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: The TARC has classified the areca nut as a human

environmental carcinogen. Previous studies have shown that
arecoline 1s the major alkaloid present in the saliva of
areca nut chewers. Evidences over the years have shown that
saliva containing a large content of arecoline leads to
mutation of oral mucosa cells, resulting in oral cancer.
Arecoline also induces liver toxicity and depresses the
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antioxidant system. Evidence is also accumulating
implicating the areca nut in the development of other
gastrointestinal malignancies, including liver carcinoma.
However, the mechanism responsible for arecoline-induced
damage in normal liver cells remains uncharacterized.
Therefore, the purpose of this study was to determine the
cytotoxic, genotoxic, and mutagenic effects of arecoline
and its oxidative metabolite, arecoline N-oxide (ARNO), in
clone 9 cells. The cytotoxic, genotoxic, and mutagenic
effects were detected by crystal violet staining, alkaline
comet assay, and Salmonella typhimurium mutagenicity test,
respectively. The results showed that ARNO exerted higher
cytotoxicity, DNA damage, and mutagenicity than its parent
compound arecoline in clone 9 cells. Furthermore, ARNO
induced higher toxicity to zebrafish embryos than
arecoline. The addition of antioxidants, such as N-
acetylcysteine, trolox, and penicillamine, significantly
protected clone 9 cells from ARNO-induced DNA damage and
ROS production. To explore further the role of metabolic
enzymes 1n ARNO-induced ROS production enhancement, we used
human normal liver cells WRL68, as well as various types of
metabolic enzyme inhibitors, including CYP, FMO and MAO
inhibitors. The results showed that both CYP and FMO
inhibitors were significantly reduced of ARNO-induced ROS
production in WRL68 cells, but the similar phenomenon could
not be observed for a variety of monoamine oxidase
inhibitors. In addition, ARNO-induced ROS production was
significantly reduced by mitoTEMPO in WRL68 cells.
Collectively, we can make the following conclusions:
(1)ARNO is more toxic than its original compound,
arecoline. (2)The enhancement of ROS production in rat
liver clone 9 cells by ARNO is closely related to its high
toxicity. (3) ARNO also shows significantly higher
zebrafish embryonic lethality. (4)ARNO-induced ROS
production is mediated by CYP &amp; FMO in WRL68 cells.
(5)ARNO-induced ROS in WRL68 cells is via a mitochondria-
dependent pathway.

arecoline; arecoline N-oxide; rat liver clone 9 cells;
WRL68 cells; DNA strand break, ROS, cytochrome P450,
flavin-containing monooxygenase, mitochondria



1. Introduction

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 leaf. Chewing of BQ is
a habit of great antiquity in South Asia, Southeast Asia, and the Pacific Islands, with
about 600 million users reported worldwide (IARC, 2012; Gupta & Ray, 2004). The
areca nut in BQ has been recognized as a Group I carcinogen to humans by the
International Agency for Research on Cancer (IARC, 2004) of the World Health
Organization. Case-control studies from India, Pakistan, and Taiwan have reported
that BQ use, specifically without tobacco, is a risk factor for oral cancer (Jacob et al.,
2004; Warnakulasuriya et al., 2002). Besides oral cancer, BQ chewing is an
independent risk factor for cirrhotic hepatocellular carcinoma (Wu et al., 2009; Chung
et al., 2008; Tsai et al., 2004). There is an additive interaction between BQ chewing
and chronic hepatitis B and/or hepatitis C virus infection (Jeng et al., 2009). In
addition, recent studies have shown that BQ chewing or areca nut contents have
harmful effects on reproductive function and are associated with obesity and higher
risk of cardiovascular disease (Lin et al., 2014).

Although the exact mechanism by which betel nut induces adverse health effects
has not been clearly elucidated, multiple pathways have been suggested, including
enhanced production of reactive oxygen species (ROS) and the formation of DNA
adducts (Hu & Chao, 2012; Bhattacharjee & Sharan, 2004). These adverse effects
may be due to the combined action of the ingredients of the BQ); the active compound
accounting for BQ-induced carcinogenicity 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 (Goswami & Ahmed, 1956). Furthermore, a recent

report indicated that arecoline N-oxide, 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 (S9
mix) (Lin et al., 2011). 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 arecoline N-oxide in rat liver clone 9 cells and

zebrafish larvae.



2. Materials and methods
2.1. Chemicals
All reagents were purchased from Sigma-Aldrich (St. Louis, MO) unless

otherwise specified.

2.2. Arecoline N-oxide preparation

Arecoline N-oxides were prepared according to the published method (Nery et al.,
1971) with little modification. A solution of arecoline (2.44 g) in ether (10 mL) was
stirred in a water-ice bath and treated with aq. 33% (w/v) peroxyacetic acid (4.56 g)
dropwise for 30 min. 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 three 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. Clone 9 cell culture
Rat liver clone 9 cells were cultured in RPMI-1640 medium supplemented with
10% fetal bovine serum containing 100 pug/mL penicillin-streptomycin. Cells were

incubated at 37°C in a 5% CO, humidified incubator.

2.4. Cytotoxicity assay
Cytotoxicity was determined by using the crystal violet staining assay, as in our
previous study (Tu et al., 2013). Briefly, cells (2x10* 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 uM. 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, CA) 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 arecoline N-oxide (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 ng/plate) for TA98 and sodium azide, NaNj3 (5

ug/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 by using
the alkaline comet assay as previously described (Chen et al., 2004). Damage was
quantified as tail moment of at least 50 cells per sample by using the software
program Comet Assay III (Perceptive Instruments Ltd., Haverhill, UK). Tail moment

is defined as the product of tail length and the fraction of DNA in the tail.

2.7. ROS generation assay

The intracellular generation of ROS was assayed with the
2',7'-dichlorofluorescein diacetate (DCFH-DA) method. DCFH-DA is transported
across the cell membrane and cleaved by nonspecific esterases to form DCFH, which
is further oxidized by ROS to form the fluorescent compound (DCF). Rat liver clone
9 cells were seeded at 8 x 10* cells/well in 4-well chamber slides and pre-cultured
overnight. On the next day, the cells were pre-incubated with 100 uM DCFH-DA in
HBSS for 30 minutes and were then incubated in the presence or absence of different
doses of arecoline or arecoline N-oxide (31.25-250 uM) for 2 hours or with 250 uM
H,0, for 30 minutes as the positive control. After incubation, cells were washed, and
the level of DCF fluorescence was determined by using a Flexstation 3 microplate
reader (Molecular Devices, Sunnyvale, CA). The fluorescence of intracellular DCF
was also observed and photographed by fluorescence microscopy (Nikon E400,

Tokyo, Japan) coupled with a digital camera.

2.8. Zebrafish embryonic toxicity test



Fertilized embryos were obtained from adult AB strain zebrafish (Danio rerio)
bred and maintained in our laboratory following standard conditions. Embryos at the
same developmental stage (3 hours post fertilization) were collected and rinsed in
embryo water. Embryos were examined under a dissecting microscope, and those that
had developed normally and had reached the blastula stage were selected for the
subsequent exposure experiments. Thirty fertilized eggs were transferred to a new
6-cm dish containing 2 mL solution with and without different concentrations of
arecoline or arecoline N-oxides (31.25-500 uM) for 24 hours. Three replicates were
run for each concentration.

The viability of embryos after treatment is based on the transparency of the
embryo. When cells of the embryo lose their ability to regulate membrane
permeability, the embryo becomes opaque. Thus, opaque embryos were considered
dead. Survival was calculated as the percentage of viable embryos of the total number

of embryos for each treatment group.

2.9. Liquid chromatography—mass spectrometry analysis

Fifteen milliliters of each suspension was collected and then injected into an HLB
SPE column for cleanup. The column was first eluted with 2 mL of methanol three
times. Next, the combined eluents were concentrated by 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% (v/v) 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 established were as follows: flow rate from syringe pump, 50 pL/min; 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.

2.10. Adult zebrafish swimming behavior analysis

After 58 days of arecoline or arecoline N-oxide exposure, single zebrafish was
placed in fresh media solution and transferred to a 0.5-liter glass beaker. Locomotor
activity was recorded during 5 min either by a top-view or side-view camera, and
analyzed by video tracking software. Total distance (cm) and time spent in upper half

or lower half was measured as described by Capiotti et al., 2013.

2.11. Statistical analysis

Results are expressed as means + SEs from at least three independent
experiments. Data were analyzed by using one-way analysis of variance (SAS
Institute, Cary, NC, USA). The significance of the difference among group means was
determined by Student's t-tests; P values < 0.05 were taken to be statistically

significant.



3. Results
3.1. Arecoline- and arecoline N-oxide-induced cytotoxicity

The cytotoxic effects of arecoline and arecoline N-oxide were evaluated in rat
liver clone 9 cells by crystal violet staining. Treatment with either arecoline or
arecoline N-oxide for 24 hours resulted in cell death in a dose-dependent manner
(Figure 1). The cytotoxicity of arecoline N-oxide was eight times that of arecoline.
The ICs values of arecoline and arecoline N-oxide were 500 uM and 62.5 uM,

respectively.

3.2. Arecoline- and arecoline N-oxide-induced DNA damage

The potential of arecoline and arecoline N-oxide 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 uM) of arecoline or arecoline N-oxide for 2 hours, after
which the alkaline comet assay was conducted 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 arecoline N-oxide 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 uM arecoline
N-oxide 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 arecoline
N-oxide-induced DNA strand breaks in clone 9 cells, cells were treated with various
doses of N-acetylcysteine (NAC, a potent antioxidant) 30 minutes before the addition

of 125 uM arecoline N-oxide 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 arecoline N-oxide 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 arecoline N-oxide enhances intracellular ROS
production and subsequently elevates DNA strand breaks in clone 9 cells.

The production of ROS in clone 9 cells under co-treatment with arecoline
N-oxide 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 uM arecoline N-oxide, 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 arecoline
N-oxide-induced ROS production in clone 9 cells (Figure 4). Besides NAC, combined
treatment with either Trolox (a water-soluble analog of vitamin E) or D-penicillamine
(a copper-chelating agent) for 2 hours also significantly inhibited arecoline
N-oxide-induced ROS production in clone 9 cells (Figures 5 and 6, respectively).
Collectively, these results not only confirm that ROS production plays an important
role in arecoline N-oxide-induced DNA damage but also indicate that the
copper-ion-catalyzed reaction is also involved in arecoline N-oxide-induced ROS

production.

3.3. Arecoline-induced zebrafish embryo toxicity
Survival rates for zebrafish embryos treated with arecoline- and arecoline
N-oxide for 24 hours are shown in Figure 7. As shown in Figure 7A, arecoline

treatment for 24 hours at a concentration range of 31.25 uM to 250 uM did not cause



death of zebrafish embryos. However, in the same dose range, arecoline N-oxide
treatment for 24 hours caused significant death of zebrafish embryos. The dosage of
arecoline and arecoline N-oxide at which 50% of the zebrafish embryos died was
more than 500 uM and 125 puM, respectively (Figure 7B). When zebrafish embryos
were treated with 500 uM arecoline N-oxide, all embryos died 3 hours after exposure,
whereas 500 uM arecoline did not cause significant embryo death even after 24 hours
of exposure (data not shown). These results revealed that oxidation of arecoline to
arecoline N-oxide increased intracellular ROS production and cytotoxic and

embryotoxic potencies.

3.4. Identification of oxidation products of arecoline

The formation of oxidation products of arecoline catalyzed by peracetic acid in
vitro were confirmed and determined by LC—MS. Figure 8 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 arecoline N-oxide and
the dimer of arecoline N-oxide, 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 products of arecoline were
consistent with those previously reported (Giri et al., 2006 and 2007). Our findings
indicated that the arecoline N-oxide 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.

3.5. Effect of arecoline N-oxide on adult zebrafish swimming behavior

Photographs of adult zebrafish chronically exposed to drugs and drug-free control



in a 2-liter glass beaker were shown in figure 8. The nose-up angle between the
longitudinal body axis of zebrafish and horizontal line was increased by both
arecoline and arecoline N-oxide treatment for 58 days. The tilt angle of zebrafish
treated with 50 uM arecoline, 25 uM arecoline N-oxide, 50 uM arecoline was 10.7°,
21.3° and 27.7°, respectively compared to the control group (6.8°)

The total distance travelled was significantly decrease from 23.9 m to 9.4 m and 12.2
m in zebrafish exposed to 50 uM and 100 uM arecoline, respectively (Figure 9). In
comparison with the arecoline, a marked decrease in total distance traveled by
zebrafish was also observed after treatment with arecoline N-oxide. The value of total
distance travelled by zebrafish was decreased to 3.3 m and 3.9 m in the group of 25
puM and 100 uM arecoline N-oxide, respectively (Figure 9). Besides the reduction of
total travel distance, zebrafishs exposed to arecoline and arecoline N-oxide in general
showed a significantly decrease in the time spent in the upper portion of the test tank
when compared with the control group (89 s). In addition, zebrafishs treated with
arecoline and arecoline N-oxide we observed as significant increase in the time spent
in the lower zone of the test beaker when compared with the control group (150 s)
(Figure 10). These results indicate that increase in time spent in the lower zone may
also account for the reduced zebrafish locomotor activity by arecoline and arecoline
N-oxide. Interestingly, in the group of 50 uM arecoline N-oxide had greatly increased
the total distance travelled compared to control zebrafish. In addition to increase the
total distance travelled, 50 uM arecoline N-oxide treated zebrafish spent significantly
more time in the upper zone of the test beaker. These findings indicate that both
arecoline and arecoline N-oxide can cause either a decrease in locomotor activity or
induced anxiolytic-like behaviors and increased locomotor activity depending on the

treatment concentration in adult zebrafish.



3.6. Effect of drug metabolizing enzyme and arecoline-N-oxide-induced ROS
production

In this study, we have shown that arecoline N-oxide, a major metabolite of
arecoline, is more toxic than the parent compound, including intracellular ROS
production. In order to further investigate whether drug metabolic enzymes are
involved in the enhancement production of ROS by arecoline N-oxide, we examined
the inhibition action of drug metabolic enzymes on arecoline N-oxide-induced ROS
production in human hepatic cell line WRL-68, including cytochrome P450,
flavin-containing monooxygenase, and monoamine oxidase inhibitor. The results were
shown in figure X. Arecolin N-oxide induced ROS production in WRL68 cells was
strongly blocked by addition of cytochrome P450 inhibitor (1-aminobenzotriazole)
and flavin-containing monooxygenase inhibitor (methimazole). On the contrary, the
monoamine oxidase inhibitors (pargyline, selegiline, and clorgyline) did not
sifnificantly affect on arecoline N-oxide-induced ROS production in WRL68 cells.
Furthermore, treatment with mitochondria-targeted antioxidant mitoTEMPO was also
strongly inhibited arecoline N-oxide-induced ROS production in WRL68 cells (Figure
11). These results suggest that arecoline N-oxide-induced ROS production may be via
a CYP/FMO-mediated metabolism and mitochondria-dependent pathway in human

liver cell line WRL6S.



4. Discussion
4.1. Arecoline cytotoxicity

Our present findings showed that oxidation of arecoline highly enhanced its
cytotoxicity and mutagenicity in clone 9 liver cells. Previous studies have shown that
arecoline induces cytotoxicity in various cell lines, including human endothelial cells,
human epithelial cells, human mucosal fibroblasts, and human leukemia cells (Ullah
et al., 2014; Li et al., 2014; Zhou et al., 2013; Tseng et al., 2012; Chen and Chang,
2012; Shih et al., 2010; Chiang et al., 2007; Chang et al., 2001b; Jeng et al., 1999).
However, sensitivity to arecoline varies depending on cell type. Comparative studies
of the cytotoxic effect of arecoline have shown that arecoline is much less cytotoxic in
two different human fibroblast cell lines HGF-1 and Hel than in human umbilical vein
endothelial cells and human keratinocyte cells (Li et al., 2014; Chiang et al., 2007). In
this study, the inhibitory concentration 50% (IC50) of arecoline was around 62.5 uM
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 the other studies listed in Table 2. Thus, the
liver may be one of the most sensitive organs to arecoline and BQ exposure. This
possibility is supported by a recent report showing that arecoline exposure can cause
serious hepatotoxicity in mice (Zhou et al., 2014). Furthermore, a large
population-based study confirmed the independent dose-response relationship of betel
chewing with increasing risk for either hepatocellular carcinoma or liver cirrhosis
(Wu et al., 2009). Arecoline has been shown to be rapidly metabolized in mouse liver
and to form at least 11 metabolites, including arecoline N-oxide (Giri et al., 2006;
Patterson & Kosh, 1993). Thus, one possibility is that BQ chewing leads to

preferential damage to the liver owing to the conversion of arecoline to a more toxic



metabolite, arecoline N-oxide.

4.2. Arecoline ROS production and DNA damage

The detailed mechanisms by which arecoline or BQ causes several kinds of
cancer, metabolic disease, cardiovascular disease, and type 2 diabetes remain unclear.
Several previous studies have shown that arecoline- or BQ-induced intracellular ROS
production play crucial roles in the toxicity of both arecoline and BQ. Examples
include the following: (1) arecoline-mediated inhibition of AMPK (AMP-activated
protein kinase) through ROS is required for apoptosis induction (Yen et al., 2011), (2)
arecoline down-regulates levels of cell-cycle inhibitors (p21 and p27) through the
ROS/mTOR complex 1 pathway and may contribute to oral squamous cell carcinoma
(Jietal., 2012), (3) elevation of transglutaminase-2 expression mediates fibrosis in
BQ chewing-associated oral submucous fibrosis via ROS (Lee et al., 2015), and (4)
elevated expression of the transcription factor snail mediates tumor progression in BQ
chewing-associated oral squamous cell carcinoma via ROS production (Lee et al.,
2013).

In the present study, we found that the typical antioxidant NAC could potently
block arecoline N-oxide-induced DNA strand breaks in rat liver clone 9 cells (Figure
3). In addition, co-treatment with NAC, Trolox, and penicillamine could prevent
arecoline N-oxide-induced ROS production these cells (Figures 4-6). In fact, several
other previous studies have also shown that areca nut extract and arecoline increase
ROS production in various cell lines and that this effect can be effectively attenuated
by antioxidants, such as catalase, NAC, and glutathione (Chen et al., 2014; Yen et al.,
2011; Shih et al., 2010). In general, the harmful effects of ROS on the cell are often
found as DNA damage, lipid peroxidation, and protein oxidation. ROS-induced DNA

damage is believed to contribute to carcinogenesis. These results also mean that



arecoline- and arecoline N-oxide-induced ROS production may initiate BQ
carcinogenesis. Although the major sites of ROS production induced by arecoline or
their metabolites are still unclear and require further investigation, a previous report
revealed that NADPH oxidase-derived ROS may play an important role in arecoline-
and arecoline-N-oxide-stimulated ROS production in cells (Shih et al., 2010).
Collectively, these findings not only confirm again the central importance of ROS for
BQ toxicity but also indicate that enhancement of ROS production by arecoline
N-oxide increases the risk of arecoline toxicity.

Another interesting finding in the present study was that copper ions may be
involved in arecoline N-oxide-induced ROS production because the addition of
penicillamine (a membrane-impermeable copper chelator) could strongly block
arecoline N-oxide-induced ROS production in rat liver clone 9 cells. This finding
further indicates that extracellular copper ion influx may be involved in arecoline
N-oxide-induced ROS production. A recent report provided evidence that the
epithelial atrophy in oral submucous fibrosis is mediated by copper(Il) and arecoline
of areca nut (Khan et al., 2015). Furthermore, the copper levels in commercial
products are significantly higher than raw areca nuts and this phenomenon is highly
associated with the increasing prevalence of oral submucous fibrosis (Mathew et al.,
2014). These reports indirectly support our view that the copper-catalyzed Fenton
reaction may contribute to ROS production and the toxicity of arecoline and its
metabolite arecoline N-oxide. However, further investigations are needed to fully
understand the role of copper ions in arecoline N-oxide-induced ROS production and

toxicity.

4.3. Arecoline metabolism

We showed that arecoline N-oxide was the main oxidation product induced by in



vitro oxidation with peracetic acid. Besides in vitro chemical oxidation, arecoline can
also be efficiently formed by both flavin-containing monooxygenase-catalyzed
oxidation (Giri et al., 2006) and in vivo metabolic processes in rat (Nery, 1971).
Eleven metabolites of arecoline have been identified. They are arecaidine, arecoline
N-oxide, arecaidine N-oxide, N-methylnipecotic acid, N-methylnipecotylglycine,
arecaidinylglycine, arecaidinylglycerol, arecaidine mercapturic acid, arecoline
mercapturic acid, and arecoline N-oxide mercapturic acid, together with nine
unidentified metabolites (Giri et al., 2006). The urinary excretion of arecoline-derived
metabolites within 12 hours after arecoline treatment in rat comprises arecoline
N-oxide (7.4-19.1%), N-methylnipecotic acid (13.5-30.3%), arecadine (7.1-13.1%),
and unchanged arecoline (0.3-0.4%) (Giri et al., 2006). Although the related
contributions of each of these metabolites to toxicity remain largely unknown, the
findings of this study suggest that the enzyme-mediated oxidative metabolism of
arecoline into arecoline N-oxide is particularly notable for its role in toxicity and
carcinogenesis. This possibility is supported by the evidence that increased risks of
cirrhosis and hepatocellular cancer are found in BQ chewers free of hepatitis B/C

infection (Wu et al., 2009).

4.4. Arecoline embryo toxicity

We also showed that arecoline within the dose range of from 31.25 to 250 uM did
not cause significant acute toxicity in zebrafish embryos when treated for 24 hours.
However, its dominant oxidized product in vitro, arecoline N-oxide, significantly
enhanced the toxic effect in zebrafish embryos compared with the parent compound
arecoline. The mechanism for the enhanced toxic effect of arecoline N-oxide in
zebrafish embryos is still unclear. However, we believe that increased ROS

production may play a significant role. To our understanding, only a few studies have



shown that arecoline can induce embryo/developmental toxicity in zebrafish embryos
(Peng et al., 2015; Chang et al., 2004), but the doses in general were higher than what
we used in this study. These reports also pointed out that oxidative stress resulting
from protein thiol depletion and mitochondrial damage plays an important role in
arecoline-induced developmental toxicity in zebrafish embryos. These findings
provide a possible explanation that arecoline N-oxide indirectly promotes
mitochondrial damage and/or protein thiol depletion to increase intracellular ROS
production and to enhance high embryotoxicity. Nevertheless, further investigation
will be conducted to confirm the differential ability to induce mitochondrial
dysfunction and protein oxidation between arecoline N-oxide and its parent compound

arecoline.

4.5. Conclusions

In conclusion, we have shown that arecoline N-oxide, a major arecoline oxidation
metabolite, exerts higher cytotoxicity, mutagenicity, and clastogenicity than its parent
compound arecoline in rat liver clone 9 cells. The higher toxicity of arecoline N-oxide
can be simply explained by its induction of ROS. Furthermore, arecoline
N-oxide-induced oxidative damage may also simultaneously induce an influx of
extracellular copper ion and in turn enhance ROS production and toxicity. In fact, a
higher toxicity of arecoline N-oxide occurs not only in rat liver clone 9 cells but also
in zebrafish embryos. This suggests that the high toxicity of arecoline N-oxide is
likely universal. Collectively, the toxic effects of the metabolite arecoline N-oxide in
vivo should be carefully considered to minimize the health risks of BQ chewing. It
may be possible to prevent BQ-associated lesions by supplementation with
thiol-containing small molecules for simultaneous free radical scavenging and copper

chelation. Nevertheless, further studies will be required to determine whether



thiol-based biofunctional antioxidants can reduce BQ-induced oral submucous
fibrosis and oral cancer in either animal models or humans. The best way to avoid the

adverse effects of BQ certainly is to stop chewing BQ now.
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Figure legends

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, -®-) 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 three independent experiments.

Figure 2. 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, -®-) 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 H,O, (50 uM) for 5 minutes (solid triangles, -A-) was used as a

positive control. Data are mean +SE from three independent experiments.

Figure 3. Protective effect of N-acetylcysteine on arecoline N-oxide-induced DNA
damage in clone 9 cells. Cells were co-treated with 125 uM arecoline N-oxide and
different doses of N-acetylcysteine (31.25, 62.5, and 125 uM) 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 three 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.

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 uM arecoline N-oxide (ArNO) and 31.25 uM N-acetylcysteine (NAC)
for 2 hours and reactive oxygen species production was detected by fluorescence
microscopy using DCFH-DA. Cells were treated with 250 uM H,0, for 30 minutes as
a positive control for reactive oxygen species production.

Figure 5. 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 uM Trolox for 2 hours and then
reactive oxygen species production was detected by fluorescence microscopy using
DCFH-DA. Cells were treated with 250 uM H,0, for 30 minutes as a positive control
for reactive oxygen species production.

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 uM arecoline N-oxide (ArNO) and 500 uM penicillamine (Pen) for 2 hours and
then reactive oxygen species production was detected by fluorescence microscopy
using DCFH-DA. Cells were treated with 250 uM H,O, for 30 minutes as a positive
control for reactive oxygen species production.

Figure 7. Arecoline- and arecoline N-oxide-induced zebrafish embryo toxicity. (A)
Groups of 30 zebrafish embryos after 3 hours of fertilization were exposed to

arecoline or arecoline N-oxide for 24 hours and then dead embryos were observed and
imaged under a dissecting microscope. The dead embryos turned white as indicated

by their blurry yolks. Embryo survival was expressed as percentage of control. (B)
Quantification of arecoline and arecoline N-oxide-induced zebrafish embryo toxicity
from experiments shown in panel A. Data are mean £SE from three independent

experiments.

Figure 8. 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.

Figure 9. Representative photo about the posture of the zebrafish and the
location of its body in space after exposure to different doses of arecoline or
arecoline N-oxide for 58 days.

Figure 10. Effect of arecoline and arecoline N-oxide on the swimming behavior of
adult zebrafish from top-vew. Zebrafish were chronically exposed to different doses
of arecoline (AR) or arecoline N-oxide for 58 days. After treatment, zebrafish was
transferred into a 0.5-liter glass beaker (1 fish per beaker) and swimming behavior
was recorded from top view and analyzed by a digital video camera and motion
tracking software over a 5-min period. (A) Typical representative trace images of
zebrafish swimming behavior. (B) Quantification of the total distance traveled by a

zebrafish during 4 minute periods.

Figure 11. Effect of arecoline and arecoline N-oxide on the swimming behavior of
adult zebrafish from side view. Zebrafish were chronically exposed to different
doses of arecoline (AR) or arecoline N-oxide for 58 days. After treatment, zebrafish
was transferred into a 0.5-liter glass beaker (1 fish per beaker) and swimming

behavior was recorded from side view and analyzed by a digital video camera and



motion tracking software over a 5-min period. (A) Typical representative trace images
of zebratish swimming behavior. (B) Quantification of the total distance traveled by a
zebrafish during 4 minute periods. Zonel: the upper portions above the midline of the

tank; zone 2: the lower portions under the midline of the tank.

Figure 12. 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 mitochondria-targeted antioxidant (mito-TEMPO), inhibitors of
cytochrome P450 (1-aminobenzotriazole, ABT), flavin-containing monooxygenase
(methimazole, MMI), and monoamine oxidase (selegiline, clorgyline, pargyline,
imipramine) 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 Imagel. Data was represent as mean = SD of

three independent experiments.



Table 1. Mutagenicity of arecoline and arecoline N-oxide in Salmonella typhimurium
TA 98 and TA 100

Treatments Strain
TA 98 TA 100
0 uMAR® 14+1 168 + 17
31.25 uM AR 26+ 6 170 + 35
62.50 uM AR 22+5 182 £22
125 uM AR 15+3 165 + 30
250 pM AR 23+6 176 + 18
31.25 uM ARNO" 35+ 6 230 +2
62.50 uM ARNO 23 +4 251+ 11
125 uM ARNO 26 + 4 372 +42
250 uM ARNO 53 +21 618 + 132
1.25 pg/mL 4NQO° 74 + 14
1.25 pg/mL NaN3¢ 1788 + 321

* AR: arecoline; ® ARNO: arecoline N-oxide; ¢ 4NQO; 4-nitroquinoline-1-oxide; d
NaN3: sodium azide. Data from the average of three determinations (mean + standard

error).



Table 2. Cytotoxic effects of arecoline in different cell types.

Cell type Treat_lng Cytotoxicity assay Percent. _ Reference
condition cytotoxicity

Rat liver cell 241,500 uM  Crystal violet 50% This study

(clone 9) staining assay

Zebrafish 24 h, 500 uM  Microscopic No This study

embryo examination cytotoxicity

Pig kidney 24 h, 100 — MTT assay No Lin et al.,

epithelial cell 500 uM cytotoxicity 2016

(LLC-PK1)

Human 241,940 uM  LDH leakage assay 50% Ullah et

umbilical vein al., 2014

endothelial cell

(HUVEC)

Human 24 h, 500 uM  MTS assay 50% Lietal,

immortalized 2014

keratinocyte

(HaCaT)

Human 241,529 uM  MTT assay 30% Zhou et al.,

embryonic lung 2013

fibroblast

(HEL)

Human 24h, 800 uM  MTT assay 31% Tseng et

endothelial cell al., 2012

(EAhy 926)

Human 24 h, 1000 uM  MTT assay 40% Chen &

leukemia cell Chang,

(K562) 2012

Rat primary 24 h,200 uM  MTT assay 27% Shih et al.,

cortical neurons 2010

Primary human 24 h,423 uM  LDH leakage assay 40% Chiang et

gingival al., 2007

fibroblasts

Primary human 24 h, 847 uM  Alamar blue assay  53% Chang et

oral mucosal al., 2001

cells

Human 24 h, 254 uM  MTT assay 33% Chang et



periodontal
ligament
fibroblast
(PDLF)

Human oral KB 5d, 120 uM
carcinoma cell

Human oral 5d, 400 uM

mucosal
fibroblast

MTT assay

Crystal violet
staining assay

75%

63%

al., 2001c

Chang et
al., 2001a

Jeng et al.,
1999
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