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Abstract. Oral submucous fibrosis (OSF) is a chronic inflam-
matory disease characterized by the accumulation of excess 
collagen, and areca nut chewing has been proposed as a signif-
icant etiological factor for disease manifestation. However, 
the underlying molecular mechanisms regarding areca nut 
chewing-induced OSF are only partially understood. Herein, 
we reported that arecoline markedly induced morphologic 
change in HaCaT epithelial cells, but had no obvious effect 
on Hel fibroblast cells. MTS assay revealed that arecoline 
significantly suppressed HaCaT cell viability. Moreover, flow 
cytometric analysis indicated that arecoline substantially 
promoted HaCaT cell, but not Hel cell apoptosis in a dose-
dependent manner. Furthermore, arecoline-induced HaCaT 
cell apoptosis was found to be associated with increased 
expression and activation of cleaved-Bid, cleaved-PARA and 
cleaved-caspase-3. Collectively, our results suggest that HaCaT 
epithelial cells are more sensitive than Hel fibroblast cells to 
arecoline-induced cytotoxicity, which may be involved in the 
pathogenesis of OSF.

Introduction

OSF is a chronic insidious disease which is predominantly 
found in individuals of Asian descent (1,2). OSF is predisposing 
to cancer, and the rate of carcinoma incidence in OSF cases 
reaches to 7.6% (3). The hallmark of this disease is submu-
cosal progressive fibrosis that affects the upper digestive tract 

involving the oral cavity, oropharynx and the upper third of the 
esophagus. Histologically, most OSF cases are characterized 
by epithelial atrophy and accumulation of collagen fibers in 
the lamina propria while a minority is characterized by epithe-
lial atypical hyperplasia and progressive loss of vascularity. 
The majority of patients are intolerant to spicy foods, and 
experience a burning sensation in the mouth, xerostomia, and 
limitation of mouth opening, swallowing and tongue move-
ment (4-8). Epidemiologic studies have indicated that betel 
quid (BQ) chewing is one of the major risk factors of OSF and 
oral squamous cell carcinoma (OSCC) (9-12). Arecoline, the 
most abundant areca alkaloid, has been suggested as a possible 
carcinogen which was found to be cytotoxic and genotoxic in 
several types of cells (13-17). However, the mechanisms which 
are responsible for arecoline-induced OSF and carcinogenesis 
are not fully known.

Apoptosis is one of the major forms of programmed cell 
death which is dependent on caspase activity (18). This death 
program can be elicited by different extracellular or intra
cellular stimuli that activate common downstream cell-death 
machinery. The extrinsic pathway, also known as the direct, or 
type I pathway, is triggered by the ligand-induced activation of 
cell membrane-anchored death receptors, and finally induces 
caspase-8 cleavage and activation (19). The intrinsic pathway 
is activated by cellular damage in which the mitochondrion 
plays a central role and eventually activates caspase-9 (20-22). 
Both cleaved-caspase-8 and caspase-9 further regulate other 
caspase members, including caspase-3 and caspase-7, to 
initiate a caspase cascade leading to apoptosis (23). Bid was 
first cloned in 1996 as a novel death agonist that heterodimer-
izes with either agonists (Bax) or antagonists (Bcl-2) (24). Bid 
is localized in the cytosolic fraction of cells as an inactive 
precursor. Caspase-8 cleaves Bid at aspartic acid residue 60 
(Asp60), leading to the release of a truncated form containing 
the carboxy-terminal part of the protein (25). Cleaved Bid (tBid) 
translocates to mitochondria and initiates mitochondrial outer 
membrane permeabilization (MOMP), and eventually induces 
cytochrome c release and mitochondrial damage  (26,27). 
Thus, Bid relays an apoptotic signal from the cell surface to 
the mitochondria.

In the present study, we investigated the effects of areco-
line on the HaCaT epithelial and Hel fibroblast cell lines. First, 
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human keratinocyte cells of the HaCaT cell line and human 
embryo lung fibroblasts of the Hel cell line were exposed to 
high doses of arecoline for a short time to observe the survival 
rate and apoptosis. Secondly, the molecular mechanism of 
arecoline-induced HaCaT cell apoptosis was studied.

Materials and methods

Reagents and antibodies. Arecoline was purchased from 
Sigma (St. Louis, MO, USA). Antibodies to detect cleaved-
PARP (9541), caspase-3 (9665) and Bid (2002) were purchased 
from Cell Signaling Technology, Inc. (Beverly, MA, USA). 
The antibody against β-actin was purchased from Santa Cruz 
Biotechnology (Santa Cruz, CA, USA).

Cell culture. Keratinocytes of the naturally immortalized 
normal cell line, HaCaT, and the human embryonic lung 
fibroblast cell line (human normal fibroblast cell line), Hel, 
were kindly provided by the College of Life Science, Hunan 
Normal University, China. HaCaT and Hel cells were grown in 
Dulbecco's modified Eagle's medium supplemented with 10% 
FBS (Invitrogen, Carlsbad, CA, USA), 100 U/ml penicillin, 
and 100 mg/ml streptomycin and cultured at 37˚C in a humidi-
fied incubator with 5% CO2.

Cell proliferation assay. Cells were seeded (5x103/well) in 
96-well plates and incubated for 24 h and then exposed to 
different doses of arecoline. After incubation for 12, 24, 48 or 
72 h, 20 µl of CellTiter 96 Aqueous One Solution (Promega, 
Madison, WI, USA) was added, and then cells were incubated 
for 1  h at 37˚C in a 5% CO2 incubator. Absorbance was 
measured at 492 nm.

Apoptosis and flow cytometric analysis. Cells (2x105) were 
seeded into 6-well plates and treated without or with different 
concentrations of arecoline for 24 h. Cells were trypsinized 
and washed twice with cold PBS and then resuspended in 1X 
Binding Buffer containing Annexin V-fluorescein isothiocya-
nate (FITC) and propidium iodide according to the supplier's 
instructions (BD Biosciences, San Jose, CA, USA). The cells 
were incubated for 15 min at room temperature (20-25˚C) in 
the dark and assessed by flow cytometry using a BD FACS 
Calibur cytometer as soon as possible (within 1  h). Each 
sample was run twice.

Western blot analysis. Cells were harvested by trypsiniza-
tion and pelleted by centrifugation. Cell pellets were lysed 
in NP-40 lysis buffer supplemented with protease inhibitors. 
Protein concentrations were determined using the Bradford 
assay (Bio-Rad Laboratories, Philadelphia, PA, USA). 
Proteins were separated by SDS-PAGE and electrically trans-
ferred to polyvinylidene difluoride membranes (Millipore, 
Billerica, MA, USA). After blocking in 5% non-fat dry milk 
in TBS, the membranes were hybridized to specific primary 
antibodies overnight at 4˚C, washed three times with TBS 
Tween‑20, and then incubated with secondary antibodies 
conjugated with horseradish peroxidase for 1  h at room 
temperature. Next, the membranes were washed three times 
in TBS Tween‑20 at room temperature. The protein bands 
were visualized using ECL chemiluminescence reagents 

(Pierce Chemical Co., Rockford, IL, USA) according to the 
manufacturer's protocol.

Statistical analysis. All the statistical analyses were performed 
using SPSS software (version 13.0). The experiments were 
performed in triplicate. The quantitative data are expressed as 
mean values ± standard deviation. The significant differences 
between two groups were assessed by a two-tailed Student's 
t-test. P<0.05 was considered to represent a statistically signifi-
cant difference.

Results

Effect of arecoline on HaCaT and Hel cell morphology. In 
the present study, we first examined the effect of arecoline on 
HaCaT and Hel cell morphology. Exposure of HaCaT cells 
to different concentrations of arecoline for 48 h markedly 
induced changes in cell morphology. Our results showed that 
0.1 mM arecoline had no obvious cytotoxic effect on HaCaT 
cells (Fig. 1A and B). However, after we exposed HaCaT cells 
to higher concentrations of arecoline from 0.2 to 0.5 mM for 
48 h, we found that a significant proportion of cells became 
detachment and round in shape. The number of rounded 
cells increased proportionally to the arecoline concentration, 
suggesting a dose-dependent effect of arecoline on the HaCaT 
cells. Additionally, high concentrations of arecoline directly 
induced HaCaT cell death. There was massive cell death and 
a lack of margins between the cells when the concentration of 
arecoline was increased to 0.3, 0.4 and 0.5 mM (Fig. 1C-F). In 
contrast, the Hel cells were less affected by arecoline expo-
sure. Even when the concentration of arecoline was increased 
to 0.4 and 0.5 mM, the Hel cells were still alive and the cell 
margins were bright and compact; the morphology began to 
change slightly (Fig. 2). Taken together, these data indicate 
that arecoline had a dose-dependent effect on HaCaT cell 
morphology but not on Hel cell morphology.

Arecoline inhibits the proliferation of HaCaT cells. Based 
on our results, we next determined the effect of arecoline on 
HaCaT and Hel cell growth. As expected, incubation with 
arecoline significantly reduced the viability of HaCaT cells 
in a dose- and time-dependent manner. Exposure to 0.2 mM 
arecoline for 24 h began to inhibit HaCaT cell proliferation. 
Moreover, exposure to relatively high concentrations (0.4 and 
0.5 mM) of arecoline for 72 h inhibited the viability of  almost 
all of the HaCaT cells (Fig. 3A). However, arecoline had no 
such extensive effect on Hel cells. Only high concentrations 
(0.4 and 0.5 mM) of arecoline reduced the viability of Hel 
cells (Fig. 3B). Collectively, these results suggest that arecoline 
inhibits the proliferation of HaCaT epithelial cells, but not Hel 
fibroblasts.

Arecoline induces HaCaT cell apoptosis. To further investigate 
whether arecoline-induced HaCaT cell morphological change 
is due to apoptosis, we monitored the impact of different 
concentrations of arecoline on cell apoptosis by flow cyto-
metric analysis. Our results demonstrated that exposure to 0.1 
mM arecoline did not result in HaCaT cell apoptosis, consistent 
with our previous data that a low concentration of arecoline 
had no obvious effect on HaCaT cell morphology. However, in 
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Figure 1. Effects of arecoline on the cell morphology of HaCaT cells. Arecoline affects the morphology of HaCaT epithelial cells in a dose-dependent manner. 
HaCaT epithelial cells were seeded in 6-well plates, and after reaching 70% confluency, the cells were treated with various concentrations of arecoline for 
48 h. The representative images are shown from three independent experiments (magnification, x100). Concentrations of arecoline: (A) untreated, (B) 0.1 mM, 
(C) 0.2 mM, (D) 0.3 mM, (E) 0.4 mM, and (F) 0.5 mM.

Figure 2. Effects of arecoline on the cell morphology of Hel cells. Arecoline did not observably induce a change in the morphology of Hel fibroblast cells. 
Hel fibroblast cells were seeded in 6-well plates, and after reaching 70% confluency, the cells were treated with various concentrations of arecoline for 48 h. 
The representative images are shown from three independent experiments (magnification, x100). Concentrations of arecoline: (A) untreated, (B) 0.1 mM, (C) 
0.2 mM, (D) 0.3 mM, (E) 0.4 mM, and (F) 0.5 mM.

Figure 3. Effects of arecoline on the cell viability of HaCaT and Hel cells. (A) HaCaT and (B) Hel cells were exposed or not exposed to the indicated concentra-
tions of arecoline for 12, 24, 48 or 72 h, and cell viability was determined by the MTS assay. Data are shown as means ± SD of three independent experiments.  
*A significant (P<0.01) decrease in viability compared with the untreated control.
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comparison to the control cells without exposure to arecoline, 
exposure to ≥0.2 mM arecoline markedly induced HaCaT cell 
apoptosis (Fig. 4A). Of note, Hel cells displayed much more 
tolerance to high levels of arecoline-mediated cytotoxicity, 
since arecoline did not significantly induce Hel cell apoptosis 
(Fig. 4B). These results indicate that HaCaT epithelial cells are 
much more sensitive to arecoline induced apoptosis than Hel 
fibroblasts in vitro.

Arecoline induces apoptosis-related protein expression and 
caspase activity. Caspase-3, a member of the caspase family, 

is expressed in cells as an inactive 32-kDa proenzyme, 
procaspase-3. During apoptosis, procaspase-3 is activated by 
cleavage at specific Asp residues to generate active caspase-3, 
consisting of 17- and 19-kDa subunits. Caspase-3 then cleaves 
its substrate, poly(ADP-ribose) polymerase (PARP), into 89- 
and 24-kDa fragments. The BH3 domain-only protein, Bid, 
is activated upon proteolytic cleavage by caspase-8 and relays 
an apoptotic signal from the cell surface to mitochondria. We 
further detected the expression of caspase-3, cleaved-PARP 
and Bid by western blot analysis. We found that after exposure 
to different concentrations of arecoline for 3 h, the expres-

Figure 4. Arecoline-induced apoptosis in HaCaT and Hel cells. (A) Arecoline dose-dependently induced the apoptosis of HaCaT cells, (B) while arecoline did 
not induce apoptosis in the Hel cells. Cells were exposed or not to the indicated concentrations of arecoline for 24 h. The percentages of apoptotic cells were 
determined by flow cytometry as described in Materials and methods. Data are shown as means ± SD of three independent experiments. *P<0.05, **P<0.01 or 
***P<0.001 indicates a significant upregulation of early apoptosis in cells treated with arecoline compared with the untreated control.
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sion of caspase-3, cleaved-PARP and Bid showed no obvious 
change (Fig. 5A-C). As shown in Fig. 5D, a 6-h exposure of 
HaCaT cells to 0.4/0.5 mM of arecoline resulted in marked 
activation of caspase-3 and cleaved-PARP. However, truncated 
Bid (tBid) was only detected following arecoline exposure for 
>12 h. As shown in Fig. 5E and F, arecoline at 0.2-0.5 mM 
induced upregulation of cleaved-caspase-3, Bid and PARP 
in a dose- and time-dependent manner. Our data imply that 
exposure to high concentrations of arecolin or long-term treat-
ment of arecoline confers a significant cytotoxic effect, and 
arecoline-induced HaCaT epithelial cell apoptosis may involve 
both the death receptor and mitochondrial signaling pathways.

Discussion

Data from recent epidemiological studies provide over-
whelming evidence that the areca nut is the main etiological 
factor for OSF (16,28-30). Increased collagen synthesis and/or 
reduced collagen degradation may be involved in the develop-
ment of this disease. Betel quid chewing affects the wound 

healing and fibrotic processes in OSF via inducing buccal 
mucosa fibroblast contraction (31). Areca nut extract (ANE) 
or arecoline stimulates collagen (32), plasminogen activator 
inhibitor-1 (PAR-1) (33), cyclooxygenase-2 (34), tissue inhibitor 
of metalloproteinase-1 (35) expression and decreases collagen 
phagocytosis (36) in human fibroblasts. Several signaling path-
ways are deregulated in OSF, such as TGF-β (37,38), NF-κB, 
JNK, P38 and ERK MAPK (39,40), which may contribute to 
areca quid chewing-associated OSF.

In order to further investigate the mechanism underlying 
ANE- or arecoline-induced epithelial atrophy and progressive 
accumulation of collagen fibers in the lamina propria in OSF, 
we first assessed the sensitivities of the HaCaT epithelial cells 
and the Hel fibroblast cells to arecoline exposure. The salivary 
concentration of arecoline during BQ chewing has usually been 
observed to be ~0.3 mM, and sometimes has been detected 
to reach ~0.9 mM (41-43). In addition, Sundqvist et al found 
that the areca alkaloids, such as arecoline, at a millimolar 
concentration range is significant for the long-term effects 
of BQ chewing on buccal mucosa and OSF (44). Therefore, 

Figure 5. Arecoline induces increased expression of cleaved-Bid, cleaved-PARP and cleaved-caspase-3 in a dose- and time-dependent manner in HaCaT cells. 
HaCaT cells were treated with different concentrations of arecoline for 0 h (A), 1 h (B), 3 h (C), 6 h (D), 12 h (E) and 24 h (F). Cell lysates were subjected to 
western blot analysis to determine the expression of Bid, cleaved-Bid, cleaved-PARP, caspase-3 and cleaved-caspase-3. β-actin was used as an internal control 
to monitor equal protein sample loading.
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we tested the effects of arecoline on human HaCaT epithelial 
cells and Hel fibroblast cells at concentrations ranging from 
0.1 to 0.5 mM. Our data demonstrated that arecoline dose-
dependently promoted morphological changes in HaCaT cells 
(Fig. 1), but had no obvious effect on Hel cells (Fig. 2). We 
found that continued exposure to over 0.3 mM arecoline for 
48 h markedly induced HaCaT cell detachment and rounding. 
Moreover, a significant proportion of HaCaT cells displayed 
contraction and membrane blebbing, which is indicative of cell 
apoptosis (Fig 1). MTS assay also demonstrated that arecoline 
inhibited HaCaT cell, but not Hel cell viability in a dose- and 
time-dependent manner (Fig 3). Our results imply that a high 
concentration of arecoline has substantial cytotoxicity and that 
betel quid chewing can directly induce epithelial cell apop-
tosis. However, the Hel fibroblast cells were more tolerant to 
arecoline-mediated cytotoxicity and apoptosis induction.

Cell death is a crucial event for a variety of physiological 
processes. Its dysfunction leads to severe human diseases that 
ensue from excessive cell accumulation (e.g., neoplasia and 
autoimmune disorders) or excessive cell loss (e.g., neurode-
generative diseases) (21). Previous studies have indicated that 
arecoline-induced human oral epithelial and endothelial cell 
cycle arrest or apoptosis is involved in the pathogenesis of 
OSF (45-47). However, the molecular mechanism has not been 
adequately elucidated. In the present study, we first assessed 
arecoline-induced apoptosis by flow cytometric analysis. Our 
results showed that exposure to arecoline at concentrations 
>0.2 mM induced HaCaT cell apoptosis in a dose-dependent 
manner. Notably, the Hel cells were much more resistant to 
arecoline-induced apoptosis; 0.5 mM arecoline only slightly 
enhanced Hel cell apoptosis (Fig 4). 

To further investigate the mechanisms of arecoline-induced 
apoptosis in HaCaT epithelial cells, we examined the protein 
levels of cleaved-PARP, Bid and caspase-3 by western blot 
analysis. We clearly detected caspsae-3 and PARP cleavage 
following exposure to >0.3 mM arecoline for 6 h (Fig 5D). It 
has been demonstrated that arecoline can activate the intrinsic 
apoptosis pathway, and that arecoline treatment increases the 
cleavage of procaspase-9 (48). Moreover, exposure to ANE or 
arecoline directly deregulated the expression of Bcl-2 family 
proteins, such as Bcl-2, Bcl-Xl and Bax (49), which disequili-
brated mitochondrial controlled apoptosis. Unfortunately, no 
evidence has illustrated that the extrinsic apoptosis pathway 
is upregulated in arecoline-induced apoptosis. In this study, 
we did not detect significant caspase-8 cleavage in HaCaT 
cell (data not shown). However, the downstream target protein 
of cleaved-caspase-8, Bid, was markedly cleaved in a dose- 
and time-dependent manner following exposure to arecoline 
(Fig 5E and F), indicating the possibility that other factors 
or pathways are involved in arecoline-induced Bid activa-
tion. Further investigation is warranted to determine whether 
arecoline directly activates other cell-death modes to induce 
Bid cleavage and link with the mitochondrial pathway, regu-
lating cell apoptosis.

Overall, the present study demonstrated that arecoline 
inhibits HaCaT epithelial cell viability and induces apoptosis 
in a dose- and time-dependent manner, while this observation 
was not obvious in Hel fibroblast cells. These results suggest 
that epithelial cells are more sensitive to arecoline-mediated 
cytotoxicity than fibroblast cells, which may contribute to 

BQ chewing-induced epithelial atrophy and progressive 
accumulation of collagen fibers in OSF. Our findings may aid 
in the further understanding of the pathogenesis of arecoline-
associated OSF, and may facilitate the future development of 
preventive and therapeutic strategies.
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