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Abstract
Vasicine (VAS), a potential natural cholinesterase inhibitor, exhibited promising anticholin-

esterase activity in preclinical models and has been in development for treatment of Alzhei-

mer’s disease. This study systematically investigated the in vitro and in vivo metabolism of

VAS in rat using ultra performance liquid chromatography combined with electrospray ioni-

zation quadrupole time-of-flight mass spectrometry. A total of 72 metabolites were found

based on a detailed analysis of their 1H- NMR and 13C NMR data. Six key metabolites

were isolated from rat urine and elucidated as vasicinone, vasicinol, vasicinolone, 1,2,3,9-

tetrahydropyrrolo [2,1-b] quinazolin-3-yl hydrogen sulfate, 9-oxo-1,2,3,9-tetrahydropyrrolo

[2,1-b] quinazolin-3-yl hydrogen sulfate, and 1,2,3,9-tetrahydropyrrolo [2,1-b] quinazolin-

3-β-D-glucuronide. The metabolic pathway of VAS in vivo and in vitro mainly involved

monohydroxylation, dihydroxylation, trihydroxylation, oxidation, desaturation, sulfation, and

glucuronidation. The main metabolic soft spots in the chemical structure of VAS were the 3-

hydroxyl group and the C-9 site. All 72 metabolites were found in the urine sample, and 15,

25, 45, 18, and 11 metabolites were identified from rat feces, plasma, bile, rat liver micro-

somes, and rat primary hepatocyte incubations, respectively. Results indicated that renal

clearance was the major excretion pathway of VAS. The acetylcholinesterase (AChE) and

butyrylcholinesterase (BChE) inhibitory activities of VAS and its main metabolites were also

evaluated. The results indicated that although most metabolites maintained potential inhibi-

tory activity against AChE and BChE, but weaker than that of VAS. VAS undergoes meta-

bolic inactivation process in vivo in respect to cholinesterase inhibitory activity.

PLOS ONE | DOI:10.1371/journal.pone.0122366 April 7, 2015 1 / 35

OPEN ACCESS

Citation: Liu W, Shi X, Yang Y, Cheng X, Liu Q, Han
H, et al. (2015) In Vitro and In Vivo Metabolism and
Inhibitory Activities of Vasicine, a Potent
Acetylcholinesterase and Butyrylcholinesterase
Inhibitor. PLoS ONE 10(4): e0122366. doi:10.1371/
journal.pone.0122366

Academic Editor: Israel Silman, Weizmann Institute
of Science, ISRAEL

Received: July 30, 2014

Accepted: February 11, 2015

Published: April 7, 2015

Copyright: © 2015 Liu et al. This is an open access
article distributed under the terms of the Creative
Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any
medium, provided the original author and source are
credited.

Data Availability Statement: All relevant data are
within the paper.

Funding: This work was financially supported by the
Key Projects of Joint Funds of the National Natural
Science Foundation of China and Xinjiang Uygur
Autonomous Region of China (No. U1130303), the
National Natural Science Foundation of China (Grant
81173119), the National Science & Technology Major
Project “Key New Drug Creation and Manufacturing
Program”, China (Grants 2012ZX0910320-051), and
the Program of Shanghai Subject Chief Scientist
(13XD1403500) awarded to Professor Chang-hong

http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0122366&domain=pdf
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


Introduction
Vasicine (VAS), a pyrrolo [2,1-b] quinazoline type alkaloid, is the main active component in
Adhatoda vasica Nees (Acanthaceae) and Peganum harmala Linn (Zygophyllaceae) [1–3]. A.
vasica is a popular Indian medicinal plant that has been used in Ayurvedic medicine system for
treatment of various ailments of the respiratory tract in both children and adults [4]. P. har-
mala is also an effective herbal medicine that has been widely used to treat various diseases,
such as hypertension, diabetes, asthma, and rheumatism in China and the Middle East [5, 6].
Moreover, P. harmala has been mentioned in our previous studies, wherein we reported that
VAS has a strong inhibitive activity against acetylcholinesterase (AChE) and butyrylcholines-
terase (BChE), with IC50 values of 3.24 ± 0.08 μM and 0.10 ± 0.00 μM, respectively [3, 6–8]. It
implied that VAS can be used for treatment of Alzheimer’s disease. Other pharmacological ac-
tivities, such as antimicrobial, anti-inflammatory [9], antioxidant [10], bronchodilatory [11],
antitussive [12], and abortifacient effects [13] have been reported for VAS.

Metabolic stability and metabolic profile are essential in designing new drugs because the
metabolism of drugs can induce many pharmacokinetic (low bioavailability, high clearance,
short half-life, first-pass elimination) and toxic problems (reactive metabolites) that can be reg-
ulated in the early stages of development by identifying the relationship between metabolism,
metabolic toxicity, and compound structure [14, 15]. Previous studies have reported that VAS
could be metabolized into vasicinone (VAO), desoxyvasicine (DVAS), deoxyvasicinone
(DVAO), 1,2,3,9-tetrahydropyrrolo [2,1-b] quinazolin-3-β-D- glucuronid (VAS-3-G), and
vasicinone-3-O-glucuronide (VAO-3-G) in rats after an oral dose of 20 mg/kg [16]. However,
a discrepancy result was observed in our preliminary experiment, in which DVAS and DVAO
were not found among the metabolites.

Characterizing the chemical structure of metabolites is important in metabolism studies
[17, 18]. Determining the exact structure of metabolites is also the nodus in metabolism stud-
ies. Ultra-performance liquid chromatography combined with electrospray ionization quadru-
pole time-of-flight tandem mass spectrometry (UPLC/ESI-QTOF-MS) and the chemical
intelligent software tool Mass Fragment have been used in the metabolic identification of xeno-
biotics in recent years [19–23]. In the present study, UPLC/ESI QTOF MS was used to perform
in vivo and in vitro metabolite identification studies on VAS in rat to elucidate the real metabo-
lism of VAS and understand its whole metabolic route. The metabolites were easily found by
comparing fragmentation ions obtained fromMS and chromatographic behaviors of the au-
thentic standards. However, identification and characterization of metabolite structures remain
a challenge because of the complicated mass fragmentation patterns in the pyrrolo [2,1-b] qui-
nazoline skeleton of VAS. Moreover, certain metabolites are isomers having the same molecu-
lar formula with minimal variations presented in their MS spectra. Therefore, we
systematically investigated the fragmentation pathways of pyrrolo [2,1-b] quinazoline alkaloids
and found that the mass cleavages of the ring skeleton are characteristics of and related to the
chemical structure. Fragmentation patterns can be used as a critical clue in investigating VAS
metabolism. As a result, a total of 72 metabolites of VAS have been identified in vivo from rat
bio-specimens (urine, feces, plasma, and bile) and in vitro from rat liver microsomes (RLMs)
and rat primary hepatocytes (RPHs) incubation.

Materials and Methods

Chemicals and reagents
VAS and VAO were isolated from P. harmala in our laboratory according to a previously re-
ported method [24]. VAS and VAO structures were elucidated by comparing their spectral
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data (UV, MS, 1H-NMR, and 13C NMR) with the references. The purities of VAS and VAO
were determined to be more than 98% through normalization of the peak areas detected by
HPLC-DAD, UPLC-MS/MS, 1H-NMR, and 13C NMR. AChE from Electrophorus electricus,
BChE from equine serum, acetylcholine (ACh) chloride, butyrocholine (BCh) chloride, choline
(Ch) chloride, chlormequat (internal standard, IS), glucose 6-phosphate, glucose-6-phosphate
dehydrogenase, NADP, UDPGA, alamethicin, fetal bovine serum, dexamethasone, and insulin
were purchased from Sigma Aldrich Co. (St. Louis, MO, USA). Tris base and MgCl2 were pur-
chased fromMajorbio Biotech Corp., Ltd. (Shanghai, China). MCI Gel CHP 20P was pur-
chased fromMitsubishi Chemical Crop. (Tokyo, Japan). Silica Gel C18 (MB 100-40/75) was
purchased from Fuji Silysia Chemical Ltd. (Kasugai, Japan). Acetonitrile and methanol of
HPLC grade were purchased from Fisher Scientific Co. (Santa Clara, USA). HPLC grade 96%
formic acid was purchased from Tedia Co. (Fairfield, USA). Water was produced with a Milli-
Q Academic System (Millipore, Billerica, MA). All other reagents and solvents were either ana-
lytical or HPLC grade.

Ethics Statement
Animals were maintained and experiments were conducted in accordance with the Institution-
al Animal Care and Use Committee, Shanghai University of Traditional Chinese Medicine,
and with the recommendations in the Guide for the Care and Use of Laboratory Animals of
the National Institutes of Health. The study was approved by the Animal Care and Use Com-
mittee of Shanghai University of Traditional Chinese Medicine (Approval Number: ACSHU-
2011-G115).

Animals
Male Sprague–Dawley rats (200 g to 250 g) were obtained from the Experimental Animal Cen-
ter, Shanghai University of Traditional Chinese Medicine (Permit Number: SCXK (Hu) 2013–
0016) and housed with free access to food and water. The animals were maintained on a 12/12
h light and dark cycle at room temperature (22°C to 24°C) and relative humidity (60% to 65%)
for 7 days. All rats were fasted for 12 h and fed with water before the experiment.

Preparation of RLMs
Rat livers were obtained from corresponding healthy experimental animals from the Experi-
mental Animal Center of Shanghai University of Traditional Chinese Medicine (SUTCM,
Shanghai, China). Liver specimens were stored in liquid nitrogen immediately after being har-
vested until the preparation of microsomes. RLMs were prepared from pooled liver tissues by
differential ultracentrifugation, as previously described [25]. Protein concentration was deter-
mined using bovine serum albumin as a reference [26]. RLMs were diluted to 10 mg/mL and
stored at −80°C.

Drug administration and sample collection
Bio-specimens (urine, feces, bile and plasma) collected form 18 male rats were used to study
the VAS metabolism in vivo. Urine and fecal samples of six male rats were collected from 0 to
24 h after oral administration of 50 mg/kg (10 mg/mL) VAS dissolved in water with hydrochlo-
ride as pH regulator. Baseline urine and fecal samples were collected before oral administration
of VAS. After intraperitoneal injection of urethane (1.4 g/kg), abdominal incision was made for
bile sampling and the common bile duct was cannulated with a Closed IV Catheter System
(ID = 0.07 cm, Becton Dickinson, USA) to collect bile samples. Bile samples from additional
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six male rats were collected from 0 to 12 h after oral administration of 50 mg/kg VAS. Baseline
rat bile was collected before oral administration of VAS. All the samples were stored at −20°C
until analysis. Blood was collected from the angular vein of the last six male rats at 0.25, 0.5, 1,
and 2 h after oral administration of VAS 50 mg/kg VAS. Plasma was obtained by centrifuging
blood at 4000 × g for 10 min, and then stored at −20°C until use.

The urine samples used for isolating and purifying the metabolites were collected from 15
rats that were given VAS orally once a day, over 21 consecutive days, at dose of 100 mg/kg
body weight. In total, approximately 5 L of urine was collected and centrifuged at 4000 × g for
15 min. The supernatant was then stored at −20°C until use. At the end of experiment, all rats
were sacrificed by CO2 asphyxiation.

Sample preparation
Up to 1 mL of urine was thoroughly mixed with same volume of acetonitrile, and then centri-
fuged at 15,000 × g for 10 min. The supernatant was evaporated until dry under nitrogen at
37°C. The residue of the supernatant was re-dissolved in 200 μL of 5% methanol, and then cen-
trifuged at 15,000 × g for 10 min. The supernatant was injected into the chromatographic sys-
tems for separation and identification of metabolites.

Approximately 1 g of rat feces was exhaustively extracted with 40 mL of 75% acetonitrile by
ultrasonication at room temperature. The supernatant was then evaporated to dryness by a
gentle stream of nitrogen at 37°C. The residue was dissolved by 200 μL of 5% methanol and
centrifuged at 15,000 × g for 10 min prior to injection.

Plasma or bile (400 μL) was mixed and vortexed with 1200 μL of acetonitrile for 30, then
centrifuged at 15,000 × g for 10 min at 4°C. Afterward, the supernatant was evaporated until
dry by a gentle stream of nitrogen at 37°C. The residue was dissolved by 80 μL of 5% methanol
and centrifuged at 15,000 × g for 10 min. The supernatants (5 μL) were used in the UPLC/
ESI-QTOF-MS analysis.

Isolation and purification of metabolites from urine
Approximately 5 L of urine samples were subjected to MCI Gel CHP 20P column chromatog-
raphy (4.5 × 60 cm; 1000 mL) and eluted with a gradient system of MeOH—H2O (0:100; 5:95;
10:90; 20:80; 30:70; 50:50; 100:0). The metabolites were obtained from 0%, 5%, 20%, and 50%
MeOH fractions. Each fraction solution was concentrated in vacuo to yield residues. The resi-
dues were dissolved in a small amount of water, subjected to a reverse phase silica gel C18
column (1.2 × 30 cm; 15 mL), and then washed with MeOH—H2O by gradient elution, accord-
ing to the flowchart for metabolite isolation shown in Fig 1, to afford M5-2 (10 mg), M15
(55 mg), M20-2, M16, and M3-2 (8 mg). The purity of M15, M3-2, and M5-2 were more than
98% as determined normalization of the peak areas detected by HPLC-DAD and UPLC-MS/
MS. M16 and M20-2 were further purified by semi-preparative HPLC.

Semi-preparative HPLC was performed with a ZORBAX SB-C18 (9.4 mm × 25 cm, 5 μm,
Agilent, USA) at 30°C in a LC3000 liquid chromatography (Beijing Tong Heng Innovation
Technology Co., Beijing, China). The detection wavelength was set at 280 nm. The mobile
phase consisted of methanol (A) and 0.1% aqueous formic acid (B). For M16, a flow rate of
4.7 mL/min and 18% A isocratic elution were used to obtain M16 (32 mg). M20-2 (20 mg) was
obtained using gradient elution: 0 to 10 min, 5% to 20% A, with a flow rate of 3 mL/min.

Incubations of VAS with RLMs
The RLMs were carefully thawed on ice before the experiment. VAS (200 μM) was mixed with
alamethicin (25 μg/mg protein) and the microsomes (1.0 mg protein/mL) in 100 mM Tris-HCl
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buffer (50 mM, pH 7.4). After 5 min of pre-incubation at 37°C, the incubation reaction was ini-
tiated by the addition of glucose 6-phosphate (10 mM), glucose-6-phosphate dehydrogenase
(1 unit/mL), NADPH (1.0 mM), and UDPGA (5.0 mM). The total incubation volume was
100 μL. The reactions were terminated with 300 μL ice-cold acetonitrile after 1 h of incubation.
The mixture was centrifuged at 15,000 × g for 10 min, and then 320 μL of supernatant was
evaporated to dryness by a gentle stream of nitrogen at 37°C. The residue was dissolved by
80 μL of 5% methanol and centrifuged at 15,000 × g for 10 min. The supernatant (5 μL) was
then injected for UPLC/ESI-QTOF-MS system. Control samples without NADPH and
UDPGA or substrates were prepared. The incubation was performed in duplicate.

Isolation, culture, and incubation of RPHs
Male rats (150 ± 20 g) were anesthetized with pentobarbital (100 mg/kg, ip) and their livers
were perfused using the two-step collagenase digestion method described previously [27]. Cell
vitality was assessed using the trypan blue method; only hepatocytes with a viability greater
than 85% were seeded in a 6-well plate in M199 medium (Gibco, Laboratories Inc.; Grand Is-
land, NY) supplemented with 5% fetal bovine serum, 10−9 mol/L dexamethasone, and insulin.
Cells were cultured for 24 h before use in metabolism studies, and then added with VAS
(200 μM) thereafter. After 1, 3, 5, 12, and 24 h of incubation, 100 μL supernatant was terminat-
ed with 300 μL of ice-cold acetonitrile. The mixture was centrifuged at 15,000 × g for 10 min,
and 320 μL of supernatant was evaporated until dry by a gentle stream of nitrogen at 37°C. The

Fig 1. Metabolite isolation scheme of VAS from rat urine.

doi:10.1371/journal.pone.0122366.g001
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residue was dissolved by 80 μL of 5% methanol and centrifuged at 15,000 × g for 10 min. Up to
5 μL of the supernatant was injected into the UPLC/ESI-QTOF-MS system.

NMR instrumentation for identification of the metabolite structures
NMR spectra (1H and 13C NMR, HSQC, HMBC) were recorded on a Bruker AV 400 MHz
spectrometer (400 MHz for 1H and 100 MHz for 13C). Chemical shifts were recorded in parts
per million using tetramethylsilane as an internal standard. Deuterium reagents (DMSO-d6,
CD3OD, D2O) were used as solvents for the metabolites.

In vitro anticholinesterase assays
The AChE and BChE inhibitory activities of VAS and its main metabolites, namely, VAO,
VASL, VAOL, VAS-3-S, VAO-3-S, and VAS-3-G, were evaluated based on our previously es-
tablished method [8]. A 50 μL incubation system composed of 10 μL of the test compound so-
lution (all the test compound solutions were diluted to a series of concentrations with buffer
solution before each experiment) and 40 μL of the enzyme solutions (with final concentrations:
0.0035 unit/mL for AChE, or 0.008 unit/mL for BChE) were mixed and pre-incubated for
15 min. Up to 50 μL of substrate solution (final concentration of 5.505 μM for ACh, or
7.152 μM for BCh) was added into the mixture, which was then incubated for 20 min at 25°C.
The reaction was terminated by addition of 300 μL of ice acetonitrile solution (0°C), which was
immediately dissolved with 1.899 μM IS (chlormequat). The solution was then centrifuged
(15,000 × g, 10 min), and the supernatant was used for analysis by UPLC-ESI MS/MS. The in-
hibitive IC50 values of VAS and its key metabolites on AChE and BChE were calculated using
the Prism software (GraphPad Software Inc., San Diego, CA).

UPLC Chromatography and Quadrupole Time-of-flight (Q/TOF) Mass
Spectrometer
Chromatographic analysis was performed on an HSS T3 column (100 mm × 2.1 mm, 1.8 μm
particle size; Waters Corporation, Milford, MA, USA) for separation of samples using an
ACQUITY UPLC system equipped with a binary solvent manager system and an autosampler.
The column was eluted with a gradient mobile phase of methanol (A) and 0.1% formic acid in
deionized water (B): 0–6 min 5% A; 6–12 min, linear from 5% to 15% A; 12–18 min, linear
from 15% to 30% A; 18–24 min, linear from 30% to 50% A; 24–28 min, linear from 50% to
90% A; 28–30 min, 5% A for equilibration of the column. The flow rate was 0.4 mL/min. The
column and sample-tray temperatures were maintained at 40°C and 10°C, respectively.

A Waters ACQUITY Synapt G2 Q/TOF tandem mass spectrometer was combined with the
UPLC system through an electrospray ionization (ESI) interface and controlled by Masslynx
software (version 4.1, Waters Corp., Manchester, UK). The positive ionization mode of ESI
source was operated. The optimized conditions for maximum detection of metabolites were as
follows: source temperature, 120°C; desolvation temperature, 400°C; capillary voltage, 3.0 kV;
sample cone, 30 V and extraction cone, 4.0 V. The cone and desolvation gas (N2) flows were
set at 75 and 800 (L/h), respectively. The leucine–enkephalin (2 ng/mL) was used as the lock
mass to generate a reference ion in positive mode atm/z 556.2771 and the injection rate was
5 μL/min for accurate mass acquisition. Data were collected in centroid mode and the MSE ap-
proach using a dynamic ramp of collision energy was carried out in two scan functions. Func-
tion 1 (low energy): mass scan ranged from 100–1000,with 0.2 s scan time and 0.05 s inter-scan
delay; Function 2 (high energy): mass scan ranged from 100–1000 with 0.2 s scan time, 0.05 s
inter-scan delay, and collision energy ramp of 10–40 V. MS/MS analysis were operated for
major metabolites to obtain additional information from product ions since the same collision
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energy of MSE in Function 2 could not match each precursor ion. The conditions for the MS/
MS functions, sample cone voltages, and sample collision energies were summarized in
Table 1.

Results

Fragmentation of the parent VAS and important inter-metabolites (VAO,
VASL, and VAOL)
Proper identification of metabolites using the on-line UPLC/QTOF-MS approach required
comprehensive understanding of the fragmentation behavior of the parent compound and re-
lated compounds to be tested. Table 2 showed the elemental composition, experimental and
calculated masses, and mass errors of the adduct ion and the fragment ions of VAS, VAO,
VASL, and VAOL. The maximum mass errors between the measured and calculated values
were less than 10 ppm (� 2.0 mDa), which indicated high resolution and good accuracy.

Table 1. The optimized cone voltages (CV) and collision energies (CE) for protonated ions of vasicine
and its main metabolites.

Metabolites Precursor ions (m/z) CV (V) CE (V)

M0 189.1028 30 10–30

M1 203.0821 25 10–30

M2 203.1184 30 20–30

M3 205.0977 25 10–30

M4 217.0613 30 10–20

M5 219.0770 30 10–30

M6 219.1134 25 10–20

M7 221.0926 30 10–20

M8 235.0719 35 10–20

M9 235.1083 25 10–20

M10 237.0875 30 20–30

M11 245.1290 30 10–30

M12 247.1083 25 20–30

M13 251.1032 30 10–30

M14 261.1239 30 10–20

M15 269.0596 25 20–30

M16 283.0389 25 20–30

M17 285.0545 30 10–20

M18 297.0181 30 10–20

M19 299.0338 35 20–30

M20 365.1349 30 10–20

M21 379.1141 25 20–30

M22 381.1298 20 10–30

M23 393.0934 30 20–30

M24 395.1091 25 10–20

M25 397.1247 30 10–30

M26 411.1404 35 10–20

M27 413.1196 25 10–20

M28 421.1611 25 10–20

M29 437.1560 25 10–20

M30 557.1619 30 10–30

doi:10.1371/journal.pone.0122366.t001
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The dynamic energy of MS2 from protonated VAS [M+H]+ atm/z 189.1030 afforded the
product ion atm/z 171.0925 by the loss of water molecules (18.0105 Da, exacted 18.0106 Da).
As a result, a carbon–carbon double bond between C-2 and C-3 through elimination reaction
was formed (Fig 2A). Thereafter, the product ion atm/z 154.0657 (C11H8N

+, calculatedm/z
154.0657), 144.0812 (C10H10N

+, calculatedm/z 144.0813), and 143.0726 (C10H9N
+, calculated

m/z 143.0735) were formed through the breakdown of rings B and C, as well as the elimination
of ammonia (NH3, 17.0268 Da, exact 17.0265 Da), CHN unit (27.0113 Da, exact 27.0109 Da),
and CH2N radicals (28.0189 Da, exact 28.0187 Da). The fragmentation process was similar to
that reported by Rashkes, who studied the fragmentation of natural and synthetic quinazoline
derivatives [28]. In addition, a heptatomic and octatomic ring was produced in the fragmenta-
tion of natural and synthetic quinazoline derivatives (Fig 2A). The subsequent successive neu-
tral loss of molecule in the C2H2 unit (26.0149 Da, exact 26.0155) (from C-4) and in the C2H2

and CHN units (53.0257 Da, exact 52.0265 Da) from the ion atm/z 144 generated the product
ion atm/z 118.0663 (C8H8N

+, calculatedm/z 118.0657) and 91.0555 (C7H7
+, calculatedm/z

91.0548). The fragmentation pathways of VAS were showed in Fig 2A.
VAO is a metabolite of VAS [2] resulting from the ketonization of VAS in C-9 site. Howev-

er, the fragmentation pathways of VAO were different from VAS. ESI-MS spectral analysis of
VAO revealed a protonated molecule ion atm/z 203.0824. The MS2 spectra showed identical

Table 2. The predicted elemental compositions, measured masses and calculated masses, andmass errors of protonated vasicine, vasicinone,
vasicinol, vasicinolone and their fragment ions.

Compounds Fragment ions elemental composition Measured mass (Da) Calculated mass (Da) Error (mDa) Error (ppm)

VAS C11H13N2O
+ 189.1030 189.1028 0.2 1.1

C11H11N2
+ 171.0925 171.0922 0.3 1.8

C11H8N
+ 154.0657 154.0657 0.0 0.0

C10H10N
+ 144.0812 143.0813 -0.1 -0.7

C10H9N
+ 143.0736 143.0735 0.1 0.7

C8H8N
+ 118.0663 118.0657 0.6 5.1

C7H7
+ 91.0555 91.0548 0.7 7.7

VAO C11H11N2O2
+ 203.0824 203.0821 0.3 1.5

C11H9N2O
+ 185.0716 185.0715 0.1 0.5

C11H7N2
+ 167.0620 167.0609 1.1 6.6

C10H9N2
+ 157.0758 157.0766 -0.8 -5.1

C10H6N
+ 140.0502 140.0500 0.2 1.4

C9H8N
+ 130.0646 130.0657 -1.1 -8.5

VASL C11H13N2O2
+ 205.0971 205.0977 -0.6 -2.9

C11H11N2O
+ 187.0882 187.0871 1.1 5.9

C11H9N2O
+ 185.0730 185.0715 0.7 3.8

C11H9N2
+ 169.0775 169.0766 0.9 5.3

C10H10NO
+ 160.0755 160.0762 -0.7 -4.4

C10H9NO
+ 159.0683 159.0684 -0.6 -3.8

C8H8NO
+ 134.0618 134.0606 0.9 6.7

VAOL C11H11N2O3
+ 219.0781 219.0770 1.1 5.0

C11H9N2O2
+ 201.0672 201.0664 0.8 4.0

C11H7N2O
+ 183.0568 183.0558 1.0 5.5

C10H9N2O
+ 173.0726 173.0715 1.1 6.4

C10H6NO
+ 156.0454 156.0449 0.5 3.2

C9H8NO
+ 146.0610 146.0606 0.4 2.7

doi:10.1371/journal.pone.0122366.t002
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fragment ions atm/z 185.0726 (C11H9N2O
+, calculatedm/z 185.0715), 167.0620 (C11H7N2

+,
calculatedm/z 167.0616), 157.0758 (C10H9N2

+, calculatedm/z 157.0766), 140.0502 (C10H6N
+,

calculatedm/z 140.0500), and 130.0546 (C9H8N
+, calculatedm/z 130.0557). The fragment ions

were acquired from successive loss of a H2O (18 Da); molecules of two H2O (36 Da); molecules
of H2O and a neutral loss of CO (46 Da); molecules of H2O, a neutral loss of CO and NH3 (63
Da); loss of molecules of H2O, a neutral loss of CO, and CHN unit (73 Da). The fragmentation
pathways of VAO were showed in Fig 2B.

VASL is a hydroxylation metabolite of VAS at C-7. VASL exhibited a [M+H]+ ion atm/z
205.0971, which was 16 Da heavier than VAS. The MS2 spectra showed identical fragment ions

Fig 2. UPLC/ESI-QTOF-MS spectra of VAS (A), vasicinol (B), VAO (C), and vasicinolone (D) using ESI in positive ion mode.

doi:10.1371/journal.pone.0122366.g002
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atm/z 187.0882 (C11H11N2O
+, calculatedm/z 187.0871), 185.0730 (C11H9N2O

+, calculatedm/
z 185.0715), 169.0775 (C11H9N2

+, calculatedm/z 169.0766), 160.0755 (C10H10NO
+, calculated

m/z 160.0762), 159.0683 (C10H9NO
+, calculatedm/z 159.0684), and 134.0618 (C8H8NO

+, cal-
culatedm/z 134.0606). The fragment ions were acquired from the successive loss of H2O (18
Da), molecules of H2O and 2H (20 Da), molecules of two H2O (36 Da), molecules of H2O and
a neutral loss of the CHN unit (45 Da), molecules of H2O, and CH2N radicals (46 Da), loss of
H2O molecules, and a neutral loss of CHN and C2H2 (71 Da). The fragmentation pathways of
VASL were showed in Fig 2C. The fragmentation pathways of VASL were very similar with
that of VAS, which was accustomed to the successive loss of H2O, CHN unit, CH2N radicals,
and the C2H2 unit. Furthermore, the special fragment ion atm/z 134.0618 (C8H8NO

+, calculat-
edm/z 134.0606) showed a hydroxyl group of ring A, which could be used to identify the me-
tabolite that undergoes hydroxylation in ring A.

VAOL is a hydroxylation metabolite of VAO at C-7. VAOL exhibited a [M+H]+ ion atm/z
219.0781, which was 16 Da heavier than VAO. The MS2 spectra showed identical fragment
ions atm/z 201.0672 (C11H9N2O2

+, calculatedm/z 201.0664), 183.0568 (C11H7N2O
+, calculat-

edm/z 183.0558), 173.0726 (C10H9N2O
+, calculatedm/z 173.0715), 156.0454 (C10H6NO

+, cal-
culatedm/z 156.0449), and 146.0610 (C9H8NO

+, calculatedm/z 146.0606). The fragment ions
were acquired from the successive loss of H2O (18 Da), molecules of two H2O (36 Da), mole-
cules of H2O and a neutral loss of CO (46 Da), molecule of H2O, a neutral loss of CO, NH3 (63
Da), loss of H2O molecule, and a neutral loss of CO and the CHN unit (73 Da). The fragmenta-
tion pathways of VAOL were presented in Fig 2D. The fragmentation pathways of VAOL were
very similar to that of VAO, which is accustomed to the successive loss of H2O, CO unit and
the CHN unit and NH3. The CO unit could be used to identify the metabolites, whose parent
compound undergoes ketonization. Furthermore, the special fragment ion at 146.0610
(C9H8NO

+, calculatedm/z 146.0606) showed a hydroxyl group of ring A, which could be used
to identify the metabolites that undergoes hydroxylation in ring A.

Characterization of the metabolites in vivo and in vitro
Figs 3–8 showed the extracted and total ion chromatograms of the parent compound and their
metabolites in vivo (rat urine, feces, bile, plasma) and in vitro (RLMs and RPHs). A total of 72
metabolites were observed in rat urine, and 15, 45, 25, 18, and 11 metabolites were found in
vivo in rat feces, bile, and plasma and in vitro in RLMs and RPHs, respectively. The metabolites
were numbered according to their molecular weight and chromatographic retention times.
Table 3 listed the detailed information (including of retention times, presume formula, mea-
sured mass, calculated mass, fragment ions and presence in different samples) of the metabo-
lites. The structures of metabolite were presumed by the comparison of mass spectra and
chromatographic retention times with available reference standards, or by its mass spectral
fragmentation patterns. The proposed structures of the metabolites were showed in Fig 9,
which included monohydroxylation, dihydroxylation, trihydroxylation, dehydrogenation,
methylation, acetylation, sulfation, and glucuronation of the parent compound.

Metabolite M1. Metabolite M1 (retention time tR = 13.90 min) is a metabolite detected in
the in vivo and in vitro samples. Metabolite M1 exhibited a [M + H]+ ion atm/z 203.0839,
which was 14 Da (13.9807 Da) higher than that of the protonated parent compound, indicating
the introduction of an oxygen atom and dehydrogenation (+ 13.9793 Da). The metabolic site
for the parent compound may be at C-1, C-2, or C-9. The MS2 spectra showed identical frag-
ment ions atm/z 185.0725 (C11H9N2O

+, calculatedm/z 185.0715), 167.0603 (C11H7N2
+, calcu-

latedm/z 167.0609), 157.0775 (C10H9N2
+, calculatedm/z 157.0766), 140.0509 (C10H6N

+,
calculatedm/z 140.0500), and 130.0654 (C9H8N

+, calculatedm/z 130.0657). Our data indicated
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that M1 may undergo successive loss of H2O (18 Da), molecules of two H2O (36 Da), molecules
of a H2O and a neutral loss of CO (46 Da), molecules of a H2O, a neutral loss of CO and NH3

(63 Da), loss of molecules of a H2O, and a neutral loss of CO and the CHN unit (73 Da). Our
conclusion was confirmed by comparing the retention time and MS2 spectra with those of the
authentic standard (VAO).

Metabolite M2. Metabolite M2 (retention time tR = 11.28 min) exhibited a [M + H]+ ion
atm/z 203.1190, which was 14 Da (14.0162 Da) higher than that of the protonated parent com-
pound, indicating the introduction of methyl group (+ 14.0156 Da). Metabolite M2 was only
acquired in urine. The MS2 spectra showed identical fragment ions atm/z 187.0886
(C11H11N2O

+, calculatedm/z 187.0871), 169.0783 (C11H9N2
+, calculatedm/z 169.0766),

160.0650 (C9H8N2O
+, calculatedm/z 160.0637), 159.0567 (C9H7N2O

+, calculatedm/z
159.0558), and 131.0625 (C8H7N2

+, calculatedm/z 131.0609). Given the clearance of the meth-
yl group during the first step, no further information could help determine the position of the
methyl group; thus, the position of the methyl group was unclear.

Metabolites M3. M3 was detected with a protonated molecular weight of 205.0977, which
was 16 Da (15.9949 Da) higher than that of the protonated parent compound, indicating the
introduction of one hydroxylation metabolite. In addition, four independent chromatographic
peaks with protonated ions atm/z 205.0977 were detected.

Fig 3. The total ion chromatogram (TIC) and extract ion chromatograms (EIC) of urine in vivo after oral administration of 20 mg/kg VAS. A–Q: EIC of
sample urine. R: TIC of sample urine. S: TIC of blank urine.

doi:10.1371/journal.pone.0122366.g003
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Fig 4. TIC and EIC of feces in vivo after oral administration of 20 mg/kg VAS. A–F: EIC of sample feces. G: TIC of sample feces. H: TIC of blank feces.

doi:10.1371/journal.pone.0122366.g004
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Fig 5. TIC and EIC of bile in vivo after oral administration of 20 mg/kg VAS. A–J: EIC of sample bile. K: TIC of sample bile. L: TIC of blank bile.

doi:10.1371/journal.pone.0122366.g005
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Fig 6. TIC and EIC of plasma in vivo after oral administration of 20 mg/kg VAS. A–G: EIC of sample plasma. H: TIC of sample plasma. I: TIC of
blank plasma.

doi:10.1371/journal.pone.0122366.g006
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Fig 7. TIC and EIC of RLMs in vitro after incubation of 200 μMVAS. A–E: EIC of sample RLMs. F: TIC of sample RLMs. G: TIC of blank RLMs.

doi:10.1371/journal.pone.0122366.g007
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Fig 8. TIC and EIC of RPHs in vitro after incubation of 200 μMVAS. A–D: EIC of sample RPHs. E: TIC of sample RPHs. F: TIC of blank RPHs.

doi:10.1371/journal.pone.0122366.g008
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Metabolite M3-2 was detected at 2.81 min. The MS2 spectra showed fragment ions atm/z
187.0882 (C11H11N2O

+, calculatedm/z 187.0871), 185.0730 (C11H9N2O
+, calculatedm/z

185.0715), 169.0775 (C11H9N2
+, calculatedm/z 169.0766), 160.0755 (C10H10NO

+, calculated
m/z 160.0762), 159.0683 (C10H9NO

+, calculatedm/z 159.0684), and 134.0618 (C8H8NO
+, cal-

culatedm/z 134.0606). The fragment ions atm/z 159.0683 and 134.0618 were attributed to the
hydroxylation of ring A, suggesting that the +16 Da modification occurred on the aromatic
moiety. The molecular formula of the metabolite was further supported by the 1H and 13C
NMR spectral data (Table 4). The 1H-NMR spectra of M3-2 in CD3OD-d4 indicated the exis-
tence of three aromatic protons at δ 7.04 (1H, d, J = 8.7 Hz, H-5), 6.83 (1H, dd, J = 8.7, 2.5 Hz,
H-6) and 6.69 (1H, d, J = 2.4 Hz, H-8), respectively. Compared with the parent compound, the
spectra revealed that metabolic substitution occurred in the benzene ring (position C-6 or C-
7). Meanwhile, the 1H and 13C NMR spectra of M3-2 was similar to that of VASL [29, 30].
Thus, M3-2 was confirmed as VASL.

Metabolite M3-4 was detected at 3.79 min. The MS2 spectra showed fragment ions atm/z
187.0879 (C11H11N2O

+, calculatedm/z 187.0871), 169.0775 (C11H9N2
+, calculatedm/z

169.0766), 161.0715 (C9H9NO
+, calculatedm/z 161.0715), 133.0760 (C10H9NO

+, calculatedm/
z 133.0766), and 106.0675 (C8H8NO

+, calculatedm/z 106.0657). The key ionm/z 133.0766 was
generated from the ring C cleavage. Another key ionm/z 161.0715 was generated by loss of
H2O and C2H2 unit; the ion was 28 Da heavier than 133.0766. Our data indicated that hydrox-
ylation occurred on ring C (position C-1). As a result, M3-4 was confirmed as 1,2,3,9-tetrahy-
dropyrrolo[2,1-b]quinazolin-1,3-diol.

Metabolites M3-1 and M3-3 were detected at 2.58 and 3.53 min, respectively. The MS2 spec-
tra showed fragment ions atm/z 187.0875 (C11H11N2O

+, calculatedm/z 187.0871), 169.0751

Fig 9. Proposedmetabolic pathways of VAS.

doi:10.1371/journal.pone.0122366.g009
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(C11H9N29
+, calculatedm/z 169.0766), 159.0922 (C10H11N2

+, calculatedm/z 159.0922), and
130.0651 (C9H8N

+, calculatedm/z 130.0657). The fragment ions atm/z 169.0751 and 159.0922
had successive loss of two H2O molecules (36 Da) and another molecule of H2O and a neutral
loss of CO unit, respectively. Our data indicated that hydroxylation occurred on ring B or ring
C (position C-2, C-9). LogP value, an octanol/water partition coefficient, was used to determine
the site of hydroxylation. As an important parameter for estimating the hydrophobicity of a
compound, LogP also be used to describe the tendency for distribution from aqueous phase
into hydrophobic phase. Compounds with a high LogP would have long retention time on re-
verse phase high performance liquid chromatography [31, 32]. Considering that 1,2,3,9-tetra-
hydropyrrolo [2,1-b] quinazolin-2,3-diol had a smaller LogP value (0.45, calculated by
ChemBioDraw Ultra 12.0) than 1,2,3,9-tetrahydropyrrolo [2,1-b] quinazolin-3,9-diol
(LogP = 1.02), M3-1 could be determined as 1,2,3,9-tetrahydropyrrolo [2,1-b] quinazolin-
2,3-diol and M3-3 as 1,2,3,9-tetrahydropyrrolo [2,1-b] quinazolin-3,9-diol.

Metabolite M4. Metabolite M4 was detected at 10.56 min. Metabolite M4 exhibited a [M
+ H]+ ion atm/z 217.0606, which was 28 Da (27.9578 Da) higher than that of the protonated
parent compound, indicating the introduction of two oxygen atom with didehydrogenation
(+ 27.9585 Da). The metabolism site may be located in C-1, C-2, or C-9 of the parent com-
pound. The MS2 spectra showed identical fragment ions atm/z 199.0500 (C11H7N2O2

+, calcu-
latedm/z 190.0508), 189.0654 (C10H9N2O2

+, calculatedm/z 189.0651), 160.0390 (C9H8NO2
+,

calculatedm/z 160.0399), 147.0561 (C8H7N2O
+, calculatedm/z 147.0558), and 144.0464

(C9H6NO
+, calculatedm/z 144.0449). The fragment ion atm/z 147.0561 was attributed to an

oxygen atom with a dehydrogenated ring B (C-9). However, the position of the other dehydro-
genated oxygen atom was unclear.

Metabolites M5. M5 was found to have a protonated molecular weight of 219.0770, which
was 30 Da (29.9742 Da) higher than that of the protonated parent compound, indicating the
introduction of dihydroxylation and dehydrogenation metabolite. In addition, three indepen-
dent chromatographic peaks with protonated ions atm/z 219.0770 were detected.

M5-2 was detected at 11.27 min. The MS2 spectra revealed fragment ions atm/z 201.0675
(C11H9N2O2

+, calculatedm/z 201.0664), 183.0568 (C11H7N2O
+, calculatedm/z 183.0558),

173.0724 (C10H9N2O
+, calculatedm/z 173.0715), and 146.0589 (C9H8NO

+, calculatedm/z
146.0606). The fragment ion atm/z 146.0589 was attributed to the hydroxylation of ring A.
The 1H- and 13C-NMR data are presented in Table 4. The 1H-NMR spectra of M5-2 in
CD3OD-d4 indicated the existence of three aromatic protons at δ 7.44 (1H, dd, J = 8.9, 2.9 Hz,
H-5), 7.56 (1H, d, J = 2.8 Hz, H-6), and 7.70 (1H, d, J = 8.8 Hz, H-8). The spectra revealed that
hydroxyl substitution occurred in the benzene ring. The carbonyl signals at δ162.9 in the
13C-NMR spectra confirmed that M5-2 had a carbonyl group. The 1H and 13C NMR spectra of
M5-2 were similar to that of VAOL. As a result, M5-2 was identified as VAOL.

M5-1 was detected at 10.01 min. The MS2 spectra showed fragment ions atm/z 201.0652
(C11H9N2O2

+, calculatedm/z 201.0664), 183.0562 (C11H7N2O
+, calculatedm/z 183.0558),

173.0703 (C10H9N2O
+, calculatedm/z 173.0715), 160.0674 (C9H8N2O

+, calculatedm/z
160.0637), and 132.0448 (C8H6NO

+, calculatedm/z 132.0449). The fragment ions atm/z
160.0674 and 132.0448 were attributed to an oxygen atom with dehydrogenated ring B (C-9).
Our data indicated that another hydroxylation occurred on ring C (position C-1 or C-2). Thus,
M5-1 was identified as 1,3-dihydroxy-2,3-dihydropyrrolo [2,1-b] quinazolin-9 (1H)-one or
2,3-dihydroxy-2,3-dihydropyrrolo [2,1-b] quinazolin-9 (1H)-one. The LogP values of 1,3-dihy-
droxy-2,3-dihydropyrrolo [2,1-b] quinazolin-9 (1H)-one and 2,3-dihydroxy-2,3-dihydropyr-
rolo [2,1-b] quinazolin-9 (1H)-one were 0.62 and −0.12, respectively. Given that M5-2 had
longer retention time of 11.27 min than that of M5-1 (10.01 min) and the LogP value of M5-2
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(VAOL) was 0.14, M5-1 was identified as 2,3-dihydroxy-2,3-dihydropyrrolo [2,1-b] quinazo-
lin-9 (1H)-one.

Metabolite M5-3 was detected at 16.18 min. The MS2 spectra showed fragment ions atm/z
201.0675 (C11H9N2O2

+, calculatedm/z 201.0664), 173.0728 (C10H9N2O
+, calculatedm/z

173.0715), 155.0625 (C10H7N2
+, calculatedm/z 155.0609), and 130.0668 (C9H9N

+, calculated
m/z 130.0657). The key ion ofm/z 173.0728 was generated by the loss of CO at ring B, which
indicated that an oxygen atom underwent dehydrogenation at ring B (C-9). Meanwhile, the
key ion ofm/z 155.0608 and 130.0674 were generated by loss of H2O and a molecule from the
CHN unit. These data were attributed to an oxygen atom at ring C (position C-1 or position
N). The chromatographic retention time of M5-3 (16.18 min) was longer than that of the
precursor compound M1 (VAO) under the acidic elution condition (0.1% formic acid water-
methanol), indicating that M5-3 was an N-oxide of VAO. Thus, M5-3 was identified as
3-hydroxy-9-oxo-2, 3, 9, 10-tetrahydro-1H-pyrrolo[2,1-b] quinazoline 10-oxide.

Metabolites M6. M6 was detected with a protonated molecular weight of 219.1134, which
was 30 Da (30.0106 Da, CH2O) higher than that of the protonated parent compound. These
metabolites had a common special fragment ion 187.0825 and lost a molecule of methanol
(CH3OH), indicating the introduction of the methoxylation metabolite. In addition, three in-
dependent chromatographic peaks with protonated ions atm/z 219.1134 were detected.

M6-1 was detected at 2.10 min. The MS2 spectra showed fragment ions atm/z 187.0825
(C11H11N2O

+, calculatedm/z 187.0871), 171.0934 (C11H11N2
+, calculatedm/z 171.0922),

158.0621 (C10H8NO
+, calculatedm/z 158.0606), 132.0438 (C8H6NO

+, calculatedm/z
132.0449), and 130.0676 (C9H8N

+, calculatedm/z 130.0657). The fragment ions atm/z
158.0621, 132.0438, and 130.0676 were attributed to the methoxy group of ring B or ring C.

M6-2 and M6-3 were detected at 3.46 and 4.04 min, respectively. The MS2 spectra showed
fragment ions atm/z 187.0875 (C11H11N2O

+, calculatedm/z 187.0871), 171.0935 (C11H11N2
+,

calculatedm/z 171.0922), 169.0781 (C11H9N2
+, calculatedm/z 109.0766), 160.0648

(C9H8N2O
+, calculatedm/z 160.0637), 159.0581 (C9H7N2O

+, calculatedm/z 159.0558), and
131.0618 (C8H7N2

+, calculatedm/z 131.0609). The fragment ions atm/z 160.0648 and
131.0618 were attributed to the methoxy group of ring A.

Metabolites M7. M7 was detected with a protonated molecular weight of 221.0926, which
was 32 Da (31.9898 Da) higher than that of the protonated parent compound, indicating the
introduction of dihydroxylation metabolites. In addition, seven independent chromatographic
peaks with protonated ions atm/z 221.0926 were detected.

M7-1 was detected at 2.06 min. The MS2 spectra showed fragment ions atm/z 203.0825
(C11H11N2O2

+, calculatedm/z 203.0821), 175.0896 (C10H11N2O
+, calculatedm/z175.0871),

158.0601 (C10H8NO
+, calculatedm/z 158.0601), 157.0771 (C10H9N2

+, calculatedm/
z157.0766), and 130.0669 (C9H8N

+, calculatedm/z 130.0657). The fragment ions atm/z
203.0848, 175.0836, 146.0845, and 130.0696 were generated by loss of molecule of H2O; mole-
cule of H2O and CO unit; molecule of H2O, CO and CHO unit; and molecule of H2O, CO and
CH3NO unit, respectively. These findings were attributed the hydroxylation of ring C (positon
C-1 and position C-2). As a result, M7-1 was identified as 1, 2, 3, 9-tetrahydropyrrolo [2,1-b]
quinazoline-1,2,3-triol.

M7-2, M7-3, and M7-4 were detected at 2.62, 3.60, and 4.10 min, respectively. The MS2 spec-
tra showed fragment ions atm/z 203.0820 (C11H11N2O2

+, calculatedm/z 203.0821), 185.0700
(C11H9N2O

+, calculatedm/z 185.0715), 161.0710(C9H9N2O
+, calculatedm/z 161.0715), and

133.0767 (C8H9N2
+, calculatedm/z 133.0766). The key ion atm/z 161.0715 and 133.0767 were

generated by loss of molecule of H2O and C2H2O unit, and molecule of H2O, C2H2O and CO
unit. These findings were attributed to the hydroxylation of ring C (positon C-1). However, the
position of the other hydroxyl group was unclear.
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M7-5, M7-6, and M7-7 were detected at 5.81, 10.66, and 13.57 min, respectively. These re-
tention times were longer than that of the parent compound and all given information of
monohydroxylation metabolites. Thus, M7-5, M7-6, and M7-7 were identified as the N-oxides
after hydroxylation or di- N-oxides of the parent compound.

M7-5 was detected at 5.81 min. The MS2 spectra showed fragment ions atm/z 203.0848
(C11H11N2O2

+, calculatedm/z 203.0821), 185.0754 (C11H9N2O
+, calculatedm/z 185.0715),

175.0836 (C10H11N2O
+, calculatedm/z175.0871), 146.0845 (C9H10N2

+, calculatedm/z
146.0844), and 130.0696 (C9H8N

+, calculatedm/z 130.0657). The fragment ions atm/z
203.0848, 175.0836, 146.0845, and 130.0696 were generated by loss of a water molecule; mole-
cule of H2O and CO unit; molecule of H2O, CO and CHO unit; and molecule of H2O, CO and
CH3NO unit, respectively. However, the data obtained were not enough to identify the position
of N-oxidation and other oxygen atoms.

M7-6 was detected at 10.66 min. The MS2 spectra showed fragment ions atm/z 203.0859
(C11H11N2O2

+, calculatedm/z 203.0821), 185.0735 (C11H9N2O
+, calculatedm/z 185.0715),

173.0730 (C10H9N2O
+, calculatedm/z 173.0715), 160.0419 (C9H8NO2

+, calculatedm/z
160.0399), and 132.0435 (C8H6NO

+, calculatedm/z 132.0449). The fragment ions atm/z
160.0419 and 132.0435 were generated by the loss of H2O molecule and C2H5N unit and a mol-
ecule of H2O, C2H5N, and CO unit. However, our data were not enough to identify the position
of N-oxidation and other oxygen atoms.

M7-7 was detected at 13.57 min. The MS2 spectra showed fragment ions atm/z 203.0830
(C11H11N2O2

+, calculatedm/z 203.0821), 185.0702 (C11H9N2O
+, calculatedm/z 185.0715),

173.0709 (C10H9N2O
+, calculatedm/z 173.0715), 155.0608 (C10H7N2

+, calculatedm/z
155.0609), and 130.0674 (C9H8N

+, calculatedm/z 130.0657). The fragment ions atm/z
203.0830 and 173.0709 were generated by loss of H2O and a molecule of H2O and CH2O unit,
respectively. However, our data were not enough to identify the position of N-oxylation and
other oxygen atoms.

Metabolite M8. M8 was detected at 14.94 min. M8 showed a [M+H]+ ion atm/z 235.0727,
which was 46 Da (45.9699 Da) higher than that of the protonated parent compound, indicating
the introduction of three oxygen atom with dehydrogenation (+ 45.9691 Da). The MS2 spectra
showed identical fragment ions atm/z 217.0623 (C11H9N2O3

+, calculatedm/z 217.061),
199.0516 (C11H7N2O2

+, calculatedm/z 190.0508), 175.0722 (C9H7N2O2
+, calculatedm/z

175.0708), 173.0519 (C10H9N2O
+, calculatedm/z 173.0515), and 147.0561 (C8H7N2O

+, calcu-
latedm/z 147.0558). The fragment ion atm/z 147.0561 was attributed to an oxygen atom with
dehydrogenated ring B (C-9). The fragment ions atm/z 217.0623 and 175.0722 were generated
by loss of H2O and a molecule of H2O and C2H2O unit. Our data indicated hydrolation in ring
C (position C-2). Meanwhile, the key ion atm/z 147.0567 was generated by the loss of H2O,
C2H2O, and CO unit, indicating that another hydroxyl group was combined in ring C (position
C-3). Therefore, M8 was identified as 1,2,3-trihydroxy-2,3-dihydro-pyrrolo [2,1-b] quinazolin-
9 (1H)-one.

Metabolites M9. M9 was detected with a protonated molecular weight of 235.1083, which
was 46 Da (46.0057 Da) higher than that of the protonated parent compound, indicating the
introduction of two oxygen atoms and a methyl group into the molecule. In addition, two inde-
pendent chromatographic peaks with protonated ions atm/z 235.1083 were detected.

M9-1 and M9-2 were detected at 13.92 and 19.56 min, respectively. The MS2 spectra were
not acquired because of the interference of endogenous or other metabolites with same reten-
tion time and near molecular weight. Therefore, no fragment information could help to identi-
fy the structures of M9-1 and M9-2.

Metabolites M10. M10 was detected with a protonated molecular weight of 237.0875,
which was 48 Da (47.9747 Da) higher than that of the protonated parent compound, indicating
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the introduction of three oxygen atoms into the molecule. In addition, two independent chro-
matographic peaks with protonated ions atm/z 237.0875 were detected.

M10-1 was detected at 9.81 min. The MS2 spectra showed fragment ions atm/z 219.0741
(C11H11N2O3

+, calculatedm/z 219.0770), 201.0718 (C11H9N2O2
+, calculatedm/z 201.0664),

189.0674 (C10H9N2O2
+, calculatedm/z 189.0664), 160.0666 (C9H8N2O

+, calculatedm/z
160.0637), and 146.0618 (C9H8NO

+, calculatedm/z 146.606). The fragment ion atm/z
146.0618 was attributed to the hydroxylation of ring A (position unclear). The fragment ions at
m/z 189.0664 and 160.0666 were generated by loss of two H2O molecules, a CHO unit, and a
C2H2O unit. Our data were attributed to the hydroxylation of ring C (positon C-1 and C-2).
Therefore, M10-1 was tentatively identified as 1,2,3,9-tetrahydropyrrolo [2,1-b] quinazoline-
1,2,3,5 (6,7, or 8)-tetraol.

M10-2 was detected at 13.36 min. The MS2 spectra showed fragment ions atm/z 219.0774
(C11H11N2O3

+, calculatedm/z 219.0770), 201.0670 (C11H9N2O2
+, calculatedm/z 201.0664),

183.0563 (C11H7N2O
+, calculatedm/z 183.0558), 159.0571 (C9H7N2O

+, calculatedm/z
159.0558), 157.0770 (C10H9N2

+, calculatedm/z 157.0766) and 132.0459 (C8H6NO
+, calculated

m/z 132.0449). The fragment ion atm/z 132.0459 was attributed to the hydroxylation of ring B
(position C-9). The fragment ions atm/z 201.0670, 159.0571, and 157.0770 were generated by
the loss of two molecules of H2O; two molecules of H2O and C2H2O unit; two molecules of
H2O and CO2 unit, respectively. Our findings were attributed to two hydroxylation of ring C
(positions C-1 and C-2). Therefore, M10-2 was tentatively identified as 1,2,3,9-tetrahydropyr-
rolo [2, 1-b] quinazoline-1,2,3,9-tetraol.

Metabolites M11. M11 was detected with a protonated molecular weight of 245.1290,
which was 56 Da (56.0262 Da) higher than that of the protonated parent compound, indicating
the introduction of acetyl and methyl groups into the molecule. In addition, three independent
chromatographic peaks with protonated ions atm/z 245.1290 were detected.

M11-1, M11-2, and M11-3 were detected at 8.05, 8.38, and 10.63 min, respectively. The MS2

spectra showed fragment ions atm/z 203.1181 (C11H15N2O
+, calculatedm/z 203.1184),

187.0885 (C11H11N2O
+, calculatedm/z 187.0871), 169.0785 (C11H9N2

+, calculatedm/z
169.0766), 160.0647 (C9H8N2O

+, calculatedm/z 160.0637), 159.0602 (C9H7N2O
+, calculated

m/z 159.0558), and 131.0625 (C8H7N2
+, calculatedm/z 131.0609). The fragment ions atm/z

203.1181 (−42.0109 Da) and 187.0885 (−58.0405 Da) were attributed to acetylation and meth-
ylation of the parent compound. However, the concrete substitution position was unclear.

Metabolites M12. M12 was detected with a protonated molecular weight of 247.1083,
which was 58 Da (58.0055 Da) higher than that of the protonated parent compound, indicating
the introduction of oxygen atom and C2H2O unit (acetyl group) into the molecule. In addition,
two independent chromatographic peaks with protonated ions atm/z 247.1083 were detected.

M12-1 and M12-2 were detected at 4.00 and 4.42 min, respectively. The MS2 spectra showed
fragment ions atm/z 229.0963 (C13H13N2O2

+, calculatedm/z 229.0977), 187.0848
(C11H11N2O

+, calculatedm/z 187.0871), 169.0753 (C11H9N2
+, calculatedm/z 169.0766),

160.0770 (C10H10NO
+, calculatedm/z 160.0762), and 131.0607 (C8H7N2

+, calculatedm/z
131.0609). The fragment ions ofm/z 229.0963 (−18.0120 Da) and 187.0848 (−60.0235 Da) in-
dicated a hydrogenation and acetylation occurring in parent compound. The fragment ion of
m/z 131.0607 showed no oxygen atom substitution at rings B and A, but was attributed to the
hydroxylation of ring C (position C-1 or C-2). However, the concrete position of acetyl group
substitution was unclear.

Metabolite M13. M13 was detected (tR = 13.47 min) with a protonated molecular weight
of 251.1290, which was 62 Da (61.9997 Da) higher than that of the protonated parent com-
pound, indicating the introduction of three oxygen atoms and a methyl group into the mole-
cule. The MS2 spectra showed fragment ions atm/z 219.0755 (C11H11N2O3

+, calculatedm/z
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219.0770), 201.0676 (C11H9N2O2
+, calculatedm/z 201.0664), 183.0570 (C11H7N2O

+, calculated
m/z 183.0558), and 157.0786 (C10H9N2

+, calculatedm/z 157.0766). The fragment ion atm/z
219.0755 (−32.0270 Da) was generated by the loss of a methanol (CH3OH) molecule. The frag-
ment ions atm/z 201.0676 and 183.0570 (−58.0405 Da) were generated by the loss of H2O and
methanol and a molecule of two H2O and CH3OH. Our data indicated three oxygen atom sub-
stitutions in the parent compound. However, the concrete substitution position was unclear.

Metabolites M14. M14 was detected with a protonated molecular weight of 261.1239,
which was 72 Da (72.0211 Da) higher than that of the protonated parent compound, indicating
the introduction of oxygen atom, acetyl group, and methyl group into the molecule. In addi-
tion, five independent chromatographic peaks with protonated ions atm/z 261.1239
were detected.

M14-1 and M14-4 were detected at 2.65 and 8.38 min, respectively. The MS2 spectra showed
fragment ions atm/z 244.1195 (C14H16N2O2

+, calculatedm/z 244.1212), 188.0939
(C11H12N2O

+, calculatedm/z 188.0950), 187.0882 (C11H11N2O
+, calculatedm/z 187.0871),

160.0641 (C9H8N2O
+, calculatedm/z 160.0637), 144.0700 (C9H8N2

+, calculatedm/z 144.0687),
and 131.0616 (C8H7N2

+, calculatedm/z 131.0609), respectively. The fragment ion atm/z
244.1195 (−17.0050 Da) was generated by loss of a hydroxyl group from the parent compound.
The fragment ion atm/z 188.0939 (−73.0306 Da) was generated by loss of a CH2O and C2H3O
unit. The fragment ions ofm/z 187.0882, 160.0641, and 131.0616 were as same as that of M11,
which indicated that hydroxylation, acetylation, and methylation occurred in the parent com-
pound. However, the concrete substitution position was unclear.

M14-2 was detected at 4.48 min. The MS2 spectra showed fragment ions atm/z 244.1176
(C14H16N2O2

+, calculatedm/z 244.1212), 226.1070 (C14H14N2O
+, calculatedm/z 226.1106),

188.0937 (C11H12N2O
+, calculatedm/z 188.0950), 187.0865 (C11H11N2O

+, calculatedm/z
187.0871), 169.0765 (C11H9N2

+, calculatedm/z 169.0766) and 160.0647 (C9H8N2O
+, calculat-

edm/z 160.0637). The fragment ions atm/z 244.1195 (−17.0050 Da) and 226.1070 (35.0169
Da) were generated by the loss of an-OH unit and molecule of-OH and H2O from the parent
compound. The fragment ion atm/z 188.0939 (−73.0306 Da) was generated by the loss of OH
and C3H4O. Our data indicated that hydroxylation, acetylation, and methylation had occurred
in parent compound. However, the concrete substitution position was unclear.

M14-3 was detected at 7.89 min. The MS2 spectra showed fragment ions atm/z 231.1183
(C13H15N2O2

+, calculatedm/z 231.1134), 188.0937 (C11H12N2O
+, calculatedm/z 188.0950),

160.0647 (C9H8N2O
+, calculatedm/z 160.0637), 144.0690 (C9H8N2

+, calculatedm/z 169.0766)
and 121.0668 (C8H9O

+, calculatedm/z 121.0653). The fragment ion atm/z 231.1183 (−30.0056
Da) indicated the methylation of parent compound. The fragment ion atm/z 121.0668 indicat-
ed acetylation of ring A (position unclear). The fragment ion atm/z 188.0939 (−73.0306 Da)
was generated by the loss of OH and C3H4O. Our data indicated that hydroxylation, acetyla-
tion, and methylation had occurred in parent compound.

M14-5 was obviously detected at 15.76 min. The MS2 spectra were not acquired because of
the interference with endogenous or other metabolites having the same retention time and
near molecular weight. Therefore, no fragment information could help to identify the structure
of M14-5.

Metabolites M15. M15 was detected (tR = 8.53 min) with a protonated molecular weight
of 269.0609, which was 80 Da (79.9581 Da) higher than that of the protonated parent com-
pound, indicating the introduction of sulfonic group into the molecule. The MS2 spectra
showed fragment ions atm/z 189.1038 (C11H13N2O

+, calculatedm/z 189.1028), 171.0932
(C11H11N2O

+, calculatedm/z 171.0922), 154.0672 (C11H8N
+, calculatedm/z 154.0657),

144.0813 (C10H10N
+, calculatedm/z 144.0813), and 118.0668 (C8H8N

+, calculatedm/z
118.0657). The fragment ion atm/z 189.1038 (−79.9571 Da) indicated M15 as a sulfate atm/z
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189.1038 molecular. Other fragment ion information was as same as those of the parent com-
pound, indicating that M15 was 1,2,3,9-tetrahydro- pyrrolo [2, 1-b] quinazolin-3-yl
hydrogen sulfate.

The molecular formula of the metabolite was further supported by the 1H and 13C NMR
spectral data (Table 4). The 1H-NMR spectra of M15 indicated the existence of four aromatic
protons and the metabolic substitution did not occur in the benzene ring. Meanwhile, the 13C
NMR spectra of M15 were similar to that of VAS (M0). Difference was observed between the
1H-NMR spectra of M15 and VAS. Only one of the protons at δ 5.45 (H-3) shifted to downfield
by 0.90 ppm; the other protons signals shifted to a downfield by 0.28−0.54 ppm, which indicat-
ed that metabolic substitution occurred in C-3. Therefore, M15 was confirmed as 1,2,3,9-tetra-
hydropyrrolo [2,1-b] quinazolin-3-yl hydrogen sulfate.

Metabolite M16. M16 was detected (tR = 10.82 min) with a protonated molecular weight
of 283.0389, which was 94 Da (93.9361 Da) higher than that of the protonated parent com-
pound, indicating the introduction of oxygen with dehydrogenation and sulfonic group into
the molecule. The MS2 spectra showed fragment ions atm/z 203.0826 (C11H11N2O2

+, calculat-
edm/z 203.0821), 185.0725 (C11H9N2O

+, calculatedm/z 185.0715), 167.0624 (C11H7N2
+, cal-

culatedm/z 167.0616), 157.0767 (C10H9N2
+, calculatedm/z 157.0766), 140.0529 (C10H6N

+,
calculatedm/z 140.0500), and 130.0653 (C9H8N

+, calculatedm/z 130.0557). The fragment ion
atm/z 203.0826 (−79.9563 Da) indicated M15 was a sulfate atm/z 203.0826 molecule. The
other fragment ions information were as same as that of VAO, indicating that M16 was 9-oxo-
1,2,3,9-tetrahydropyrrolo [2,1-b] quinazolin-3-yl hydrogen sulfate.

The molecular formula of the metabolite was further supported by the 1H and 13C NMR
spectral data (Table 4). Similar to M15, the 1H-NMR spectra of M16 indicated the existence of
four aromatic protons, indicating that metabolic substitution did not occur in the benzene
ring. Meanwhile, the 13C NMR spectra of M16 were similar to the VAO (M1). Differences were
observed between the 1H-NMR spectra of M16 and VAO. Only one of the protons at δ 5.73
(H-3) shifted to downfield by 0.76 ppm; the other protons signals shifted to downfield by 0.14–
0.45 ppm. This finding indicated that the metabolic substitution was happened in the C-3.
Therefore, M16 was confirmed as 9-oxo-1,2,3,9-tetrahydropyrrolo [2,1-b] quinazolin-3-yl
hydrogen sulfate.

Metabolites M17. M17 was detected with a protonated molecular weight of 285.0545,
which was 96 Da (95.9517 Da) higher than that of the protonated parent compound, indicating
the introduction of oxygen atom and sulfonic group into the molecule. In addition, two inde-
pendent chromatographic peaks with protonated ions atm/z 285.0545 were detected.

M17-1 and M17-2 were detected at 2.24 and 4.69 min, respectively. The MS2 spectra showed
fragment ions atm/z 205.0981 (C11H13N2O2

+, calculatedm/z 205.0977), 187.0882
(C11H11N2O

+, calculatedm/z 187.0871), 160.0617 (C9H8N2O
+, calculatedm/z 160.0762), and

134.0618 (C8H8NO
+, calculatedm/z 134.0606). The fragment ion atm/z 205.0981 (-79.9564

Da) indicated that M16 was a sulfate ofm/z 205.0981 molecule. Other fragment ion informa-
tion was as same as that of M3-2 (m/z 205 Da). Therefore, M17-1 and M17-2 might be sulfates
of M3-2, but the same fragment ion information with M3-2 might be found all of the hydroxyl-
ation occurred on ring A. Thus, M17-1 and M17-2 were identified as the sulfates of the parent
compound that underwent hydroxylation at ring A.

Metabolite M18. M18 was detected (tR = 10.56 min) with a protonated molecular weight
of 297.0185, which was 108 Da (107.9157 Da) higher than that of the protonated parent com-
pound. The MS2 spectra showed identical fragment ions atm/z 217.0618 (C11H9N2O3

+, calcu-
latedm/z 217.0613), 199.0539 (C11H7N2O2

+, calculatedm/z 190.0508), 160.0400 (C9H6NO
+,

calculatedm/z 160.0399), and 147.0590 (C8H7N2O
+, calculatedm/z 147.0558). The fragment

ion atm/z 217.0618 (−79.9567 Da) indicated that M18 was a sulfate ofm/z 217.0618 molecular.
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The other fragment ion information was as same as that of M7 (m/z 217 Da). Therefore, M18
was identified as 1 (or 2), 9-dioxo-1,2,3,9-tetrahydro- pyrrolo [2,1-b] quinazolin-3-yl
hydrogen sulfate.

Metabolite M19. Metabolites M19-1, M19-2, and M19-3 were detected at 6.37, 7.22, and
8.25 min, respectively. M19 showed a [M+H]+ ion atm/z 299.0338, which was 110 Da
(109.9310 Da) higher than that of the protonated parent compound. The MS2 spectra showed
obvious fragment ion atm/z 219.0766 (C11H11N2O3

+, calculatedm/z 219.0770). Given the in-
terference with endogenous or other metabolites having the same retention time and near mo-
lecular weight, no more fragment ions information of M19 could be acquired. Therefore, M19
was tentatively identified metabolites by di-hydroxylation, dehydrogenation, and sulfation of
parent compound.

Metabolites M20. M20 was detected with a protonated molecular weight of 365.1349,
which was 176 Da (176.0221 Da) higher than that of the protonated parent compound, indicat-
ing the introduction of C6H8O6 unit (glucuronidation) into the molecule. In addition, two in-
dependent chromatographic peaks with protonated ions atm/z 365.1349 were detected.

M20-1 and M20-2 were detected at 7.90 and 8.25 min, respectively. The MS2 spectra showed
fragment ions atm/z 189.1023 (C11H13N2O

+, calculatedm/z 189.1028), 171.0924
(C11H11N2O

+, calculatedm/z 171.0922), 154.0644 (C11H8N
+, calculatedm/z 154.0657),

144.0838 (C10H10N
+, calculatedm/z 144.0813), and 118.0649 (C8H8N

+, calculatedm/z
118.0657). The fragment ion atm/z 189.1023 (−176.0226 Da) indicated that M20 was a glucu-
ronide conjugate of the parent compound. Other fragment ion information of M20 was as
same as that of parent compound. These results revealed that M20 was a tentatively identified
glucuronide conjugate of VAS (position C-3, N-1 or N-2).

The molecular formula of M20-2 was further supported by the 1H and 13C NMR spectral
data (Table 4). The 1H-NMR spectra of M20-2 indicated the existence of four aromatic protons
and the metabolic substitution did not occur in the benzene ring. The proton signals at δ 5.26
(1H, t, J = 7.6 Hz, H-1’) in the1H-NMR spectra and the carbonyl signals at δ 101.9, 75.4, 72.4,
71.5, 76.1, 175.0 in the 13C-NMR spectra confirmed that this metabolite had a β-D-glucuronic
acid. The 13C-NMR spectra of M20-2 were similar to the spectra of VAS (M0), except for the
carbonyl signals of the glucuronic residue, indicating that the parent nucleus of M20-2 was
VAS (M0). The HMBC correlations between the carbonyl signal at δ 77.6 (C-2) and proton sig-
nal at δ5.03 (1H, t, J = 7.6 Hz, H-1’) indicated that the glucuronic acid was linked to the C-3.
Thus, M20-2 was confirmed as 1,2,3,9-tetrahydropyrrolo [2,1-b] quinazolin-3-β-D-glucuro-
nide, while M20-1 was tentatively identified as glucuronide conjugate of the parent compound
(position N-1 or N-2).

Metabolites M21. M21 was detected with a protonated molecular weight of 379.1141,
which was 190 Da (190.0113 Da) higher than that of the protonated parent compound, indicat-
ing the introduction of oxygen atom, dehydrogenation, and addition of a C6H8O6 unit (glucur-
onidation) into the molecule. In addition, two independent chromatographic peaks with
protonated ions atm/z 379.1141 were detected.

M21-1 and M21-2 were detected at 7.90 and 8.81 min, respectively. The MS2 spectra showed
fragment ions atm/z 203.0836 (C11H11N2O2

+, calculatedm/z 203.0821), 185.0724
(C11H9N2O

+, calculatedm/z 185.0715). The fragment ion atm/z 203.0836 (−176.0305 Da) in-
dicated that M21 was a glucuronide conjugate of VAO. M21 was tentatively identified as the
glucuronide conjugate of VAO (positions C-3, N-1, or N-2).

Metabolites M22. M22 was detected with a protonated molecular weight of 381.1298,
which was 192 Da (192.0270 Da) higher than that of the protonated parent compound, indicat-
ing the introduction of oxygen atom and addition of a C6H8O6 unit (glucuronidation) into the
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molecule. In addition, five independent chromatographic peaks with protonated ions atm/z
381.1298 were detected.

M22-1, M22-2, M22-3, and M22-4 were detected at 0.89, 1.25, 1.75, and 3.24 min, respec-
tively. The MS2 spectra showed fragment ions atm/z 205.0983 (C11H13N2O2

+, calculatedm/z
205.0977), 187.0876 (C11H11N2O

+, calculatedm/z 187.0871), 160.0770 (C10H10NO
+, calculated

m/z 160.0762), and 134.0598 (C8H8NO
+, calculatedm/z 134.0606). The fragment ions atm/z

160.0770 and 134.0598 indicated the hydrogenation of ring A (position unclear). The fragment
ion atm/z 205.0983 (−176.0315 Da) indicated that they were the products of the hydrogenation
and glucuronidation of the parent compound.

M22-5 was detected at 3.84 min. The MS2 spectra showed fragment ions atm/z 205.0976
(C11H13N2O2

+, calculatedm/z 205.0977), 187.0876 (C11H11N2O
+, calculatedm/z 187.0871),

160.0425 (C9H6NO2
+, calculatedm/z 160.0399), and 136.0780 (C8H10NO

+, calculatedm/z
136.0762). The fragment ion atm/z 160.0425 also indicated the hydrogenation of ring A (posi-
tion unclear). The fragment ion atm/z 205.0976 (−176.0322 Da) might tentatively help to iden-
tify M22-5 as a product of hydrogenation and glucuronidation of the parent compound.

Metabolite M23. M23 was detected (tR = 12.25 min) with a protonated molecular weight
of 393.0943, which was 204 Da (203.9915 Da) higher than that of the protonated parent com-
pound. The MS2 spectra showed identical fragment ions atm/z 217.0611 (C11H9N2O3

+, calcu-
latedm/z 217.0613), 199.0539 (C11H7N2O2

+, calculatedm/z 190.0508), 160.0600 (C9H6NO
+,

calculatedm/z 160.0399), and 147.0548 (C8H7N2O
+, calculatedm/z 147.0558). The fragment

ion atm/z 217.0611 (−176.0332 Da) indicated that M23 was a glucuronide conjugate ofm/z
217.0618 molecular. The other fragment ion information was as same as that of M7 (m/z 217
Da). Therefore, M23 was identified as a glucuronide conjugate of the parent compound by di-
hydroxylation and di-dehydrogenation.

Metabolites M24. M24 was detected with a protonated molecular weight of 395.1091,
which was 206 Da (206.0063 Da) higher than that of the protonated parent compound, indicat-
ing the introduction of two oxygen atom, dehydrogenation, and addition of a C6H8O6 unit
(glucuronidation) into the molecule. In addition, four independent chromatographic peaks
with protonated ions atm/z 395.1091 were detected.

M24-1, M24-2, M24-3, and M24-4 were detected at 1.91, 4.92, 10.40, and 12.00 min, respec-
tively. The MS2 spectra showed fragment ions atm/z 219.0778 (C11H11N2O3

+, calculatedm/z
219.0770), and 201.0659 (C11H9N2O2

+, calculatedm/z 201.0664). The fragment ion atm/z
219.0778 (−176.0313 Da) indicated that M24 was a glucuronide conjugate by di-hydroxylation,
dehydrogention of the parent compound. However, no more fragment information was ac-
quired because the peak abundance of M24 was too low or the interference was too serious.
Therefore, the concrete substitution position was unclear.

Metabolites M25. M25 was detected with a protonated molecular weight of 397.1247,
which was 208 Da (208.0219 Da) higher than that of the protonated parent compound, indicat-
ing the introduction of two oxygen atom and addition of a C6H8O6 unit (glucuronidation) into
the molecule. In addition, two independent chromatographic peaks with protonated ions atm/
z 397.1247 were detected.

M25-1 and M25-2 were detected at 2.64 and 4.91 min, respectively. The MS2 spectra showed
fragment ions atm/z 221.0934 (C11H13N2O3

+, calculatedm/z 221.0926), and 203.0871
(C11H11N2O2

+, calculatedm/z 203.0821). The fragment ion atm/z 221.0934 (−176.0313 Da)
indicated that the M25 could be tentatively identified as glucuronide conjugate of parent com-
pound after di-hydroxylation. However, the concrete substitution position was unclear.

Metabolites M26. M26 was detected with a protonated molecular weight of 411.1404,
which was 222 Da (222.0376 Da) higher than that of the protonated parent compound, indicat-
ing the introduction of CH2O2 (methyl group and two oxygen atom) and addition of a C6H8O6
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unit (glucuronidation) into the molecule. In addition, eight independent chromatographic
peaks with protonated ions atm/z 411.1404 were detected.

M26-1, M26-2, M26-3, M26-4, M26-5, M26-6, M26-7, and M26-8 were detected at 19.97,
20.46, 21.30, 21.93, 22.52, 22.79, 22.99, and 23.48 min, respectively. The MS2 spectra showed
fragment ion atm/z 187.0852 (C11H11N2O

+, calculatedm/z 187.0871). Given the interference
with endogenous or other metabolites having same retention time and near molecular weight,
no more fragment information could be obtained to identify the structure of metabolites. M26
was tentatively identified as the glucuronide conjugate of the parent compound after di-hy-
droxylation and methylation.

Metabolite M27. M27 was detected (tR = 23.48 min) with a protonated molecular weight
of 413.1196, which was 204 Da (203.9915 Da) higher than that of the protonated parent com-
pound. The MS2 spectra showed identical fragment ions atm/z 237.0902 (C11H13N2O3

+, calcu-
latedm/z 237.0875), 187.0793 (C10H9N2O2

+, calculatedm/z 187.0871), and 160.0645
(C9H8N2O

+, calculatedm/z 160.0637). The fragment ion atm/z 237.0902 (−176.0294 Da) indi-
cated M27 was a glucuronide conjugate ofm/z 237.0902 molecule. M27 was identified as glucu-
ronide conjugate of parent compound after tri-hydroxylation

Metabolite M28. M28 was detected (tR = 11.51 min) with a protonated molecular weight
of 421.1591, which was 232 Da (232.0563 Da) higher than that of the protonated parent com-
pound. The MS2 spectra showed identical fragment ions atm/z 245.1295 (C14H17N2O2

+, calcu-
latedm/z 245.1290), 187.0869 (C10H9N2O2

+, calculatedm/z 187.0871), 169.0782 (C11H9N2
+,

calculatedm/z 169.0766) and 144.0701 (C9H8N2
+, calculatedm/z 144.0687). The fragment ion

atm/z 245.1295 (−176.0304 Da) indicated M28 was a glucuronide conjugate ofm/z 245.1295
molecular. M28 was identified as glucuronide conjugate of parent compound after methylation
and acetylation.

Metabolite M29. M29 was detected (tR = 7.61 min) with a protonated molecular weight of
437.1583, which was 248 Da (248.0555 Da) higher than that of the protonated parent com-
pound. The MS2 spectra showed fragment ion atm/z 261.1233 (C14H17N2O3

+, calculatedm/z
261.1239). The fragment ion atm/z 261.1233 (−176.0350 Da) indicated that M29 was a glucu-
ronide conjugate ofm/z 261.1233 molecule. Given that no more fragment ion information
could be obtained to identify the structure of this metabolite, M29 was tentatively identified as
the glucuronide conjugate of the parent compound after hydroxylation, methylation,
and acetylation.

Metabolite M30. M30 was detected (tR = 2.97 min) with a protonated molecular weight of
557.1573, which was 368 Da (368.0545 Da) higher than that of the protonated parent com-
pound. The MS2 spectra showed fragment ions atm/z 381.1342 (C17H21N2O8

+, calculatedm/z
381.1298) and 205.0970 (C11H13N2O2

+, calculatedm/z 205.0977). The fragment ions atm/z
381.1342 (−176.0232 Da) and 205.0970 (−352.0603) indicated that M30 was di-glucuronide
conjugate ofm/z 205.0970 molecule. M30 was then tentatively identified as di-glucuronide
conjugate of parent compound after hydroxylation.

Anticholinesterase activity of VAS and metabolites
The inhibitory activities of VAS and its key metabolites of VAO, VASL, VAOL, VAS-3-S,
VAO-3-S, and VAS-3-G against AChE and BChE were evaluated in vitro and summarized in
Table 5. All tested compounds exhibited some degree of inhibitory activities on both AChE
and BChE. The parent compound VAS exhibited strong inhibition both on AChE and BChE
with IC50 values of 3.380 ± 0.030 and 0.101 ± 0.003 μM, respectively. As phase I metabolites of
VAS, VASL also showed strong inhibition against both AChE and BChE activities with IC50

values of 2.649 ± 0.432 and 2.463 ± 0.224 μM, respectively. However, VAO exhibited low
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inhibitory activity against AChE, with IC50 values of 76.597 ± 8.458 μM, and moderate inhibi-
tory activity against BChE, with IC50 values of 10.200 ± 2.083 μM. VAOL exhibited weaker in-
hibitory activity both on AChE and BChE activities with IC50 values of 46.890 ± 2.835 μM and
72.450 ± 8.634 μM, respectively. As the phase II metabolites of VAS, VAS-3-S exhibited weaker
inhibitory activity against AChE, with IC50 values of 49.600 ± 2.774 μM, and slightly stronger
inhibitory activity against BChE with IC50 values of 9.821 ± 0.925 μM. VAO-3-S exhibited low
inhibitory activity against AChE with IC50 values of 395.000 ± 19.545 μM and moderate inhibi-
tory activity against BChE with IC50 values of 27.290 ± 5.028 μM. VAS-3-G exhibited moderate
inhibitory activity against AChE with IC50 values of 20.770 ± 0.329 μM and low inhibitory ac-
tivity against BChE with IC50 values of 103.800 ± 15.522 μM.

Discussion
According to results of bioavailability studies of VAS and metabolites in our laboratory (no
published data), the absolute bioavailability of VAS after oral administration was about 50%,
and the elimination half-life of VAS after intravenous and oral administration was about 5 h
and 1.5 h, respectively. In the process of urine samples collection, 15 rats have been adminis-
trated with VAS orally at dose of 100 mg/kg body weight once a day for 21 consecutive days
and no any observable side effects have been seen. In addition, the LD50 value of VAS has been
determined as 308.25 mg/kg (no published data). It illustrated that VAS is safe as a potential
candidate drug.

In the present study, we systematically investigated the metabolites of VAS in vivo (rat
urine, feces, plasma, and bile) and in vitro (RLMs and RPHs) and the cholinesterase inhibitory
activities of its main metabolites. By using the analysis of UPLC/ESI-QTOF MS scan,
1H-NMR, and 13C NMR, a total of 72 metabolites were identified. Among them, 72 metabolites
were found from the urine, 15 from the feces, 25 from the plasma, 45 from the bile, 18 from
RLMs, and 11 from RPHs. These results indicated that VAS encountered a strong liver first
pass effect and the liver was the momentous metabolic organ for the metabolism of VAS.

VAS undergoes extensive sequential metabolism in vivo and in vitro. Both the phases I and
II metabolites were observed. The metabolic pathways of VAS were proposed in Fig 9. The for-
mation of the phase I metabolites included hydroxylation (M3, M7, M10) and desaturation
(M1, M4, M5, M8). Among the phase I metabolites, the product of monohydroxylation and
desaturation (VAO) was the main metabolite. This compound could be separated from P. har-
mala and A. vasica. Other hydroxylation or hydroxylation and desaturation products were also

Table 5. Inhibitory activity (IC50) and selectivity index (SI) of the metabolites investigated against AChE and BChE.

Metabolites IC50 (μM ± SD) SI

AChE BChE

M0 (VAS) 3.380 ± 0.030 0.101 ± 0.003 0.030

M1 (VAO) 76.597 ± 8.458 10.200 ± 2.083 0.133

M3-2 (VASL) 2.649 ± 0.432 2.463 ± 0.224 0.930

M5-2 (VAOL) 46.890 ± 2.835 72.450 ± 8.634 1.545

M15 (VAS-3-S) 49.600 ± 2.774 9.821 ± 0.925 0.198

M16 (VAO-3-S) 395.000 ± 19.545 27.290 ± 5.028 0.069

M20-2 (VAS-3-G) 20.770 ± 0.329 103.800 ± 15.522 4.998

IC50 values were determined by regression analyses and expressed as the means ± SD of three replicate determinations. The SI represents the AChE

selectivity index defined as IC50 BChE/IC50 AChE.

doi:10.1371/journal.pone.0122366.t005
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extensively observed. The reaction involved the addition of one, two, or even three hydroxyl
groups or/and desaturation from the parent drug. In some metabolites, two metabolic transfor-
mations simultaneously occurred. For example, M8 was formed by the desaturation reaction
followed by a hydroxylation reaction. This metabolic pattern is widespread in many cases [20].
The phase II biotransformation observed as methylation, acetylation, sulfation, and glucuroni-
dation. Among the reactions, sulfation and glucuronidation metabolites (M15, M16, M20-2
and M21-2) were most common among phase II metabolites. To obtain the reference sub-
stances of VAS metabolites, 15 rats were given continuous oral administration of VAS for 21
days and urine samples were collected within a period of 0 h to 528 h (48 h after the last dosing)
for chemical separation. M15, M16, M20-2, and M21-2 were then isolated from the urine.
However, because of an unavoidable lapsus, most of M20-2 and M21-2 were hydrolyzed due to
urine sample being exposed at room temperature for an excessively long time at a high pH en-
vironment (pH> 10). Only M15, M16, and a small quantity M20-2 were isolated and acquired.
The structures were determined as VAS-3-S, VAO-3-S, and VAS-3-G by NMR and UPLC/
ESI-QTOF-MS. It indicated that when we needed to isolate the metabolites from urine and
feces, the pH value was a vital factor that must be controlled. The structure of metabolites indi-
cated the 3-hydroxyl group and C-9 site are the main metabolic soft spots, and VAO was an
important intermediate metabolite.

In a previous study, VAO, DVAS, DVAO, VAS-3-G, and VAO-3-G have been identified as
metabolites of VAS in rats after a single oral dose of 20 mg/kg has been reported [16]. In our
study, however, DVAS, DVAO, and their related metabolites could not be found either in vivo
or in vitro. We believed that several factors could have caused the discrepancies. Firstly, VAS
with impurity might be used in previous studies. We all know that the natural compounds iso-
lated from plants could be easily mixed with some analogs. We found that the initial separation
and preparation of VAS easily being resulted in some impurities (including DVAS and
DVAO), when the parent compound VAS being isolated from P. harmala. In order to obtain
pure VAS (not contain DVAS and DVAO), purification should be performed further. Second-
ly, the animal strain or individual differences could be a source of discrepancy. The metabolism
of many drugs was also affected by the species, strain, sex, age, and individual differences [33].
Thirdly, the stereochemical structure of VAS would be given consideration for the discrepancy
results. In addition, (-)-VAS was also isolated from A. visica and (±)-VAS was isolated from P.
harmala [34]. The different of stereoselective characteristics might lead to different metabolism
profiles [35].

For the 23 metabolites found in plasma, VAO, 1,2,3,9-tetrahydropyrrolo [2,1-b] quinazolin-
3,9-diol (a hydroxylation metabolite of VAS, but the substituted site was not as same as VASL),
VAS-3-S, VAO-3-S, VAS-3-G, and VAO-3-G were found with high abundance. VAO was re-
ported to cause more bronchodilatory effects than parent VAS both in vitro and in vivo [36].
In addition, VAO was reported to have more potent anti-asthmatic activity than VAS compa-
rable to that of sodium cromoglycate [37]. Meanwhile, as another important metabolic path-
way, the sulfation metabolites were first reported for VAS and related compounds.

From the anti-cholinesterase assay results (Table 5), we can see that the parent compound
VAS exhibited strong inhibition both on AChE and BChE activities, and that the tested metab-
olites exhibited inhibitory activity on both AChE and BChE, especially in the IC50 values of
VASL (2.649 ± 0.432 μM) against AChE. It was slightly stronger than the parent compound
(VAS, 3.242 ± 0.079 μM). Interestingly, the IC50 values of VAOL (46.890 ± 2.835 μM) against
AChE was also stronger than VAO (76.597 ± 8.458 μM), which implied that the hydroxy-
substituted benzene ring of VAS analogs could increase the inhibitory activity on AChE. How-
ever, the AChE selectivity index (SI, IC50 of BChE/IC50 of AChE) of VASL and VAOL were
0.930 and 1.545, which indicated that the hydroxy-substituted on benzene ring of VAS analogs
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obviously could reduce the selectivity for BChE inhibition. In comparison with VAS and VAS-
3-S, the inhibitory activities of VAO and VAO-3-S on AChE and BChE were significantly re-
duced. VAO and VAO-3-S were reduced by 22.7-fold and 8.0-fold on AChE inhibitory activity
and 101.0-fold and 2.8-fold on BChE inhibitory activity, respectively. However, the AChE SI of
VAO and VAO-3-S were unchanged compared with VAS and VAS-3-S, which implied that
the ketonization of VAS analogs might cause reduced inhibitory activity both on AChE and
BChE. In addition, to be compared with VAS, the activities of VAS-3-G against AChE and
BChE have reduced 6.7-fold and 1027.7-fold, respectively, with reduced selectivity for BChE
inhibition. Overall, VAS has undergone inactivation in vivo in respect to anticholinesterase
activity.

In conclusion, our study revealed that VAS is a metabolic unstable compound that is exten-
sively metabolized in vivo and in vitro in rat. The 3-hydroxyl group and C-9 site are the main
metabolic soft spots, and VAO is an important metabolic intermediate. The result of anticho-
linesterase activity assay of VAS and its main metabolites indicated that VAS undergoes meta-
bolic inactivation process in vivo in consideration of anticholinesterase activity. Results from
our study are important in understanding the metabolism and anticholinesterase activity of
VAS and related quinazoline type alkaloid and provide useful information that can be used as
reference for pharmacochemistry and clinical pharmacology.
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