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1 | BACKGROUND

Abstract

Background: IARC has classified the betel nut as a human environmental carcinogen. Previous
studies have found that arecoline (AR) is the major alkaloid present in the saliva of betel quid
chewers. Saliva contains a large content of AR which has been further shown to cause mutation
of oral mucosa cells, resulting in oral cancer. Whereas, to date, there are only few studies
reported the hepatotoxicity associated with arecoline and betel nut chewing. Therefore, the
main purpose of this study was to determine the toxic effects of AR and its oxidative metabolite,
arecoline N-oxide (ARNQO), in normal liver cell lines.

Methods: The cytotoxic, genotoxic, and mutagenic effects were detected by crystal violet staining,
alkaline comet assay, and Salmonella mutagenicity test, respectively. Measurement of intracellular
reactive oxygen species (ROS) generation was determined using the H2-DCFDA assay.

Results: Our results demonstrated that ARNO exerted higher cytotoxicity, DNA damage, and
mutagenicity than its parent compound arecoline in liver cells. Antioxidants, such as N-acetyl-
cysteine, Trolox, and penicillamine, strongly protected liver cells from ARNO-induced DNA
damage and ROS production. Furthermore, co-treatment with Mito-TEMPO also effectively
blocked ARNO-induced ROS production in liver cells. Besides antioxidants, co-treatment with
1-aminobenzotriazole and methimazole nearly completely suppressed ARNO-induced ROS
production in liver cells.

Conclusions: Our data suggest that arecoline ingested from the habit of chewing betel quid can
be primarily oxidized to ARNO, thereby enhancing its toxicity through increased ROS produc-
tion. Considering the excellent protective effects of both mitochondria-targeted antioxidant
and CYP450 inhibitor on ARNO-induced ROS production in liver cells, mitochondria
CYP450-mediated metabolism of ARNO may be a key mechanism. Collectively, our results
provide novel cellular evidence for the positive connection between habitual betel quid chewing

and the risk for liver damage.
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leaf. Chewing of BQ is a habit of great antiquity in South Asia, South-

east Asia, and the Pacific Islands, with about 600 million users

Betel quid (BQ) is a combination of areca nut (Areca catechu L.), slaked

lime, and Piper betle inflorescence or conditional folded in a Piper betle

Abbreviations: BQ, betel quid; DCFH-DA, 2',7'-dichlorofluorescein diacetate;
LC-MS, liquid chromatography-mass spectrometry; NAC, N-acetylcysteine;
ROS, reactive oxygen species.

reported worldwide.>? The areca nut in BQ has been recognized as a
Group | carcinogen to humans by the International Agency for
Research on Cancer® of the World Health Organization. Case-control
studies from Asian countries have reported that BQ is a risk factor for

oral cancer.*” Besides oral cancer, BQ chewing is an independent risk
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factor for cirrhotic hepatocellular carcinoma.81° There is an additive
interaction between BQ chewing and chronic hepatitis B and/or hepa-
titis C virus infection.!? In addition, recent studies have shown that
BQ chewing or areca nut contents have harmful effects on reproduc-
tive function and are associated with obesity and higher risk of cardio-
vascular disease.!?

Although the exact mechanism by which betel nut induces
adverse health effects has not been clearly elucidated, multiple path-
ways have been suggested, including enhanced production of reactive
oxygen species (ROS) and the formation of DNA adducts.*®* These
adverse effects may be due to the combined action of the ingredients
of the BQ; the active compound accounting for BQ-induced carcino-
genicity remains unclear. Previous study has shown that the most
abundant active compound of the areca nut is arecoline
(1,2,5,6-tetrahydro-1-methylnicotinic acid methyl ester), which may
comprise up to 0.8% by weight of the ripe nut.*® Furthermore, a
recent report indicated that arecoline N-oxide (ARNO), the active
metabolite of arecoline, exerts strong mutagenicity in Salmonella test
strains and that the mutagenic potency of arecoline is significantly
enhanced in the presence of a rat liver activation system (59 mix).¢
These findings suggest that arecoline and its N-oxide metabolite may
play a dominant role in BQ-induced cytotoxicity, genotoxicity, and
carcinogenesis in vitro and in vivo; however, their relative toxicity is
still not well understood. Therefore, the aims of this study were to
investigate the properties of arecoline and its oxidized product ARNO
in normal liver cells.

2 | MATERIALS AND METHODS

2.1 | Reagents

All reagents were purchased from Sigma-Aldrich (St. Louis, Missouri)

unless otherwise specified.

2.2 | ARNO preparation

ARNOSs were prepared according to the published method®” with little
modification. A solution of arecoline (2.44 g) in ether (10 mL) was
stirred in a water-ice bath and 4.56 g of 39% (wt/vol) peroxyacetic
acid (Fluka) was added dropwise over a 30 minutes. After the mixture
was allowed to stand for 2 hours in a water-ice bath, the oily yellow
lower layer that separated was dissolved in ethanol under stirring for
1 hour and precipitated 3 times by the addition of ether. The ether
was carefully removed with a micropipette, and then, the yellow
viscous oily precipitate of arecoline oxides was dried by lyophilization.
Finally, the synthesized product was confirmed by mass spectrometry
to give the molecular ion mass (m/z) of 171.7.

2.3 | Cell culture

Rat liver clone 9 cells were cultured in RPMI-1640 medium supple-
mented with 10% fetal bovine serum, 100 U/mL penicillin and
100 pg/mL streptomycin. Human liver WRL68 cells were cultured in
EMEM medium supplemented with 10% fetal bovine serum, 2 mM

glutamine, 1% nonessential amino acid, 100 U/mL penicillin, and

100 pg/mL streptomycin. Human liver WRL-68 and rat liver clone
9 cells were incubated at 37°C in a 5% CO, humidified incubator.

2.4 | Cytotoxicity assay

Cytotoxicity was determined using the crystal violet staining assay, as
in our previous study.® Briefly, cells (2 x 10* cells/well) were seeded
in 24-well cell culture plates and drug exposures were made after
overnight culture. Cells were treated with or without arecoline or
arecoline oxide for 24 hours at concentrations ranging from 31.25 to
1000 pM. After treatment, cells were washed twice with PBS without
calcium and magnesium, fixed with 0.3 mL 95% ethanol for
15 minutes, and then stained with 0.3 mL 0.1% crystal violet at room
temperature. After 30 minutes, the crystal violet was gently rinsed off
with running tap water and the plates were allowed to air-dry. The
dye (crystal violet) was extracted from the intact cells with 0.1 M
sodium citrate reagent (in 50% ethanol), and the optical density of the
solution was measured spectrophotometrically at a wavelength of
540 nm by use of a Molecular Devices (Menlo Park, California) kinetic

microplate reader.

2.5 | Mutagenicity assay

Mutagenicity was assessed by the Ames test. The Salmonella
typhimurium tester strains TA98 and TA100 were kindly provided
by Dr. Jen-Kun Lin, Chair Professor (College of Oral Medicine,
Chung Shan Medical University, Taichung, Taiwan). The strains
were grown overnight from frozen cultures for 12 to 14 hours in
Oxoid Nutrient Broth No. 2. To determine chemical mutagenicity,
to 2 mL of top agar containing 0.5 mM histidine/biotin were
added 0.1 mL of a fresh Salmonella culture, 0.1 mL of various
concentrations of arecoline or ARNO (0.125-1 mM), and 0.1 mL a
freshly grown culture of a Salmonella tester strain. After thorough
mixing, the mixture was spread over the minimal agar plate. After
the agar had hardened, the plates were inverted and incubated at
37°C for 48 hours and His® revertant colonies were counted
manually. All experiments were done in triplicate. The standard
mutagens used as positive controls in experiments without the S9
mix were 4-nitroquinoline 1-oxide, 4NQO (5 pg/plate) for TA98
and sodium azide, NaN3 (5 pg/plate) for TA100.

2.6 | Alkaline comet assay

The alkaline comet assay was used to detect arecoline- and arecoline
oxide-induced DNA strand breaks in rat liver clone 9 cells. Cells were
treated with various doses of arecoline and arecoline oxide for 2 hours.
After treatment, the cells were collected by centrifugation and
washed twice in PBS, and DNA damage was measured using the alka-
line comet assay as previously described.'® Damage was quantified as
tail moment of at least 50 cells per sample using the software program
Comet Assay lll (Perceptive Instruments Ltd, Haverhill, UK). Tail
moment is defined as the product of tail length and the fraction of
DNA in the tail.
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2.7 | ROS generation assay

The intracellular generation of ROS was assayed with the 2/,7'-
dichlorofluorescein diacetate (DCFH-DA) method. DCFH-DA is trans-
ported across the cell membrane and cleaved by nonspecific esterases
to form DCFH, which is further oxidized by ROS to form the fluores-
cent compound (DCF). Rat liver clone 9 cells were seeded at 8 x 10*
cells/well in 4-well chamber slides and precultured overnight. On the
next day, the cells were preincubated with 100 pM DCFH-DA in
HBSS for 30 minutes and were then incubated in the presence or
absence of different doses of arecoline or ARNO (31.25-250 pM) for
2 hours or with 250 pM H,0, for 30 minutes as the positive control.
After incubation, cells were washed, and the level of DCF fluores-
cence was determined using a Flexstation 3 microplate reader
(Molecular Devices, Sunnyvale, California). The fluorescence of intra-
cellular DCF was also observed and photographed by fluorescence

microscopy (Nikon E400, Tokyo, Japan) coupled with a digital camera.

2.8 | Liquid chromatography-mass spectrometry
analysis

Fifteen milliliters of each suspension were collected and then injected
into an HLB SPE column for cleanup. The column was first eluted with
2 mL of methanol 3 times. Next, the combined eluents were concen-
trated using rotary evaporation (<30°C, 0.05 Mpa) to a volume of
approximately 2 mL. The residue eluents (enriched oxidized products of
arecoline) were further concentrated to near dryness under a gentle
stream of nitrogen, redissolved in 50% (vol/vol) methanol, and analyzed
for the oxidized products of arecoline by liquid chromatography-mass
spectrometry (LC-MS). The LC-MS analysis was conducted on an API
3000 triple-quadrupole mass spectrometer (Applied Biosystems)
equipped with a Turbolon-Spray source operating in the positive ion
electrospray in full-scan mode. The ESI-MS source conditions estab-
lished were as follows: flow rate from syringe pump, 50 pL/minutes;
m/z range, 100-400 AMu; needle voltage, 5000 V; nebulizer gas flow,
8; curtain gas flow, 8; declustering potential, 30; focusing potential,
200; entrance potential, 10; dwell time, 0.5 ms; and step, 0.7 Th.

2.9 | Statistical analysis

Results are expressed as means + SEs from at least 3 independent
experiments. Data were analyzed using one-way analysis of variance
(SAS Institute, Cary, North Carolina). The significance of the difference
among group means was determined by Student’s t-tests; P values

<.05 were taken to be statistically significant.

3 | RESULTS

3.1 | Arecoline- and ARNO-induced cytotoxicity and
mutagenicity

The cytotoxic effects of arecoline and ARNO were evaluated in rat
liver clone 9 cells by crystal violet staining. Treatment with either
arecoline or ARNO for 24 hours resulted in cell death in a dose-

dependent manner (Figure 1). The cytotoxicity of ARNO was 8 times
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FIGURE 1 Arecoline- and arecoline N-oxide-induced cytotoxicity in
clone 9 cells. Cells were treated with different doses (0-500 uM) of
arecoline (AR, —O-) or arecoline N-oxide (ARNO, —e-) for 24 hours
and cell density was assessed by crystal violet staining, normalized,
and shown as percentages of the cell densities in control. Data are
mean =+ SE from 3 independent experiments

that of arecoline. The ICso values of arecoline and ARNO were
500 pM and 62.5 uM, respectively. In addition, the mutagenic effect
of arecoline and arecoline N-oxide was tested using Salmonella typhi-
murium TA2100 and TA98 in the absence of S9. As shown in Table 1,
the mutagenicity of arecoline N-oxide is strikingly higher than areco-

line in both strains.

TABLE1 Mutagenicity of arecoline and arecoline N-oxide in
Salmonella typhimurium TA 98 and TA 100

Number of revertants/plate

Treatments TA 98 TA 100

0 uM AR? 14 +1 168 + 17
125 M AR 26 + 6 170 + 35
250 pM AR 2245 182 + 22
500 uM AR 15+ 3 165 + 30
1000 uM AR 23+ 6 176 + 18
125 uM ARNO® 35% +£ 6 230*% + 2
250 uM ARNO 23+ 4 251*% £ 11
500 uM ARNO 26% + 4 372*% + 42
1000 1M ARNO 53 +21 618* + 132
1.25 pg/mL 4NQO° 74*% + 14

1.25 pg/mL NaN3 --- 1788** £+ 321

Data are mean + SE from 3 independent experiments. Statistically signifi-
cant increases in the number of revertant colonies compared to the
drug-free control.

*P < 05. %P < .01

2 AR: arecoline.

® ARNO: arecoline N-oxide.

€ 4NQO; 4-nitroquinoline-1-oxide.

4 NaN3: sodium azide.
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3.2 | Arecoline- and ARNO-induced DNA damage

The potential of arecoline and ARNO to induce DNA strand breaks
was assessed by the alkaline comet assay. Rat liver clone 9 cells
were treated with various doses (31.25 ~ 500 pM) of arecoline or
ARNO for 2 hours, after which the alkaline comet assay was con-
ducted immediately. As shown in Figure 2, arecoline treatment for
2 hours did not induce significant DNA strand breaks in rat liver
clone 9 cells. By contrast, 2 hours of ARNO treatment significantly
induced DNA strand breaks in clone 9 cells in a dose-dependent
manner. The mean tail moment for rat liver clone 9 cells treated
with 125, 250, and 500 pM ARNO for 2 hours was 17.0 + 4.4,
29.6 + 3.3, and 37.0 &+ 3.8, respectively. The tail moment of
untreated control and H,O, positive control treated (50 uM for
5 minutes) cells was 0.6 + 0.2 and 64.1 + 8.5, respectively (data
not shown).

To determine whether ROS generation was involved in ARNO-

induced DNA strand breaks in clone 9 cells, cells were treated with
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FIGURE 2 (A) Arecoline- and arecoline N-oxide-induced DNA damage
in clone 9 cells. Cells were treated with different doses (0-500 uM) of
arecoline (AR, -O-) or arecoline N-oxide (ARNO, —e-) for 2 hours and
DNA strand breaks were determined by alkaline comet assay. The DNA
damage level is expressed as tail moment. Tail moment induced by
H205 (50 uM) for 5 minutes (solid triangles, —a-) was used as a positive
control. Data are mean =+ SE from 3 independent experiments.

(B) Representative comet images of panel (A)

various doses of N-acetylcysteine (NAC, a potent antioxidant)
30 minutes before the addition of 125 pM ARNO and co-incubated
for 2 hours. After treatment, DNA damage was evaluated by alkaline
comet assay and relative tail moment was expressed as a percentage
in comparison with ARNO treatment alone (=100%). The results
showed that NAC addition significantly decreased arecoline-N-oxide-
induced DNA strand breaks in a dose-dependent manner (Figure 3).
This finding also supports that ARNO enhances intracellular ROS pro-
duction and subsequently elevates DNA strand breaks in clone 9 cells.

The production of ROS in clone 9 cells under co-treatment with
ARNO and NAC was further examined by fluorescent microscopy
with the ROS-sensitive dye DCFH-DA. A significant increase of ROS
was observed after 2 hours of treatment with 31.25 pM ARNO,
whereas ROS levels were not changed in either the control group or
the group treated with 31.25 uM NAC for 2 hours (Figure 4).

In the combination treatment group, NAC almost completely
inhibited ARNO-induced ROS production in clone 9 cells (Figure 4).
Besides NAC, combined treatment with either Trolox (a water-
soluble analog of vitamin E) or p-penicillamine (a copper-chelating
agent) for 2 hours also significantly inhibited ARNO-induced ROS

production in clone 9 cells (Figures 5 and 6, respectively).
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FIGURE 3 (A) Protective effect of N-acetylcysteine on arecoline
N-oxide-induced DNA damage in clone 9 cells. Cells were co-treated
with 125 pM arecoline N-oxide and different doses of
N-acetylcysteine (31.25, 62.5, and 125 pM) for 2 hours and DNA
strand breaks were determined by alkaline comet assay. The DNA
damage level is expressed as tail moment and data are mean + SE
from 3 independent experiments. The mean tail moment of arecoline
N-oxide is expressed as 100%. Filled triangle (-a-) represents the
mean tail moment of the untreated control relative to the arecoline
N-oxide-treated group. (B) Representative comet images of panel (A)
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(3P ARNO+ NAC

FIGURE 4 Protective effect of N-acetylcysteine on arecoline N-oxide-induced reactive oxygen species production in clone 9 cells. Cells were
co-treated with or without 31.25 puM arecoline N-oxide (ArNO) and 31.25 pM N-acetylcysteine (NAC) for 2 hours and reactive oxygen species
production was detected by fluorescence microscopy using DCFH-DA. Cells were treated with 250 pM H,O, for 30 minutes as a positive control
for reactive oxygen species production [Color figure can be viewed at wileyonlinelibrary.com]

Collectively, these results not only confirm that ROS production
plays an important role in ARNO-induced DNA damage but also
indicate that the copper-ion-catalyzed reaction is also involved in
ARNO-induced ROS production.

3.3 | Identification of oxidation products of
arecoline

The formation of oxidation products of arecoline catalyzed by perace-
tic acid in vitro were confirmed and determined by LC-MS. Figure 7
shows the mass spectra of the peracetic acid-catalyzed oxidation
products of arecoline. The presence of oxidation products of arecoline
was determined from the presence of the protonated ions [M + H]*
of m/z 172 and 343, which corresponded to the ARNO and the dimer

(A) Cont

FIGURE 5

of ARNO, respectively. The presence of unchanged arecoline was
determined from the observation of a protonated ion of m/z 156. The
protonated ions observed for the ESI/MS analysis of oxidation prod-
ucts of arecoline were consistent with those previously reported.?%2!
Our findings indicated that the ARNO was the dominant oxidized
product and was able to induce oxidative stress in vitro, which might

be responsible for the toxic effects of arecoline in betel nut in vivo.

3.4 | ARNO metabolism and ROS production

To investigate the role of drug-metabolizing enzymes in ARNO-
induced cellular ROS production, we used selective pharmacological
inhibitors to investigate the roles of cytochrome P450 (CYP), mono-

amine oxidases (MAO), and flavin-containing monooxygenases (FMO)

(D) Trolox

(S ARNO + Trolox

H,0, + Trolox

Protective effect of Trolox on arecoline N-oxide-induced reactive oxygen species production in clone 9 cells. Cells were co-treated

with or without 31.25 uM arecoline N-oxide (ArNO) and 600 pM Trolox for 2 hours and then reactive oxygen species production was detected
by fluorescence microscopy using DCFH-DA. Cells were treated with 250 pM H,0O, for 30 minutes as a positive control for reactive oxygen

species production [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 6 Protective effect of penicillamine on arecoline N-oxide-induced reactive oxygen species production in clone 9 cells. Cells were
co-treated with or without 31.25 puM arecoline N-oxide (ArNO) and 500 pM penicillamine (pen) for 2 hours and then reactive oxygen species
production was detected by fluorescence microscopy using DCFH-DA. Cells were treated with 250 pM H,0O, for 30 minutes as a positive control
for reactive oxygen species production [Color figure can be viewed at wileyonlinelibrary.com]

in ARNO-induced ROS in human liver WRL-68 cells. The results were
shown in Figure 8. Similar to the finding in rat liver clone 9 cells, expo-
sure of human liver WRL68 cells to 100 mM ARNO for 24 hours
resulted in significant ROS production. The addition of mitochondrial-
targeted antioxidant Mito-TEMPO totally abolished ROS production
induced by RANO in WRL68 cells. In addition, ARNO-induced ROS
production in WRL68 cells was potently inhibited both by both methi-
mazole (an inhibitor of FMO) and 1-aminobenzotriazole (an inhibitor
of cytochrome P450 enzymes). On the contrary, the monoamine oxi-
dase inhibitors (pargyline, selegiline, and clorgyline) did not exert an
apparent inhibitory effect on ARNO-induced ROS production. These
findings indicate that ARNO-induce cellular ROS production may be
dependent mediated by CYP4540- and/or FMO and -mediated mito-
chondrial ROS production.

4 | DISCUSSION

We showed that ARNO was the main oxidation product of arecoline
(a major alkaloid of the areca nut) induced by oxidation with peracetic
acid in vitro. Besides chemical oxidation in vitro, ARNO can also be
efficiently formed from arecoline by both in vitro FMO-catalyzed oxi-
dation and in vivo metabolic processes.”?° Our present findings fur-
ther discovered that ARNO appears to be more cytotoxic and
mutagenic than then parent compound, arecoline. Previous studies
have shown that arecoline induces cytotoxicity in various cell lines,
including human endothelial cells, human epithelial cells, human muco-
sal fibroblasts, and human leukemia cells.?>%° However, the cytotoxic
sensitivity to arecoline varies depending on cell types. Studies have

shown that arecoline is much less cytotoxic in different human

5.0E+06
Arecoline
156
4.0E+06
i Arecoline NV-oxide
2 3.0E+06 172
Q
e
«»
g
E 2.0E+06 1
1.0E+06
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0.0E+00 A DI pd Mo VIO R SV SN el At ~ILl Bk i .
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FIGURE7 Mass spectrum of oxidized products of arecoline induced by peracetic acid in vitro. The lyophilized powder of arecoline oxidation
products was dissolved in water and analyzed by mass spectrometry. For details see materials and methods section
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FIGURE 8 Effects of antioxidant and inhibitors of specific metabolic enzymes on arecoline N-oxide-induced ROS production in human liver
WRL-68 cells. Cells were treated with flavin-containing monooxygenase (methimazole, MMI), mitochondria-targeted antioxidant (Mito-TEMPO),
inhibitors of cytochrome P450 (1-aminobenzotriazole, ABT), and monoamine oxidase (imipramine, pargyline, selegiline, clorgyline) for 30 minutes
and then co-treated with arecoline N-oxide for another 24 hours. After treatment, the levels of intracellular reactive oxygen species (ROS)
production were determined by fluorescence microscopy using DCFH-DA probe and fluorescence intensity was quantified by ImageJ [Color

figure can be viewed at wileyonlinelibrary.com]

fibroblast cell lines HGF-1 and Hel than in human umbilical vein endo-
thelial cells and human keratinocyte cells. 222 In this study, the inhibi-
tory concentration 50% (IC50) of arecoline was around 62.5 pM for
24 hours of treatment in rat liver clone 9 cells, and this dose was
lower than the doses used in the different cell types in other studies
listed in Table 2. Consequently, liver may be one of the most sensitive
organs for toxicity induced by arecoline or BQ chewing. This possibil-
ity is supported by a recent report showing that arecoline can cause
serious hepatotoxicity in mice,®* a large population-based study con-
firmed the independent dose-response relationship of BQ chewing
with increasing risk for either hepatocellular carcinoma or liver cirrho-
sis. Arecoline has been shown that it is rapidly metabolized in mouse
liver to form at least 11 metabolites, including ARNO.2%3> Therefore,
BQ chewing leads to preferential damage to the liver owing to the
conversion of arecoline to a more toxic metabolite, ARNO is a very
real possibility.

Several previous studies have shown that arecoline- or BQ-
induced intracellular ROS production plays crucial roles in the toxicity
of both arecoline and BQ. Examples include the following: (1) areco-
line-mediated inhibition of AMPK (AMP-activated protein kinase)
through ROS is required for apoptosis induction,® (2) arecoline
down-regulates levels of cell-cycle inhibitors (p21 and p27) through
the ROS/mTOR complex 1 pathway and may contribute to oral squa-
mous cell carcinoma,®” (3) elevation of transglutaminase-2 expression
mediates fibrosis in BQ-associated oral submucous fibrosis via ROS,3®

and (4) elevated expression of the transcription factor snail mediates

tumor progression in BQ -associated oral squamous cell carcinoma via
ROS production.®?

In this study, we found that the typical
N-acetylcysteine (NAC) could completely block ARNO-induced DNA
strand breaks in rat liver clone 9 cells (Figure 3). In addition,

antioxidant

co-treatment with NAC, Trolox, and penicillamine could prevent
ARNO-induced ROS production in the same cell line (Figures 4-6).
In fact, similar results have been reported by others.?”2¢%° They show
that both arecoline and areca nut extract increase ROS production in
various cell lines and this effect can be effectively attenuated by anti-
oxidants, including catalase, NAC, and glutathione. In general, a
buildup of ROS in cells may cause damage to DNA, RNA, and proteins,
and may cause cell death. Moreover, ROS-induced DNA damage is
believed to contribute to carcinogenesis. These results also mean that
arecoline- and ARNO-induced intracellular ROS production may initi-
ate BQ carcinogenesis. Although the major sites of ROS production
induced by arecoline or their metabolites such as ARNO are still
unclear and require further investigation, a previous report revealed
that NADPH oxidase-derived ROS may play an important role in
arecoline-induced ROS production in cells.?” Collectively, these find-
ings not only confirm again the central importance of ROS for BQ tox-
icity but also indicate that enhancement of ROS production by ARNO
increase the risks of arecoline and betel nut toxicity.

Although we did not evaluate the role of NADPH oxidase in
ARNO-induced ROS production in this study, we found that both
FMO and CYP450 inhibitors could completely inhibit ARNO-induced
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TABLE2 Cytotoxic effects of arecoline in different cell types
Cell type Treating condition Cytotoxicity assay Percent cytotoxicity Reference
Rat liver cell (clone 9) 24 h, 500 pM Crystal violet staining assay 50% This study
Human oral mucosal fibroblast 5 days, 400 pM Crystal violet staining assay 63% 1
Human umbilical vein endothelial cell (HUVEC) 24 h, 940 M LDH? leakage assay 50% 2
Human immortalized keratinocyte (HaCaT) 24 h, 500 uM MTSP assay 50% 23
Human embryonic lung fibroblast (HEL) 24 h, 529 uM MTTC assay 30% 24
Human endothelial cell (EAhy 926) 24 h, 800 uM MTT assay 31% 22
Human leukemia cell (K562) 24 h, 1000 pM MTT assay 40% 26
Rat primary cortical neurons 24 h, 200 uM MTT assay 27% 27
Primary human gingival fibroblasts 24 h,423 M LDH leakage assay 40% 28
Primary human oral mucosal cells 24 h, 847 M Alamar blue assay 53% 2%
Pig kidney epithelial cell (LLC-PK1) 24 h, 100-500 pM MTT assay No cytotoxicity 31
Human periodontal ligament fibroblast (PDLF) 24 h, 254 M MTT assay 33% 52
Human oral KB carcinoma cell 5d,120 pM MTT assay 75% 33

@ LDH: lactate dehydrogenase.

b MTS: 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium.

€ MTT: 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide.

ROS production in human liver WRL-68 cells (Figure 8). Previous stud-
ies have shown that ARNO is formed by a FMO, not by CYP450
in vitro.2%2! Subsequently, ARNO can be metabolized to at least
13 metabolites in the mouse model.2* 1-Aminobenzotriazole (ABT), a
potent and irreversible inhibitor of CYP450 used in this study signifi-
cantly suppressed ARNO-induced ROS in WRL-68 cells (Figure 8G).
Moreover, FMO inhibitor methimazole (MMI) also exhibited excel-
lently inhibitory effect on ARNO-induced ROS production in WRL-68
cells (Figure 8E) in this study. However, MMI has been reported to
exert overlapping inhibitory effect on the activity of multiple CYP450s
in human liver microsome.** Therefore, according to the inhibitor
specificity differences between 1-ABT and MMI, we believed that
CYP450s are major ARNO metabolic enzymes than FMO in both
human and rat liver cells.

Recently, growing evidence indicates that CYP450s are not only
located in the endoplasmic reticulum but also in mitochondria.*?
Furthermore, mitochondria-targeted CYP450s represent an important
source of mitochondria ROS and are involved in the metabolism of
drugs and carcinogens.***° Interestingly, in this study, we found that
mitochondrial-targeted antioxidant Mito-TEMPO as same as CYP450
inhibitor (1-ABT) almost completely inhibited ARNO-induced ROS
production in WRL-68 cells (Figure 8C). This finding strongly indicates
that the large quantity of the ARNO-induced ROS may be formed
directly inside the mitochondria by mitochondria targeted CYP450s.
Previous studies show that mitochondria-targeted CYP2E1 and
CYP2D6 can play a direct role in xenobiotic metabolism and ROS pro-
mammalian  cells

duction in support our assumption that

mitochondria-targeted CYP450s-mediated ARNO metabolism and
induced to a higher level of ROS production in mitochondria.*44¢
Nevertheless, more investigations need to be done to clarify the role
of CYP450 enzymes, especially the mitochondria-targeted CYP450s
in ARNO metabolism-mediated toxicity in liver cells.

Another interesting finding in the present study was that copper
ions, which may be involved in ARNO-induced ROS production

because the addition of penicillamine (@ membrane-impermeable

copper chelator) could block strongly ARNO-induced ROS production
in rat liver clone 9 cells. This finding further indicates that the extra-
cellular copper ion influx may be involved in ARNO-induced ROS
production. A recent report provided evidence that the epithelial atro-
phy in oral submucous fibrosis is mediated by copper (ll) and arecoline
of betel nut.*” Furthermore, the copper levels in commercial products
are significantly higher than betel nuts and this phenomenon is highly
associated with the increasing prevalence of oral submucous fibro-
sis.*® These reports indirectly support our finding that the copper-
catalyzed Fenton reaction may also contribute to ROS production and
the toxicity of ARNO and its parent compound arecoline. Further
investigation to discover the role of copper ions in ARNO-induced
mitochondrial ROS production by CYP450 in liver cells would be
valuable to understand the relationship between the chronic liver dis-
ease and BQ chewing.

In conclusion, we have shown that ARNO, a major arecoline oxi-
dation metabolite, exerts higher cytotoxicity, mutagenicity, and clasto-
genicity than its parent compound arecoline in vitro. The
enhancement of toxicity caused by ARNO can be explained by its
induction of ROS by mitochondria-targeted CYP450-mediated metab-
olism. Furthermore, copper ion influx may be associated with ARNO
enhancement of ROS production in liver cells. Collectively, the
enhanced toxic effects of ARNO, the major metabolite of arecoline
should be carefully considered to minimize the health risks of BQ
chewing. It may be a more effective way to prevent BQ-associated
lesions by supplementation with thiol-containing small molecules for
scavenging free radicals and copper ions simultaneously. Nevertheless
the best way to avoid the adverse effects of BQ chewing certainly is

to quit right now.
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