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Wip1 protects hydrogen peroxide-induced colonic epithelial
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Abstract. Tight junctions (TJs) create a paracellular
permeability barrier. Although reactive oxygen spe-
cies have been implicated as mediators of inflamma-
tion in inflammatory bowel diseases, their influence
on the function of colonic epithelial TJs remains
unknown. Oxidative stress-mediated colonic epithe-
lial permeability was significantly attenuated by a p38
mitogen-activated protein (MAP) kinase inhibitor,
SB203580. Although the amount of TJ proteins was
not altered, hydrogen peroxide (H2O2) changed the
localization of claudin-4 protein from an NP-40
insoluble fraction to a soluble fraction and from an

apical TJ to lateral membrane. The p38 MAP kinase
inactivator Wip1 significantly attenuated phosphory-
lation of p38 MAP kinase, and oxidative stress
mediated permeability. H2O2-induced changes in
claudin-4 localization were abolished by SB203580
pretreatment as well as Wip1-expressing adenovirus
infection. This is the first study to demonstrate that
exogenous Wip1 functions to protect oxidative
stress-mediated colonic mucosal permeability and
that H2O2-induced claudin-4 dislocalization is abol-
ished by Wip1.
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Introduction

Throughout the gastrointestinal tract, a single layer of
epithelial cells acts as a gateway that restricts uncon-
trolled entry of luminal antigens. This selective barrier
function is critical for maintaining mucosal immune
homeostasis. Intestinal epithelial barrier function is
maintained by intracellular junctional complexes,
including tight junctions (TJs), adherens junctions

and desmosomes [1 –4]. Of these, TJs are the most
apical component of the intercellular junctional com-
plexes [5]. The TJ separates the apical cell surface
domains from the basolateral cell surface domains to
establish cell polarity and also to provide a barrier,
inhibiting solute and water flow through the para-
cellular space [6]. This selective barrier function is
critical for maintaining mucosal immune homeostasis,
as evidenced in colonic inflammation associated with
the loss of epithelial integrity [7]. The TJs consist of
occludin, the claudin family and JAM (junction
adhesion molecule [8, 9].* Corresponding author.
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The claudins are a family of 24 distinct transmem-
brane proteins. They are composed of four trans-
membrane domains and two extracellular loops.
Multiple claudin isoforms are expressed in a homo-
philic and heterophilic manner, and in varied patterns
of tissue-specific expression [10] that regulate junc-
tional permeability; the selectivity and strength of TJs
are conferred to most cell types [11].
Hydrogen peroxide (H2O2), a colorless, highly toxic
oxidizing agent, is constantly being generated within
all cell types, including colonic epithelial cells, and
must be quickly neutralized for the survival of cells
[12, 13]. H2O2 is also reported to increase epithelial
monolayer permeability by disrupting paracellular
junctional complexes in vitro [14]. Grisham et al.
reported a significant increase in mucosal permeabil-
ity in acute inflammation of the bowel with H2O2 in
vivo [15]. Epithelial resistance in ulcerative colitis
(UC) is massively impaired, and the decreased barrier
function is paralleled by a decrease in TJ strand count
[2]. Altered epithelial permeability is also a consistent
effect of H2O2 in other tissues, including renal cells
[16].
Mitogen-activated protein (MAP) kinases, a family of
serine-threonine kinases, have important roles as
signal transducers. Hommes et al. demonstrated that
guanylhydrazone, a c-Jun N-terminal kinase (JNK)/
p38 inhibitor (CNI-1493), strongly reduces clinical
disease activity in Crohn�s disease patients [17].
Another study showed that an anti-inflammatory
peptide, RDP58, which blocks pre-MAP kinase
MyD88-IRAK-TRAF6 complex, is effective for the
treatment of UC patients [18]. Activation of MAP
kinases by various cytokines and growth factors is
important in modulating cellular responses [19, 20],
and the role of MAP kinase signaling has been of
interest in TJ regulation [21, 22]. In addition, con-
stitutive MAP kinase activation inhibits the formation
of TJs in MDCK cells. Moreover, pharmacological
inhibition of MAP kinase kinase (MEK) 1 signaling in
these cells permits TJ formation [23]. The mitogenic
effect of MAP kinase activity is logically opposed to
TJ formation. We previously found that the MAP
kinase and p38 MAP kinase pathways play an
important role in H2O2-mediated disruption of endo-
thelial TJs in vitro [24]. However, the detailed
mechanisms, including the involvement of claudins,
in the regulation of epithelial TJs during inflammation
are as yet unclear. Signal transduction pathways,
including MAP kinase and p38 MAP kinase, are
involved in growth cell survival and cell death.
MAP kinase activation is often transient, and dephos-
phorylation by phosphatases plays a major role in the
downregulation of MAP kinase activity under phys-
iological conditions. Different phosphatases inacti-

vate the MAP kinase cascades at different levels [25].
The protein phosphatase Wip1 was initially identified
as a gene whose expression was induced by g or UV
(ultraviolet) radiation in a p53-dependent manner
[26]. Wip1 is a nuclear protein [26] and a member of
the serine/threonine-specific protein phosphatase
type 2C (PP2C) family and is a potential downstream
target of p53. In vivo and in vitro studies indicate that
Wip1 selectively dephosphorylates and inactivates
p38 MAP kinase, but not JNK, extracellular signal-
regulated kinase (ERK) or MAP kinase kinases [25,
26]. Wip1 is induced by H2O2 in a p53-dependent
manner. In order to study the exogenous Wip1 effect,
we employed Caco-2 cells in which p53 is mutated.
In the present study, we examined the effect of H2O2

on colonic mucosal barrier properties and TJ organ-
ization and clarified which claudins are affected by
H2O2. We also investigated the role of MAP kinases,
using specific inhibitors and Wip1, a serine/threonine
phosphatase against H2O2-induced increase in epithe-
lial permeability.

Materials and Methods

Cell lines and culture conditions. Caco-2, a human
colonic adenocarcinoma cell line, was obtained from
American Type Culture Collection (Rockville, MD).
Minimum Essential Medium Eagle (Sigma, St. Louis,
MO, USA) was supplemented with 10 % FBS, 0.1 mM
non-essential amino acids, 2.5 mg/ml amphotericin B,
50 U/ml penicillin and 50 mg/ml streptomycin. Cul-
ture medium was changed every 48 – 72 h.

Reagents and antibodies. Rabbit anti-claudin-1, rab-
bit anti-claudin-3 and mouse anti-claudin-4 antibodies
were purchased from Zymed Laboratories (South San
Francisco, CA, USA). Alexa 488-conjugated anti-
mouse IgG (immunoglobulin G) antibody was ob-
tained from Invitrogen (Carlsbad, CA, USA). Cy3-
conjugated goat anti-rabbit IgG antibody was pur-
chased from Jackson ImmunoResearch Laboratories
(Westgrove, PA, USA). Anti-phospho-p38 MAP
kinase antibody, an MEK inhibitor, PD98059, and a
p38 MAP kinase inhibitor, SB203580, were obtained
from Promega (Madison, WI, USA). Anti-p38 MAP
kinase antibody was purchased from New England
Biolabs (Beverly, MA, USA). All reagents were
purchased from Sigma unless stated otherwise.

Construction of recombinant adenoviruses. Human
FLAG-tagged Wip1 cDNA (complementary DNA)
was inserted into the unique SwaI site of the full-
length adenovirus genome cloned in the cassette
cosmid, pAxCAwt (Takara Biomedical, Shiga,
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Japan) to generate pAxCAwt-human Wip1. The
resulting plasmid, which contains the Wip1 cDNA
under the control of a CAG promoter (CMV enhanc-
er, chicken b-actin promoter and part of an untrans-
lated region of rabbit b-globin), was transfected into
293 cells. Recombinant Adv (Adv-Wip1) from a single
plaque was expanded and purified twice by cesium
chloride gradient ultracentrifugation. Viral titer was
determined by plaque assay. Control Adv-lacZ, which
carries b-gal cDNA, was isolated using the same
procedure. Both recombinant viruses were dialyzed in
PBS (pH 7.4), and stored in a solution of 10 % glycerol
in PBS at –808C until use. Adv-Wip1 and Adv-lacZ
were infected into Caco-2 cells at a multiplicity of
infection (MOI) of 10.
Wip1 expression was confirmed by detecting FLAG
protein with anti-FLAG antibody by immunoblot-
ting.

Trans-Epithelial Electrical resistance (TEER). Caco-
2 cells were plated on 9-mm-diameter, 0.4-mm pore
size tissue culture inserts (Becton Dickinson, Franklin
Lakes, NJ, USA) at approximately 75 % confluency.
The resistance across the monolayer was measured
using MILLICELL-ERS (Millipore Corporation,
Bedford, MA, USA) with �chopstick� electrodes. The
value obtained from a blank insert was subtracted to
give the net resistance, which was multiplied by the
membrane area to give the resistance in area-correct-
ed units (W · cm2). At 100 % confluence, trans-mono-
layer electrical resistance was measured.
The change in electrical resistance was represented
by percentage baseline resistance, which was calcu-
lated as follows: % baseline resistance = [[ resistance
from each time point] – [ resistance from a blank
insert]]/[[ baseline resistance] – [ resistance from a
blank insert]] � 100, where baseline resistance was
the resistance at the 0 time point [27].
When resistance was stable (at >280 W · cm2), the
culture medium from the upper (apical) compartment
of the monolayer was removed and replaced with
medium containing H2O2 (500 mM) or control medi-
um. In some experiments, monolayers were pretreat-
ed with PD98059 (10 mM, 30 min), SB203580 (1 mM,
30 min) or Adv-Wip1 (10 MOI, 48 h) before addition
of H2O2. Cell viability was assessed by measuring the
release of lactate dehydrogenase (LDH) (LDH assay;
Sigma) into the media. All data represent the average
of four identically treated monolayers.

Western analysis of cell lysates. Western blot analysis
was performed as previously described [28]. Cell
lysates were prepared by adding 500 ml of boiling
sample buffer [125 mM Tris/HCl (pH 6.8), 4 % SDS,
20 % glycerol, 10% 2-mercaptoethanol, protease

inhibitor cocktail and 0.025% bromphenol blue]
directly to a P60 culture dish.
For cell fractionation, cells were incubated in NP-40
lysis buffer (25 mM HEPES pH 7.4, 150 mM NaCl, 4
mM EDTA, 0.05% NP-40, 1 mM Na3VO4, 25 mM
NaF, protease inhibitor cocktail). The lysate was
centrifuged at 600 � g for 10 min at 4 8C. The super-
natant was transferred to another tube and centri-
fuged at 100000 � g for 60 min at 4 8C. The super-
natant was used as the NP-40 soluble fraction. The
pellet was resuspended in 1 % SDS buffer (24 mM
HEPES pH 7.5, 4 mM EDTA, 25 mM NaF, 1 mM
Na3VO4, 1% SDS, protease inhibitor cocktail), briefly
sonicated on ice and then used as the NP-40 insoluble
fraction. Protein concentrations were determined by
the Bradford assay (Bio-Rad Laboratories, Hercules,
CA, USA) according to the manufacturer�s instruc-
tions.
Equal quantities of protein from each sample were
electrophoretically separated on 7.5% SDS-PAGE
gels. Gels were transferred to nitrocellulose mem-
branes (Amersham Life Science, Arlington Heights,
IL, USA) and blocked with 5 % milk powder in PBS at
4 8C (overnight). The membrane was washed three
times for 5 min each with wash buffer (0.1 % milk
powder in PBS). The membrane was incubated with
the appropriate primary antibody for 1 h at room
temperature (RT). The membrane was washed in
0.1% milk/PBS three times for 5 min each with wash
buffer and then incubated with the appropriate
secondary horseradish peroxidase-conjugated anti-
rabbit or mouse IgG antibody for 1 h at RT. Lastly, the
membrane was washed three times and developed
using the enhanced chemiluminescence (ECL) detec-
tion system (Amersham, La Jolla, CA, USA). All
experiments were reproduced three times, the results
of a typical experiment are shown.

Real-time PCR. For real-time quantitative reverse-
transcription PCR, total RNA was prepared from
control and treated Caco-2 cells using the RNeasy
mini kit (Qiagen, Valencia, CA, USA). cDNA was
prepared using the cDNA synthesis kit (Perkin-Elmer
Applied Biosystems, Foster City, CA, USA) with
random hexamers using 1 mg of total RNA [29, 30].
The level of mRNA (messenger RNA) expression of
Wip1 was analyzed by real-time PCR using the ABI
Prism 7700 Sequence Detection System (Applied
Biosystems). A TaqMan probe and primer set de-
signed to amplify the Wip1 gene construct was used to
quantitate 5 ml of cell lysate in a total PCR volume of
50 ml. Reagents utilized included the TaqMan 2 �
Universal Master Mix containing 1 � TaqMan buffer
A, 5 mM MgCl2, 400 mM dUTP, 200 mM dATP, dCTP,
dGTP, 8 % glycerol, AmpliTaq Gold (0.025 U/ml),
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AmpErase UNG (0.01 U/ml), 300 nM of each forward
and reverse primer, and a 100 nM probe. The kit was
utilized according to the manufacturer�s instructions.
The PCR cycling conditions for all samples were as
follows: 50 8C, 2 min for AmpErase UNG incubation,
95 8C, 10 min for AmpliTaq Gold activation and 40
cycles for the melting (95 8C, 15 s) and annealing/
extension (60 8C for 1 min) steps. PCR reactions for
each template were performed in duplicate in 96-well
plates. Significant contamination with genomic DNA
was excluded by amplifying non-reverse-transcribed
RNA. Data analysis was performed with the ABI
PRISM sequence detection software. The relative
expression of each mRNA was calculated by the DCt
method (where DCt is the value obtained by subtract-
ing the DCt value for GAPDH mRNA from the Ct
value for the target mRNA) (Applied Biosystems), as
employed in previous studies [31, 32].

Epithelial permeability. We also measured epithelial
permeability in response to H2O2 exposure using
fluorescein isothiocyanate labeled dextran (FITC-
dextran) (MW 4000) as a permeable tracer that will
pass across the epithelial monolayer using the method
described by Maruo et al. [33] with minor modifica-
tions [34]. Caco-2 cells were grown on the surface of
0.4-mm pore size tissue culture inserts (Becton Dick-
inson). These cell monolayers were washed twice with
Hank�s balanced salt solution (HBSS), and then

placed on 24-well plates with 1 ml of HBSS in the
lower chamber. Five hundred microliters of HBSS
containing 5 mg/ml of FITC-dextran were put into the
luminal chamber, and then the apparatus was placed
in a CO2 incubator at 37 8C. After incubation for
30 min, a 100-ml sample was taken from the lower
chamber and the absorbance of FITC-dextran was
determined at 492 nm with a spectrophotometer
(Fluoroskan Ascent). The data were expressed as
follows: FITC-dextran permeability index (%) =
[[experimental clearance] – [spontaneous clear-
ance]]/[[clearance of filter alone] – [spontaneous
clearance]] � 100.
Permeability measurements were made under control
conditions, following exposure to H2O2 (500 mM) and
following pretreatment with SB203580 (1 mM, 30 min)
or Adv-Wip1 (10 MOI, 48 h). After the pretreatment,
H2O2 was added to the culture, and permeability
measured at 6 h after stimulation.

Immunofluorescence staining of junctional proteins.
Caco-2 cells were seeded onto 1.2-cm-diameter cover-
slips and allowed to reach confluency. Monolayers
were exposed to H2O2 with and without Adv-Wip1
infection or appropriate buffer controls. Samples were
fixed with ethanol (30 min) and acetone (1 min) [35]
and stained for claudins. Primary rabbit anti-claudin-3
polyclonal antibody and/or mouse anti-claudin-4
monoclonal antibody were used at a concentration
of 4 mg/ml. Cy3-conjugated goat anti-rabbit IgG and
Alexa488 anti-mouse IgG secondary antibodies were
used at a 1 :200 dilution. The specificity of the reaction
was tested by incubation with HBSS, non-immune
rabbit serum or mouse IgG1. Slides were viewed using
a confocal laser scanning microscope. Pictures were
recorded on a Windows computer using a 40 �
objective.

Statistical analysis. All data are expressed as mean �
SE. Data were analyzed using one-way ANOVA
(analysis of variances) with Bonferroni�s correction
for multiple comparisons. Significance was accepted at
P < 0.05.

Results

Effect of H2O2 on TEER of Caco-2 monolayer. H2O2

(500 mM) treatment of colonic epithelial monolayers
caused a significant decrease in TEER at 3 and 6 h
after stimulation (Fig. 1). There was no evidence of
cytotoxic effects with H2O2 solution at any time point,
as determined by the LDH (lactate dehydrogenase)
release assay (data not shown). Although pretreat-
ment with the MEK inhibitor PD98059 (10 mM) did

Figure 1. Effects of MEK and p38 MAP kinase inhibitors on the
H2O2-induced reduction in electrical resistance of a Caco-2 cell
monolayer. H2O2 (500 mM) treatment of colonic epithelial mono-
layers caused a significant decrease in TEER at 3 and 6 h after
stimulation. Although an MEK inhibitor, PD98059 (10 mM), did
not have any effect, a p38 MAP kinase inhibitor, SB203580 (1 mM),
significantly inhibited the H2O2-induced decrease in electrical
resistance. Control: untreated control. *, P < 0.05 vs. baseline; #,
P < 0.05 vs. H2O2.
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not have any effect on the H2O2-induced decrease in
TEER, pretreatment with the p38 MAP kinase
inhibitor SB203580 (1 mM) significantly inhibited the
H2O2-induced decrease in TEER. Pretreatment of
monolayers with PD98059 and SB203580 did not
influence the TEER at baseline.

Establishment of Wip1-expressing adenovirus. Wip1-
expressing adenovirus was established as described in
�Materials and methods�. Infection of the virus in
Caco-2 cells was confirmed by real-time PCR and

Western blotting. Wip1 mRNA was induced by Adv-
Wip1 infection, but not by H2O2 (500 mM) stimulation
or by Adv-lacZ infection (Fig. 2a). Although Wip1 is
reported to be induced in H2O2 [26], Wip1 is induced
by a p53-dependent manner [25] and p53 is mutated in
Caco-2 cells. Induction of FLAG protein was con-
firmed using anti-FLAG antibody. H2O2 (500 mM, 1 h)
induced the phosphorylation of p38 MAP kinase, and
Adv-Wip1 infection (10 MOI, 48 h) attenuated phos-
phorylation of p38 MAP kinase (Fig. 2b). Adv-lacZ or
Adv-Wip1 infection did not induce phosphorylation
of p38 MAP kinase (Fig. 2c). Adv-lacZ infection did
not affect the H2O2-induced phosphorylation of p38
MAP kinase (Fig. 2d).

Effect of Wip1 on colonic epithelial permeability.
Adv-Wip1 infection significantly blocked the H2O2-
induced decrease in electrical resistance (Fig. 3). Adv-
Wip1 infection itself did not influence the TEER (data
not shown). Paracellular permeability of Caco-2 cells
was also measured using FITC-dextran (MW 4000).
The amount of FITC-dextran that passed across an
epithelial monolayer was measured with a plate
spectrophotometer. H2O2 (500 mM, 6 h) significantly
increased FITC-dextran permeability (Fig. 4). These
data suggest that H2O2 induced a break in the mucosal
barrier of Caco-2 cells. P38 MAPK inhibitor,
SB203580 and Adv-Wip1 infection significantly atte-
nuated the H2O2-induced increase in FITC-dextran
permeability. These data are consistent with the data
of TEER.

Figure 2. Infection with Adv-Wip1. (a) Wip1 mRNA was induced
by Adv-Wip1 (Wip1) infection but not by H2O2 (500 mM)
stimulation or Adv-lacZ (lac Z) infection. (b) FLAG-tagged
Wip1 expression was induced by the infection. H2O2-induced
phosphorylation of p38 MAP kinase (phospho-p38 MAPK) was
attenuated by Adv-Wip1 infection. (c) Adv-lacZ (lac Z) or Adv-
Wip1 (Wip1) did not induce p38 MAP kinase phosphorylation. (d)
Adv-lacZ (lac Z) did not affect the H2O2-induced phosphorylation
of p38 MAP kinase. Cont: untreated control.

Figure 3. Effect of Wip1 on the H2O2-induced reduction in
electrical resistance of a Caco-2 monolayer. Wip1-expressing
adenovirus infection significantly inhibited the H2O2-induced
decrease in electrical resistance. Control: untreated control. *,
P < 0.05 vs. baseline; #, P < 0.05 vs. H2O2.
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H2O2 induces translocation of claudin-4 from TJ.
There were no changes in the levels of these claudin-1,
claudin-3 and claudin-4 proteins in total cell extract
after stimulation with H2O2 (500 mM, 6 h) (Fig. 5).
Claudin-1 and claudin-3 solubility in NP-40 were
unchanged after stimulation with H2O2, while claudin-
4 solubility did change after stimulation with H2O2;
claudin-4 moved from the NP-40-insoluble fraction to
the NP-40-soluble fraction, suggesting that claudin-4
was no longer in the TJs. Claudin-3 was not affected by
the p38 MAP kinase inhibitor SB203580. On the other
hand, claudin-4 solubility relocated from the NP-40
soluble to the NP-40-insoluble fraction upon
SB203580 pretreatment. This finding may be related
to impaired barrier function in H2O2-treated Caco-2
cells. Adv-Wip1 infection did not change claudin-3
expression or NP-40 solubility of claudin-3. Al-
though claudin-4 expression was not changed in
total by Adv-Wip1 infection, Adv-Wip1 infection
attenuated the H2O2-induced change in the NP-40
solubility of claudin-4.
Claudin-3 and claudin-4 were expressed at junctions
under control conditions, as determined by immuno-
fluorescence staining (Fig. 6). H2O2 stimulation
changed the localization of claudin-4, which was
expressed at the lateral membrane but more broadly
than claudin-3, as indicated in the xz projection by
confocal microscopy. This suggests that claudin-4
moved from the TJ to the subjunctional lateral
membrane. H2O2-induced changes in claudin-4 local-
ization were abolished by SB203580 pretreatment
(data not shown) and Adv-Wip1 pretreatment. Clau-
din-3 expression was not affected by H2O2 stimulation
or Adv-Wip1 infection.

Discussion

Intestinal epithelial cell layers play a critical role by
separating physiologically distinct compartments and
protect against uncontrolled entry of luminal antigens.
The importance of maintaining the integrity of TJs is

Figure 4. Effects of a p38 MAP kinase inhibitor and Wip1
infection on H2O2-induced FITC-dextran permeability. H2O2

(500 mM, 6 h) significantly increased FITC-dextran permeability.
SB203580 (SB) and Adv-Wip1 significantly blocked H2O2-induced
FITC-dextran permeability. (n = 5). Control: untreated control. *,
P < 0.05 vs. untreated control. #, P < 0.05 vs. H2O2.

Figure 5. Change in solubility of claudin-4 after H2O2 stimulation.
H2O2 did not change the total amount of claudin-1, claudin-3 or
claudin-4 proteins, as determined by Western blotting (a–c).
Claudin-1 and claudin-3 NP-40 solubility was not changed after
stimulation with H2O2 (a, b). On the other hand, claudin-4 NP-40
solubility was significantly changed on stimulation with H2O2 (c).
Claudin-4 has moved from the NP-40 insoluble fraction to the NP-
40 soluble fraction. Claudin-3 was not affected by pretreatment
with SB203580 (SB) or pretreatment with Adv-Wip1. On the other
hand, claudin-4 solubility returned from the NP-40-soluble to the
NP-40-insoluble fraction with SB203580 or Adv-Wip1 pretreat-
ment. (n = 3). *, P < 0.05 vs. untreated control, SB + H2O2 and
Wip1 + H2O2.
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underscored by recent reports indicating that in-
creased intestinal permeability contributes to the
pathogenesis of several intestinal disorders, including
inflammatory bowel disease (IBD) [2, 36]. Thus, our
aims were to define the mechanism behind oxidative
stress-induced barrier dysfunction and to determine
whether blockade of MAP kinases could prevent
epithelial barrier dysfunction induced by oxidative
stress. In the present study we have demonstrated that
pharmacological inhibition of p38 signaling in H2O2

stimulated Caco-2 cells functionally protects the
barrier function. Concerning the Caco-2 cell condi-
tion, although a previous report indicated that H2O2-
stimulation at 150 mM for 30 min increased LDH
activity in Caco-2 cells [37], LDH activity was not
increased with H2O2 (500 mM) in our study. Further-
more, H2O2-induced decrease in TEER and H2O2-
induced increase in FITC-dextran permeability were
reversed by SB203580 pretreatment or Wip1 infec-
tion. It may be because of the cell conditions.
However, we cannot explain the discrepancy precisely
at this time.
The loss of TJ barrier function by deleterious inflam-
matory mechanisms is an important concept in colonic
physiology. The TJs of epithelial cells from different
origins are affected by H2O2, and enhanced protein
tyrosine phosphorylation is a contributory factor for
the enhanced permeability of epithelial cells [38].
Although several studies indicate that MEK1 signal-
ing increases paracellular permeability [39], there
exists some disparity in observed cellular responses.
Recently, a report demonstrated that inhibition of
MEK1 signaling did not influence expression of

occludin or claudin-1 and did not affect TJ function
in breast cancer cells [40]. Another study using
Escherichia coli showed that ERK1/2 was activated
in T84 cells, but did not induce TJ barrier disruptions
as measured by TEER [41]. Recent studies suggest
that TJs are regulated in some tissues in vitro and in
vivo through the p38 MAP kinase signaling pathway
[24, 42, 43]. TGF(transforming growth factor)-b3
regulates the blood-testis barrier in vivo and in vitro
via the p38 MAP kinase pathway [42]. Yamamoto et
al. reported that expression and function of TJs during
regeneration of rat hepatocytes are partly controlled
via the p38 MAP kinase signaling pathway [43]. Thus,
the roles of MAP kinases in epithelial barrier function
and TJs are numerous and may depend on cell type or
stimulant specificity.
p38 MAP kinase inhibitors are efficacious in several
disease models, including inflammation, arthritis and
other joint diseases, septic shock and myocardial
injury [44]. Furthermore, there is progress towards
clinical development of p38 MAP kinase inhibitors for
the treatment of inflammatory diseases [45]. For
example, CNI-1493 MAP kinase inhibitor is effective
in the treatment of Crohn�s disease [17], and an anti-
inflammatory peptide, RDP58, which blocks pre-
MAP kinase MyD88-IRAK-TRAF6 complex, is ef-
fective in the treatment of UC [18]. Considering the
treatment of inflammatory diseases by blocking the
activation of p38 MAP kinase, SB203580 is a chemical
inhibitor and may be toxic. Wip1 has been reported to
dephosphorylate and to inactivate p38 but not JNK or
ERK [25]. Our results suggest that Wip1 exists even in
physiological condition and that exogenous Wip1 can

Figure 6. Immunofluorescent
staining of claudin-3 and claudin-
4. Claudin-3 and claudin-4 were
expressed at junctions under con-
trol conditions. Both claudin-3
and claudin-4 were co-localized
at the junctions. H2O2-stimula-
tion changed the localization of
claudin-4, with claudin-4 being
expressed at the lateral mem-
brane more broadly than clau-
din-3 (arrows), when the xz pro-
jection was checked by confocal
microscopy. Pretreatment of
Adv-Wip1 abolished the H2O2-
induced change in claudin-4 lo-
calization. Claudin-3 expression
was not affected by H2O2 stimu-
lation or by Adv-Wip1 pretreat-
ment. Control: untreated con-
trol. The position of the z-scan is
indicated by the dotted lines.
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prevent the oxidative stress-induced activation of p38
MAP kinase. Although Wip1 expression is induced in
a p53-dependent manner [26] and is induced by H2O2

[25], p53 is mutated in Caco-2 cells. Therefore, using
Caco-2 cells in this study was useful for understanding
the effects of exogenous Wip1 under H2O2 stimula-
tion. Exogenous Wip1 treatment or endogenous Wip1
production is suggested to prevent oxidative stress-
induced p38 MAP kinase activation followed by the
disruption of TJs.
Claudins are important for TJ formation, and epithe-
lial barrier disruption is induced by claudin-4 removal
from TJs [46, 47]. The barrier role of claudin-4 has also
been suggested by an overexpression study, in which
overexpression of claudin-4 increased TEER and the
number of junctional strands [48]. These data are
consistent with our result showing H2O2-induced
change in claudin-4 localization and colonic epithelial
permeability. Detergent insolubility of proteins is
considered to indicate their integration into macro-
molecular complexes such as intercellular junctions.
The heterogeneous response of TJ proteins to H2O2

may be due to junctional remodeling, which may
involve additional protein synthesis and altered turn-
over rates.
Loss of claudin-2 expression from Madin-Darby
canine kidney (MDCK) cells by siRNA (small inter-
fering RNA) dramatically increased TEER. In con-
trast, loss of claudin-4 or claudin-7 expression signifi-
cantly decreased TEER [49]. Claudin-1 and claudin-3
siRNA did not change the TEER even when the
expression of each protein was blocked. In this study
we did not show directly that H2O2-induced increase in
epithelial permeability was mediated by claudin-4. It
is possible that other TJ protein expression changes
such as a decrease of claudin-7 or an increase of
claudin-2 may be involved in H2O2-induced increase
in epithelial permeability. To precisely define the TJ
proteins which modulate epithelia permeability fol-
lowing H2O2 exposure clearly requires further inves-
tigation.
To our knowledge this is the first report demonstrating
that H2O2 increases colonic permeability via the
activation of p38 MAP kinase and that H2O2-induced
increase in colonic permeability is abolished by the
p38 MAP kinase-specific phosphatase Wip1. H2O2-
induced change in claudin-4 localization is also
abolished by Wip1. Further studies are required to
evaluate the effect of Wip1 in vivo. Maintaining the
function of TJs by Wip1 is a potentially new ther-
apeutic approach in the treatment of IBDs.
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