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The human cytochrome P450 2A6 (CYP2A6) and monoamine oxidases (MAO-A and MAO-B), catalyzing
nicotine and dopamine metabolisms, respectively, are two therapeutic targets of nicotine dependence.
Vernonia cinerea, amedicinal plant commonlyused for treatment of diseases such as asthmaandbronchitis,
has been shown reducing tobacco dependence effect among tobacco users. In the present study, we found
eight active compounds isolated fromV. cinerea that comprise inhibitory activity towardCYP2A6 andMAO-
AandMAO-Benzymesusing activity-guidedassays,with coumarin as substrateof CYP2A6andkynuramine
of MAOs. These compounds were three flavones (apigenin, chrysoeriol, luteolin), one flavonol (quercetin),
and fourhirsutinolide-type sesquiterpene lactones (8a-(2-methylacryloyloxy)-hirsutinolide-13-O-acetate,
8a-(4-hydroxymethacryloyloxy)-hirsutinolide-13-O-acetate, 8a-tigloyloxyhirsutinolide-13-O-acetate,
and 8a-(4-hydroxytigloyloxy)-hirsutinolide-13-O-acetate). Modes and kinetics of inhibition against the
three enzymes were determined. Flavonoids possessed strong inhibitory effect on CYP2A6 in reversible
mode, while inhibition by hirsutinolides was mechanism-based (NADPH-, concentration-, and time-
dependence) and irreversible. Inhibition by hirsutinolides could not be reversed by dialysis and by addi-
tion of trapping agents or potassium ferricyanide. Flavonoids inhibited MAOs with variable degrees and
were more prominent in inhibition toward MAO-A than hirsutinolides, while two of hirsutinolides
inhibited MAO-B approximately comparable to two flavonoids. These results could have implications in
combination of drug therapy for smoking cessation.
Copyright © 2014, The Japanese Society for the Study of Xenobiotics. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Tobacco smoking and dependence is a world-wide health
problem, causing adverse health effects and many tobacco-related
diseases. Nicotine is the main addictive compound in tobacco and
addiction to nicotine produces prolonged smoking, causing
smokers expose to many other deleterious ingredients in tobacco
and tobacco smoke [1]. When inhaled, nicotine quickly enters
systemic circulation and brain via diffusion into pulmonary blood.
The human liver cytochrome P450 (CYP) 2A6, a heme-containing
ongnoparut).

r the Study of Xenobiotics. Publish
enzyme in the cytochrome P450 monooxygenase superfamily, is
the primary enzyme that metabolizes nicotine absorbed into the
body [2]. Moreover, CYP2A6mediates activation of tobacco-specific
carcinogenic compounds such as 4-(methylnitrosamino)-1-(3-
pyridyl)-1-butanone (NNK) and contributes to increased risks of
lung cancer and respiratory diseases among smokers [3]. In the
brain, nicotine binds to nicotinic cholinergic receptors and stimu-
lates dopaminergic neurons in the mesolimbic brain reward path-
ways, leading to an increased release of dopamine that plays a key
role in reward mechanisms in tobacco users [1]. Dopamine is
metabolized by the mitochondrial monoamine oxidases (MAOs)
that are present in two isoforms, MAO-A and MAO-B [4]. Inhibition
of both MAOs by non-nicotinic chemicals in tobacco smoke (har-
man and norharman) was observed, potentiating the pleasurable
ed by Elsevier Ltd. All rights reserved.
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experiences of the brain through increasing dopamine levels [4,5].
Specifically, smoking reduced brain MAO-A by 30% and MAO-B by
40% [4]. Quitting of cigarette smoking causes withdrawal symp-
toms and is associated with dopamine and MAOs levels [6e8].

Pharmacotherapy for smoking cessation has currently employed
nicotine replacement therapy (NRT) and non-nicotinic therapeutic
drugs that affect tobacco dependence [9]. Polymorphic variations in
the CYP2A6 gene, reflecting variability in rate of nicotine meta-
bolism, have been linked to differences in smoking consumption,
vulnerability to addiction, smoking cessation, and lung cancer risks
[1,10]. Thus inhibitors of CYP2A6-mediated nicotine metabolism,
mimicking CYP2A6 gene defect, are suggested candidates for
smoking reduction and decreasing risk of exposure tometabolically
activated carcinogenic compounds [1,9]. An oral treatment with
methoxsalen, a CYP2A6 selective irreversible inhibitor has shown
decreases of cigarette smoking through inhibition of nicotine
metabolism [11,12]. Moreover medications that could help stabi-
lizing dopamine level through inhibition of MAO during tobacco
withdrawal have been proposed as a treatment for tobacco
dependence [8]. Oral administration of selegiline, an irreversible
MAO-B inhibitor, and combination of oral selegiline and NRT
showed a trend in decreased tobacco craving during tobacco
abstinence compared to placebo [13e15]. Moclobemide, a revers-
ible MAO-A inhibitor, has also been reported facilitating smoking
cessation and abstinence in heavy, dependent smokers [16]. Thus
compounds that are inhibitors of CYP2A6-mediated nicotine
metabolism and MAOs that attenuate the reinforcing properties of
nicotine might help alleviating withdrawal symptoms during
smoking cessation.

Vernonia cinerea Less (Asteraceae) is a perennial herbaceous
plant, widely used in traditional medicine in India, Africa and Asia.
It is commonly used for treatment of various diseases such as worm
and skin diseases, asthma, bronchitis, cough [17]. Various phar-
macological activities have been reported for V. cinerea including
analgesic, anti-pyretic, and anti-inflammatory activities [18].
Recently, V. cinerea prepared as herbal tea has shown smoking
abstinence effects in smokers [19]. Supplementation of V. cinerea
preparations with exercise could reduce smoking rate in smokers in
relation to oxidative stress and beta-endorphin levels in smokers
[20]. These results imply that V. cinerea comprises compounds that
help reducing smoking and sustaining smoking abstinence during
smoking cessation. Phytochemical analysis of V. cinerea showed the
presence of steroids, sesquiterpenes, and flavonoids [17]. However
bioactive compounds in V. cinerea involved in smoking abstinence
have not been reported.

In this report, we investigated whether there are bioactive
compounds in V. cinerea that comprise inhibitory activity against
the recombinant human CYP2A6, MAO-A and MAO-B enzymes,
thereby contributing to reduction of smoking rate previously
reported. Coumarin as probe substrate of CYP2A6 and kyuramine
of MAOs were employed in the fluorescence-based enzymatic
assays. We isolated and identified three flavones, one flavonol
and four hirsutinolide-type sesquiterpene lactones from
V. cinerea that exerted inhibition effects. Kinetics and modes of
inhibition of the purified compounds against CYP2A6 and MAOs
were determined.

2. Materials and methods

2.1. Chemicals

Coumarin, R-(�)deprenyl hydrochloride, kynuramine hydro-
bromide, 4-hydroxyquinoline, 7-hydroxycoumarin, 1,2-dilauroyl-
rac-glycero-3-phosphocholine (DLPC), nicotinamide adenosine
diphosphate reduced form (NADPH), methoxsalen, d-
aminolevulinic acid (d-ALA), isopropyl-beta-D-thiogalactopyrano-
side (IPTG), phenylmethylsulfonyl fluoride (PMSF), glutathione
(GSH), catalase, potassium ferricyanide, and Sephadex LH-20 gel
were purchased from SigmaeAldrich (St. Louis, MO). Silica gel
(230e400 mesh) was supplied by Merck (Darmstadt, Germany).
Ethyl acetate (EtOAc), hexane, ethanol (EtOH), diethyl ether, chlo-
roform and high performance liquid chromatogryphy (HPLC) grade
acetonitrile (ACN) and methanol (MeOH) were obtained from RCI
Labscan (Bangkok, Thailand).

2.2. Extraction and isolation of compounds

Aerial parts of V. cinereawere obtained from the Chao Krom Poe
traditional medicine market, Bangkok, Thailand, in October 2013.
The plant materials were identified by Dr. Thaya Jenjittikul,
Department of Plant Science, Faculty of Science, Mahidol Univer-
sity, Bangkok, Thailand. A voucher sample (7803) was deposited at
Suanluang Rama IX herbarium, Bangkok.

The dry and ground V. cinerea material (1 kg) was macerated
three times in 95% EtOH (3 � 10 L) at 37 �C, concentrated under
reduced pressure at 45 �C to yield 68 g of a viscous mass of ethanol
extract. The crude extract was dissolved in 15% EtOH (400 ml) and
further partitioned with hexane (3 � 400 ml) and EtOAc
(3 � 400 ml), yielding hexane- (17 g), EtOAc- (15 g) and aqueous-
soluble extracts (32 g). Stock solutions of both hexane- and
EtOAc-soluble extracts (40 mg/ml) were prepared in EtOH and
subjected to inhibition assays against CYP2A6 and MAOs enzymes
and IC50 values determined. To primarily evaluate compounds in
the extracts, both hexane and EtOAc extracts were subjected to high
performance thin layer chromatography (HPTLC) fingerprint anal-
ysis. In brief, samples (2 ml) were spotted on a pre-coated Silica gel
60 F254 TLC plate (Merck, Billerica, MA, USA). The plate was
developed in diethyl ether: EtOAc (6: 4) and scanned at 254 nm
using a CAMAG TLC scanner 3 with Wincats software V1.3.4
(Camag, Muttenz, Switzerland). The Rf values, spectra, lmax and
peak areas of the resolved bands were recorded. Relative percent-
age area of each band was calculated. It was primarily observed
from HPTLC analysis that the hexane extract comprised large
quantity chlorophylls and chlorophylls contributed to inhibition
effects in hexane extract against the three enzymes, thus was not
subjected to further compound purification.

To identify active components that inhibited CYP2A6 and MAO
enzymes, EtOAc extract was separated by column chromatography
over Silica gel (OD 60 mm; 230e400 mesh; 500 g) with successive
elution by diethyl ether: EtOAc (100:0 to 0:100). The fractions were
collected and pooled according to TLC analysis to afford a total of 12
fractions. All fractions were prepared in EtOH and subjected to
inhibition assays against CYP2A6 and MAO-A and MAO-B enzymes.
Fractions (10 mg/ml each for CYP2A6 and 100 mg/ml each for MAOs
which were approximately 2e3 times IC50 values of the EtOH
extract) that contained at least 50% inhibition effect were preceded
for compound purification.

Fractions 5 (diethyl ether: EtOAc ¼ 1.5: 8.5, 170 mg) and 6
(diethyl ether: EtOAc¼ 3: 7, 495 mg) were subjected to purification
by HPLC (semipreparative RP-18 column; 47.8 mm � 100 mm,
Water Corporation, Ireland) with detection at 254 nm. The solvent
system (1.5 ml/min) used in HPLC consisted of ACN and water and
was set as follows: 0 min, 30% v/v ACN/water; 0e3 min, a linear
gradient from 30% to 35% ACN; 3e10 min, 35% ACN; 10e11 min,
35e40% ACN; 11e15 min, 40% ACN; 15e22 min, 40e100% ACN;
22e27 min, 100% ACN; 27e30 min, 100e30% ACN; and 30e35 min,
a final equilibration at 30% ACN. The compound in fraction 5 eluted
at 11.76 min was identified as apigenin (15.8 mg), and compounds
in fraction 6 eluted at 7.98 and 11.63 minwere identified as luteolin
(102 mg) and chrysoeriol (51 mg), respectively.
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Fractions 7, 8 and 9 (diethyl ether: EtOAc ¼ 30e60: 70e40,
2.04 g) of the EtOAc extract were combined and chromatographed
on a Silica gel (OD 15 mm; 230e400 mesh; 100 g) and eluted with
diethyl ether: EtOAc (20:0 to 0:100) to obtain 7 subfractions
(7.1e7.7). Subfractions 7.4 (205 mg), 7.5 (158 mg) and 7.7 (285 mg)
exhibiting the strongest inhibitory effect toward CYP2A6 and
either MAO-A or MAO-B were subjected to separation on a
Sephadex LH-20 gel (25 g) eluted with chloroform: MeOH (2:1)
followed by HPLC (semipreparative RP-18 column) with detection
at 254 nm. For subfraction 7.4, the mobile phase (1.5 ml/min) was
ACN/water and was set as follows: 0e4 min, 45e50% ACN;
4e6 min, 50e55% ACN; 6e15 min, 77e75% ACN; 15e17 min,
75e100% ACN; 17e23 min, 100% ACN; 23e25 min, 100e45% ACN;
and 25e30 min, a final equilibration at 45% ACN. Two compounds,
8a-(2-methylacryloyloxy)-hirsutinolide-13-O-acetate (23.2 mg)
and 8a-tigloyloxyhirsutinolide-13-O-acetate (64.5 mg), in sub-
fraction 7.4 were successfully obtained at retention time 20.2 and
21.3 min, respectively. The mobile phase (1.5 ml/min) for sepa-
ration of subfraction 7.5 was MeOH/water and was set as follows:
0e5 min, 50e70% MeOH; 5e18 min, 70e80% MeOH; 18e20 min,
80e100% MeOH; 20e25 min, 100% MeOH; 25e30 min, 100e50%
MeOH; and 30e35 min, a final equilibration at 50% MeOH. Two
major peaks in subfraction 7.5 at retention time 7.5 and 8.5 min
were obtained as 8a-(4-hydroxymethacryloyloxy)-hirsutinolide-
13-O-acetate (12.7 mg) and 8a-(4-hydroxytigloyloxy)-hirsutino-
lide-13-O-acetate (6.6 mg), respectively. The mobile phase (1.5ml/
min) for HPLC separation of subfraction 7.7 was ACN/water and
HPLC was set similar to separation of fraction 5. A single peak at
retention time 2.3 min was obtained as quercetin (19 mg). Eluci-
dation of chemical structures of all purified compounds was based
on UV spectra detected on HPLC, electrospray ionization mass
spectrometer (ESI-MS/MS, Bruker Daltonics GmbH, Bremen, Ger-
many) in both positive and negative modes and nuclear magnetic
resonance (NMR) spectra (Bruker AVANCE 400 MHz NMR Spec-
trometer, Germany) compared with published literatures [21e26].
Percent yields of four flavonoids from crude ethanol extract were
0.02, 0.08, 0.15 and 0.03 for apigenin, chrysoeriol, luteolin, and
quercetin, respectively, and yields of the four hirsutinolides
including 8a-(2-methylacryloyloxy)-hirsutinolide-13-O-acetate,
8a-(4-hydroxymethacryloyloxy)-hirsutinolide-13-O-acetate, 8a-
tigloyloxyhirsutinolide-13-O-acetate, and 8a-(4-
hydroxytigloyloxy)-hirsutinolide-13-O-acetate were 0.03%, 0.02%
0.09% and 0.01%, respectively.
2.3. CYP2A6-mediated coumarin 7-hydroxylation assay

The ethanol extract, fractions and purified compounds from
V. cinerea were tested for inhibitory activity on coumarin 7-
hydroxylation mediated by human recombinant CYP2A6, recon-
stituted with the rat NADPH-dependent cytochrome P450 reduc-
tase (CYPOR) using 2 mM coumarin (close to Km value) as substrate.
Formation of the 7-hydroxycoumarin product was determined at
lex ¼ 355 nm, lem ¼ 460 nm [27] using spectrofluorometer (Shi-
madzu, Kyoto, Japan) The recombinant CYP2A6 and CYPOR en-
zymes were expressed in Escherichia coli and purified as previously
described [27,28]. Inhibitory effect was calculated as percent rela-
tive inhibition compared with vehicle control reaction and quan-
tified to obtain IC50 values (GraphPad Prism 5.0, GraphPad Software
Inc, USA).

For determination of the modes of inhibition together with in-
hibition constant Ki, various final concentrations of coumarin sub-
strate in the range of 0e40 mM and different concentrations of
individual test compounds ranging 0e100 mMwere used. Modes of
inhibitionwere initially estimated from the LineweavereBurk plots
and Ki values calculated from the secondary plots using GraphPad
Prism 5.0.

Mechanism-based inhibition of CYP2A6 was investigated when
the purified compounds caused IC50-shift on CYP2A6 activity [29].
Various concentrations of individual compound (0e40 mM) were
pre-incubated at 0, 10, 20, and 30 min in the presence of NADPH,
and methoxsalen was used as control mechanism-based inhibitor.
The NADPH-dependent inhibition, dialysis, reactions performed
with trapping agents (GSH and catalase) and potassium ferricya-
nide were performed with each of hirsutinolides as previously
described [27]. The apparent inactivation constants, KI and kinact,
were calculated from double reciprocal plots of kobs versus in-
hibitor concentrations by linear regression analysis using Graph-
Pad Prism 5.

2.4. MAO-A and MAO-B assay

The human recombinant microsomal MAO-A and MAO-B en-
zymes were purchased from SigmaeAldrich and were employed
for inhibition assays using kyuramine as substrate and selegiline as
control inhibitor, and assays were conducted as previously
described [30]. The formation of 4-hydroxyquinoline product was
detected at lex ¼ 310 nm and lem ¼ 400 nm by spectrofluorometer.
The inhibition effect was investigated using kynuramine at Km
concentrations for each enzyme (MAO-A ¼ 45 mM and MAO-
B ¼ 30 mM). Inhibition effects were calculated as IC50 values using
GraphPad Prism 5. The inhibition constant (Ki) and modes of in-
hibition, using various concentrations of kynuramine substrate
(0e200 mM for MAO-A and 0e120 mM for MAO-B) was determined
with different concentrations of individual test compound
(0e100 mM). Those hirsutinolides whose IC50 values approaching
100 mM were not further determined modes and kinetics of inhi-
bition. Reactions with 20-min pre-incubation of each purified
compounds (2.5e25 mM) performed on MAO-A or MAO-B prior to
addition of kynuramine and dialysis experiments were carried out
to evaluate whether the inhibition was irreversible [31]. Dialysis
was done with pre-incubation reaction mixture at 4 �C for 12 h
against 2 L of 100 mM potassium phosphate buffer pH 7.4 con-
taining 22 mM KCl with buffer changed twice during dialysis.

2.5. Statistical analysis

Results were from duplicate or triplicate independent experi-
ments and are shown as means ± standard deviations (SD) in
Tables 1e3. Comparison of data in Tables 1e2 and Fig. 3 was sta-
tistically analyzed using Student's t-test (Statistix 8.0, Analytical
Software, Inc., Tallahassee, FL, USA). The results with p < 0.05 were
considered as significantly difference.

3. Results

Crude EtOH, hexane, EtOAc, and aqueous extracts of V. cinerea
were investigated inhibition activities against the recombinant
human CYP2A6, MAO-A and MAO-B enzymes using fluorescence-
based methods, with coumarin as substrate of CYP2A6 and
kynuramine as substrate of MAOs. Based on the IC50 values, sig-
nificant inhibition effect (IC50 value within 5 mg/ml) was observed
against CYP2A6 in EtOH, EtOAc and hexane extracts (Table 1), with
more inhibition effect observed in the EtOAc extract than the
hexane extract.

In the EtOAc extract, activity-guided purification of inhibitory
compounds against CYP2A6 yielded eight compounds. These
were three flavones (apigenin, luteolin, and chrysoeriol), one
flavonol (quercetin), and four hirsutinolide-type sesquiterpene
lactones including 8a-(2-methylacryloyloxy)-hirsutinolide-13-O-



Table 1
IC50 values, kinetics parameters and mode of inhibition of extracts and purified compounds from V. cinerea against CYP2A6.

Samples IC50 valuea,b Ki (mM)a KI (mM)a,d Mode

Co-incubaition Pre-incubation

Ethanol (mg/ml) 4.00 ± 0.14 2.32 ± 0.01c e e e

Ethyl acetate fraction(mg/ml) 2.90 ± 0.16 1.57 ± 0.03c e e e

Hexane fraction (mg/ml) 3.31 ± 0.24 1.65 ± 0.05c e e e

Aqueous fraction (mg/ml) >100 ND e e e

Flavonoids
Apigenin (mM) 0.90 ± 0.07 0.77 ± 0.16 0.43 ± 0.17 NA Mixed-type
Chrysoeriol (mM) 1.14 ± 0.10 0.99 ± 0.12 0.63 ± 0.12 NA Competitive
Luteolin (mM) 1.38 ± 0.18 1.26 ± 0.07 0.80 ± 0.06 NA Competitive
Quercetin (mM) 2.66 ± 0.24 2.15 ± 0.38 1.19 ± 0.27 NA Competitive

Hirsutinolides
8a-(2-methylacryloyloxy)-hirsutinolide-13-O-acetate (mM) 22.3 ± 2.5 8.64 ± 0.37c 15.1 ± 2.1 7.45 ± 0.62 Irreversible
8a-(4-hydroxymethacryloyloxy)-hirsutinolide-13-O-acetate (mM) 32.7 ± 2.2 6.80 ± 0.77c 20.4 ± 5.4 5.32 ± 0.29 Irreversible
8a-tigloyloxyhirsutinolide-13-O-acetate (mM) 37.8 ± 3.5 20.8 ± 1.1c 30.6 ± 1.5 15.4 ± 1.8 Irreversible
8a-(4-hydroxytigloyloxy)-hirsutinolide-13-O-acetate (mM) 64.5 ± 5.8 13.1 ± 2.4c 42.3 ± 8.4 7.64 ± 1.24 Irreversible

NA ¼ not applicable.
ND ¼ not determined.

a Data were obtained from three independent experiments and represent as mean ± SD.
b IC50 values of methoxsalen (known irreversible inhibitor): 1.53 ± 0.01 mM (co-incubation) and 0.39 ± 0.11 mM (pre-incubation).
c Significant difference (p < 0.05) between IC50 values of co-incubation and pre-incubation.
d KI ¼ inactivation constant as the compound exhibited mechanism-based inhibition pattern.

A. Prasopthum et al. / Drug Metabolism and Pharmacokinetics 30 (2015) 174e181 177
acetate, 8a-tigloyloxyhirsutinolide-13-O-acetate, 8a-(4-
hydroxytigloyloxy)-hirsutinolide-13-O-acetate, and 8a-(4-
hydroxymethacryloyloxy)-hirsutinolide-13-O-acetate (Fig. 1).
The identities of the isolated compounds were established by
comparison of their 1H and 13C NMR spectra and ESI-MS with
those previously reported [21e26]. As shown in Table 1, the four
flavonoids (IC50 values ranging 0.9e2.7 mM) displayed markedly
stronger inhibition of CYP2A6 than hirsutinolides, with apigenin
exhibited strongest inhibition, followed by chrysoeriol, luteolin,
and quercetin. In addition, mechanism-based inhibition (MBI) by
these compounds as indication of irreversible inhibition was
examined on CYP2A6. The inhibition requires a preceding catal-
ysis process mediated by the enzyme and time to generate a new
active inhibitor that reacts with moieties in the active site of
enzyme, leading to irreversible loss of enzyme activity [32]. MBI
is characterized by NADPH-, concentration- and time-dependent
Table 2
Effects of dialysis and potassium ferricyanide on hirsutinolide-mediated inactivation of C

Conditions

Before dialysis
(�) Hirsutinolide

After dialysis
(�) Hirsutinolide
(þ) Hirsutinolides
25 mM 8a-(2-methylacryloyloxy)-hirsutinolide-13-O-acetate,
25 mM 8a-(2-methylacryloyloxy)-hirsutinolide-13-O-acetate,
25 mM 8a-(4-hydroxymethacryloyloxy)-hirsutinolide-13-O-acetate,
25 mM 8a-(4-hydroxymethacryloyloxy)-hirsutinolide-13-O-acetate,
25 mM 8a-tigloyloxyhirsutinolide-13-O-acetate,
25 mM 8a-tigloyloxyhirsutinolide-13-O-acetate,
25 mM 8a-(4-hydroxytigloyloxy)-hirsutinolide-13-O-acetate,
25 mM 8a-(4-hydroxytigloyloxy)-hirsutinolide-13-O-acetate,

(þ) methoxsalenc

2.5 mM methoxsalen,
2.5 mM methoxsalen,

70 mM K3Fe(CN)6
(þ) 25 mM 8a-(2-methylacryloyloxy)-hirsutinolide-13-O-acetate,
(þ) 25 mM 8a-(4-hydroxymethacryloyloxy)-hirsutinolide-13-O-acetate,
(þ) 25 mM 8a-tigloyloxyhirsutinolide-13-O-acetate,
(þ) 25 mM 8a-(4-hydroxytigloyloxy)-hirsutinolide-13-O-acetate,

a All values represents mean ± SD and were obtained from duplicate determinations,
b Significant difference between (�) NADPH and (þ) NADPH at p < 0.05.
c Known mechanism-based inhibitor of CYP2A6.
inhibition [32]. Thus pre-incubation of each purified compound
with CYP2A6 in the presence or absence of NADPH prior to
addition of coumarin substrate at different incubation times was
tested. It appeared that there was an increase in inhibition of the
four hirsutinolides with increasing pre-incubation time
compared with time zero (Fig. 2), while inhibition by all flavo-
noids was not significantly increased (Table 1). Absence of
NADPH in pre-incubation with hirsutinolides abolished time-
dependent inhibition pattern (unreported data). The Line-
weavereBurk plots showed that chrysoeriol, luteolin, and quer-
cetin competitively inhibited CYP2A6-mediated coumarin 7-
hydroxylation, while apigenin and all hirsutinolides exhibited a
mixed-type mode (Table 1, see plots in Supplemental Fig. 1). The
Ki values for the four flavonoids (ranging 0.43e1.19 mM) were
correlated to their IC50 values (Table 1). Hirsutinolides however
exerted weaker binding than flavonoids, with Ki values in the
YP2A6 activity.

Percent remaining activity of CYP2A6a

100

92.3 ± 3.6

(�) NADPH 85.6 ± 0.8
(þ) NADPH 17.9 ± 2.2b

(�) NADPH 90.7 ± 1.4
(þ) NADPH 31.1 ± 3.3b

(�) NADPH 87.5 ± 0.7
(þ) NADPH 23.0 ± 5.2b

(�) NADPH 88.3 ± 3.0
(þ) NADPH 15.1 ± 2.1b

(�) NADPH 90.2 ± 0.1
(þ) NADPH 17.9 ± 2.2b

(þ) NADPH 7.9 ± 0.4
(þ) NADPH 6.7 ± 1.5
(þ) NADPH 22.3 ± 2.8
(þ) NADPH 12.3 ± 0.8

compared to the reaction without hirsutinolides (before dialysis).



Table 3
IC50 values, kinetics parameters and mode of inhibition of extracts and purified compounds from V. cinerea toward MAO-A and MAO-B.

Samples MAO-Aa MAO-Ba

IC50 valueb Ki (mM)c Mode IC50 valueb Ki (mM)c Mode

Ethanol (mg/ml) 30.3 ± 1.8 e e 17.8 ± 1.0 e e

Ethyl acetate (mg/ml) 15.1 ± 0.8 e e 14.1 ± 1.3 e e

Hexane (mg/ml) 43.1 ± 2.8 e e 23.4 ± 1.7 e e

Aqueous (mg/ml) >500 e e >500 e e

Flavonoids
Apigenin (mM) 0.97 ± 0.08 0.71 ± 0.06 Mixed-type 4.01 ± 0.26 2.24 ± 0.46 Mixed-type
Chrysoeriol (mM) 10.1 ± 0.1 5.64 ± 0.41 Mixed-type 1.25 ± 0.11 0.87 ± 0.04 Mixed-type
Luteolin (mM) 11.5 ± 0.2 6.72 ± 0.70 Mixed-type 25.5 ± 1.9 18.7 ± 1.1 Mixed-type
Quercetin (mM) 3.20 ± 0.08 1.75 ± 0.16 Mixed-type 26.9 ± 0.8 20.8 ± 1.8 Mixed-type

Hirsutinolides
8a-(2-methylacryloyloxy)-hirsutinolide-13-O-acetate (mM) 60.2 ± 1.2 40.4 ± 0.9 Mixed-type 38.6 ± 2.1 27.2 ± 1.3 Mixed-type
8a-tigloyoxyhirsutinolide-13-O-acetate (mM) 43.7 ± 0.3 35.6 ± 1.5 Mixed-type 27.3 ± 0.8 23.6 ± 2.5 Mixed-type
8a-(4-hydroxytigloyloxy)-hirsutinolide-13-O-acetate (mM) 33.2 ± 1.6 27.7 ± 1.9 Mixed-type 97.3 ± 4.7 NDd NDd

8a-(4-hydroxymethacryloyloxy)-hirsutinolide-13-O-acetate (mM) >100 NDd NDd >100 NDd NDd

a Data were obtained from three independent experiments.
b IC50 values of selegiline (known selective MAO-B inhibitor) were 31.7 ± 0.3 and 0.052 ± 0.001 mM for MAO-A and MAO-B, respectively.
c Ki values of selegiline (known selective MAO-B inhibitor) for MAO-A and MAO-B were 18.9 mM and 0.028 mM, respectively.
d ND ¼ not determined due to weak inhibition (IC50 value approaching 100 mM).
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range of 15.1e42.3 mM (Table 1). To further explore the MBI mode
of hirsutinolides and whether any reactive CYP2A6 inactivators
formed involved in oxidative radical formation or covalent
modification of CYP2A6, experimentations using dialysis, addi-
tion of each of trapping agents (GSH and catalase) and potassium
ferricyanide in the reaction mixture were performed. Absence of
recovery of CYP2A6 activity by dialysis or addition of these
chemicals suggested that these hirsutinolides were irreversible
inhibitors of CYP2A6 (Table 2 and Fig. 3). Kinetics of inactivation
Fig. 1. Chemical structures of flavonoids (1e4) and hirsutinolide-type sesquiterpene
methylacryloyloxy)-hirsutinolide-13-O-acetate (5); 8a-(4-hydroxymethacryloyloxy)-hirs
hydroxytigloyloxy)-hirsutinolide-13-O-acetate (8).
by hirsutinolides (KI and Kinact values) was determined and
shown in Fig. 2 and KI values shown in Table 1.

In the hexane extract, preliminary determination of chemical
contents by HPTLC suggested chlorophylls, identified based on
their absorbance maxima spectra [33] were major constituent
(about 70e80%, data not shown). These chlorophylls, after
partially purified from the hexane fraction by TLC and HPLC,
showed inhibitory effect on CYP2A6 with the apparent IC50 value
of 4.46 ± 0.16 mg/ml.
lactones (5e8). apigenin (1); chrysoeriol (2); luteolin (3); quercetin (4); 8a-(2-
utinolide-13-O-acetate (6); 8a-tigloyloxyhirsutinolide-13-O-acetate (7); 8a-(4-



Fig. 2. Time- and concentration-dependent inactivation and kinetics of inhibition of CYP2A6-mediated coumarin 7-hydroxylation by 8a-(2-methylacryloyloxy)-hirsutinolide-13-O-
acetate (A), 8a-(4-hydroxymethacryloyloxy)-hirsutinolide-13-O-acetate (B), 8a-tigloyloxyhirsutinolide-13-O-acetate (C), 8a-(4-hydroxytigloyloxy)-hirsutinolide-13-O-acetate (D).
Various concentrations of each hirsutinolide were used as indicated. Insets represent double-reciprocal plots of kobs values against reciprocal of hirsutinolides. Each data point
represents the mean and standard deviation of three independent experiments.
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Inhibition effect on human MAOs was observed from EtOH,
hexane and EtOAc extracts, but approximately 1.66e2.8 folds less
inhibition was observed with hexane extract than EtOAc extract
(Table 3). Activity-guided purification of compounds in EtOAc
extract against MAO-A and MAO-B essentially yielded the same
flavonoids as for CYP2A6. Regarding IC50 values, chrysoeriol was
the strongest inhibitor against MAO-B, while apigeninwas themost
potent inhibitor against MAO-A (Table 3). The hirsutinolides
inhibited and bound to MAOs with varying degrees, with less
Fig. 3. Effects of trapping agents on inactivation of recombinant CYP2A6 by 8a-(2-
methylacryloyloxy)-hirsutinolide-13-O-acetate (A), 8a-(4-hydroxymethacryloyloxy)-
hirsutinolide-13-O-acetate (B), 8a-tigloyloxyhirsutinolide-13-O-acetate (C), 8a-(4-
hydroxytigloyloxy)-hirsutinolide-13-O-acetate (D). CYP2A6 was pre-incubated with
hirsutinolides (25 mM) for 10 min in the presence and absence of trapping agents. The
percent remaining activity of CYP2A6 was measured. Each column represents the
mean ± SD of duplicate determinations. Reaction in the absence of hirsutinolides and
trapping agents was set to 100 percent remaining activity.
inhibition potential on MAO-A than flavonoids. However MAO-B
was preferably bound by 8a-(2-methylacryloyloxy)-hirsutinolide-
13-O-acetate and 8a-tigloyoxyhirsutinolide-13-O-acetate, with
binding (Ki) values relatively comparable to luteolin and quercetin
(Table 3). A 20 min pre-incubation with these flavonoids and hir-
sutinolides did not increase inhibition against both human MAOs
and activities of both MAOs could be recovered after dialysis (un-
reported data), indicating absence of MBI inhibition [31] and their
inhibitions were reversible. LineweavereBurk plots showed that
flavonoids and hirsutinolides inhibited both MAOs in mixed-type
mode (Table 3, Supplemental Figs. 2 and 3). In the hexane frac-
tion, we observed that chlorophylls might be a major contributor to
inhibition of MAOs, since partially purified chlorophylls showed
inhibitory effect onMAO-A andMAO-B with apparent IC50 values of
19.8 ± 1.1 and 10.9 ± 1.0 mg/ml, respectively.
4. Discussion

V. cinerea has a wide range of pharmacological activities and has
been commonly used in traditional medicine for various treatments
such as cough, asthma, bronchitis [17]. Tea preparations of
V. cinerea administered prior to smoking was reported ability to
reduce smoking rate in smokers [19,20]. It was suggested that
V. cinerea generated unpleasant taste and smell of cigarette smoke,
leading to reduced cigarette craving in smokers [19]. However the
mechanisms underlying nicotine abstinence of V. cinerea and its
active constituents on two pharmacotherapeutic targets of tobacco
dependence, nicotine and dopamine metabolisms, have not been
reported. The present study revealed potential inhibitory effect of
V. cinerea extract and its active constituents on the human CYP2A6,
MAO-A andMAO-B enzymes in vitro, suggesting that modulation of
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nicotine and dopaminemetabolisms by V. cinerea could be liable for
smoking abstinence effects of V. cinerea.

Preliminary determination by HPLC and TLC of compounds in
V. cinerea EtOH extract compared with compounds in tea prepared
according to the previously described protocol [20] gave approxi-
mately similar patterns of HPLC and TLC chromatograms, suggest-
ing similar active compounds were existed in both preparations
(data not shown). Activity-guided isolation of active compounds
from the EtOAc extract of V. cinerea indicated that flavonoids and
hirsutinolides were contributors to CYP2A6 inhibition, while inhi-
bition by the hexane extract could be explained by the presence of
most chlorophylls in the extract. Non-specific inhibition of chlor-
ophyllin, a copper/sodium salt of chlorophyll, toward CYPs
including CYP2A6 has also been shown [34], but inhibition toward
MAOs has not been reported. Other unidentified compounds could
also be responsible for inhibition effect in the hexane fraction.
However our results could infer that chlorophylls exerted notable
inhibition effects on both nicotine and dopamine metabolisms.

In the EtOAc fraction, eight purified compounds including four
flavonoids and four hirsutinolide-type sesquiterpene lactones were
isolated. The four flavonoids of V. cinerea comprised high degree of
reversible inhibition on CYP2A6 with Ki values within 1.5 mM range
(Ki values of apigenin, chrysoeriol, luteolin, and quercetin were
0.43, 0.63, 0.8, 1.19 mM, respectively, Table 1). Judging from Ki
values, they were more or less comparable to known CYP2A6 in-
hibitors, including tryptamine, phenethyl isothiocyanate, mentho-
furan, and pilocarpine (Ki values of 1.7, 1.7, 2.0, and 3 mM,
respectively), but were less effective than methoxalen whose Ki
value was 0.25 mM [35]. The flavonoids obtained in this study
comprised multiple hydroxyl groups at specific positions in the A
and B rings (Fig. 1) and might be influential to CYP2A6 inhibition.
These included hydroxyl groups at 40,5,7 and 3040,5,7 positions in
apigenin and luteolin, respectively, or 30-methoxy group in addition
to 40,5,7-hydroxyl groups (in case of chrysoeriol). When two fla-
vones without hydroxyl group in the B ring, chrysin (5,7-
dihydroxyflavone) and wogonin (5,7-dihydroxy-8-
methoxyflavone) which are commonly found in various plants
were tested, their inhibition in the mixed-type mode (Ki values of
2.91 ± 0.54 and 5.03 ± 0.92 mM, respectively) were markedly less
potent than apigenin by 6.8 and 11.7 folds (data not shown). These
results suggested the importance of hydroxyl and/or methoxy
groups in the B ring of flavones on potency of CYP2A6 inhibition.
Therefore flavonoids found in V. cinerea were those effectively
inhibited CYP2A6 enzyme. Numbers and positions of hydroxyl and/
or methoxy groups of various flavonoids have also been found
highly impact on inhibition potential of flavonoids toward various
human CYPs [36].

Four hirsutinolides showedMBI and were irreversible inhibitors
of CYP2A6, as revealed by their time-, concentration-, and NADPH-
dependent inhibition pattern (Fig. 2), and the inhibition could not
be reversed by dialysis, presence of trapping agents or potassium
ferricyanide (Table 2). Judging from KI values of previously reported
MBI inhibitors of CYP2A6, including methoxsalen, menthofuran,
decursinol angelate, rhinacanthin-A, -B, and -C that had KI values of
0.8, 2.2, 2.42, 0.69, 0.44, and 0.97 mM, respectively [27,37e39], these
hirsutinolides with KI values ranging 5.32e15.4 mM were weaker
inactivators but were more or less stronger than selegilinewhose KI
value was 15.6 mM [40]. Irreversible inhibition of human CYPs by
hirsutinolides has not been reported, whether they are selective
inhibitors of CY2A6 remains to be investigated by inhibition studies
with other human P450 isoforms. Luteolin and 8a-tigloylox-
yhirsutinolide-13-O-acetate, found in highest amount among the
active flavonoids and hirsutinolides, respectively, were also found
inhibited CYP2A6-mediated nicotine metabolism (Supplemental
Fig. 4). Moreover 8a-tigloyloxyhirsutinolide-13-O-acetate had
higher inhibitory activity upon pre-incubation than co-incubation
condition against nicotine metabolism (Supplemental Fig. 4) in
consistent with the results of coumarin 7-hydroxylation inhibition
assays, implicating that these V. cinerea flavonoids and hirsutino-
lides could inhibit nicotine metabolism catalyzed by CYP2A6. The
potential inhibitory effects of flavonoids as reversible inhibitors
combined with irreversible inactivation of CYP2A6 by hirsutino-
lides might contribute to smoking abstinence in smokers drinking
V. cinerea tea prior to smoking.

Inhibition of MAOs by synthetic compounds and various flavo-
noids as natural plant products were reported [41]. In V. cinerea,
inhibition of the four hirsutinolides against human MAO-A were
inferior to flavonoids (Table 3). In contrast based on Ki values, 8a-
(2-methylacryloyloxy)-hirsutinolide-13-O-acetate and 8a-
tigloyoxyhirsutinolide-13-O-acetate were relatively comparable to
luteolin and quercetin flavonoids in inhibition against human
MAO-B, implicating that the two hirsutinolides were contributors
of human MAO-B inhibition (Table 3).

Compared among IC50 values of flavonoids obtained from
V. cinerea against human MAOs, apigenin, quercetin and luteolin
were more active toward MAO-A (IC50 values of 0.97, 3.20, 11.5 mM,
respectively against MAO-A and 4.01, 26.92, and 25.5 mM, respec-
tively against MAO-B, Table 3), while chrysioeriol more potently
inhibited MAO-B, with approximately 8-fold selectivity toward
MAO-B (IC50 values of 10.1 and 1.25 mM against MAO-A and MAO-B,
respectively, Table 3). Prior studies of MAOs in mouse indicate that
increase of hydroxyl groups in the B ring of flavonoids, absence of
C2eC3 double bond (seen for flavanones and flavanols), or intro-
ductionof glucose at C7 inflavonoids could decreaseMAO inhibition
[42]. This thus explained that apigenin with one hydroxyl group in
the B ring displayed about 3.2e11.8 folds more inhibition against
humanMAOs in this study than luteolin and quercetinwhose B ring
contained 30,40-hydroxyl groups. Flavanols with the absence of
C2eC3 double bond such as catechin and epicatechin also possess
less inhibition potential, judging from IC50 values of 88.6 and
58.9 mM, respectively against rat MAO-B [43] than flavones and 8a-
(2-methylacryloyloxy)-hirsutinolide-13-O-acetate and 8a-
tigloyoxyhirsutinolide-13-O-acetate against humanMAOs reported
herein. Notably, insertion of 30-methoxy group in the B ring of
chrysoeriol could be important, rendering about 3.2 folds stronger
binding toMAO-B than apigenin as referring toKi values. Comparing
to inhibition of human MAOs by harman (IC50 values of 0.34 mM
against MAO-A and >100 mM toward MAO-B) and norharman
(values of 6.47 mM on MAO-A and 4.68 mM on MAO-B) b-carboline
alkaloids that were found in cigarette smoke, these flavonoids
inhibited both MAOs with comparable potential [5]. To our knowl-
edge, the present study reports for the first time that chrysoeriol
effectively inhibited human MAO-B and CYP2A6. The results could
have an implication for its development of a therapeutic lead from
natural source to facilitate smoking cessation through its combined
effects on nicotine and dopamine metabolisms.

In summary, this is the first report of identification of flavonoids
and hirsutinolides active compounds from V. cinerea that displayed
inhibition potentials toward therapeutic targets of tobacco depen-
dence, CYP2A6, MAO-A and MAO-B, and their inhibition kinetics
were characterized. Other mechanisms that interrupt nicotine ac-
tion manifested by these flavonoids and hirsutinolides or other
V. cinerea active compounds remain to be elucidated. Moreover
V. cinerea herbal ingredients with the absence of toxic effects in
mice [44] might be of interest as other molecular targets for
relieving tobacco dependence have yet to be investigated. The re-
sults of the present study could also have implications in combi-
nation of drug therapy for smoking cessation, in particular
chrysoeriol was shown a potent dual human MAO-B/CYP2A6
inhibitor.
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