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ABSTRACT

Although reactive oxygen species have been implicated as mediators of gastrointestinal injury, their
influence on the function of gastric epithelial tight junctions (TJs), which create a paracellular permeabil-
ity barrier, needs to be fully investigated. H,0, exposure to MKN28 gastric epithelial monolayers caused a
significant decrease in trans-epithelial electrical resistance (TEER) and a significant increase in dextran
permeability. Oxidant-mediated gastric epithelial permeability was significantly attenuated by a radical
scavenger, rebamipide. H,0, decreased the amount of claudin-3 protein but not claudin-4, -7, and JAM-A.
Rebamipide significantly attenuated H,0,-induced decrease in claudin-3 protein. Small interfering RNA
(siRNA) against claudin-3 treatment specifically decreased claudin-3 as seen by immunoblotting and
immunofluorescent staining. Gastric TEER was significantly decreased with the treatment of siRNA
against claudin-3. This is the first study to demonstrate that claudin-3 is involved in the barrier function
of gastric epithelial cells and that rebamipide abolishes the H,0,-induced decrease in claudin-3 protein.

© 2008 Elsevier Inc. All rights reserved.

Tight junctions (TJs) are the most apical component of the inter-
cellular junctional complexes [1]. TJs separate the apical cell sur-
face domains from the basolateral cell surface domains to
establish cell polarity and provide a barrier, regulating paracellular
transport of solutes and ions [2]. T]s consist of occludin, the claudin
family of proteins, and junctional adhesion molecule (JAM) [3].
Among these T] molecules, claudins are major integral membrane
proteins of TJ strands [3]. Claudin-3 and claudin-4 appear to be
phosphorylated by cyclic AMP-dependent kinase (PKA) and protein
kinase C, respectively [4]. Phosphorylation of claudin-3 may cause
partial redistribution of claudin-3 from the TJs to other membrane
or cytoplasmic areas and may provide a mechanism for the de-
creased TJ strength [4].

Hydrogen peroxide (H,0,), a highly toxic oxidizing agent, is
constantly generated within all cell types, including gastric epi-
thelial cells, and must be quickly neutralized in order for cell sur-
vival [5]. H,0; is also reported to increase epithelial monolayer
permeability by disrupting paracellular junctional complexes
in vitro [6]. Helicobacter pylori (H. pylori) infection stimulates the
accumulation of intracellular reactive oxygen species, and gastric
permeability in H. pylori-induced chronic gastritis is impaired.
This decreased barrier function is paralleled by a decrease in TJ
proteins [7].

* Corresponding author. Fax: +81 798 45 6661.
E-mail address: t-oshima@hyo-med.ac.jp (T. Oshima).

0006-291X/$ - see front matter © 2008 Elsevier Inc. All rights reserved.
doi:10.1016/j.bbrc.2008.08.140

Rebamipide is a gastroprotective agent used to treat gastritis
and gastric ulcers. Rebamipide has been reported to provide gas-
troprotection through scavenging oxygen-derived free radicals
[8] and prevent various experimental models of delayed wound
repair in vitro [9] as well as in vivo [10]. However, involvement of
claudins in oxygen radical-mediated gastric epithelial permeability
and the effect of rebamipide on the gastric epithelial barrier func-
tion have not been fully elucidated.

In the present study, we examined the influence of H,0, on gas-
tric epithelial barrier properties and TJ organization, and clarified
which claudins are affected by H,0,. We also investigated the ef-
fect of rebamipide on H,0,-induced increases in gastric epithelial
permeability and on TJ organization.

Materials and methods

Cell culture. MKN28, a human gastric adenocarcinoma cell line,
was obtained from Immuno-Biological Laboratories Co., Ltd.
(Takasaki, Japan). RPMI-1640 (Sigma, St. Louis, MO, USA) was
supplemented with 10% FBS. Culture medium was changed every
48-72 h.

Reagents and antibodies. Rebamipide, 2-(4-chlorobenzoylamino)
-3-[2-(1H)-quinolinone-4-yl]propionic acid, was obtained from Ot-
suka Pharmaceutical Co. (Tokushima, Japan). Rabbit anti-claudin-3,
mouse anti-claudin-4, rabbit anti-claudin-7, and rabbit anti-JAM-A
antibodies were purchased from Invitrogen Laboratories (South
San Francisco, CA, USA). Alexa488-conjugated anti-mouse IgG
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antibody was obtained from Invitrogen (Carlsbad, CA, USA). Cy3-
conjugated goat anti-rabbit IgG antibody was purchased from Jack-
son ImmunoResearch Laboratories (Westgrove, PA, USA).

Trans-epithelial electrical resistance (TEER). MKN28 cells were
plated on tissue culture inserts (Becton Dickinson, Franklin Lakes,
NJ, USA). The resistance across the monolayer was measured using
MILLICELL-ERS (Millipore Corporation, Bedford, MA, USA). At 100%
confluence, TEER was measured. The change in electrical resistance
was represented by baseline resistance [11]. When resistance was
stable (at >280 © cm?), the culture medium from the upper (apical)
compartment was replaced with medium containing H,0,. In some
experiments, monolayers were pretreated with rebamipide for
60 min and H,0, was added in the presence of rebamipide. Cell
viability was assessed by measuring the release of lactate dehydro-
genase (LDH) (LDH assay; Sigma) into the media. All data represent
the average of three identically treated monolayers.

Western analysis of cell lysates. Equal quantities of protein were
separated on 8% SDS-PAGE. Gels were transferred to nitrocellulose
membranes (Amersham Life Science, Arlington Heights, IL, USA).
The membrane was incubated with the appropriate primary and
HRP-conjugated secondary antibody. The membrane was devel-
oped using the enhanced chemiluminescence (ECL) detection sys-
tem (Amersham).

Epithelial permeability. Fluorescein isothiocyanate labeled dex-
tran (FITC-dextran) (MW 4000) was used as a permeable tracer that
passes across the epithelial monolayer [12]. MKN28 cells were
grown on the tissue culture inserts. HBSS containing 5 mg/ml FITC-
dextran was put into the luminal chamber. A 100 pl sample was ta-
ken from the lower chamber and the absorbance of FITC-dextran was
determined at 492 nm using a microplate fluorometer (Fluoroskan
Ascent). The data are represented by permeability index [12].

Immunofluorescence staining of junctional proteins. MKN28 cells
were seeded onto coverslips. Samples were fixed with ethanol
and acetone [13] and stained for claudin-3 and claudin-4. Slides
were viewed using a fluorescence microscope.

Small interfering RNA (siRNA). For siRNA silencing of human clau-
din-3, ON-TARGET plus SMARTpool and a non-specific control siR-
NA was purchased from Dharmacon, Inc. (Lafayette, CO, USA).
Cells were transfected with 100 nM siRNA using DharmaFECT™ 4
(Dharmacon, Inc.). Assays were performed 3 days after MKN28
cells were transfected.

Statistical analysis. All data are expressed as means * SE. Data
were analyzed using one-way ANOVA with Bonferroni’s correction
for multiple comparisons. P<0.05 was considered statistically
significant.

Results
Effect of rebamipide on H,0,-induced gastric epithelial permeability

H,0, treatment of gastric epithelial monolayers caused a signifi-
cant decrease in TEER at 4, 8, and 24 h (Fig. 1A). There was no evi-
dence of cytotoxic effects with H,0, (1-500 M) at any time point,
as determined by the LDH release assay (data not shown). Pretreat-
ment with rebamipide dose dependently inhibited the H,0,-in-
duced decrease in TEER. Treatment of monolayers with rebamipide
did not influence the baseline TEER. H,0, significantly increased
the FITC-dextran permeability (Fig. 1B). Rebamipide significantly
attenuated the H,0,-induced increase in permeability. Rebamipide
(400 1M, 24 h) itself did not have any effect on the permeability.

Effect of rebamipide on H,0,-induced change in T| proteins

The quantity of claudin-3 but not that of claudin-4 protein was
significantly lower after H,0, treatment. (Fig. 2A) The quantities of
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Fig. 1. Effects of rebamipide on H,0,-induced gastric epithelial permeability. (A)
H,0, treatment of gastric epithelial monolayers caused a significant decrease in
TEER at 4, 8, and 24 h. Rebamipide (reb) pretreatment dose dependently and
significantly inhibited H,0,-induced decrease in TEER (n =3). (B) H,0, (500 uM,
24 h) significantly increased the FITC-dextran permeability. H,0,-induced perme-
ability was significantly blocked by rebamipide (400 uM) pretreatment (n=3).
P <0.05 vs. untreated control (cont). #*P < 0.05 vs. H,0,.

A kD
claudin-3 <= 22
claudin-4 . a— — — >

s 1407 Il :claudin-3 #

< 1201 [ :claudin-4

.2 100 1

®

© 801 *

£ 601

_“2’ 401

T 201

]

0+ . T V
reb

cont H202 + HoO3

B cont H202 cont H20»

claudin-3 claudin-3

claudin-7 === s JAM-A

Fig. 2. Effect of rebamipide on H,0,-induced changes in T] proteins. (A) The
quantity of claudin-3 protein but not that of claudin-4 was significantly reduced by
H,0, (500 uM, 24 h) and this decrease was significantly blocked by rebamipide
(400 uM) pretreatment (n = 3). 'P<0.01 vs. control (cont); *P<0.01 vs. H,0,. (B)
Claudin-3 but not claudin-7 or JAM-A protein decreased with H,0, treatment.

claudin-3 and -4 were not affected by rebamipide treatment (data
not shown). H,0,-induced decrease in the quantity of claudin-3
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was attenuated by rebamipide pretreatment. Neither claudin-7 nor
JAM-A was affected by H,0, treatment (Fig. 2B).

Claudin-3 and -4 were stained at junctions under control condi-
tions, as determined by immunofluorescence staining (Fig. 3). Both
claudin-3 and -4 were co-localized at the junctions. H,O, treat-
ment decreased claudin-3 staining and this decrease was abolished
by rebamipide pretreatment (Fig. 3). Claudin-4 staining was not
affected by H,0, treatment.

SiRNA against claudin-3

siRNA against claudin-3 treatment specifically decreased clau-
din-3 protein (Fig. 4A). Claudin-4 protein was not affected by siR-
NA against claudin-3. Although claudin-3 immunostaining was
markedly decreased in monolayers treated with claudin-3 siRNA,
this siRNA had no effect on claudin-4 (Fig. 4B). Gastric epithelial
TEER was significantly decreased with clauidn-3 siRNA treatment
but not by a control siRNA (Fig. 4C).

Discussion

Reactive oxygen species (ROS), e.g., HO, and the superoxide
radical (O,7), play a causative role in gastric injury and cancer. H.
pylori infection stimulates the accumulation of the intracellular
ROS in different human gastric epithelial cell lines [14,15]. The loss
of TJ barrier function by deleterious inflammatory mechanisms is
an important concept in gastrointestinal pathophysiology. Epithe-
lial cell TJs from different origins are affected by H,0, [16,17].
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Thus, this study aims to define the mechanism behind oxidative
stress-induced barrier dysfunction and to determine whether the
radical scavenger, rebamipide, can prevent epithelial barrier dys-
function induced by oxidative stress. Among ROS, H,0, can remain
inside the cell for a long time and often performs the role of a sec-
ond messenger for various physiological stimuli such as inflamma-
tory cytokines and growth factors [18].

There are no reports of H,O, changing the amount of claudins.
Interestingly, in this study the amount of claudin-3, but not of clau-
din-4, -7 or JAM-A was decreased by H,0, in gastric epithelial cells.
Claudin-4, -7 or JAM-A may be still important for the barrier func-
tion of gastric epithelial cells. Epithelial barrier disruption is
reportedly induced by claudin-4 removal from TJs [19]. We previ-
ously reported that H,0,-induced colonic epithelial permeability
was developed by the dislocation of claudin-4 protein from T]
through the activation of p38 MAPK [16]. Also, JAM-A has been
recently reported to regulate intestinal permeability in vivo and
in vitro [20]. Loss of claudin-4 or -7, but not of claudin-1 or -3,
by siRNA significantly decreased TEER in Madin-Darby canine kid-
ney (MDCK) cells [21]. Concerning gastric epithelial cell T] proteins,
claudin-7 is reportedly to be increased in gastric cancer [22]. How-
ever, the physiological function of claudin-7 in gastric epithelial
cells is still unclear. Moreover, there has been no report investigat-
ing the function of JAM-A in gastric epithelial cells.

There are no reports that claudin-3 is directly involved in
gastric mucosal permeability. However, EGF-induced increases
in claudin-1, -3, and -4 proteins provides a threefold increase
in TEER [23] and indirectly indicates that claudin-3 is involved

claudin-4
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Fig. 3. Immunofluorescent staining of claudin-3 and claudin-4. Both claudin-3 and claudin-4 were co-localized at the junctions. H,0, treatment decreased the staining of
claudin-3 but not that of claudin-4. Rebamipide pretreatment blocked the H,0,-induced decrease in claudin-3 staining. Bar = 50 pm.
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Fig. 4. siRNA against claudin-3. Claudin-3 siRNA specifically reduced the amount of
claudin-3 protein shown by immunoblotting (A) and reduced the staining of
claudin-3 (B). Claudin-4 protein was not affected by claudin-3 siRNA. (C) Claudin-3
siRNA significantly reduced the gastric epithelial TEER (n = 3). Bar = 50 um. ‘P<0.01
vs. untreated control or control siRNA.

in barrier function. In the present study, we demonstrated clau-
din-3 knockdown by siRNA actually decreased the amount of
claudin-3 and gastric epithelial TEER. These data indicate that
claudin-3 is indeed involved in the T] formation of gastric epi-
thelial cells. It has been suggested that H,O, can activate PKA
and claudin-3 but not claudin-4 can be phosphorylated by PKA
[4,24]. Phosphorylation of claudin-3 may provide a mechanism
for the decreased T] strength. The interaction of phosphorylation
status and the degradation of claudins was not investigated in
this study. The mechanisms of H,0,-induced decreases in clau-
din-3, but not other claudins, are still unclear and need to be
elucidated.

The antiulcer effect of rebamipide is believed to be related to
the inhibition of the production of ROS. Rebamipide was one of
the most potent hydroxyl radical scavengers studied by electron
spin resonance [8]. In this study rebamipide significantly reduced
gastric epithelial permeability induced by H,0, and rebamipide it-
self does not have any effect on the T] proteins. Although we did
not directly show that rebamipide scavenges hydroxyl radicals, it
is possible that hydroxyl radicals generated from H,0, in gastric
mucosa might be related to these changes and that hydroxyl radi-
cal scavenging by rebamipide might contribute to its protective ef-
fect. Recently it has been suggested that aspirin-induced gastric
epithelial permeability and disruption of ZO-1 are prevented by
rebamipide [25]. ZO-1 is a scaffold protein of TJ and may influences
the TJ proteins on the cell surface including claudins. The report,
however, did not mention about claudins.

To our knowledge, this is the first report demonstrating that
H,0, increases gastric epithelial permeability through claudin-3
degradation and that H,0,-induced increases in gastric permeabil-
ity and claudin-3 degradation are abolished by rebamipide.
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