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Abstract The gastrointestinal mucosal barrier plays an
essential role in the separation of the inside of the body from
the outside environment. Tight junctions (TJs) are the most
important component for construction of a constitutive
barrier of epithelial cells, and they regulate the permeability
of the barrier by tightly sealing the cell-cell junctions. TJ
proteins are represented by claudins, occludin, junctional
adhesion molecules, and scaffold protein zonula occludens.
Among these TJ proteins, claudins are the major compo-
nents of TJs and are responsible for the barrier and the
polarity of the epithelial cells. Gastrointestinal diseases
including reflux esophagitis, inflammatory bowel disease,
functional gastrointestinal disorders, and cancers may be
regulated by these molecules, and disruption of their func-
tions leads to chronic inflammatory conditions and chronic
or progressive disease. Therefore, regulation of the barrier
function of epithelial cells by regulating the expression and
localization of TJ proteins is a potential new target for the
treatment of these diseases. Treatment strategies for these
diseases might thus be largely altered if symptom genera-
tion and/or immune dysfunction could be regulated through
improvement of mucosal barrier function. Since TJ proteins
may also modify tumor infiltration and metastasis, other
important goals include finding a good TJ biomarker of
cancer progression and patient prognosis, and developing
TJ protein-targeted therapies that can modify patient prog-
nosis. This review summarizes current understanding of
gastrointestinal barrier function, TJ protein expression, and
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the mechanisms underlying epithelial barrier dysregulation
in gastrointestinal diseases.
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Introduction

The gastrointestinal mucosal barrier plays an essential role
in the separation of the inside of the body from the outside
environment. Tight junctions (TJs) are the most important
structural component for the formation of constitutive
barrier function in epithelial cells. The functions of TJs are
described by their barrier and fence functions. TJs present
on the apical end of the lateral membrane surface in
columnar epithelial cells form a barrier against paracellular
transport and maintain apicobasal cell polarity through
their fence function [1, 2].

In the late 1990s, new TJ molecules were identified as
surface-expressed core proteins, including claudins
(CLDNs), occludin, and junctional adhesion molecules
(JAMs), and these molecules bind directly to the scaffold
protein zonula occludens (ZOs) [3, 4]. These molecules are
expressed on both epithelial and endothelial cells in dif-
ferent expression patterns.

Occludin was first described as a TJ molecule incorpo-
rated directly into TJ strands. However, it does not con-
tribute to direct TJ barrier function [5—7]. CLDNSs are small
tetraspanning transmembrane proteins with sizes ranging
from 20 to 27 kDa, and at least 27 types of CLDNs have
been identified in humans [8]. These claudin subtypes are
expressed in an organ-specific manner and regulate the
tissue-specific physiological functions of TJs [4]. Based on
sequence similarity, CLDN1-10, 14, 15, 17 and 19 are
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called classic CLDNs, and CLDN-11, 12, 13, 16, 18, 29
and 24 are called non-classic CLDNs [9].

Following the identification of these surface-expressed
TJ proteins, their involvement in the function of TJs,
including in the GI tract, was gradually revealed, and
CLDNs are now known to be the major protein compo-
nents of TJs regulating paracellular permeability. Further-
more, the loss of TJs can account for cancer progression
that might be due to the loss of cell-cell adhesion and cell
differentiation. Recent reports have indicated that both the
downregulation and upregulation of TJ proteins influence
cancer progression and patient prognosis [10]. However,
the results are still difficult to interpret, and the published
data are confusing.

This review explores the expression pattern and the
localization of TJ proteins in the GI tract (Fig. 1). The
upregulation, downregulation, and delocalization of TJ
proteins in gastrointestinal diseases and the clinical sig-
nificance of these molecules are also discussed.

TJs in the esophagus

The history of research into gastrointestinal intestinal bar-
rier function and TJ molecules, especially in the esophagus,
is short. Until recently, it was largely acknowledged, based
on a statement in a pathology textbook published in 1994,
that “stratified squamous epithelium is somewhat atypical in
that junctional complexes are not found” [11]. However,
recent molecular techniques and identification of new TJ
proteins have revealed the existence of TJs in esophageal
epithelial layers. Both the esophagus and skin consist of
stratified epithelial cell layers, and while they differ
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Fig. 1 Expression patterns of claudin (CLDN) proteins in the
gastrointestinal tract. Claudins expressed in the esophagus, stomach,
small intestine, and colon are indicated. Expression of the CLDNSs in
parentheses can be modulated in diseases

significantly in terms of the existence of keratinization, aside
from keratinization, the esophageal mucosal epithelial layers
must be similar to skin in having TJs. Based on skin data [6],
therefore, TJ strands should exist in granular layers. How-
ever, recent exploration of TJ proteins has also revealed the
expression of TJ proteins in esophageal mucosal layers.
Expression of occludin specifically indicates the location of
TJs, and occludin staining of human esophageal tissue was
limited to granular layers, expressed as dots and whisker
lines. Occludin was not expressed in basal layers (Fig. 2)
[12]. These findings indicate that the localization of TJs in
the esophagus is different from the location of dilated
intercellular spaces (DISs), which will be discussed in the
following section, and which are important for determining
the real barrier of the esophagus.

Lessons from in vitro three-dimensional
esophageal cell culture models

In evaluating the function of esophageal epithelial layers,
we originally established esophageal stratified epithelial
cell layers in vitro [12-16]. When we observed the
development of stratified epithelial layers, we found that
the barrier was dramatically developed 5 to 7 days after
air-liquid interface (ALI)-culture of primary human squa-
mous epithelial cells [15]. We also examined cell mor-
phological changes at these time points. When granular
layers started to develop, the TJ proteins occludin and ZO-
1 began to be expressed in these layers as dots and whisker
lines [14, 15]. These data are consistent with the localiza-
tion of these TJ proteins in granular layers in the human
esophagus. The granular layers that express occludin have
a barrier function and regulate esophageal permeability. In
other words, they are real TJ strands.

Granular
layer

Prickle

layer

Basal

layer Endothelial

cells
Submucosa

Fig. 2 Immunofluorescence staining of occludin in the human
esophagus. Granular layers stain positive for occludin (red). Occludin
is densely stained as dots (arrowheads) or whisker lines (arrows) in
the granular layers but is not stained in the prickle cell or basal layers.
Endothelial cells (arrow with dotted line) also stain positive for
occludin. Bar 100 pm
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We further demonstrated that stratified layers repre-
senting basal and prickle cell layers began to develop after
3 days of culture, and staining showed that these layers
were lined with CLDN1 and CLDN4. However, a barrier
function was totally absent in the layers on these days,
indicating that expression of these TJ proteins and their
localization as a lining of the cell membrane of the layers
do not have a barrier function [14, 15]. The data also
indicate that the DIS located at the basal and suprabasal
layers does not contribute to the specific function of
mucosal permeability (Fig. 3). CLDN1 and CLDN4 are
stained as dense dots and whisker lines in granular layers,
and show a barrier function when granular layers exist [13—
15, 17]. It is reasonable to assume that layers showing such
dense staining of TJ proteins in these cultures have func-
tioning TJs, in a manner similar to that in monolayer cells.
Staining of CLDN3 on monolayer cells shows dense
staining at the apical lateral side, which has a barrier
function, and lined staining at the lateral side of the
membrane, which does not have barrier function (Fig. 4).

Although the TJ strands of monolayer cells can be
detected by electron microscopy as tight attachments of
cells at the apical lateral side of the cells, tight attachment
of esophageal stratified cell layers is not easily detected
even by electron microscopy. These data may explain why
previous textbooks indicated the absence of TJs in the
esophagus.

The interpretation of TJ formation and expression
patterns

Although there has been much interest in and a large
amount of data generated regarding the recent discovery of
TJ proteins and related proteins, interpretation of these data
is difficult, and the data are confusing. Several factors

Delocalization of CLDN4
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Basal lay | | | | | |
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Fig. 3 Scheme of the esophageal tight junction (TJ) barrier including
the localization of occludin, ZO-1, and CLDN4, and the dilated
intercellular space (DIS)
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Fig. 4 Immunofluorescence staining of CLDN3 and CLDNI15 in the
human duodenum. In duodenal epithelia, CLDN3 is strongly stained
at apical lateral membranes (arrowhead) and is also stained at lateral
membranes (arrow). CLDNI15 is strongly stained at apical lateral
membranes (arrowhead) but is not stained at lateral membranes

explain why these controversial data continue to be
published.

1. Intercellular junctions exist at the most apical side of
the lateral membrane of columnar epithelial cells of
the stomach and the colon, and TJs are recognized here
by electron microscopy as close cell-cell contacts.
Since occludin or ZO-1 can be specifically stained only
at this location, such TJs are easily recognized
following immunofluorescence staining. However,
claudins that function as the major TJ protein at the
most apical surface of these cells not only can be
densely stained at the apical lateral membrane, but are
also widely stained at the lateral membrane of
columnar epithelial cells. Therefore, even though TJs
do not exist at the lateral membrane, CLDNs are
stained on the lateral membrane. These data indicate
that the surface staining of some CLDNs does not
represent TJ strand formation (Fig. 4). These findings
can be applied even to esophageal stratified epithelial
cell layers.

2. Many papers discuss the expression of CLDNS5 on
epithelial cells, and these data were obtained by
staining with so-called specific antibodies. However,
these antibodies must have cross-reactivity with other
antigens, since CLDN5 mRNA is rarely expressed by
epithelial cells. Therefore, CLDNS5 should be consid-
ered as a TJ protein of endothelial and not epithelial
cells [18].

3. Complicated expression patterns of various CLDNSs in
different species make the data confusing. For exam-
ple, CLDN3 was detected in a rat esophagus, and it has
been reported to be modulated in rat esophageal
disorders including reflux esophagitis [19-22]. How-
ever, CLDN3 is not detectable in the human esopha-
gus, suggesting that, if it is expressed, it must be
expressed at a very low level. These controversies may
arise due to differences in the species used and to the
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specificity of the anti-claudin antibodies. However, the
precise reasons for these differences remain to be
elucidated, and further experiments are warranted.

4. The expression of TJ proteins is often determined
based on immunohistochemical staining. However, the
localization of TJ proteins is indicated differently by
different antibodies, suggesting that these antibodies
may have different reactivity and specificity. Thus, the
level of mRNA and the staining of TJ antigens at times
may not be correlated. Furthermore, when the protein
amount of TJ antigens is examined in relation to the
total protein amount, as mentioned in 1 above, TJ
antigen expression itself is not always related to the
strand formation of TJs. In this regard, when TJ-related
proteins that function as TJs are evaluated, the amount
of the detergent-insoluble fraction of TJ proteins
should be evaluated, because TJ-forming proteins are
detergent-insoluble [23]. However, few studies have
performed such appropriate evaluation.

Involvement of TJ proteins in diseases
Gastroesophageal reflux disease (GERD)

Esophageal mucosa consists of stratified epithelial layers
and functions as a firm barrier against luminal stimulants
including acids and bile acid. Disruption of this barrier
leads to the development of reflux symptoms by reflux
stimulants. The most prevalent type of GERD, non-erosive
reflux disease (NERD), has shown DIS at the basal side of
the stratified epithelial cell layers even without gross
mucosal injury. DIS can be detected in the basal and
prickle cell layers [24], and these phenomena are only
detected in reflux esophagitis (RE) and NERD, and not in
functional heartburn (FH) [25-27]. Farre et al. [28] also
reported that when intercellular space was measured after
weak acid, acid, and acidic bile perfusion, DIS was seen
after the perfusion of weak acid, acid, and acidic bile but
not of saline. The degree of DIS was not different among
weak acid, acid and acidic bile. These data indicate that
GER actually induces DIS. The data also showed that GER
symptoms were not produced when DIS was seen in a
healthy volunteer, suggesting that GER and DIS are not
sufficient for the development of GERD symptoms.

In a rat model, stress induced DIS and increased SICr-
EDTA permeability, indicating a relationship between DIS
and esophageal permeability; the authors concluded that
DIS induced esophageal mucosal permeability [29]. How-
ever, as mentioned above, DIS itself is not directly
involved in increased permeability. Based on our experi-
ence with an ALI-cultured esophageal stratified epithelial

model, DIS and increased permeability can be considered
as two simultaneous but distinct and independent changes
(Fig. 3).

We further examined the effects of acid and bile acids
on epithelial barrier function using an in vitro esophageal
stratified epithelial layer model, and reported that they
induced delocalization of CLDN4 and a decrease in the
detergent-insoluble fraction of CLDN4 [15]. A recent
paper showed that mice deficient in Nrf2, a transcription
factor related to oxidative stress, showed a loss of eso-
phageal barrier function and a decrease in CLDN4
expression [30]. In that report, even though nuclear local-
ization of Nrf2 in the granular layer in GERD was shown,
the level of CLDN4 assayed was focused on the total
amount in the mucosa, and CLDN4 staining was focused
on the basal layers. Therefore, further studies should be
performed to determine the interaction of Nrf2 and CLDN4
in humans.

In an analysis of esophageal biopsy specimens using an
Ussing chamber, the resistance of esophageal mucosa was
lower in patients with GERD than in healthy controls,
indicating a loss of barrier function in GERD [31-33].
Although no change in occludin or ZO-1 expression has
been reported in GERD patients, the expression of CLDN1
and CLDN2 mRNA and protein has been reported to be
increased [34] and unchanged [35] in GERD, and the
expression of CLDN1 and CLDN4 has been reported to be
decreased in GERD [33]. The reason for these inconsistent
results may be due to the fact that total CLDN protein was
measured rather than a specific subpopulation of CLDNS.
As stated above, the total expression of TJ proteins them-
selves is not directly correlated to barrier function and TJ
strand formation. Therefore, CLDNs contributing to TJ
strand formation should be carefully analyzed in future
studies. We recently found that the dot staining of CLDN4
in granular layers of esophageal epithelium is delocalized
in GERD.

A recent report indicated that basal impedance mea-
surement was useful for the analysis of esophageal barrier
function. This basal impedance can be analyzed from the
data of 24-h ambulatory esophageal impedance-pH moni-
toring, and the value of basal impedance is decreased in
GERD [36, 37]. A more recent work showed that a probe
inserted through endoscopy could measure mucosal resis-
tance in a short time and that research groups are trying to
establish an easy method for measuring mucosal barrier
function [38]. A device for measuring mucosal conduc-
tance using a probe inserted through endoscopy is also
being developed in Japan, a [39]. Such easy procedures for
measuring mucosal barrier function are expected to provide
a good tool for the diagnosis of NERD and the effect of
GERD treatment.
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Barrett’s esophagus and esophageal cancer

TJ proteins of esophageal squamous cell carcinoma and
Barrett’s esophagus and adenocarcinoma have also been
analyzed. When the expression of TJ proteins in esopha-
geal cancer are analyzed, the background expression pat-
tern of TJ proteins should be precisely considered, because
the expression patterns are totally different in stratified and
columnar cells. Therefore, different TJ expression patterns
should be compared to each appropriate background
mucosa. Furthermore, the barrier function under normal
conditions is different in the esophagus, stomach, and
intestine, and these background differences should also be
carefully taken into account when analyzing cancer and TJ
proteins.

Few studies have analyzed TJ protein expression in
esophageal squamous cell carcinoma; an increase in
CLDN1 immunohistochemical staining, and no change in
CLDN4 and CLDN?7 staining, have been reported [40].
Immunohistochemical analysis indicated that CLDN2
expression was increased in Barrett’s esophageal cancer
and that CLDN3 and CLDN4 were up-regulated in Bar-
rett’s esophagus and adenocarcinoma [40]. In contrast,
another report showed upregulation of CLDN2 and
CLDN3 and downregulation of CLDNI1 in Barrett’s
esophagus [41]. CLDN18, which has been reported to be
specifically expressed in the stomach and lung, is also
expressed in Barrett’s esophagus. These data are consistent
with the findings that Barrett’s esophagus expresses not
only intestinal phenotype markers but also gastric pheno-
type markers [42]. As the previous studies did not include
precise analyses, further research is needed to determine
the function of TJ proteins in Barrett’s esophagus and
cancer.

Eosinophilic esophagitis (EoE)

EoE is an allergy-mediated disease in which food antigens
in contact with esophageal mucosa generate a T-helper cell
type 2 (Th2) cytokine activation, and EoE is characterized
by esophageal intraepithelial eosinophil infiltration [43]. It
was recently reported that esophageal mucosal barrier
function is disrupted even in EoE, and that esophageal
mucosal impedance and DIS are related to the activity of
EoE [44]. However, whether this barrier disruption is one
of the causes of EoE or is a consequence of allergy is not
clear.

Since the esophageal mucosal barrier is disrupted in
EoE, the expression of TJ proteins in the esophagus was
evaluated, and CLDN1 expression that was evaluated using
immunohistochemistry was down-regulated [45, 46]. The
barrier function of esophageal mucosa in EoE might be
regulated by Th2 cytokines and filaggrin [47, 48].

@ Springer

However, it is still not clear how TJs are modulated in and
how they affect the pathophysiology of EoE.

Gastric cancer

Abnormal expression patterns of claudins have recently
been reported in cancers of the breast, stomach, colon,
kidney, liver, and biliary tract, and are related to the pro-
gression and prognosis of these cancers [49]. Although
CLDNs were reported to be decreased in cancers, the
phenotypes of the cells in some organs, including the
stomach and colon, were changed during cancerization.
Several CLDNs including CLDN3, 4, and 7 have been
reported to be increased in gastric cancers [50]. Loss of
compartmentalization allows paracellular leakage of
oncogenic factors and nutrients. CLDNs expressed in
cancers may have roles that are unrelated to TJ strand
formation, because some of these CLDNs are often found
on broad lateral membranes and in the cytoplasm of
epithelial cells [51].

To evaluate the development and progression of gastric
cancers, Helicobacter pylori infection should first be taken
into account. Atrophic and intestinal metaplasia induced by
Helicobacter pylori infection changes the TJ protein
expression pattern from that of gastric-type claudins to that
of intestinal-type claudins [50, 52-55]. Therefore, the
interpretation of an increase or decrease in TJ proteins in
cancer should be carefully analyzed, and may be primarily
associated with the phenotype change of gastric epithelial
cells rather than with cancer development or progression.
Furthermore, gastric cancers are heterogeneous and include
two major phenotypes, intestinal and diffuse types. These
different cancer phenotypes should be analyzed separately
because the types of claudins expressed are totally different
[56-58].

CLDNI, 3, 4, and 7 were found to be up-regulated in
intestinal metaplasia that could be a precancerous lesion
[50]. This upregulation correlated with expression of the
transcription factor Cdx2 and with intestinal mucin
expression which are related to intestinal metaplasia [50,
54, 59]. These data also indicate that expression of these
CLDNs is not the primary cause of gastric cancer devel-
opment [60].

CLDNI, 3, 4, 6, and 7 were up-regulated in intestinal-
type gastric cancers [51, 61, 62], and CLDN18 was down-
regulated [53]. It should be noted that the up-regulated
CLDN proteins are not located at TJs but are expressed in
the cytoplasm and on lateral membranes, indicating that the
up-regulated CLDNs do not function in TJ formation.

At this time, it is difficult to interpret all of the data
related to CLDNs and TJ molecules of gastric cancers in
terms of a unified hypothesis. However, there is one
direction for the up-regulation in the progress [63] and for
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the downregulation in the malignant potential that can be
explained by the loss of cell-cell association during inva-
sion [50, 56]. We recently reported that the downregulation
of CLDN3 was associated with the proliferative potential
of early gastric cancers [50]. CLDN1 was down-regulated
in the metastasis of the cancer compared to the gastric
cancer origin [64]. These data indicate promotion of cell-
cell dissociation by a decrease in CLDN expression. This
possibility is supported by a report that the decrease in
junctional CLDN3 and 7 at the submucosal invasive front
of gastric cancer was significantly lower than that in the
mucosal regions [50]. Another report indicated that neither
CLDN3, 4, nor 18 was expressed at the invasive front [54].
Furthermore, CLDN3 and 4 are reportedly not expressed in
cancer cells that invade the stroma individually or in
clusters of cancer cells [65].

Additional studies are needed to elucidate whether these
changes are potential biomarkers of cancer progression and
prognosis. TJ molecules are also attractive potential targets
of cancer treatment.

Colon cancer

Although the role of adherens junction proteins in col-
orectal cancer (CRC) has been studied extensively [66], the
roles of TJ proteins are less well understood. The combi-
nation of expressed TJ proteins is different in different
organs. Normal colonic mucosa is positive for CLDNI1, 3,
4,7, 8, 15, and 23 (Fig. 1). CLDNI, which is one of the
genes regulated by beta-catenin/T-cell factor (Tcf)/lym-
phoid enhancer factor (LEF), was reported to be up-regu-
lated in colon cancer [67]. CLDNI1 expression was up-
regulated at all cell-cell boundaries and in the cytoplasm of
cancer cells. This localization is in contrast to the normal
dense localization of CLDNI1 at apical borders of lateral
membranes, and indicate that CLDN1 expression in itself
does not mean that the expressed CLDNI1 is functional at
TJs, and thus the broad lateral membrane expression of
CLDN1 might have other roles in colorectal tumorigenesis.
CLDNI1 has also been reported to be a strong predictor of
disease recurrence and poor survival [68]. Studies have
noted that CLDN1 affects matrix metalloproteinase (MMP)
activation [69] and frequent nuclear localization of CLDN1
in colon cancer, and that CLDN1 mediated changes in
cellular phenotype with structural and functional changes
in markers of epithelial-mesenchymal transition [70].

Upregulation of CLDN2 and down-regulation of
CLDN4 and 7 have also been reported in colon cancers
[71]. Some have proposed that these proteins are regulated
by epidermal growth factor receptor activation signaling
and promoter hypermethylation [72, 73].

Although CLDNI18 is specifically expressed in normal
gastric mucosa in the GI tract, it also expressed in some

resected colon cancers, and its expression is related to
expression of the gastric phenotype marker MUCS5AC and
to downregulation of CDX2. In CLDN18-expressing cases,
the pathology of colon cancer is similar to that of gastric
cancers, and CLDN18 expression is related to poor survival
[74]. CLDNI18 expression has also been reported to be
associated with serrated adenocarcinoma of the colon [75].
These data indicate that aberrant expression of TJ proteins
and of phenotype markers is strongly related to the pro-
gression and poor prognosis of cancers. TJ proteins are
possible biomarkers of prognosis and of differential diag-
nosis, and are attractive targets for estimating the prognosis
of patients.

Irritable bowel syndrome (IBS)

Functional gastrointestinal disorders are represented by
functional dyspepsia (FD) and IBS. Disruption of duodenal
and intestinal permeability has been reported in some cases
of FD and IBS [76-80]. An interesting finding was that a
fecal supernatant from either diarrhea-predominant or
constipation-predominant IBS increased intestinal perme-
ability [81-84], which shows that soluble mediators are
involved in the increased permeability. Whether the
increased permeability or the result of low-grade inflam-
mation in the mucosa is the cause is still under debate.
Nevertheless, regulation of the barrier dysfunction could
maintain the barrier and change the immune-mediated
inflammation cascade.

Reported changes in junctional proteins in IBS are
summarized in Table 1. One study reported that the
occludin protein was decreased in the colonic mucosa of
IBS patients [82]. Another report, however, indicated that
occludin and CLDNI1 proteins were reduced in IBS with
predominant diarrhea (IBS-D) but not in IBS with pre-
dominant constipation (IBS-C) or with constipation alter-
nating with diarrhea (IBS-A), although the occludin and
CLDN1 mRNA levels were similar among IBS subtypes
and controls [83]. The mRNA levels of TJ-related mole-
cules are still controversial, and further evaluations are
warranted [84].

Intestinal permeability is increased in post-infectious
IBS (PI-IBS) patients [85, 86]. The changes associated with
such increased permeability must be preceded by a lack of
recovery from the disruption of the TJ that occurred during
acute infection. Genetic variants of molecules including
TLR9, CDHI, and IL-6 have been reported to be inde-
pendent risk factors for PI-IBS [87].

Stress induces gastrointestinal permeability through
corticotrophin-releasing hormone (CRH). CRH increases
permeability by stimulating the release of mediators,
including tryptase from mast cells. The severity of psy-
chological stress and the number of mucosal mast cells

@ Springer
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Table 1 Changes in the IBS-total IBS-D IBS-A IBS-C
expression of junctional
proteins in IBS Occludin Protein Down (w) [82] Down (w) [83] NC (w) [83] NC (w) [83]
NC (w) [79]
Down (p-occl w) [79]
Down (h) [79]
mRNA NC [82] Down [84] Down [84] Down [84]
NC [81]
Z0-1 Protein Down (w) [83] NC (w) [83] NC (w) [83] NC (w) [83]
Down (h) [93] Down (h) [92]
mRNA Down [81] Down [93]
Down [84] Down [84] Down [84]
70-2 Protein Down (h) [93]
mRNA NC [93]
Z70-3 Protein NC (h) [93]
mRNA Down [93]
JAM-A Protein Down (h) [91] Down (h) [91]
mRNA
CLDNI1 Protein NC (w) [83] NC (w) [79] NC (w) [83] NC (w) [83]
NC (h) [92]
mRNA
CLDN2 Protein Up (w) [79]
mRNA
CLDN3 Protein NC (w) [79]
mRNA
CLDN4 Protein NC (w) [79]
mRNA
E-cadherin Protein NC (h) [92] Down (h) [92]
mRNA

IBS irritable bowel syndrome, /BS-D IBS with predominant diarrhea, /BS-A IBS with constipation alter-
nating with diarrhea, /BS-C IBS with predominant constipation, NC no change, w western blot, 4 im-
munohistochemistry, p-occl phospho-occludin

Site of biopsies: [79, 93], jejunum; [81], not mentioned; [82, 83], descending colon; [84, 91, 92], cecum

were found to be correlated in IBS patients regardless of
the subtypes [88]. The increased permeability was blocked
by the mast cell stabilizer lodoxamide or by disodium
cromoglycate pretreatment [89, 90], indicating the impor-
tance of mediators released from infiltrated mast cells in
intestinal permeability.

In IBS-D and IBS-A patients, colonic JAM-A expres-
sion was found to be decreased and the degree of abdom-
inal pain correlated with the decrease in JAM-A.
Furthermore, tryptase increased intestinal permeability and
decreased expression of JAM-A, CLDNI, and ZO-1
in vitro [91]. The same group also reported that ZO-1 and
E-cadherin expression were significantly lower in the sur-
face epithelium of the IBS group (IBS-D and IBS-A) [92].
The expression of ZO-1 was decreased in IBS-D at both the
gene and the protein level, with protein redistribution from
the TJ to the cytoplasm [93].
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The adherens junction protein E-cadherin was also
reportedly decreased in IBS-D and IBS-A, and a single-
nucleotide polymorphism of the CDHI1 gene encoding
E-cadherin was associated with PI-IBS [87]. IBS-D
patients also exhibited increased protein expression of
CLDN?2 in the jejunum [79].

MiR-29a was increased in IBS-D patients, with
increased intestinal permeability. The effect of MiR-29a on
intestinal permeability might be due to the regulation of
glutamine synthetase [94]. MiR-29a and MiR-29b also
reduced the levels of CLDN1 mRNA and increased
intestinal permeability [95]. These data indicate that
strategies to block MiR29 might be a good way to restore
intestinal permeability in IBS-D. Recent data related to the
treatment of IBS also indicated that glutamine increased
CLDNI1 expression in the colonic mucosa in IBS-D [96].
Glutamine supplementation may be beneficial in IBS-D
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patients to reduce intestinal hyperpermeability and visceral
hypersensitivity. However, a better glutamine delivery
method is still needed, since glutamine is rapidly absorbed
in the small intestine [97].

Inflammatory bowel disease (IBD)

IBD is a chronic intestinal inflammatory condition with
unknown etiology. The intestinal mucosal barrier is
important in the regulation of the chaotic invasion of
bacterial flora food antigens from the mucosal surface [98,
99]. The regulation of humoral factors from the luminal
side is also important in controlling the immune system in
the intestine. Recent genome-wide association studies have
revealed ulcerative colitis (UC)-susceptible single-nu-
cleotide polymorphisms in genes that might be involved in
intestinal barrier function, including HNF4, CDHI, and
LAMBI [100]. E-cadherin, which is encoded by CDH1, is
an adherens junction protein that regulates strong cell—cell
adhesion, and E-cadherin deficiency was found to aggra-
vate colitis in a mouse model [101]. However, these data
are still crude, and functional analysis of these molecules in
terms of the development of UC is still immature and
inconclusive [102]. Analysis of claudins in the intestine
demonstrated that intestine-specific CLDN7 deficiency
resulted in intestinal inflammation 3 weeks after birth and
increased paracellular permeability 2 weeks after birth
[103]. Intestine-specific CLDN7 deficiency also enhanced
the paracellular permeability for fMLP, a major bacterial
product, following which colonic inflammation was initi-
ated [103]. JAM-A-deficient mice also exhibited suscepti-
bility to dextran sulfate sodium and developed a more
severe colitis than control mice [104, 105]. Such data
indicate that TJ proteins are important for intestinal barrier
function and that their loss increases intestinal permeabil-
ity. At the same time, however, disruption of barrier
function alone is not always sufficient to cause IBD.

In observational studies in IBD patients, CLDN4 and
CLDN7 were down-regulated and CLDN2 was up-regu-
lated in UC patients [106]. JAM-A expression was down-
regulated in UC and in Crohn’s disease (CD) at the
inflamed mucosa [105]. In contrast, CLDN1 and CLDN2
were reported to be increased in UC and CD [107].
Occludin and CLDN8 were down-regulated and CLDN2
was up-regulated in patients with mild to moderate CD
[108]. These changes might be mediated by inflammatory
cytokines, because TNFa and IFNy change the barrier
function through MLCK activation [109], and TNFo
increases CLDN2 expression [110]. In CD patients, anti-
TNFa antibody not only regulates inflammation but also
improves intestinal mucosal permeability [111]. Low-dose
sulfasalazine was also shown to prevent TNFa-induced TJ
disruption [109]. As stated above, the CLDN changes are

not limited to the apical lateral membrane of colonic
epithelial cells where TJs exist. CLDNs expressed on broad
lateral membranes are affected, and this may lead to neo-
plastic changes in inflammatory mucosal cells.

At this time, it is clear that preventing inflammation
introduces an improvement in intestinal barrier function.
Although it remains unclear whether the epithelial barrier
dysfunction is a cause or a consequence of intestinal
inflammation in IBD, these findings suggest that intestinal
epithelial TJs can still be targets for enhancing the integrity
of the intestinal barrier in IBD [112]. Glutamine is an
important luminal component that preserves intestinal
barrier function, and glutamine administration for CD
patients has been reported in two small studies. Although
the data were negative, adequately powered randomized
controlled studies are needed before definitive conclusions
can be reached regarding the effect of glutamine in patients
with CD [113].

Conclusion

Recent studies of TJ have revealed the localization and the
modulation of these TJs and related proteins in gastroin-
testinal diseases, and these changes represent potential
biomarkers of each disease and targets for treatment.
However, treatments directly targeting the regulation of TJ
and TJ proteins have yet to be developed. Further studies
are needed to devise new treatment strategies by targeting
TJs in gastrointestinal diseases.
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