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A B S T R A C T

A major clinical problem encountered with the use of non-steroidal anti-inflammatory drugs (NSAIDs) is

gastrointestinal complications. We have previously suggested that both decreases in prostaglandin E2

(PGE2) levels and mucosal apoptosis are involved in the development of NSAID-produced gastric lesions

and that this apoptosis is mediated by an increase in the intracellular Ca2+ concentration and the

resulting endoplasmic reticulum (ER) stress response and mitochondrial dysfunction. Celecoxib and

rebamipide are being used clinically as a safer NSAID and an anti-ulcer drug, respectively. In this study,

we have examined the effect of rebamipide on celecoxib-induced production of gastric lesions. In mice

pre-administered with a low dose of indomethacin, orally administered rebamipide suppressed

celecoxib-induced mucosal apoptosis and lesion production but did not decrease in PGE2 levels in the

stomach. Rebamipide also suppressed celecoxib-induced increases in intracellular Ca2+ concentration,

the ER stress response, mitochondrial dysfunction and apoptosis in vitro. We also found that rebamipide

suppresses the increases in intracellular Ca2+ concentration induced by an activator of voltage-

dependent L-type Ca2+ channels and that another blocker of this channel suppresses celecoxib-induced

increases in intracellular Ca2+ concentration. These results suggest that celecoxib activates voltage-

dependent L-type Ca2+ channels and that rebamipide blocks this activation, resulting in suppression of

celecoxib-induced apoptosis. We believe that this novel activity of rebamipide may play an important

role in the protection of gastric mucosa against the formation of celecoxib-induced lesions.

� 2010 Elsevier Inc. All rights reserved.
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1. Introduction

Non-steroidal anti-inflammatory drugs (NSAIDs) are a useful
family of therapeutics, accounting for nearly 5% of all prescribed
medications [1]. An inhibitory effect of NSAIDs on cyclooxygenase
(COX) activity is responsible for their anti-inflammatory actions
because COX is an enzyme essential for the synthesis of
prostaglandins (PGs), such as PGE2, which have a strong capacity
to induce inflammation. On the other hand, NSAID use is associated
with gastrointestinal complications, with about 15–30% of chronic
users of NSAIDs suffering from gastrointestinal ulcers and bleeding
[2–6]. Therefore, establishment of a clinical protocol to treat
NSAID-induced gastrointestinal lesions is important.

There are at least two subtypes of COX, COX-1 and COX-2,
which are responsible for the majority of COX activity at the gastric
mucosa and in inflamed tissues, respectively [7,8]. Therefore, it is
reasonable to speculate that selective COX-2 inhibitors could have
anti-inflammatory activity without gastrointestinal side effects
[7]. In fact, a greatly reduced incidence of acute gastroduodenal
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lesions has been reported for COX-2-selective inhibitors, such as
celecoxib, both in animal and clinical studies [9–12] and thus,
celecoxib is used widely in Western countries and recently has
become available in Japan. However, the superiority of celecoxib to
non-selective NSAIDs in limiting gastric side effects is not as clear
in patients taking aspirin concomitantly or in patients using such
NSAIDs for a long period [10,13,14]. Therefore, use of COX-2-
selective inhibitors does not completely avoid the gastric side
effects of NSAIDs and it is important that a clinical protocol to treat
celecoxib-induced gastric lesions be established.

Although PGE2 has a strong protective effect on gastrointestinal
mucosa, the inhibition of COX by NSAIDs is not the sole
explanation for the gastrointestinal side effects of NSAIDs
[15,16]. We have recently demonstrated that NSAIDs induce
apoptosis in cultured gastric cells and at gastric mucosa in a
manner that is independent of COX inhibition [17–21]. NSAIDs,
including celecoxib, increase the intracellular Ca2+ concentration
[Ca2+

i]. Using the intracellular Ca2+ chelator 1,2-bis(2-aminophe-
noxy)ethane-N,N,N0N0-tetraacetic acid (BAPTA-AM), we have
found evidence that this increase is responsible for NSAID-induced
apoptosis [17]. This increase in [Ca2+]i seems to induce the
endoplasmic reticulum (ER) stress response, in which an apopto-
sis-inducing transcription factor, C/EBP homologous transcription
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factor (chop), is induced and we have previously shown, chop is
essential for NSAID-induced apoptosis [18]. With the aid of
activating transcription factor 4 (atf4), chop induces expression of
p53 up-regulated modulator of apoptosis (puma) and the resulting
activation of Bax [22]. We have already shown that both puma and
Bax play important roles in NSAID-induced mitochondrial
dysfunction, activation of caspases and apoptosis [17,22–24].
Furthermore, we have suggested that both COX inhibition
(resulting in a decrease in gastric PGE2 levels) and gastric mucosal
apoptosis are required for the formation of NSAID-induced gastric
lesions in vivo [21,25,26]. Therefore, it will be important to
consider protection of gastric mucosal cells against celecoxib-
induced apoptosis when establishing a clinical protocol to treat
celecoxib-induced gastric lesions.

Rebamipide is an anti-ulcer drug used in Asian countries
[27,28]. Both animal and clinical studies have revealed that
rebamipide prevents the formation of NSAID-induced gastric
lesions [27–30]; however, no clinical or animal data regarding the
effect of rebamipide on celecoxib-induced gastric lesions have
been reported. Rebamipide has various gastroprotective mechan-
isms, such as decreasing reactive oxygen species (ROS) and up-
regulating COX-2 expression; this latter function increases gastric
PGE2 levels, which in turn stimulates mucus secretion and gastric
mucosal blood flow [27,31–33]. Furthermore, the protective effect
of rebamipide on cells against indomethacin-induced apoptosis
has been reported in vitro [34,35]. However, the effect of
rebamipide on celecoxib-induced apoptosis has not been reported.
In this study, we have obtained in vivo data suggesting that orally
administered rebamipide suppresses the formation of celecoxib-
produced gastric lesions through suppression of mucosal apopto-
sis. It was also found that rebamipide suppresses the celecoxib-
induced increase in [Ca2+]i, the ER stress response, mitochondrial
dysfunction and apoptosis in vitro. We suggest that rebamipide
achieves these effects through inhibition of a voltage-dependent L-
type Ca2+ channel.

2. Materials and methods

2.1. Chemicals and animals

RPMI 1640 was obtained from Nissui Pharmaceutical Co (Osaka,
Japan). Rebamipide was kindly provided by Otsuka Pharmaceutical
Co (Tokushima, Japan). Pluronic F127, fluo-3/AM, 40, 6-diamidino-
2-phenylindole dihydrochloride (DAPI) and BAPTA-AM were
obtained from Dojindo Co (Kumamoto, Japan). Paraformaldehyde,
fetal bovine serum (FBS), tunicamycin, thapsigargin, ionomycin,
Hoechst 33258 and (S)-(-)-BAY K 8644 (BAYK 8644) were obtained
from Sigma (St. Louis, MO). Indomethacin, ibuprofen, diclofenac
and nifedipine were obtained from Wako Co (Osaka, Japan).
Celecoxib was from LKT Laboratories Inc (St Paul, MN). A PGE2

enzyme immuno assay (EIA) kit was purchased from Cayman
Chemical (Ann Arbor, MI). Antibodies against puma or the N-
terminal region of Bax (Bax N20) and actin were purchased from
ProSci Inc (Poway, CA) or Santa Cruz Biotechnology (Santa Cruz,
CA), respectively. An antibody against cytochrome c was from
PharMingen (San Jose, CA). Terminal deoxynucleotidyl transferase
(TdT) was obtained from TOYOBO (Osaka, Japan). Mayer’s
hematoxylin, 1% eosin alcohol solution and mounting medium
for histological examination (Malinol) were from MUTO Pure
Chemicals (Tokyo, Japan). Biotin 14-ATP, Alexa Fluor 488 goat anti-
rabbit immunoglobulin G and Alexa Fluor 488 conjugated with
streptavidin were purchased from Invitrogen (Carlsbad, CA).
Mounting medium (VECTASHIELD) was from Vector Laboratories
(Burlingame, CA). The RNeasy kit was obtained from QIAGEN
(Valencia, CA), the first-strand cDNA synthesis kit was from Takara
(Kyoto, Japan), and iQ SYBR Green Supermix was from Bio-Rad
(Hercules, CA). Wild-type mice (C57/BL6) (8–10 weeks of age and
25 to 30 g) were used. The experiments and procedures described
here were carried out in accordance with the Guide for the Care
and Use of Laboratory Animals as adopted and promulgated by the
National Institutes of Health (Bethesda, MD) and were approved by
the Animal Care Committee of Kumamoto University.

2.2. Gastric damage assay

The gastric ulcerogenic response was examined as described
previously [25], with some modifications. Mice fasted for 18 h
were intravenously administered indomethacin in PBS via the tail
vein and 1 h later, orally administered celecoxib in 1% methylcel-
lulose in a volume of 10 ml/kg. In some experiments, mice were
orally administered rebamipide in 0.5% carboxymethylcellulose in
a volume of 10 ml/kg 1 h before the administration of indometha-
cin. Eight hours after the administration of celecoxib, the animals
were sacrificed, after which their stomachs were removed and the
areas of the gastric mucosal lesions were measured by an observer
unaware of the treatment they had received. Calculation of the
scores involved measuring the area of all the lesions in square
millimetres and summing the values to give an overall gastric
lesion index. The gastric PGE2 level was determined by EIA
according to the manufacturer’s instructions.

2.3. Cell culture and assay for apoptosis and K+ efflux

Human gastric adenocarcinoma (AGS) cells were cultured in
RPMI 1640 medium supplemented with 10% FBS, 100 U/ml
penicillin and 100 mg/ml streptomycin in a humidified atmo-
sphere of 95% air with 5% CO2 at 37 8C. Cells were exposed to
celecoxib by changing the medium. Cells were cultured for 24 h
and then used in experiments. Apoptosis was monitored by
fluorescence-activated cell sorting (FACS) analysis, chromatin
condensation by staining with Hoechst dye 33258 and caspase-
3-like activity as previously described [18,20,23]. K+ efflux from
cells was monitored as previously described [17,36].

2.4. Real-time RT-PCR analysis

Total RNA was extracted from AGS cells using an RNeasy kit
according to the manufacturer’s protocol. Samples (2.5 mg of RNA)
were reverse-transcribed using a first-strand cDNA synthesis kit
according to the manufacturer’s instructions. Synthesized cDNA
was used in real-time RT-PCR (Bio-Rad Chromo 4 system)
experiments using iQ SYBR Green Supermix and analysed with
Opticon Monitor software according to the manufacturer’s
instructions. The real-time PCR cycle conditions were 95 8C for
3 min, followed by 44 cycles at 95 8C for 10 s and at 60 8C for 60 s.
Specificity was confirmed by electrophoretic analysis of the
reaction products and by inclusion of template- or reverse
transcriptase-free controls. To normalize the amount of total
RNA present in each reaction, actin cDNA was used as an internal
standard.

Primers were designed using the Primer3 website (http://
frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi). The pri-
mers used were (name, forward primer and reverse primer):
atf4, 50-tcaaacctcatgggttctcc-30 and 50-gtgtcatccaacgtggtcag-30;
chop, 50-tgcctttctcttcggacact-30 and 50-tgtgacctctgctggttctg-30;
puma, 50-gacgacctcaacgcacagta-30 and 50-ggagtcccatgatgagattgt-
30; actin, 50-tgcctttctcttcggacact-30 and 50-tgtgacctctgctggttctg-30.

2.5. Immunoblotting analysis

Total protein was extracted as described previously [37].
The protein concentration of each sample was determined
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by the Bradford method [38]. Samples were applied to
polyacrylamide SDS gels and subjected to electrophoresis, after
which the proteins were immunoblotted with appropriate
antibodies.

2.6. Histological and TdT-mediated biotinylated UTP Nick End

Labelling (TUNEL) analyses

Gastric tissue samples were fixed in 4% buffered paraformalde-
hyde and embedded in paraffin before being cut into 4 mm sections.

For histological examination (hematoxylin and eosin [H & E]
staining), sections were stained first with Mayer’s hematoxylin and
then with 1% eosin alcohol solution. Samples were mounted with
Fig. 1. Effect of rebamipide on celecoxib-induced gastric lesions and apoptosis in vivo.

Mice were intravenously (IV) administered 1 mg/kg indomethacin or vehicle and, after

were orally administered the indicated dose (B) or 600 mg/kg (C–E) of rebamipide or veh

from the administration of celecoxib, the stomach was removed and scored for hemorrha

gastric tissues were prepared and subjected to H & E staining (upper panels), TUNEL assa

level was determined by EIA (E). Values are mean � S.E.M. (n = 3–8). **P < 0.01; *P < 0.0
Malinol and inspected with the aid of an Olympus BX51
microscope.

For TUNEL assay, sections were incubated first with
proteinase K for 15 min at 37 8C, then with TdT and biotin
14-ATP for 1 h at 37 8C, and finally with Alexa Fluor 488
conjugated with streptavidin for 1 h. Samples were mounted
with VECTASHIELD and inspected using fluorescence microsco-
py (Olympus BX51).

2.7. Immunostaining of cells

Cells were cultured on 4-well Lab-Tek II glass slides (Nunc).
After fixation with 4% buffered paraformaldehyde for 20 min and
1 h, mice were orally (p.o.) administered 40 mg/kg celecoxib or vehicle (A–E). Mice

icle 1 h before the administration of indomethacin (B, C, E) or celecoxib (D). After 8 h

gic damage as described in the experimental procedures (A, B). After 8 h, sections of

y (middle panels) and DAPI staining (lower panels) (C, D). After 4 h, the gastric PGE2

5; n.s., not significant (A, B, E). Scale bar, 100 mm.
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permeabilization with 0.5% Triton X-100 for 5 min, non-specific
binding sites were blocked with 3% BSA for 30 min. Immunostain-
ing to detect the active form of Bax was performed with a
polyclonal antibody (Bax N20) and Alexa Fluor 488 goat anti-rabbit
immunoglobulin G. Cells were simultaneously stained with DAPI
(5 mg/ml). Cells were mounted with VECTASHIELD and inspected
using fluorescence microscopy (Olympus BX51).

2.8. Measurement of intracellular Ca2+ Levels

Intracellular Ca2+ levels were monitored as previously described
[17]. Cells were incubated with 4 mM fluo-3/AM in the assay buffer
(115 mM NaCl, 5.4 mM KCl, 1.8 mM CaCl2, 0.8 mM MgCl2, 20 mM
HEPES, 13.8 mM glucose, 0.1% BSA, 0.04% Pluronic F127 and 2 mM
probenecid) for 40 min at 37 8C. For Ca2+-free conditions, a modified
assay buffer (115 mM NaCl, 5.4 mM KCl, 5 mM EGTA, 20 mM HEPES,
13.8 mM glucose and 2 mM probenecid) was used. After washing,
cells were suspended in the assay buffer without BSA and Pluronic
F127. Fluo-3 fluorescence of cells was measured with a HITACHI F-
4500 spectrofluorophotometer. Maximum and minimum fluores-
cence values (Fmax and Fmin) were obtained by adding 10 mM
ionomycin and 10 mM ionomycin plus 5 mM EGTA (in Ca2+-free
medium), respectively. The intracellular Ca2+ level was calculated
according to the equation [Ca2+]i = Kd(F� Fmin)/(Fmax � F), where Kd

is the apparent dissociation constant (400 nM) of the fluorescent
dye-Ca2+ complex.
2.9. Statistical analysis

The Tukey test or the Student’s t-test for unpaired results was
used to evaluate differences between more than three groups or
between two groups, respectively. Differences were considered to
be significant for values of P < 0.05.

3. Results

3.1. Effect of rebamipide on the celecoxib-induced gastric ulcerogenic

response

It is known that oral administration of celecoxib alone produces
few gastric lesions in animals [39]. Based on our idea that both COX
inhibition (resulting in a decrease in gastric PGE2 levels) and
gastric mucosal apoptosis are required for the formation of NSAID-
induced gastric lesions in vivo, we recently showed that gastric
lesions develop in a manner that is dependent on oral administra-
tion of cytotoxic COX-2-selective inhibitors, such as celecoxib (for
induction of gastric mucosal apoptosis), in mice pre-administered
intravenously with low doses of indomethacin (for decrease in
gastric PGE2 levels) [25]. In this study we have confirmed these
results (Fig. 1A) and have found that oral pre-administration of
rebamipide (300 or 600 mg/kg) suppresses this gastric lesion
production (1 mg/kg indomethacin and 40 mg/kg celecoxib) in a
dose-dependent manner (Fig. 1B). Histological analysis has



Fig. 2. Effect of rebamipide on celecoxib-induced apoptosis.

AGS cells were incubated with or without (CTRL) the indicated concentration of

rebamipide for 1 h and further incubated with or without 60 mM celecoxib for 24 h

(A–C). Apoptotic cell number (cells in sub-G1 phase) was determined by FACS (A).

Cells were stained with Hoechst dye 33258 and cells with condensed chromatins

were counted (1200–1600 total cells) (B). Caspase-3-like activity was measured (C).

Values are mean � S.D. (n = 3). **P < 0.01; n.s., not significant (A–C).
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revealed that gastric mucosal damage (crypt loss and infiltration of
leukocytes) was observed in sections from indomethacin/cele-
coxib-administered mice and that this damage was suppressed by
the pre-administration of rebamipide (600 mg/kg) (Fig. 1C).

As mentioned above, both decreases in PGE2 levels and
mucosal apoptosis play important roles in the development of
NSAID-produced gastric lesions [25]. The level of gastric mucosal
apoptosis was determined by TUNEL assay. An increase in TUNEL-
positive (apoptotic) cells was observed at the gastric mucosa of
indomethacin/celecoxib-administered mice and pre-administra-
tion of rebamipide (600 mg/kg) clearly suppressed this increase
(Fig. 1C). Weak but significant apoptosis was observed at the
gastric mucosa of mice treated with celecoxib alone (Fig. 1D) but
not in those treated with indomethacin alone (data not shown),
and this apoptosis was suppressed by pre-administration of
rebamipide (Fig. 1D). These results suggest that administration of
celecoxib rather than indomethacin is responsible for the
apoptosis shown in Fig. 1C and that rebamipide somehow
suppresses this celecoxib-induced apoptosis. On the other hand,
pre-administration with rebamipide (600 mg/kg) did not affect
gastric PGE2 levels under any conditions (Fig. 1E). The level was
decreased by intravenous administration of indomethacin but not
by oral administration of celecoxib, as described previously [25].
These results suggest that rebamipide protects gastric mucosa
against the formation of indomethacin/celecoxib-produced gas-
tric lesions by inhibiting celecoxib-induced apoptosis rather than
by inhibiting indomethacin-induced decreases in gastric PGE2

levels.

3.2. Mechanism for protection by rebamipide against celecoxib-

induced apoptosis in vitro

To understand the molecular mechanism governing rebami-
pide-conferred protection against celecoxib-induced apoptosis, we
first tried to reproduce this phenomenon in cultured AGS cells.
FACS analysis revealed that pre-treatment of cells with rebamipide
(25–1000 mM) suppressed celecoxib-induced apoptosis in a dose-
dependent manner (Fig. 2A). The anti-apoptotic effect of rebami-
pide (250 mM) was also confirmed by chromatin condensation
assay and measurement of caspase-3-like activity (Fig. 2B and C).
The results, shown in Fig. 2, suggest that rebamipide directly
protects gastric cells against celecoxib-induced apoptosis. We also
found that rebamipide did not affect apoptosis induced by NSAIDs
other than celecoxib (diclofenac or ibuprofen) (data not shown).
This result may be related to the observation that rebamipide did
not affect the increase in [Ca2+]i induced by diclofenac or ibuprofen
(see Fig. 5B).

As described above, celecoxib-induced apoptosis is mediated by
the sequential induction of various cellular phenomena (increase
in [Ca2+]i, ER stress response, activation of Bax, mitochondrial
dysfunction and activation of caspases). Next, we examined which
step of this apoptotic pathway is affected by rebamipide.

We have previously reported that activation of Bax, through its
conformational change and resulting translocation from the
cytosol to mitochondria, is responsible for celecoxib-induced
mitochondrial dysfunction and apoptosis [22]. The effect of
rebamipide on activation of Bax was tested by immunostaining
analysis using an antibody that specifically recognizes only the
active form of Bax. This antibody can recognize only the active
form in the immunostaining assay but recognize all forms of Bax
in the immunoblotting assay due to the denaturation of proteins
in the latter assay [40]. As shown in Fig. 3A and B, the active form
of Bax was observed in celecoxib (60 mM)-treated cells and the
level of the active form of Bax decreased in cells pre-treated with
rebamipide (250 mM), suggesting that rebamipide suppresses
celecoxib-dependent activation (conformational change) of Bax.
As shown in Fig. 3C, the amount of Bax or cytochrome c in the
cytosol fractions decreased or increased, respectively, in the
presence of celecoxib (60 mM) and these alterations were
suppressed by pre-treatment of the cells with rebamipide
(250 mM), suggesting that rebamipide suppresses celecoxib-
induced translocation of Bax and the resulting mitochondrial
dysfunction.

We previously reported that in the pathway for celecoxib-
induced apoptosis, the ER stress response, and particularly the up-
regulation of puma expression, induces activation of Bax [22]. As
shown in Fig. 4A and B, treatment of cells with celecoxib (60 mM)
up-regulated the expression of puma at both mRNA and protein
levels and this up-regulation was partially suppressed by pre-
treatment of the cells with rebamipide (250 mM). We previously
reported that up-regulation of expression of atf4 and chop, both of
which are transcription factors related to the ER stress response, is
responsible for celecoxib-induced expression of puma. Here we
have shown that celecoxib (60 mM) up-regulates the expression of
atf4 and chop mRNAs and that this up-regulation is partially
suppressed by pre-treatment of cells with rebamipide (250 mM)
(Fig. 4A). The results presented in Fig. 4 suggest that rebamipide
suppresses the celecoxib-induced ER stress response.

We previously reported that NSAIDs increase [Ca2+]i and
suggested that this increase induces the ER stress response by



Fig. 3. Effect of rebamipide on celecoxib-induced activation of Bax and mitochondrial dysfunction.

AGS cells were incubated with or without (CTRL) 250 mM rebamipide for 1 h and further incubated with or without 60 mM celecoxib for 18 h (A–C). Immunostaining with

antibody against the N-terminal region of Bax (Bax N20) and DAPI staining were performed as described in the experimental procedures. Scale bar, 50 mm (A). Approximately

400–600 cells were randomly counted for staining with Bax N20. Values are mean � S.D. (n = 3). **P < 0.01; n.s., not significant (B). After subcellular fractionation, cytosol

fractions were analysed by immunoblotting with an antibody against Bax (Bax N20), cytochrome c or actin.
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showing that BAPTA-AM suppresses the response [17,22–24]. Here
we have examined the effect of rebamipide (250 mM) on celecoxib
(60 mM)-induced increases in [Ca2+]i with Ca2+-containing medi-
um and found that rebamipide clearly suppresses this increase
(Fig. 5A). On other hand, rebamipide did not affect increases in
[Ca2+]i induced by diclofenac (0.8 mM) or ibuprofen (2 mM)
(Fig. 5B). Since indomethacin absorbs fluo-3 fluorescence
(530 nm) [17], we could not measure the intracellular Ca2+ level
in the presence of indomethacin by this assay system. We have
confirmed that as well as rebamipide, BAPTA-AM (50 nM)
suppresses celecoxib-dependent up-regulation of expression of
ER stress response-related genes and have found that in the
presence of BAPTA-AM, rebamipide does not further suppress
celecoxib-dependent up-regulation of expression of these genes
(Fig. 5C). This suggests that rebamipide shares a mechanism for
suppressing the ER stress response with BAPTA-AM; in other
words, that rebamipide suppresses the ER stress response through
decreasing [Ca2+]i.

We then examined the effect of rebamipide on the increases in
[Ca2+]i induced by chemicals other than celecoxib, such as
thapsigargin (an inhibitor of the sarcoplasmic/ER Ca2+ ATPase
[SERCA]) and ionomycin (a Ca2+ ionophore). As shown in Fig. 6A,
rebamipide did not affect the increase in [Ca2+]i induced by
thapsigargin (1 nM) or ionomycin (2 mM). We also found that
rebamipide did not suppress (but in some cases actually
stimulated) the up-regulation of expression of ER stress re-
sponse-related genes induced by not only these two chemicals but
also by tunicamycin (0.1 mg/ml), an inhibitor of N-glycosylation
that does not affect [Ca2+]i (Fig. 6B). These results suggest that the
inhibitory effect of rebamipide on the ER stress response and
increase in [Ca2+]i is not observed generally but is specific for those
induced by celecoxib.
3.3. Mechanism for the inhibitory effect of rebamipide on celecoxib-

induced Increases in [Ca2+]i

Various mechanisms have been proposed for celecoxib-induced
increases in [Ca2+]i such as the inhibition of SERCA, permeabiliza-
tion of cytoplasmic membranes and activation of voltage-depen-
dent L-type Ca2+ channels [17,41,42]. It seems that the mechanism
involved depends on the cell species and culture conditions. To
address this issue, we monitored [Ca2+]i under Ca2+-free condi-
tions. As shown in Fig. 7A, a celecoxib-induced increase in [Ca2+]i

was not observed under Ca2+-free conditions, suggesting that most
of the increase is derived from extracellular Ca2+ and not from Ca2+

in intracellular compartments (such as the ER). The involvement of
SERCA in celecoxib-induced increases in [Ca2+]i under the
experimental conditions was not supported by the observation
that rebamipide did not affect the thapsigargin-induced increase in
[Ca2+]i (Fig. 6A). We previously established an assay system for
measuring the membrane permeabilization activity of NSAIDs,
using calcein-loaded liposomes. Calcein fluorescence is very weak
at high concentrations due to self-quenching, so the addition of
membrane-permeabilizing drugs to a medium containing calcein-
loaded liposomes causes an increase in fluorescence by diluting the
calcein [17,19,36]. We confirmed that celecoxib increases calcein
fluorescence (data not shown). We then examined the effect of
rebamipide on the celecoxib-dependent increase in calcein
fluorescence. The addition of rebamipide (up to 1000 mM) to the
medium did not affect the celecoxib-dependent increase in calcein
fluorescence (Fig. 7B). We have previously monitored celecoxib-
dependent permeabilization of cytoplasmic membranes by moni-
toring K+ efflux from cells [17,36]. The K+ concentration in the
culture medium increased in the presence of celecoxib (60–
400 mM), showing that K+ efflux from AGS cells was stimulated,



Fig. 4. Effect of rebamipide on the celecoxib-induced ER stress response.

AGS cells were incubated with or without (CTRL) 250 mM rebamipide for 1 h and further incubated with or without 60 mM celecoxib for 12 h (A) or 18 h (B). The relative

expression of each gene was monitored by real-time RT-PCR using specific primers for each gene. Values normalized to the actin gene are expressed relative to the control

sample. Values are mean � S.D. (n = 3). **P < 0.01; n.s., not significant (A). Whole cell lysates were analysed by immunoblotting with an antibody against puma or actin (B).
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and rebamipide (250 mM) did not affect this increase (Fig. 7C). The
results shown in Fig. 7B and C suggest that rebamipide did not
affect celecoxib-dependent membrane permeabilization and that,
under the experimental conditions used, permeabilization of
cytoplasmic membranes is not involved in celecoxib-induced
increases in [Ca2+]i.

Next, we examined the effect of nifedipine, an inhibitor of
voltage-dependent L-type Ca2+ channels, on celecoxib (60 mM)-
induced increases in [Ca2+]i and found that nifedipine (10 mM)
suppresses this increase (Fig. 7D). We also found that not only
nifedipine but also rebamipide (250 mM) suppressed the increase
in [Ca2+]i induced by BAY K 8644 (3 mM), an activator of voltage-
dependent L-type Ca2+ channels (Fig. 7E). Celecoxib-induced
expression of ER stress response-related genes was also sup-
pressed by nifedipine (10 mM) (Fig. 7F). These results suggest that,
under the experimental conditions used, activation of voltage-
dependent L-type Ca2+ channels is the main mechanism involved
in the celecoxib-induced increase in [Ca2+]i and resulting induction
of ER stress response and that rebamipide can inhibit voltage-
dependent L-type Ca2+ channels. This novel activity of rebamipide
would account for the observed suppression of the celecoxib-
induced increase in [Ca2+]i under the experimental conditions
used.

4. Discussion

Due to its relative safety compared to classic (non-selective)
NSAIDs, celecoxib is used widely in Western countries. However,
this drug has only very recently become available in Japan.
Rebamipide, while not used in Western countries, is a leading anti-
ulcer drug in the Japanese market and it has therefore recently
come into use in Japan for the prevention of celecoxib-induced
gastric lesions. It is important then that the effect of rebamipide on
celecoxib-induced gastric lesions be examined in both humans and
animals. In this study, for the first time, we have shown that
rebamipide suppresses celecoxib-dependent production of gastric
lesions in animals and have examined the molecular mechanism
by which it has this effect (see below).

Although oral administration of celecoxib produces significant
levels of gastric lesions in humans, especially upon long-term
treatment or in patients co-administered with low doses of aspirin
[10,13,14], it produces few gastric lesions in animals [39]. We



Fig. 5. Effect of rebamipide on celecoxib-induced increase in [Ca2+]i.

[Ca2+]i was monitored by a fluo-3/AM assay system as described in the experimental procedures. Fluo-3/AM-loaded cells were treated with or without (CTRL) 250 mM

rebamipide for 10 min, then 60 mM (final concentration) celecoxib was added (the addition was divided into 3 times and the timing was shown by arrows in figure) and

changes in fluo-3 fluorescence were monitored over time (A). Similar experiments were done for diclofenac (0.8 mM) or ibuprofen (2 mM) and the maximum values for [Ca2+]i

are shown (B). AGS cells were incubated with or without 250 mM rebamipide and/or 50 nM BAPTA-AM for 1 h and further incubated with 60 mM celecoxib for 12 h. The

relative expression of each gene was monitored as described in the legend of Fig. 4. Values are mean � S.D. (n = 3). **P < 0.01; *P < 0.05; n.s., not significant (C).
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recently proposed that both a decrease in the gastric PGE2 level and
gastric mucosal apoptosis are required for the formation of NSAID-
induced gastric lesions in vivo [21,25,26]. Based on this idea, we
consider that celecoxib does not produce acute gastric lesions in
animals due to its inability to decrease the gastric PGE2 level and
that an accidental (celecoxib-independent) decrease in gastric
PGE2 level or that induced by a low dose of aspirin causes the
observed celecoxib-dependent production of gastric lesions in
humans (celecoxib has strong apoptosis-inducing activity [19]).
Therefore, we consider that the model that we used in this study
(oral administration of celecoxib to induce gastric mucosal
apoptosis and intravenous administration of a low dose of
indomethacin to decrease gastric PGE2 levels) is relevant clinically.
In other words, the observation that rebamipide suppresses
celecoxib-dependent production of gastric lesions in mice pre-
administered with a low dose of indomethacin suggests that
rebamipide would be clinically effective for the prevention of
celecoxib-produced gastric lesions.

It is now clear that acid-control drugs, such as histamine
receptor-2 antagonists (H2-blockers) and proton pump inhibitors
(PPIs) are effective for preventing the development of NSAID-
induced gastric lesions in Western countries [43]. However, since
gastric acid secretion in Asian populations is much lower than in
Western populations [28,44,45], acid-control drugs may not be so
effective for Asian populations. In fact, it was reported that the
efficacy of rebamipide for prevention of NSAID-induced gastric
ulcers is much the same as that of famotidine, an H2-blocker in
Japanese populations [30]. Thus, anti-ulcer drugs other than acid-
control drugs (such as rebamipide) may be particularly important
in Asian countries.

In our mouse model (in which celecoxib and indomethacin
were co-administered), oral administration of rebamipide
suppressed gastric mucosal apoptosis but did not affect the
decrease in the gastric PGE2 level. It has previously been
reported that rebamipide increases gastric PGE2 levels by up-
regulation of expression of COX-2 [33,46]. This discrepancy may
be explained by differences in the rebamipide treatment: they
administered rebamipide for 14 days (once per day) to detect
up-regulation of expression of COX-2 and an increase in the
gastric PGE2 level [46].

We have previously suggested that celecoxib-induced apopto-
sis is mediated by an increase in [Ca2+]i, induction of the ER stress
response, activation and translocation of Bax, mitochondrial
dysfunction and activation of caspases [17,22–24]. It is possible
that induction of the ER stress response by increase in [Ca2+]i is
mediated by Ca2+-induced Ca2+-release and resulting depletion of
Ca2+ level in ER; Ca2+ channels on ER membrane (inositol-1,4,5-
triphosphate receptor and ryanodine receptor) that are involved
in Ca2+-release in ER, are activated by increase in [Ca2+]i [47]. Here,
we have found that all of these steps are suppressed by
rebamipide, suggesting that rebamipide protects cells against
celecoxib-induced apoptosis through maintenance of [Ca2+]i. Of
the various proposed mechanisms for the celecoxib-induced
increase in [Ca2+]i (inhibition of SERCA, permeabilization of
cytoplasmic membranes and activation of voltage-dependent L-
type Ca2+ channels), we suggest that, under the experimental
conditions used, activation of voltage-dependent L-type Ca2+

channels is mainly responsible for the celecoxib-induced increase
in [Ca2+]i and that rebamipide suppresses this activation. This
conclusion is based on the following observations: (i) rebamipide
suppressed the increase in [Ca2+]i induced by BAY K 8644 but not
by thapsigargin, (ii) rebamipide did not affect celecoxib-induced
membrane permeabilization, (iii) nifedipine suppressed the
increase in [Ca2+]i induced by celecoxib. Anti-apoptotic effects
of voltage-dependent L-type Ca2+ channel inhibitors have also
been reported for renal tubular cells and colon cells [48,49]. The
finding that rebamipide can block this type of Ca2+ channel is
novel and this property may be responsible for various



Fig. 6. Effect of rebamipide on the increase in [Ca2+]i and ER stress response induced by other chemicals.

The effect of 250 mM rebamipide on increases in [Ca2+]i (D[Ca2+]i) (A) and the ER stress response (B) in the presence of the indicated concentrations of thapsigargin, ionomycin

and tunicamycin was monitored as described in the legends of Figs. 4 and 5. Values are mean � S.D. (n = 3). **P < 0.01; *P < 0.05; n.s., not significant (A, B).
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pharmacological activities of this drug. For example, it has been
reported that rebamipide suppresses activation of neutrophils
through suppressing an increase in [Ca2+]i and that this activity of
rebamipide plays an important role in conferring protection
against NSAID-induced gastric lesions [50,51]. Our results suggest
that this effect of rebamipide is mediated by inhibition of voltage-
dependent L-type Ca2+ channels, because these Ca2+ channels
have been suggested to be involved in the activation of
neutrophils and their adhesion to fibrinogen [52,53]. Since
increases in [Ca2+]i play an important role in the production of
ROS [52,53], it is also possible that this novel activity of
rebamipide is involved in its well-known ROS-decreasing activity.
It has been reported that inhibition of voltage-dependent L-type
Ca2+ channels suppresses gastrin-induced histamine release from
gastric enterochromaffin-like cells [54], suggesting that some part
of the gastroprotective effect of rebamipide is mediated by
suppression of gastrin-induced histamine release through its
inhibitory effect on voltage-dependent L-type Ca2+ channels.
Furthermore, since inhibition of voltage-dependent L-type Ca2+

channels was suggested to have beneficial effects on various
disorders, such as immune disorders [55], the results of this study
suggest that rebamipide has some beneficial effects on these
disorders through its inhibitory effect on voltage-dependent L-
type Ca2+ channels.

In conclusion, we have found that rebamipide has a novel
activity, inhibition of the voltage-dependent L-type Ca2+ channels,
and suggest that this activity is involved in rebamipide-dependent
protection of cells against celecoxib-induced apoptosis in vitro and



Fig. 7. Mechanism for rebamipide-dependent suppression of the celecoxib-induced increase in [Ca2+]i.

The effect of the indicated concentrations of celecoxib on the increase in [Ca2+]i (D[Ca2+]i) under Ca2+-containing (+) or Ca2+-free (-) conditions was monitored as described in

the legend of Fig. 5 (A). Calcein-loaded liposomes were pre-incubated for 10 min with the indicated concentration of rebamipide and further incubated for 10 min with or

without 60 mM celecoxib in the presence of the same concentration of rebamipide as was used in the pre-incubation step. The release of calcein from liposomes was

determined by measuring fluorescence intensity. Triton X-100 (10 ml/ml) was used to determine the 100% level of membrane permeabilization (B). AGS cells were incubated

with or without (CTRL) 250 mM rebamipide for 1 h and further incubated with the indicated concentrations of celecoxib for 10 min and the level of K+ efflux was measured

using a K+ ion-selective electrode. Melittin (10 mM) was used to establish the 100% level of K+ efflux (C). The effects of nifedipine (10 mM) (D-F) or rebamipide (250 mM) (E) on

celecoxib – (D) or BAY K 8644 – (E) induced increases in [Ca2+]i (D[Ca2+]i) (D, E) or celecoxib-induced ER stress response (F) were monitored as described in the legend of Fig. 4

(D–F). Cells were pre-incubated with nifedipine for 1 h and further incubated with celecoxib without nifedipine for 12 h (F). Values are mean � S.D. (n = 3). **P < 0.01;

*P < 0.05; n.s., not significant (A, C–F).
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protection of gastric mucosa against production of lesions in vivo.
This finding is important in understanding the mechanism
whereby this drug has its gastroprotective effects and may prove
useful in expanding the clinical application of this drug to include
other diseases.
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