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Arecoline induced cell cycle arrest, apoptosis,
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Abstract Betel quid (BQ) chewing is a common oral habit
in South Asia and Taiwan. BQ consumption may increase
the risk of oral squamous cell carcinoma (OSCC), oral
submucous fibrosis (OSF), and periodontitis as well as
systemic diseases (atherosclerosis, hypertension, etc.).
However, little is known about the toxic effect of BQ
components on endothelial cells that play important roles
for angiogenesis, carcinogenesis, tissue fibrosis, and car-
diovascular diseases. EAhy 926 (EAHY) endothelial cells
were exposed to arecoline, a major BQ alkaloid, for various
time periods. Cytotoxicity was estimated by 3-(4, 5-
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dimethylthiazol-2-yl)-2, 5-diphenyl tetrazolium bromide
assay. The cell cycle distribution of EAHY cells residing
in sub-G0/G1, GO/G1, S-, and G2/M phases was analyzed
by propidium iodide staining of cellular DNA content and
flow cytometry. Some EAHY cells retracted, became
round-shaped in appearance, and even detached from the
culture plate after exposure to higher concentrations of
arecoline (> 0.4 mM). At concentrations of 0.4 and
0.8 mM, arecoline induced significant cytotoxicity to
EAHY cells. At similar concentrations, arecoline induced
G2/M cell cycle arrest and increased sub-GO/G1 popula-
tion, a hallmark of apoptosis. Interestingly, prolonged
exposure to arecoline (0.1 mM) for 12 and 21 days
significantly suppressed the proliferation of EAHY cells,
whereas EAHY cells showed adaptation and survived when
exposed to 0.05 mM arecoline. These results suggest that
BQ components may contribute to the pathogenesis of
OSF and BQ chewing-related cardiovascular diseases via
toxicity to oral or systemic endothelial cells, leading to
impairment of vascular function. During BQ chewing,
endothelial damage may be induced by areca nut
components and associate with the pathogenesis of OSF,
periodontitis, and cardiovascular diseases.

Keywords Arecoline - Cardiovascular diseases - Cell
cycle - Cytotoxicity - Endothelial cells - Oral submucous
fibrosis

Introduction
Betel quid (BQ) chewing is the fourth most common oral
habit in the world [1]. BQ chewing habit is very popular in

many countries of Southeast Asia including India, Sri
Lanka, Philippines, Mainland China, and Taiwan [2—4].
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There are about 200-600 million BQ chewers in the world
[1, 4, 5] and the prevalence rate of BQ chewing is about
10% in Taiwan [6]. BQ chewing habit is associated with the
elevated risk of localized oral mucosal diseases such as oral
squamous cell carcinoma, oral submucous fibrosis (OSF),
and oral leukoplakia [1, 4, 6, 7]. Recently, BQ chewing
habit has been linked to the enhanced risk of systemic
diseases such as atherosclerosis, hypertension, and all-cause
mortality [8—10].

Histologically, an increase of vascular density in the
carly stage of OSF is observed, whereas the vascular
density decreased markedly in the middle and late stages of
OSF [11]. Similarly, a decline or complete loss of
endothelial cells in the juxtaepithelial region of OSF tissue
is also noted [12]. The vascular effects by BQ components
are suggested to contribute to the localized nutritional
deprivation and mucosal atrophy in OSF, a precancerous
condition. However, the precise mechanisms responsible
for the BQ chewing-related oral mucosal diseases and
vascular changes in localized oral mucosa or systemic
circulation are not fully clear. BQ ingredients released
during chewing are proposed to be the major contributing
factors for blood vessel dysfunction [1, 4].

In Taiwan, BQ contains mainly areca nut (AN),
inflorescence Piper betle and lime with/without wrapping
by a P. betle leaf. AN contains several alkaloids such as
arecoline, arecaidine, guvacoline, and guvacine. Arecoline is
the most abundant areca alkaloid [13]. During BQ chewing,
the salivary concentration of arecoline may reach 140 pg/ml
[14]. At clinically relevant concentrations, arecoline may
induce cytotoxicity to oral mucosal epithelial cells and
fibroblasts [15—18]. Whether BQ components are toxic to
vascular endothelial cells should be further addressed.

The mechanisms responsible for arecoline cytotoxicity
are not fully clarified. AN ingredient may induce prosta-
glandin E, (PGE,) production, cell cycle arrest, and
cytotoxicity to primary oral keratinocytes and KB cancer
cells [17]. The prolonged exposure of human KB epithelial
cells to arecoline results in growth inhibition and cellular
apoptosis [19]. Recently, AN extract has been shown to
stimulate platelet aggregation and thromboxane B, produc-
tion [20], which may potentially elevate the risk of
cardiovascular diseases. Since the metabolism of chemicals
shows some differences among cells, we propose that
arecoline may induce cytotoxicity to endothelial cells to
mediate the decline of localized vascularity in OSF and
elevate the risk of systemic cardiovascular diseases. In this
study, we therefore used EAhy926 (EAHY) endothelial
cells [21], which are derived from a fusion of human
umbilical vein endothelial cells with the lung adenocarci-
noma hybrid cell line. EAHY cells showed endothelial cell
characteristics such as the expression of endothelin-1,
Weibel-Palade bodies, prostacyclin, factor VIII-related
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antigen, and endothelial adhesion molecules ICAM-1 and
VCAM-1 [22-24]. The effects of arecoline on morphologic
change, cytotoxicity, apoptosis, and changes in cell cycle
distribution in EAHY cells were investigated. Moreover,
the toxic effect of long-term exposure of EAHY cells to
low-dose arecoline was also evaluated.

Materials and methods
Chemicals

Arecoline hydrobromide and 3-(4, 5-dimethylthiazol-2-yl)-
2, 5-diphenyl tetrazolium bromide (MTT) were obtained
from Sigma (Sigma Chemical Company, St. Louis, MO,
USA). Trypan blue, Dulbecco’s Modified Eagle’s Medium
(DMEM), fetal bovine serum (FBS), penicillin/ streptomycin
and other cell culture biologicals were purchased from Gibco
(Life Technology, NY, USA). Reagents for flow cytometric
analysis were from Becton Dickinson (San Jose, CA, USA).

Cell culture

EAHY cells were kindly given by Dr. Cora-Jean S. Edgell
(North Carolina University, NC, USA) [21, 22]. They were
cultured in DMEM containing 10% fetal bovine serum
(FBS), 5% CO,, at 37°C.

Arecoline cytotoxicity to EAHY endothelial cells

For short-term exposure to higher concentrations of
arecoline, 5x10° EAHY cells were seeded onto 6-well
culture plates. After 24 h, the culture medium was changed
and then various amounts of arecoline (final 0, 0.1, 0.2, 0.4,
and 0.8 mM) were added. Cells were further incubated for
24 or 72 h. MTT was added into each well and cells were
further cultured for 3 h. The culture medium was decanted.
The insoluble formazan generated by viable cells was
dissolved in DMSO and read against reagent blank
(DMSO) at a wavelength of 540 nm by a microplate reader
for estimation of cell viability. Results were expressed as
mean+SEM (% of control).

Long-term exposure to arecoline on the proliferation
of EAHY cells

For long-term exposure to lower concentrations of areco-
line, 5x10° EAHY cells were plated onto 10-cm Petri-
dishes and treated with various concentrations of arecoline
(final 0, 0.01, 0.025, 0.05, and 0.1 mM). They were
subcultured every 3 days at the same cell density, followed
by the addition of new arecoline. This was continued for
seven passages (21 days). After exposure to arecoline for 3,



Clin Oral Invest (2012) 16:1267-1273

1269

12, and 21 days, both floating and attached cells were
collected and viable cell numbers were counted by trypan
blue dye exclusion technique as described before [25].

Flow cytometric analysis of cell cycle distribution
of EAHY cells

Flow cytometric analysis was performed as described
previously [26]. Briefly, EAHY cells (5 x 10° cells) were
exposed to various concentrations of arecoline for 24 h.
Then, both floating and attached cells were collected and
centrifuged in tubes. Cells were re-suspended and fixed in
70% ice-cold ethanol for 30 min, washed with phosphate-
buffered saline (PBS), and then stained with propidium iodide
(PI) (50 pg/ml) in PBS containing 2 mg/ml ribonuclease A for
30 min. Cellular DNA content was measured by using a FACS
Calibur flow cytometer (Beckman Coulter, Fullerton, CA,
USA) to evaluate cell cycle distribution. A total of 10,000
events were determined for each sample. The percentages of
cells residing in GO/G1, S, or G2/M and sub-GO/G1 (a
hallmark of cellular apoptosis) phases were automatically
calculated from histograms by CellQuest software (BD
Sciences, San Jose, CA, USA) and ModFit LT version 2.0
software (Verity Software House, ME, USA).

Statistical analysis

Four or more independent experiments were performed and
used for statistical evaluation. The results were expressed as
median of maxima and 25% and 75% percentile values.
Statistical analysis was conducted by one-way ANOVA and
post hoc Tukey test to check the difference between groups.
A p value<0.05 was considered to indicate a statistically
significant difference.

Results
Cytotoxicity of arecoline on EAHY endothelial cells

Arecoline was cytotoxic to EAHY cells and decreased the
number of viable cells by 31% at a concentration of
0.8 mM after 24 h of exposure (Fig. la). After 72 h of
exposure, arecoline further decreased the viable cells to
18% and 2% of control at concentrations of 0.4 and
0.8 mM, respectively (Fig. 1b).

Morphological changes of EAHY cells following exposure
to arecoline

Morphologically, EAHY endothelial cells were generally
cuboidal or polygonal in appearance (Fig. 2a). Most of the
EAHY cells became retracted with poorly developed
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Fig. 1 Cytotoxicity of arecoline to EAHY endothelial cells as
estimated by MTT assay. a Viable cell numbers (% of control) after
exposure of EAHY cells to arecoline for 24 h (n=4); b viable cell
numbers (% of control) after exposure of EAHY cells to arecoline for
72 h (n=6). Results were shown as mean+SEM (% of control).
Asterisk denotes a significant difference when compared with the
untreated group (p<0.05)

pseudopodia and loss of extended cellular processes
(arrows) after exposure to 0.4 mM arecoline for 24 h.
Some cells became round (arrowheads) and even detached
from the culture plate (Fig. 2b). Concomitant with cell
retraction and rounding, the density of EAHY cells
decreased and many cells detached from the culture plates
by exposure to 0.8 mM arecoline (data not shown).

Arecoline induced the cell cycle alteration of EAHY cells

Cytotoxicity of arecoline was associated with the induction
of cell cycle alteration. As shown in Fig. 3, control (no
arecoline) cells showed the percentage of cells residing in
G0/G1, G2/M, and S phases to be 68.9%, 10.2%, and
21.1%, respectively. Exposure to 0.8 mM arecoline altered
the percentage of GO/G1, G2/M, and S phase population to
54.8%, 29.5%, and 12.7%, respectively, indicating the
induction of G2/M cell cycle arrest.
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Fig. 2 a Morphology of untreated EAHY cells; b morphology of
EAHY cells after exposure to 0.4 mM arecoline for 24 h. More cells
became retracted (arrows) or round-shaped (arrowheads) with an
increase of intercellular space (x100, original magnification)

Arecoline induced the apoptosis of EAHY cells

At higher concentrations, arecoline induced the apoptosis of
EAHY cells as indicated by an increase in sub-GO/G1
population, the hallmark of cellular apoptosis. Quantita-
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Fig. 3 Quantitative analysis of cell cycle distribution of EAHY
cells after exposure to various concentrations of arecoline for 24 h
(n=T). Results were expressed as the percentage of cells residing in
the GO/G1, G2/M, and S phase of the cell cycle. Asterisk denotes a
significant difference (p<0.05) when compared with the untreated
control
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tively, arecoline increased the sub-GO/G1 population of
EAHY endothelial cells in a dose-dependent manner
(Fig. 4). When EAHY cells were treated with 0.4 and
0.8 mM arecoline for 24 h, the percentage of sub-G0/G1
population elevated to 9.9% and 37.2%, respectively.

Effect of lower concentrations of arecoline on the long-term
viability of EAHY cells

After exposure to low-dose arecoline (0—-0.1 mM) for 3 days
(Fig. 5a), 12 days (Fig. 5b), and 21 days (Fig. 5c),
cytotoxicity to EAHY cells was determined by counting
the number of viable cells. There was no significant
difference of viable cell counts after exposure to a low
dose of arecoline (0-0.1 mM) for 3 days. Exposure of
EAHY cells to 0.05 and 0.1 mM arecoline for 12 days
decreased the viable cells from 3.75 (control) to 3.12 and
1.6 x 10° cells, respectively (Fig. 5b). After exposure of
EAHY cells to 0.05 and 0.1 mM arecoline for 21 days, the
viable cell counts were 5.02 and 1.2 x 10° cells,
respectively, relative to 5.03 x 10° cells (control). A
statistically significant inhibition on cell growth was noted
when EAHY cells were exposed to 0.1 mM of arecoline for
12 and 21 days (Fig. 5b, c).

Discussion

BQ chewing has been a public health issue in many
countries not only due to its elevation of the risk of oral and
pharyngeal cancers but also due to the risk of systemic
diseases, including cardiovascular diseases. Endothelial
cells are important in the control of vascular tone and
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Fig. 4 Quantitative analysis of the percentage of apoptotic EAHY
cells (sub-G0/G1 population) after exposure to various concentrations
of arecoline for 24 h (n=7). Asterisk denotes a significant difference
(»<0.05) when compared with the untreated control
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Fig. 5 Cytotoxicity to EAHY endothelial cells after a long-term
exposure to a low dose of arecoline. EAHY cells (5 x 10°) were
seeded onto 10-cm culture dishes and treated with various concen-
trations of arecoline (0.01-0.1 mM) for a 3, b 12, and ¢ 21 days, with
a change of fresh medium and arecoline every 3 days. The number of
viable cells was measured by the trypan blue dye exclusion technique.
The results were expressed as median of maxima, 25% and 75%
percentile (n=4). Asterisk denotes a statistically significant difference
when compared to the untreated control (»p<0.05)

blood flow in vessels [27, 28]. The impairment of
endothelial cell functions has been associated with the

diseased processes of atherosclerosis, hypertension, diabe-
tes, coronary artery disease, and tissue fibrosis [27-30].
Nair et al. have examined the salivary arecoline content to
be 0-89.8 ug/ml among BQ chewers, with an average of
29.69 pg/ml [14]. Cox et al. also found that the highest
salivary arecoline concentration could reach 5.66 to
97.39 ug/ml [31]. In this study, we demonstrated that
arecoline was cytotoxic to endothelial cells at feasible
salivary concentrations. Cytotoxicity of arecoline was
concomitant with marked morphological changes of EAHY
cells, e.g., retraction and rounding, indicating the presence
of endothelial cell damage such as loss of substrate
adhesion or cell—cell adhesion, increases vascular perme-
ability, and tissue edema [32-34]. The untreated endothelial
cells showed an intact monolayer to serve as a barrier to
selective across of vascular wall by fluid or inflammatory
cells [32]. The damage and dysfunction of endothelium
may expose subendothelial connective tissue and induce
platelet activation and procoagulant, prothrombotic, and
pro-inflammatory events that contribute to clinical cardio-
vascular changes [28, 29, 33, 34]. Persistent vascular
endothelial injury may also result in chronic tissue ischemia
leading to a decrease in new vessel formation, vascular
fibrosis, and platelet activation as observed in scleroderma
[30]. These results suggest that toxic injury to endothelium
by BQ components may potentially lead to a decline of oral
mucosa vascularity, impairment of the nutritional supply,
and eventually mucosa atrophy as noted in OSF [11, 12].
Why BQ chewing may increase the risk of atheroscle-
rosis, hypertension, and all-cause mortality is currently not
clear [8-10]. BQ components may induce oral mucosa
inflammatory responses and oral inflammation has been
linked to the incidence of atherosclerosis [16, 35, 36]. AN
components and arecoline may stimulate catecholamine and
glucagon secretion, contributing further to the pathogenesis
of diabetes and cardiovascular diseases [37]. The mean
arterial blood pressure and heart rate increased significantly
after exposure to arecaidine and arecoline, possibly due to
the stimulation of muscarinic receptor in the sympathetic
ganglia [38]. Arecoline can diffuse through the buccal
mucosa or be absorbed from the gastrointestinal tract into
the bloodstream [39]. Arecoline can soon cross the blood—
brain barrier and be metabolized in the liver, kidney, and
buccal mucosal fibroblasts by carboxylesterase to produce
arecaidine [4, 40]. The metabolism of arecoline in mice is
mediated by glutathione conjugation, esterase, flavin-
containing monooxygenases, etc. to generate 11 major
metabolites including arecaidine, arecoline-1-oxide, N-
methylnipecotic acid, N-methylnipecotylglycine, arecaidi-
nylglycine, arecaidinylglycerol, arecaidine mercapturic
acid, arecoline mercapturic acid, and arecoline N-oxide
mercapturic acid [41, 42]. The concentration of arecoline
and arecaidine in the blood of BQ chewers has been
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determined to be 7 and 143 ng/ml, respectively [43]. The
analysis of urine in BQ chewers further confirms the
presence of arecoline, arecaidine, and N-methylnipecotic
acid [44]. The exposure of cardiovascular cells to the BQ
components is generally low relative to oral mucosal
endothelial cells. However, the possibility of accumulated
effects on vascular cells in systemic circulation by exposure
to low-dose BQ components cannot be overlooked. To the
best of our knowledge, this is the first report to explore the
long-term effects of low doses of arecoline on vascular
endothelial cells. Incubation of EAHY cells to a low
concentration of arecoline (0.1 mM) for 12 days caused
cytotoxicity and marked suppression of cell proliferation.
These events may further contribute to pathologic vascular
changes in localized oral mucosa and systemic circulation,
leading to clinical diseases. Interestingly, a 0.05-mM
arecoline showed mild cytotoxicity to EAHY cells at 3 days
of exposure, whereas this event became less evident after
exposure for 21 days. This reveals the adaptive response of
endothelial cells to exogenous toxicant and 0.05-0.1 mM
arecoline is the critical concentration for the survival or death
of EAHY cells. This may explain why the quantity, duration,
and accumulated exposure to BQ chewing markedly
elevated the risk of cardiovascular diseases. Moreover, in
addition to current BQ chewers, former BQ chewers may
still have a higher risk of cardiovascular disease [9, 10].

The toxicity of arecoline to EAHY cells may be due to
deregulation of cell cycle progression. Cell cycle check-
points are regulatory pathways to ensure the progression
and completion of critical events such as DNA replication
and chromosome segregation [45]. Checkpoint loss may
result in genomic instability and apoptosis to prevent the
accumulation of genetic defect in normal tissues. However,
the over-induction of cellular apoptosis may cause tissue
damage [46]. Previous studies have found that exposure of
oral mucosa fibroblasts, human KB cancer epithelial cells,
and Chinese hamster ovary-K1 cells to arecoline can elicit
G2/M cell cycle arrest and even apoptosis [19, 47, 48]. In
this study, exposure to>0.2 mM arecoline decreases the
proportion of EAHY cells residing in S phase but increases
the cells arresting in G2/M phase. This suggests that the
anti-proliferative and cytotoxic effects of arecoline are
possibly associated with the alteration of specific cell cycle
regulatory proteins such as ATM, checkpoint kinases, p53,
and cdc25C for G2/M checkpoint [16, 49]. However,
arecoline induced DNA damage, GO/G1 arrest, and p21
and p53 expression in cultured rat hepatocytes [50]. This
indicates that cell cycle response to arecoline shows some
differences between cells possibly due to diverse cellular
metabolic enzymes present in differential tissues. The
prolonged deregulation of cell cycle by arecoline may
further lead to genome instability, chromosome aberration,
and aneuploidy [51, 52].
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In conclusion, arecoline showed cytotoxic and growth
inhibitory effects to vascular endothelial cells. This is due
to the induction of cell cycle arrest and apoptosis to
endothelial cells by arecoline. Long-term exposure to lower
concentrations of arecoline is also toxic to vascular
endothelial cells. These results indicate that BQ compo-
nents may damage local and systemic vascular endothelial
cells, contributing to the pathogenesis of BQ chewing-
related cardiovascular diseases, OSF, and periodontal
diseases.
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