased
y 28 Da compared to that of the parent compound. Series of char-
cteristic product ions at m/z 246, 128, 126 and 110 of the ion at
/z 344 appeared in the MS2 spectra. It indicated that there were
o changes at the phenyl group and quiniuclidine group of the par-
nt drug. The protonated ion at m/z 296 was generated via the loss
f three oxygen fragments (two oxygen came from cyclopentadi-
one lead to form cyclopentadiene) and rearrangement from the
olecular protonated ion at m/z 344. The protonated ion at m/z

62 was produced via the loss of these three neutral fragments
2CO + C2H2, 82 Da) and rearrangement from the molecular pro-
onated ion at m/z 344. The most abundant product ion at m/z
46 was formed by the loss of cyclopentadinone (C5H5O2, 97 Da)
rom the molecular protonated ion at m/z 344 or by the loss of

ethyl group from the protonated ion at m/z 262. The appear-
nce of protonated ion at m/z 173 in the MS2 spectrum at m/z
44 also indicated that the cyclopentyl part was oxidized and this
eutral fragment (m/z 172) was generated via the loss of oxy-
en group in cyclopentadinone, OH, CH2, and quiniuclidinol group
C7H14ON, 128 Da) from the parent ion at m/z 344. Based on the data
bove, M3 was deduced as penehyclidine dioxide at the cyclopen-
ane.

The mass spectra of M4 that was detected at a retention time of
.05 min gave an ion [M+H]+ at m/z 346. The protonated molecular

on at m/z 346 was increased by 30 Da compared to that of pene-
yclidine and there would be oxidation (14 Da) and hydroxylation
16 Da) reactions for penehyclidine. The characteristic product ions
f M4 were also existed at series ions of m/z 262, 246, 204, 128,
26 and 110, which were similar to the characteristic ions of the
arent drug, M1 and M2, and these data also indicated that there
ere no changes at the phenyl group and quiniuclidinol ring of the
arent drug. The protonated ion at m/z 189 was formed by the loss
f quiniuclidinol ring (C7H14ON, 128 Da), H2O, CH2 group and oxy-
en atom at cyclopentane from the protonated molecular ion at m/z

46, and the ion at m/z 189 indicated that oxidation and hydrox-
lation existed at cyclopentyl group. The neutral fragment ion at
/z 144 was produced via the hydroxylcyclopentane cleavage and

he loss of CO and CH2 fragments from the ion at m/z 189. Based
n the appearances of these characteristic fragment ions in its MS2
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pectrum, M4 was identified as hydroxypenehyclidine monoxide at
yclopentyl group [13].

The mass spectra of M5 and M6 that were detected at a retention
ime of 3.81 and 4.56 min, respectively, and both gave the proto-
ated molecular ion at m/z 348. The molecular ion [M+H]+ at m/z
48 was increased by 32 Da compared to that of the unchanged par-
nt drug and there would be dihydroxylation (16 + 16 Da) reactions
or penehyclidine. The characteristic product ions of M5 were also
he ions of m/z 246, 128 and 110, which were similar to the char-
cteristic ions of penehyclidine and it indicated that there were no
hanges at the benzene ring and quiniuclidinol group of the parent
rug. The product ion at m/z 330 was generated via the loss of neu-

ral fragment H2O at dihydroxylcyclopentane ring (m/z 101 → 83)
rom the molecular protonated ion at m/z 348. The neutral frag-

ent ion at m/z 158 (1-dihydroxycyclopentyl ethyl-diketone) was
ormed by the loss of quinuclidine ring (C7H12N, 110 Da) and phenyl

a
t
w
t

Fig. 4. LC–MS2 chromatograms of peneh
B 873 (2008) 41–50

roup and rearrangement from the molecular protonated ion at m/z
48. The neutral fragment ion at m/z 155 was formed by the loss of
henyl group (C6H5, 77 Da), C5H7O fragment (83 Da) and OH group
rom the ion at m/z 330, what the fragment ion at m/z 155 existed
urther indicated that there was not change at the quinuclidine ring.
t also indicated that there was not reaction at the benzene ring
rom the fragment ions at m/z 158 and 146 existed. Based on the
ppearances of these characteristic fragment ions in its MS2 spec-
rum and according to the investigation and reference [7,13], M5
as identified as dihydroxypenehyclidine at cyclopentane ring.

M6 also gave the protonated molecular ion [M+H]+ at m/z 348,
ut there were some differences at the ion series between M6

nd M5. The fragment ion at m/z 262 was formed by the addi-
ion of OH group from the ion at m/z 246 and it indicated there
as hydroxylation at the phenyl or quinuclidine group. Because of

he protonated ion at m/z 144 (hydroxyquiniuclidinol group) and

yclidine metabolites in rat urine.
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Fig. 5. MS/MS product ion spectra of penehyclidine metabolites in rat urine.
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he neutral fragments at m/z 162, 146, 142, 105 (benzene derivative
eries) existed, it further indicated the hydroxylation occurred at
he quinuclidine ring not at benzene ring. The fragment ions at m/z
91 and 187 were generated via the loss of C8H14O2N group (156 Da)
nd C7H12O2N + OH (142 + 17 Da) from the ion at m/z 348, respec-
ively. Both fragment ions at m/z 173 and 169 were produced via the
oss of H2O from the ion at m/z 191 and 187, respectively, it indi-
ated that there was hydroxylation at cyclopentyl group. The other
eutral fragment ion at m/z 169 was formed by the loss of phenyl
roup (C6H5, 77 Da), hydroxycyclopentyl and OH group from the
olecular ion at m/z 348. Based on the appearances of these char-

cteristic fragment ions in its MS2 spectrum, M6 was elucidated as
ihydroxypenehyclidine at cyclopentane and quinuclidine ring.

The mass spectra of M7 that was detected at a retention time
f 3.65 min gave an ion [M+H]+ at m/z 362. The protonated molec-
lar ion at m/z 362 was increased by 46 Da compared to that of
enehyclidine and there would be oxidation (14 Da) and dihydrox-
lation (16 + 16 Da) reactions at penehyclidine. The characteristic
roduct ions of M7 were also existed at series ions of m/z 262, 246,
28, 126 and 110, which were partially similar to the characteris-
ic ions of the parent drug, M1 and M6. There were the features of

3 and M4 which oxidation and hydroxylation existed from the
haracteristic product ions of m/z 344 and 346 and these data also
ndicated that there were no changes at the phenyl group of the
arent drug. The protonated fragment ion at m/z 328 was formed
y the loss of H2O and hydroxyl group (18 + 16 Da) from the pro-
onated molecular ion at m/z 362, and the neutral fragment at m/z
89 was produced via the cyclopentene ring cleavage and the loss
f C3H4 fragment from the ion at m/z 328. Based on the appearances
f these characteristic fragment ions in its MS2 spectrum, M7 was
lucidated as dihydroxypenehyclidine monoxide that one hydrox-
lation occurred at cyclopentyl group and the other hydroxylation
t quinuclidine group.

The mass spectra of M8 that was detected at a retention time
f 4.44 min gave an ion [M+H]+ at m/z 364. The protonated molec-
lar ion at m/z 364 was increased by 48 Da compared to that of
he unchanged penehyclidine and there would be trihydroxyla-
ion reactions (16 + 16 + 16 Da) for penehyclidine. The characteristic
roduct ions of M8 were the series of ions of m/z 246, 189, 171,
44, 142 and 128, which were partially similar to the characteristic
ons of penehyclidine and its metabolites above. The most abun-
ant product ion at m/z 328 was produced easily via the loss of
wo neutral fragments (2H2O, 36 Da) from the parent protonated
on at m/z 364, which there were two dehydration reactions in
yclopentane to form a cyclopentadiene group (m/z 101 → 65) and
t could be elucidated that the dihydroxylation reactions existed at
yclopentyl group. The protonated ion at m/z 207 was generated
ia the loss of quiniuclidinol ring (C7H12ON, 126 Da), OCH2 and OH
roup from the molecular protonated ion at m/z 364, and the prod-
ct ion at m/z 207 was composed of cyclopentadinol, phenyl and
HCH3 group (neutral fragment, 1-phenyl, 1-dihydroxycyclopentyl
thane). The protonated ion at m/z 189 was produced by the loss
f quiniuclidinol group (C7H12ON, 126 Da), and OH group from the
rotonated ion at m/z 328, which formed the fragment, 1-phenyl,
-cyclopentadiene ethane. And because of the appearances of the
haracteristic series ions of phenyl groups in its MS2 spectrum, it
urther indicated that there were dihydroxylation reactions existed
t the cyclopentyl ring and the other hydroxylation occurred at
uiniuclidine ring. Based on the appearances of these characteristic
ragment ions in its MS2 spectrum, M8 was deduced as trihydrox-

penehyclidine of two hydroxylation occurred at cyclopentyl group
nd one hydroxylation at quiniuclidine ring.

The mass spectra of M9, which was detected at a retention time
f 4.90 min, gave a protonated ion at m/z 374 that was increased
y 58 Da compared to that of the parent drug. There would be

d
a

o
i
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ioxidation (14 + 14 Da) and single methoxy reaction (30 Da) in
enehyclidine. Series of characteristic product ions at m/z 246, 128,
nd 110 of the molecular ion at m/z 374 appeared in the MS2 spec-
ra. The protonated ion at m/z 330 was generated via the loss of
ne oxygen atom and methoxy group from the protonated ion at
/z 374. The protonated ion at m/z 314 was produced via the loss of
H fragment from the protonated ion at m/z 330. The neutral frag-
ents at m/z 167, 149, and 105 (benzene derivative series) existed,

t indicated the reaction occurred at the cyclopentane or quinu-
lidine ring but not at benzene ring. The product ion at m/z 246
as formed via the loss of cyclopentadinone (C5H5O2, 97 Da) and
ethoxy group from the molecular protonated ion at m/z 374. Based

n the data above, M9 was deduced as methoxypenehyclidine diox-
de that two oxidation reactions occurred at cyclopentane to form
yclopentadinone and methoxylation at quinuclidine ring.

The mass spectra of M10, which was detected at a retention time
f 4.96 min, gave a protonated ion at m/z 376 that was increased by
0 Da compared to that of the parent drug, and there would be
imethoxy reactions (30 + 30 Da) in penehyclidine. Series of char-
cteristic product ions at m/z 246, 128, and 110 appeared in the MS2

pectrum of the molecular ion at m/z 376. The protonated ions at
/z 358, 346, 344 were generated via the loss of H2O, two methyl

nd methoxy group from the molecular protonated ion at m/z 376,
espectively. The fragment ions at m/z 330 and 315 were produced
ia the loss of one oxygen atom from the protonated ion at m/z 344
nd 330, respectively. The neutral fragment ion at m/z 299 was pro-
uced via the loss of H2O from the ion at m/z 315. The series of ions
t m/z 285, 260 and 231 were formed via cyclopentane cleavage and
he loss of relevant fragment ions from the molecular protonated
on at m/z 376. Based on the data above, M10 was deduced as the
imethoxypenehyclidine of dimethoxylation at cyclopentane ring.

The mass spectra of M11 that was detected at a retention
ime of 3.97 min gave an ion [M+H]+ at m/z 394. The protonated

olecular ion at m/z 394 was increased by 78 Da compared to
hat of the unchanged drug and there would be trihydroxylation
16 + 16 + 16 Da) and monomethoxy (30 Da) reactions in penehycli-
ine. The characteristic product ions of M11 were the series of ions
f m/z 316, 248, 189, 169, 158, 146 and 128, which were similar
o the characteristic ions of penehyclidine. The protonated product
ons at m/z 379 and 376 were produced via the loss of methyl group
nd H2O from the molecular protonated ion at m/z 394, respec-
ively. Neutral fragment (H2O) was lost from the parent protonated
on at m/z 394 which there was a dehydration reaction in cyclopen-
ane to form a cyclopentene group and it could elucidate that the
ydroxylation reaction existed at the cyclopentyl group. The pro-
onated product ion at m/z 337 was produced via the loss of C3H3
roup (by cyclopentene cleavage) from the protonated ion at m/z
76, and the protonated product ion at m/z 278 was produced by
he loss of C2H3O2 fragment (also by cyclopentene cleavage) from
he protonated ion at m/z 337. The neutral product ion at m/z 199
as produced by the loss of phenyl group from the protonated ion

t m/z 337. The ion at m/z 140 was all existed at the series ions
f m/z 394, 376, 337, 278 and 199, which was exact quiniuclidine
ith a methoxy group (110 + 30 Da) and it could elucidate that the
ethoxylated reaction existed at the quiniuclidine ring. Because

f the appearances of the characteristic phenyl ion series at m/z
03, 189, 169, 158 and 146 in its MS2 spectrum, it could elucidate
hat there was no change at benzene ring. Based on the appear-
nces of these characteristic fragment ions in its MS2 spectrum,
11 was deduced as trihydroxymethoxypenehyclidine that trihy-
roxylation occurred at cyclopentyl group and monomethoxylation
t quiniuclidine ring.

The mass spectra of M13 that was detected at a retention time
f 3.98 min gave a protonated molecular ion at m/z 508 which was
ncreased by 176 Da compared to that of the monohydroxylated
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etabolite of penehyclidine (M2, m/z 332). The MS2 spectrum of
/z 508 gave the most abundant daughter ion at m/z 332, which
as produced by neutral loss of 176 Da, and the MS3spectrum of
/z 508 → 332 was the same as the MS2spectrum of M2 (m/z 332).
esides, there was the molecular ion at m/z 506 in the negative

on full scan LC–MS spectrum of the urine samples, which gave
he daughter ion at m/z 175 in its MS2spectrum. Furthermore, the

on at m/z 113 appeared in the MS3 spectrum of m/z 508 → 175.
his fragmentation (m/z 506 → 330 → 175 → 113) is the cleavage
eature of glucuronide conjugates [21]. Consequently, M12 was
dentified as the glucuronide conjugate of M2, hydroxylpenehycli-
ine.

c
i
i
u
o

Fig. 6. Proposed major metabolic pathways of pe
B 873 (2008) 41–50 49

From our results, a superior sensitivity in full scan and MSn

ode combined with mass fragmentation provided most struc-
urally informative product ion spectra for the metabolites. This
pproach was found to be essential for more comprehensive detec-
ion and characterization of metabolites of penehyclidine by our

ethod. The fragmentation pathway of penehyclidine and the
etabolic pathways of the metabolites of penehyclidine were dis-
ussed. The proposed major metabolic pathways of penehyclidine
n rats were shown in Fig. 6. This investigation contributed with new
nformation on penehyclidine metabolism which is essential for
nderstanding the safety and efficacy of this drug and development
f a novel drug.

nehyclidine in rats (Glu = glucuronic acid).
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The utility of MS on an ESI–MSn was well documented for a vari-
ty of applications, including structural analyses of biopolymers
uch as DNA, proteins, oligosaccharides, and especial metabolites
f drugs. It was useful to recognize that mass spectrometry with
lectron impact ion was not always suitable for drug metabolic
nvestigation, especially for the polar molecules. Our work further
emonstrated some of the limitations in GC–EI–MS capabilities of

nstrumentation. The examples given here had illustrated that the
lectrospray ionization mass spectrometry was well suited for full
can MSn analysis due to full of sensitivity and specificity for the
olar compounds. And it was widely accepted that considerable
ariation in sensitivity and specificity existed not only among dif-
erent instrument models but also among different manufacturers
f mass spectrometers. These data suggested that ESI–MS should be
sed exclusively for detection and identification of metabolites of
rugs. Certainly, the precise identifications of metabolite structures
eed to further use the method of 1H and 13C NMR and metabolite
ynthesis. Different mass analyzers should be used to complement
ach other and to take advantage of specific properties of individ-
al MS instruments. It was true that the stable isotope techniques
s the template or the marker could increase specificity and effi-
iency of determination. Without complementary use of the stable
sotope ion cluster, the metabolites of drug would be overlooked
nd/or incompletely identified. The systems should be regarded as
ynergistic methods when these techniques were used together to
ffer significant advantages. The results from electrospray ion and
lectron impact ion data with the stable isotope cluster showed
he qualitative differences in the mass spectral patterns, suggesting
hat these techniques should be used in parallel to ensure compre-
ensive metabolites detection and characterization. The described
ethod had wide applicability to screen drug metabolites rapidly

nd provide comprehensive structural information.

. Conclusions

The method using a LC–MSn ion trap with electrospray ion-
zation, a GC–MS with electron impact ion source and stable
sotope ion cluster has been developed for the rapid analysis
f penehyclidine and its metabolites in rat urine. The pro-
osed method is highly sensitive and specific for the qualitative
etermination of penehyclidine and its metabolites. Penehycli-

ine and its twelve metabolites were identified in rat urine.
lucidation of the phase I and phase II metabolites were per-
ormed by comparing the daughter ion pairs of stable isotope
luster, changes of the protonated molecular masses, full scan
Sn spectra and retention times with those of the parent

[
[
[
[
[

B 873 (2008) 41–50

rug, penehyclidine and penehyclidine five deuterium-labeled
t phenyl group. These metabolites included eleven phase
metabolites (penehyclidine monoxide, hydroxypenehyclidine,

enehyclidine dioxide, hydroxypenehyclidine monoxide, dihydrox-
penehyclidine, dihydroxypenehyclidine, dihydroxypenehyclidine
onoxide, trihydroxypenehyclidine, methoxypenehyclidine diox-

de, dimethoxypenehyclidine, trihydroxymethoxypenehyclidine)
nd two phase II metabolites (the sulfate conjugates of penehy-
lidine and the glucuronide conjugates of hydroxypenehyclidine).
he results from electrospray ion and electron impact ion data with
he stable isotope cluster showed the qualitative differences in the

ass spectral patterns, suggesting that these techniques should be
sed in parallel to ensure comprehensive metabolites detection and
haracterization. The described method had wide applicability to
apidly screen and identify the metabolites.
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