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Abstract
Objectives Transglutaminase-2 (TGM-2) protein is involved
in the cross-linking of matrix proteins resulting in several fi-
brotic disorders and can be induced by reactive oxygen spe-
cies (ROS). Little is known about its role in the development
of oral submucocal fibrosis (OSF). Hence, we hypothesize
that TGM-2 may have a role in the pathogenesis of areca quid
chewing-associated OSF and arecoline, a major areca nut al-
kaloid, could regulate TGM-2 via ROS generation.
Materials Forty OSF specimens from areca quid chewing-
associated OSF and ten normal buccal mucosa biopsy samples
without areca quid chewing were analyzed by immunohisto-
chemistry. The expression of TGM-2 from fibroblasts cultured
from OSF and normal buccal mucosa was evaluated by West-
ern blot. The effect of arecoline on normal buccal mucosa
fibroblasts (BMFs) was used to elucidate whether TGM-2
expression could be affected by arecoline by using 2′, 7′-
dichlorofluorescein diacetate assay and Western blot. In addi-
tion, glutathione precursor N-acetyl-L-cysteine (NAC) and

epigallocatechin-3 gallate (EGCG) were added to find the
possible regulatory mechanisms.
Results TGM-2 expression was significantly higher in OSF
specimens than normal specimens (p < 0.05). Fibroblasts de-
rived from OSF were found to exhibit higher TGM-2 expres-
sion than BMFs in protein levels (p < 0.05). Arecoline signif-
icantly upregulated the intracellular ROS generation in a dose-
dependent manner (p < 0.05). TGM-2 protein induced by
arecoline was found in BMFs in a dose-dependent manner
(p < 0.05). Treatment with NAC and EGCG markedly
inhibited TGM-2 expression induced by arecoline (p < 0.05).
Conclusions Our results suggest that TGM-2 expression is
significantly upregulated in OSF tissues from areca quid
chewers. Arecoline-upregulated TGM-2 expression may be
mediated by ROS generation.
Clinical relevance TGM-2 protein is upregulated in areca
quid chewing-associated OSF. Using this in vitro model, an-
tioxidants could inhibit arecoline-upregulated TGM-2 expres-
sion. NAC and EGCG may serve as a useful agent in control-
ling OSF.
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Introduction

Oral submucous fibrosis (OSF) is a chronic debilitating dis-
ease and a premalignant condition of the oral cavity. It is
characterized by irreversible generalized fibrosis and epitheli-
al atrophy affecting the oral cavity, pharynx, and upper diges-
tive tract [1, 2]. OSF is generally considered as a collagen
metabolic disorder with excessive deposition of extracellular
matrix (ECM) components and collagens in the connective
tissue [1]. The pathogenesis of OSF is not well established;
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however, areca quid chewing is an important risk factor for the
pathogenesis of OSF [3]. Exposure of human buccal mucosal
fibroblasts (BMFs) to arecoline, a major areca nut alkaloid,
could result in fibroblast proliferation [4] and increase many
ECM components’ [5–9] accumulation in the connective tis-
sue. However, the molecular mechanisms underlying the path-
ogenesis and progression of OSF are not entirely clear.

Transglutaminase-2 (TGM-2), also known as tissue
transglutaminase, is the most widely expressed member of
the TGM family. It has been shown to play a central role in
the control of fibroblast activity and matrix engineering
through a variety of functions. TGM-2 can cross-link extra-
cellular collagen and fibronectin, making them more resistant
to breakdown [10], which may contribute to fibrosis by ECM
accumulation such as in the kidney [11], liver [12], lung [13],
and cyclosporine A-induced gingival overgrowth [14].

Previously, Thangjam et al. [15] have reported that the
expression of TGM-2 mRNA in OSF tissues was significantly
higher compared with that in normal oral tissues, suggesting
that TGM-2 might have a role in the pathogenesis of OSF.
However, the authors did not take into account the possible
mechanisms that may lead to increase TGM-2 expression. The
present work was undertaken to identify the in situ localiza-
tion of TGM-2 expression in normal buccal mucosa and OSF
specimens. More specifically, we set out to explore whether
the expression of TGM-2 could be triggered in human BMFs
by arecoline, the major areca nut alkaloid, in vitro. In addition,
TGM-2 has been reported to be activated by intracellular re-
active oxygen species (ROS) [16]. The effects of ROS gener-
ation and TGM-2 expression by arecoline in BMFs were eval-
uated by using DCFH-DA assay and Western blot. Moreover,
glutathione precursor N-acetyl-L-cysteine (NAC) and
epigallocatechin-3-gallaten (EGCG) were added to find the
possible protective effect on arecoline-induced TGM-2
expression.

Materials and methods

Immunohistochemistry

Institutional Review Board permission at the Chung Shan
Medical University Hospital was obtained for the use of
discarded human tissue. Formalin-fixed, paraffin-embedded
specimens of ten normal buccal mucosa from non-areca quid
chewers, and forty OSF specimens from areca quid chewers,
were drawn from the files of the Department of Pathology,
Chung Shan Medical University Hospital. Diagnosis was
based on histological examination of hematoxylin- and
eosin-stained sections. Five-micrometer sections were stained
with the monoclonal TGM-2 antibody (Cat: 11095-RP02)
(Sino Biological Inc., Beijing, PRC) (1:100 dilution) using a
standard avidin-biotin-peroxidase complex method. 3-

Amino-9-ethylcarbazole (AEC, DAKO, Carpinteria, CA,
USA) was then used as the substrate for localizing the anti-
body binding. Negative controls included serial sections from
which either the primary or secondary antibodies were exclud-
ed. The preparations were counterstained with hematoxylin,
mounted with Permount (Merck, Darmstadt, Germany), and
examined by light microscopy.

Cell culture

Three healthy individuals without areca quid chewing habits
were selected from the Department of Oral Surgery (Chung
Shan Medical University Hospital, Taichung, Taiwan) with
the informed consent for this study. Biopsy specimens were
derived from histologically normal areas of surgical third mo-
lar extraction from patients. The OSF specimens were obtain-
ed from three male patients with areca quid chewing habits
during surgical biopsy. Clinical diagnosis was confirmed by
histopathological examination of the biopsy specimens. Fibro-
blasts were cultured using an explant technique as described
previously [4]. The tissues were minced using sterile blades
into small fragments and washed twice in phosphate buffer
saline (PBS) supplemented with antibiotics (100 U/ml peni-
cillin, 100 μg/ml streptomycin, and 0.25 μg/ml fungizone).
Explants were placed into 60-mm Petri dishes and maintained
in Dulbecco’s modified Eagle’s medium (DMEM) (Gibco
Laboratories, Grand Island, NY, USA) supplemented with
10 % fetal calf serum (FCS) (Gibco Laboratories, Grand Is-
land, NY, USA) and antibiotics as described above. Cell cul-
tures between the third and eighth passages were used in this
study.

Assessment of TGM-2 activity in cultured OSF
and BMF

Cell extracts from BMF and OSF were solubilized with sodi-
um dodecyl sulfate-solubilization buffer (5 mM EDTA, 1 mM
MgCl2, 50 mM Tris-HCl, pH 7.5 and 0.5 % Triton X-100,
2 mM phenylmethylsulfonyl fluoride, and 1 mM N-
ethylmaleimide) for 30 min on ice. Then, cell lysates were
centrifuged at 12,000g at 4 °C and the protein concentrations
determined with Bradford reagent using bovine serum albu-
min as standards. Equivalent amounts of total protein per
sample of cell extracts were run on a 10 % sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and immediately
transferred to nitrocellulose membranes. The membranes were
blocked with phosphate-buffered saline containing 3 % bo-
vine serum albumin for 2 h, rinsed, and then incubated with
primary antibodies anti-TGM-2 (1:500) in phosphate-buffered
saline containing 0.05 % Tween 20 for 2 h. After three washes
with Tween 20 for 10 min, the membranes were incubated for
1 h with biotinylated secondary antibody diluted 1:1000 in the
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same buffer, washed again as described above, and treated
with 1:1000 streptavidin-peroxidase solution for 30 min. After
a series of washing steps, protein expression was detected by
chemiluminescence using an ECL detection kit (Amersham
Biosciences UK Limited, Buckinghamshire, England), and
relative photographic density was quantitated by scanning
the photographic negatives on a gel documentation and anal-
ysis system (AlphaImager 2000, Alpha Innotech Corp., San
Leandro, CA, USA). Each densitometric value was expressed
as the mean ± standard deviation (SD).

Measurement of intracellular ROS generation

The semi-quantitative 2′, 7′-dichlorofluorescein-diacetate
(DCFH-DA) fluorescence technique was used to detect the
intracellular level of ROS [17]. Briefly, 2 × 104 cells were
grown in a 96-well plate for 24 h and then incubated with
20 μM DCFH-DA (GIBCO, Grand Island, NY, USA) for
30 min in the dark. DCFH-DA is a non-fluorescent dye which
easily permeates into cells and then be hydrolyzed by intra-
cellular esterase to DCFH storage in the cells. At the end of
DCFH-DA incubation, cells were washed with PBS. Cells
were then treated with different concentrations of arecoline
for 8 h. After washing, the formation of fluorescence
dichlorofluorescein (DCF), which is the oxidized product of
DCFH-DA in the presence of several ROS primarily hydro-
peroxide, was measured by using the fluorescence microplate
reader (Molecular Devices, CA, USA) at excitation/emission
wavelengths of 400/505 nm. Results were expressed as the
fluorescence intensity.

Effect of arecoline on TGM-2 protein in BMF

BMFs were seeded 1 × 105 cells per well into a 10-cm culture
dish and incubated for 24 h. Then the medium was changed to
a medium containing 10 % heated activated FCS and various
concentrations of arecoline (Sigma, St. Louis, MO, USA) (0
to 160 μg/ml). Subsequently, arecoline and NAC or EGCG

without cytotoxic concentrations were added to test the regu-
lation effects during an 8-h coincubation period. Cell extracts
were collected after a 24-h incubation period for Western blot-
ting as described above.

Statistical analysis

All assays were repeated three times to ensure the reproduc-
ibility. The Wilcoxon-Mann-Whitney rank sum test was ap-
plied for testing the difference of TGM-2 expression between
the normal buccal mucosa and OSF specimens. For Western
blot and DCFH-DA assays, the significance of the results
obtained from control and treated groups was statistically an-
alyzed by one-way analysis of variance (ANOVA). A p value
of <0.05 was considered to be statistically significant.

Results

Normal human buccal mucosa demonstrated no significant
positivity of TGM-2 expression in either the epithelial or stro-
mal cells (Fig. 1a). All OSF samples exhibited the features of
either moderately advanced or advanced submucous fibrosis.
TGM-2 expression was observed mainly in the cytoplasm of
fibroblasts in OSF specimens (Fig. 1b). TGM-2 expression
was significantly higher in OSF specimens than normal spec-
imens (p < 0.05).

Western blotting for TGM-2 was used to compare the cells
cultured from BMF and OSF. As shown in Fig. 2, OSF spec-
imens exhibited significantly higher TGM-2 protein expres-
sion than BMFs. From the AlphaImager 2000, the intensity of
TGM-2 protein from OSF was elevated 2.3-fold as compared
with BMFs (p < 0.05).

Effects of arecoline on intracellular ROS generation, as
shown in Fig. 3a, the exposure of BMFs to arecoline evoked
intracellular ROS generation in a concentration-dependent
manner (p < 0.05) by DCFH-DA assay. The concentrations
of arecoline higher than 20 μg/ml significantly upregulated
the intracellular ROS generation (p < 0.05). The levels of

Fig. 1 a No significant positivity
of TGM-2 in either the epithelial
or stromal cells was observed in
normal human buccal mucosa.
(200×). b TGM-2 was mainly
expressed in the cytoplasm of
fibroblasts in OSF. (200×)
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intracellular ROS were increased about 1.3-, 1.8-, 2.4-, 2.9-,
and 2.8-fold after exposure to arecoline for 10, 20, 40, 80, and
160 μg/ml. Moreover, the addition of NAC and EGCG sig-
nificantly reduced arecoline-induced ROS generation in
BMFs (p < 0.05) (Fig. 3b).

To examine the effect of arecoline on the TGM-2
expression, human BMFs were treated with arecoline
and the levels of protein were measured. The effects
of arecoline on the TGM-2 expression in three different
cell strains were similar, and their intracellular variations
were limited. Expression of TGM-2 in BMF challenged
with arecoline was directly assessed in cell lysates using
Western blot analysis (Fig. 4a). Arecoline was found to
upregulate TGM-2 protein expression in a dose-
dependent manner (p < 0.05). From the AlphaImager
2000, the levels of the TGM-2 protein increased about
2.1-, 4.2-, 5.6-, and 3.4-fold after exposure to 20, 40,
80, and 160 μg/ml arecoline, respectively (Fig. 4b).

NAC and EGCG without cytotoxic concentrations were
added to search the possible regulatory mechanisms on
arecoline-induced TGM-2 expression. Both pharmacological
agents were found to inhibit arecoline-induced TGM-2 ex-
pression (p < 0.05) (Fig. 5a). From the AlphaImager 2000
(Fig. 5b), NAC and EGCG were found to reduce arecoline-
induced TGM-2 expression by suppressing 2.8- and 1.9-fold
(p < 0.05), respectively.

Fig. 2 Comparison of the TGM-2 protein expression from BMFs and
OSFs using Western blot assay. β-actin was performed in order to
monitor equal protein loading. OSF specimens exhibit significantly
higher TGM-2 expression than BMFs

Fig. 3 a Effects of arecoline on intracellular ROS generation. BMFs
were stimulated with the indicated concentrations of arecoline. b The
regulatory effects of NAC and EGCG on arecoline-induced intracellular
ROS generation in BMFs. Cells were coincubation with pharmacological
agents in the presence of 80 μg/ml arecoline. Results are expressed as
percentages of absorbance relative to untreated control. Data are shown as
the mean of three independent experiments ± SD. The asterisk represents
significant differences from control values with P < 0.05; the number sign
represents statistically significant differences between arecoline alone and
arecoline with pharmacological agents; p < 0.05

Fig. 4 a Expression of TGM-2 protein by BMFs in the presence of 0, 20,
40, 80, and 160 μg/ml arecoline. Cells were exposed to arecoline for a
24-h incubation period. β-actin was performed in order to monitor equal
protein loading. b Levels of TGM-2 protein treated with arecoline were
measured by AlphaImager 2000. The relative level of TGM-2 protein
expression for each sample was normalized against β-actin signal and
the control was set as 1.0. Optical density values represent the means of
three different BMF strains ± standard deviations. Triplicate experiments
were performed. The asterisk represents a significant difference from
control values with p < 0.05
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Discussion

Fibrosis is characterized by the excess accumulation of fibro-
blasts and ECM proteins that destroy normal tissue architec-
ture and function. To examine the role of TGM-2 in OSF, we
have used human oral biopsy specimens and cultured primary
human fibroblasts from patients with OSF from areca quid
chewers and normal buccal mucosa from non-chewers. To
the best of our knowledge, TGM-2 expression was first found
to overexpress in OSF specimens compared to normal buccal
mucosa. In addition, OSF has significantly higher TGM-2
expression than BMF derived from normal buccal mucosa in
protein level. Similar results were found by Thangjam et al.
[15] who reported the upregulation of TGM-2 mRNA in OSF
tissues when compared with low levels of TGM-2 mRNA
expression in the normal mucosa. Taken together, OSF could
consistently express a higher level of TGM-2 protein than
normal buccal mucosa. TGM-2 may play an important role
in the pathogenesis of OSF.

The mechanism of areca quid chewing-associated OSF is
still unclear. Previous studies have demonstrated that oxida-
tive stress may play a critical role in the initiation and

progression of fibrotic diseases [18, 19]. Studies have shown
that the generation of reactive oxygen species (ROS) occurred
during areca quid chewing [20, 21]. To the best of our knowl-
edge, we first found that intracellular ROS generation could be
induced by arecoline in BMFs. The results are in agreement
with previous studies that arecoline can induce ROS genera-
tion in HOK, OECM-1, and CE81T/VGH cell lines [17, 22].
Consistently, arecoline is known to induce oxidative stress in
human gingival fibroblasts due to the depletion of intracellular
glutathione [23]. Oxidative stress may exemplify the ability of
cells to respond in a diverse fashion and influence the outcome
of the fibrotic response in tissues. Stimulation of ROS produc-
tion may be one of the pathogenetic mechanisms of areca quid
chewing-associated OSF.

The etiology of OSF is still not quite clear; it is known that
an association exists in the chewing of areca quid. Increased
TGM-2-mediated cross-linking has been described in the
pathogenesis of fibrotic reactions. In the present study, we first
reported that arecoline could increase TGM-2 protein expres-
sion in BMFs. Previously, arecoline was found to increase
TGM-2 mRNA and protein expression in human gingival
fibroblasts [15]. Taken together, TGM-2 may play an impor-
tant role in the pathogenesis of areca quid chewing-associated
OSF.

TGM-2 has been reported to be activated by intracellular
ROS [16]. In this study, intracellular ROS generation was
found to be induced by arecoline in BMFs. Thus, TGM-2
elevated by arecoline stimulation in BMFs may be mediated
by intracellular ROS. NAC and EGCG are well-known anti-
oxidants. NAC is a thiol and mucolytic agent, which can act
both as a precursor of reduced glutathione and as a direct ROS
scavenger [24]. EGCG is the most abundant polyphenol in

Fig. 5 The regulatory effects of NAC and EGCG on arecoline-induced
TGM-2 expression in BMFs. a Cells were coincubated with
pharmacological agents in the presence of 80 mg/ml arecoline. β-actin
was performed in order to monitor equal protein loading. b Quantization
was achieved by densitometer as described in Fig. 4. The asterisk
represents a significant difference from control values with p < 0.05. the
number sign represents a statistically significant between arecoline alone
and arecoline with pharmacological agents; p < 0.05

Fig. 6 Schematic of the possible mechanisms involved in arecoline-
induced TGM-2 expression in BMFs resulting in areca quid chewing-
associated OSF
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green tea and act as electron traps to scavenge free radicals,
inhibit the formation of ROS, and reduce oxidative stress [25].
In this study, arecoline was found to induce intracellular ROS
generation in BMFs. The addition of NAC and EGCG was
found to inhibit arecoline-induced TGM-2 expression. Taken
together, these results indicated that NAC and EGCG may play
an antioxidative role in the reduction of arecoline-induced
TGM-2 expression. Therefore, increasing dietary intake or die-
tary supplements of NAC and EGCG may have a chemopre-
ventive potential to reduce areca quid chewing-associated OSF.

Conclusion

This study represents that arecoline was capable of stimulat-
ing intracellular ROS generation and augmenting TGM-2
expression in BMFs. This suggests that arecoline-induced
TGM-2 expression in BMFs may be partly mediated by
ROS. Arecoline may contribute the pathogenesis of areca
quid chewing-associated OSF via TGM-2 expression lead-
ing to ECM accumulation in connective tissue. In addition,
EGCG and NAC significantly reduced the expression of
TGM-2 (Fig. 6). Dietary chemoprevention might be a prom-
ising cost-effective and safe approach in the prevention of
ROS-induced fibrotic progression. Therefore, increasing di-
etary intake or dietary supplements of NAC and EGCG may
have a chemopreventive potential to reduce areca quid
chewing-associated OSF.
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