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Abstract The gastrointestinal epithelium forms the
boundary between the body and external environment. It
effectively provides a selective permeable barrier that
limits the permeation of luminal noxious molecules, such
as pathogens, toxins, and antigens, while allowing the
appropriate absorption of nutrients and water. This selec-
tive permeable barrier is achieved by intercellular tight
junction (TJ) structures, which regulate paracellular per-
meability. Disruption of the intestinal TJ barrier, followed
by permeation of luminal noxious molecules, induces a
perturbation of the mucosal immune system and inflam-
mation, and can act as a trigger for the development of
intestinal and systemic diseases. In this context, much
effort has been taken to understand the roles of extracel-
lular factors, including cytokines, pathogens, and food
factors, for the regulation of the intestinal TJ barrier. Here,
I discuss the regulation of the intestinal TJ barrier together
with its implications for the pathogenesis of diseases.
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Introduction

The gastrointestinal epithelium forms the body’s largest
interface with the external environment. The epithelium
allows the absorption of nutrients while providing a physical
barrier to the permeation of proinflammatory molecules,
such as pathogens, toxins, and antigens, from the luminal
environment into the mucosal tissues and circulatory system
(see Fig. 1). The epithelial cells create this selective per-
meability by two pathways: the transcellular and the
paracellular pathway. The transcellular pathway is involved
in the absorption and transport of nutrients, including sugars,
amino acids, peptides, fatty acids, minerals, and vitamins. As
the cell membrane is impermeable, this process is predom-
inantly mediated by specific transporters or channels located
on the apical and basolateral membranes [1-3]. The para-
cellular pathway is associated with transport in the
intercellular space between the adjacent epithelial cells. It is
regulated by an apical junctional complex, which is com-
posed of tight junctions (TJs) and adherence junctions (AJs)
[4-7]. The AJ, along with desmosomes, provides strong
adhesive bonds between the epithelial cells and also aids
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Fig. 1 Barrier function of intestinal tight junctions (TJs). The

intestinal epithelium provides a physical barrier to luminal bacteria,
toxins, and antigens. The barrier is organized by different barrier
components, including the TJs. The TJs regulate the paracellular
passages of ions, solutes, and water between adjacent cells. Luminal
noxious macromolecules cannot penetrate the epithelium because
of the TJ barrier; however, TJ barrier impairment allows the passage
of noxious molecules, which can induce the excessive activation of
mucosal immune cells and inflammation. Therefore, intestinal barrier
defects are associated with the initiation and development of various
intestinal and systemic diseases

intercellular communication, but does not determine para-
cellular permeability [6, 7]. The TJs encircle the apical ends
of the lateral membranes of epithelial cells and determine the
selective paracellular permeability to solutes [4, 5]. In this
regard, the TJs provide both a barrier to noxious molecules
and a pore for the permeation of ions, solutes, and water as
appropriate. TJs are multiple protein complexes composed
of transmembrane proteins, such as claudins and occludin,
and a wide spectrum of cytosolic proteins. The modification
of TJ barrier function and paracellular permeability is
dynamically regulated by various extracellular stimuli and is
closely associated with our health and susceptibility disease
[8-10]. TJ barrier disruption and increased paracellular
permeability, followed by permeation of luminal proin-
flammatory molecules, can induce activation of the mucosal
immune system, resulting in sustained inflammation and
tissue damage. Evidence from basic science and clinical
studies indicate that the intestinal TJ barrier has a critical role
in the pathogenesis of intestinal and systemic diseases [8, 10,
11]. Under pathophysiological conditions, pro-inflamma-
tory cytokines, antigens, and pathogens contribute to barrier
impairment [9, 12]. In contrast, food factors and nutrients
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also participate in intestinal TJ regulation, and some of these
could be developed as preventive and therapeutic tools for
defective barrier-associated diseases [13, 14]. Experimen-
tally, TJ barrier integrity and permeability in intestinal
tissues and cells are evaluated by measurement of transepi-
thelial electrical resistance (TER) and the paracellular
passage of small molecules, such as mannitol, dextran, and
inulin. This review first describes the molecular structure of
intestinal TJs, then summarizes the regulation of the intes-
tinal TJ structure and permeability by extracellular factors,
such as cytokines, growth factors, pathogens, nutrients, and
food factors, and finally discusses the involvement of
intestinal TJs in health and disease pathogenesis.

Molecular structure of TJs

TJs are multiple protein complexes located at the apical
ends of the lateral membranes of intestinal epithelial cells
(see Fig. 2). They regulate the paracellular passage of ions,
solutes, and water, and are also known to act as a fence to
maintain cell polarity by blocking the free diffusion of
proteins and lipids between the apical and basolateral
domains of the plasma membrane [8, 11]. Four integral
transmembrane proteins, occludin [15], claudins [16],
junctional adhesion molecule (JAM) [17], and tricellulin
[18], have been identified, with the claudin family con-
sisting of at least 24 members. The extracellular domains
of the transmembrane proteins form the selective barrier by
hemophilic and heterophilic interactions with the adjacent
cells [19]. The intracellular domains of these transmem-
brane proteins interact with cytosolic scaffold proteins,
such as zonula occludens (ZO) proteins, which in turn
anchor the transmembrane proteins to the perijunctional
actomyosin ring. The interaction of TJ proteins with the
actin cytoskeleton is vital to the maintenance of TJ struc-
ture and function. In addition, the interaction of the TJ
complex with the actomyosin ring permits the cytoskeletal
regulation of TJ barrier integrity. The circumferential
contraction and tension in the perijunctional actomyosin
ring is regulated by myosin light chain (MLC) activity
(phosphorylation) [20]. Induction of MLC phosphorylation
by kinases such as myosin light chain kinase and
Rho-associated kinase (ROCK) causes the contraction of
the actomyosin ring, resulting in the opening of the para-
cellular pathways. This section summarizes the structures
and functions of the integral TJ proteins [20-22].

Occludin
Occludin (~65 kDa) was the first integral membrane

TJ protein identified in 1993 [15]. Confocal immunofluo-
rescence microscopy, immunoelectron microscopy, and
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Fig. 2 Molecular structure of the intercelluar junction of intestinal
epithelial cells. The intercellular junctions of intestinal epithelial cells
are sealed by different protein complexes, including TJs, adherens
junctions (AJs), and desmosomes. The TJs, multiple protein com-
plexes, locate at the apical ends of the lateral membranes of intestinal
epithelial cells. The TJ complex consists of transmembrane and
intracellular scaffold proteins. The extracellular loops of the trans-
membrane proteins (occludin, claudins, JAMs, and tricellulin) create
a permselective barrier in the paracellular pathways by hemophilic
and heterophilic interactions with adjacent cells. The intracellular
domains of the transmembrane proteins interact with the intracellular
scaffold proteins such as zonula occludens (ZO) proteins and
cingulin, which in turn anchor the transmembrane proteins to the
actin cytoskeleton. Myosin light chain kinase (MLCK) is associated
with the perijuctional actomyosin rings and regulates paracellular
permeability through myosin contractility. The AJs along with
desmosomes provide strong adhesive bonds between the epithelial
cells and also intercellular communication, but do not determine
paracellular permeability

freeze-fracture immunoreplica electron microscopy spe-
cifically visualize occludin at the TJs in the epithelia.
Occludin is a tetraspanin membrane protein with 4 trans-
membrane domains, 2 extracellular loops, and 1 intra-
cellular loop: a short N-terminal and a long C-terminal
domain project into the cytoplasm. The homophilic inter-
action of the extracellular loops of occludin with the
adjacent cells appears to create a barrier against macro-
molecules, but not against small ions [23]. The long
C-terminal domain interacts with several intracellular TJ
proteins, such as ZO proteins, which are required to link
occludin to the actin cytoskeleton [24]. The function of
occludin is not yet fully understood, but numerous studies
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using animals and cell cultures indicate that it has crucial
roles in the TJ structure and permeability in the intestinal
epithelia [23, 25].

In earlier studies using embryonic stem cells, occludin
depletion was shown not to prevent the TJ assembly or
differentiation into polarized epithelial cells [26]. Occludin
knockout mice also showed a density and organization of
TJs in the intestinal epithelium equivalent to those seen in
wild-type mice [26]. Further, intestinal barrier function and
ion transport in the knockout mice appeared electrophysi-
ologically normal [27]. These studies raised the question of
whether occludin is required for TJ assembly and barrier
integrity. However, a recent study demonstrated that his-
tological and functional abnormalities are present in
several tissues in occludin knockout mice [28]. For
example, the occludin knockout mice showed chronic
inflammation and hyperplasia of the gastric epithelium,
testicular atrophy, and loss of cytoplasmic granules in
striated duct cells of the salivary gland, suggesting that the
function of occludin is more complex than previously
supposed [28]. In addition, synthetic peptides with a
sequence corresponding to the occludin extracellular loops,
which inhibit the interaction of occludin extracellular
domains with adjacent cells, disrupt TJs, and increase
paracellular permeability [25]. In a more recent study using
intestinal Caco-2 cells and mouse intestines, occludin
knockdown was found to induce an increase in paracellular
permeability to macromolecules [23]. These data consis-
tently indicate that occludin plays a role in the maintenance
and assembly of TJs.

In vitro studies demonstrate that phosphorylation of
occludin regulates occludin localization and TJ permeabil-
ity. This phosphorylation is regulated by the balance
between kinases and phosphatases responsible for the
phosphorylation sites. In the intact epithelium, occludin is
highly phosphorylated on the Ser and Thr residues [29], and
the phosphorylation has a role in the maintenance and
assembly of the TJ structure [30]. Some kinases, such as
protein kinase C (PKC) # and {, and casein kinase I and II,
have been identified as responsible for the phosphorylation
[31-35]. Depletion and inhibition of PKC#x and { induce
occludin dephosphorylation resulting in TJ disruption
[31, 32]. Protein phosphorylation detection by mass spec-
trometry and site-directed mutagenesis reveal that T403, T404,
T424, and/or T436 in the C-terminal domain of occludin are
the phosphorylation sites targeted by PKC#y and (. The
mutation of these threonine residues to alanine, which
prevents the phosphorylation, delays occludin assembly
into the TJs. Conversely, occludin undergoes dephospho-
rylation on Ser and Thr residues during TJ disassembly [29,
36]. Protein phosphatase (PP) 1 and 2A have been reported
to directly interact with occludin to dephosphorylate it at
Ser and Thr residues [37, 38]. Experimentally, TJs can be
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disassembled by extracellular calcium depletion, and
reassembly is induced after calcium repletion. The calcium-
induced reassembly of TJs is accelerated by the knockdown
of PP1 and 2A [37]. Interestingly, PP1 dephosphorylates
occludin preferentially on Ser residues, while PP2A was
more active in dephosphorylating occludin at the Thr
residues. On the other hand, the level of tyrosine-phos-
phorylated occludin is very low in the intact epithelium;
however, several studies have shown that tyrosine phos-
phorylation is caused during disassembly by various
stimuli [39—41]. Hydrogen peroxide induces TJ disruption
via a tyrosine kinase-dependent mechanism. In hydrogen
peroxide-mediated TJ disruption, Y398 and Y402 in the
C-terminal domain of occludin are phosphorylated by c-Src
tyrosin kinase, and the tyrosine phosphorylation induces TJ
disassembly [39]. Underlying this mechanism, the tyrosine
phosphorylation of occludin attenuates the interaction with
Z0-1, leading to dissociation from the junctional complex
[41]. Like hydrogen peroxide, acetaldehyde, a biological
metabolite of ethanol, also induces TJ disruption in Caco-2
cells in an occludin tyrosine phosphorylation-dependent
manner [42, 43]. Interestingly, acetaldehyde does not affect
cellular tyrosine kinase activity, but directly inhibits protein
tyrosine phosphatase (PTP) 1B, resulting in occludin
phosphorylation on the Tyr residues.

Claudins

Claudins (20-27 kDa) are tetraspanin membrane proteins
with 1 intracellular and 2 extracellular loops, and C-ter-
minal and N-terminal cytoplasmic domains [16]. Claudins
do not have any sequence similarity to occludin. The
extracellular loops of claudin molecules make homophilic
and heterophilic interactions with adjacent cells, and the
interactions create either barriers against or pores for the
passage of selective molecules in the paracellular pathways
[5, 44]. The post-synaptic density 95/Drosophila discs
large/zona-occludens 1 (PDZ) binding domain in the
claudin C-terminal domains interacts with intracellular TJ
proteins such as ZO proteins, which in turn anchor the
claudins to the actin cytoskeleton. Numerous studies have
demonstrated that claudins are the key component and
backbone of TJs. When claudins are expressed in fibro-
blasts, they are incorporated into TJ strands and form
paired strands at the cell—cell contacts [16]. Recent studies
using claudin knockout mice have shown that claudins
have critical roles in barrier formation and paracellular
permselectivity in various tissues [45-50]. As a prominent
example, claudin-1 knockout mice die within 24 h of birth
because of a dramatic loss of fluid and electrolytes through
the impaired epidermal barrier [45].

Claudins are a multigene family with at least 24 mem-
bers in humans and mice, and each isoform shows a unique
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expression pattern in tissues and cell lines. In mouse
intestines, claudin-1, -2, -3, -4, -5, -7, -8, -10, -12, -13, -14,
-15, -17, and -18 are detected at the gene expression level,
but the relative expression of each isoform varies
throughout the segments of the intestine [51]. In contrast to
their structural similarities, claudins perform different
functions and can be roughly divided into two types: those
involved in barrier formation (decreasing paracellular
permeability) and those playing a role in channel pores
(increasing paracellular permeability) [5, 44]. To our
knowledge, in the intestines, claudin-1, -3, -4, -5, -8, -9,
-11, and -14 can be categorized as barrier-forming clau-
dins, while claudin-2, -7, -12, and -15 are pore-forming
claudins [5, 52-60]. Importantly, the functional properties
of each claudin depend on the numbers and positions of
charged amino acids in the 1st extracellular loop of the
molecule [61]. For example, claudin-2 and -12, pore-
forming isoforms, have 3 (positions 53, 65 and 75) and 4
(positions 62, 66, 71 and 74) negatively charged amino
acids, respectively, and form selective cation pores [53, 54,
62]. It is suggested that the distribution and orientation of
negatively charged residues in the extracellular loop work
to repel negatively charged ions (anions) and favor posi-
tively charged ions (cations) [61]. Barrier-forming
claudins, on the other hand, such as claudin-1 and -3, block
the permeability of charged and uncharged molecules
according to differences in the distribution and orientation
of charged amino acids. However, no detailed information
at the atomic level is available because of a lack of x-ray or
NMR analysis of claudins.

As is the case with occludin, some claudin isoforms are
phosphorylated in the cells, and this phosphorylation is
associated with localization and paracellular permeability.
Claudin-1 phosphorylation on the serine residues is regu-
lated by a protein phosphatase, PP2A, and a protein kinase,
PKC{ [38]. The pharmacological inhibition of PP2A pro-
motes recruitment of ZO-1 and occludin as well as claudin-
1 to the TJs after calcium repletion. Similarly, claudin-1
phosphorylation at T203 increases claudin-1 insolubility
and TJ integrity in rat lung endothelial cells [63]. Phos-
phorylation at T207 in claudin-5 also plays an analogous
role to that at T203 in claudin-1 [64]. In contrast, some
phosphorylation sites have been characterized as nega-
tively regulating TJ barrier integrity. cAMP-dependent
kinase (PKA) phosphorylates claudin-3 at T192, and the
phosphorylation leads to TJ disruption in ovarian cancer
OVCAA433 cells [65]. An ephrin receptor tyrosine kinase,
EphA2, which is largely expressed in various tumor cells,
interacts with and phosphorylates claudin-4 at Y208,
leading to an increase in paracellular permeability [66]. A
pull-down assay using recombinant Eph2 proteins revealed
that the tyrosine phosphorylation attenuates the interaction
with ZO-1.

Another example of post-translational regulation of
claudin function and localization is palmitoylation [67],
although information on this is limited. In kidney epithelial
MDCK cells, incorporation of [*H]-palmitic acid into
claudin-2, -4, and -14 is observed, indicating palmitoyla-
tion [67]. The palmitoylation of claudin-14 at two sets of
cysteines in the second intracellular loop and intracellular
C-terminal tail, which are well conserved in all claudin
isoforms, is required for efficient localization of claudin-14
at the TJ.

Junctional adhesion molecule

The JAM family belongs to the immunoglobulin (Ig)
superfamily and is characterized by 2 extracellular Ig
domains, one transmembrane domain, and one intracellular
C-terminal domain. They are divided into 2 subfamilies
based on sequence similarities in the cytoplasmic domains.
JAM-A[17],-B [68] and -C [69] (or JAM-1, -2, and -3) have
class II PDZ-binding motifs in the intracellular C-terminal
domain, which interact with ZO-1 and Par-3, a polarity-
related protein. In contrast, JAM-4 [70], coxsackievirus and
adenovirus receptor (CAR) [71], endothelial selective
adhesion molecule (ESAM) [72], and the brain- and testis-
specific immunoglobulin superfamily (BT-IgSF) [73] have
class I PDZ-binding motifs. The extracellular N-terminal
domains of the JAM family members bind to various ligands
through homophilic and heterophilic interactions [74]. The
homophilic interactions involving the JAM members have a
role in the formation of TJs and the cell-cell border. In
contrast, the heterophilic interactions function in cell—cell
adhesion, association between leukocytes and epi-/endo-
thelial cells, platelet activation, and virus recognition. JAM
members are expressed in various cell types including epi-
thelial, endothelial, and immune cells, and exhibit different
expression patterns in both a tissue- and cell type-specific
manner. In intestinal epithelial cells, JAM-A, JAM-4, and
CAR are expressed and involved in TJ regulation.

In vitro and in vivo studies demonstrate that JAM-A
(~43 kDa) participates in the regulation and maintenance
of the TJ barrier. In Chinese hamster ovary (CHO) cells,
exogenously expressed JAM-A is concentrated at the
intercellular junctions [17]. Treatment of intestinal T84
cells with monoclonal JAM-A antibodies inhibits the
resealing of the TJs, indicated by delays in TER recovery
and occludin assembly [75]. Recent studies using JAM-A
knockout mice have also shown the importance of JAM-A
in intestinal barrier function [76]. The JAM-A knockout
mice exhibit higher permeability to dextran and myelo-
peroxidase activity in the colon compared to wild-type
mice. Further, the colonic injury and inflammation induced
by dextran sodium sulfate (DSS) are more severe in the
JAM-A knockout mice than in wild-type mice.
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JAM-4 (~40 kDa) protein expression is seen in the
liver and skeletal muscle as well as in epithelial cells [70].
A study indicates that JAM-4 has a role in epithelial barrier
function although there is an absence of direct evidence in
the intestinal epithelium. In kidney epithelial MDCK cells,
JAM-4 is localized at the intercellular junctions, where it is
co-localized with ZO-1 and MAGI-1, and in vitro binding
assays show that JAM-4 directly interacts with MAGI-1,
but not ZO-1. In CHO cells, JAM-4 overexpression
decreases dextran paracellular permeability [70].

CAR (~46 kDa) is a JAM family protein, and the
heterophilic interaction of its extracellular domain with
coxsackievirus and adenovirus appears to limit virus
invasion [71]. CAR is concentrated at cell-cell contacts and
is co-localized with ZO-1 in intestinal T84 cells [77]. The
recombinant soluble CAR protein, which encodes the
extracellular domain and inhibits the intercellular interac-
tion of CAR, delays the recovery of TER after calcium
repletion [77]. In CHO and MDCK cells, CAR overex-
pression decreases dextran permeability and increases TER
[77]. This evidence indicates that CAR contributes to
epithelial TJ regulation.

Tricellulin

Epithelial and endothelial cells form not only bicellular
junctions between two adjacent cells but also tricellular
junctions at the cell-cell contacts of 3 adjacent cells.
Tricellulin is preferentially localized at tricellular junctions,
although it is also observed at bicellular junctions along
with occludin and claudins [18]. Tricellulin (~ 64 kDa) is a
tetratranspan membrane protein with one intracellular and
two extracellular loops, and C- and N-terminal cytoplasmic
domains. The amino acid sequence of the C-terminal
domain is ~32 % identical to that of occludin, while the
N-terminal domain is longer than that of occludin. An in
vitro study using the site-mutagenesis technique suggests
that the C-terminal domain of tricellulin is important for
the lateral translocation of tricellulin, whereas the N-ter-
minal domain appears to be involved in directing tricellulin
to tricellular contacts [78].

Recent studies have indicated that tricellulin plays an
important role in epithelial TJ barrier regulation at both
tricellular and bicellular junctions, although with different
permselective properties. Krug et al. [79] closely examined
the permeselectivity of tricellulin at bicellular and tricel-
lular junctions in MDCK cells exogenously expressing
tricellulin at low and high levels. When tricellulin is
exogenously expressed at low levels in cells, tricellulin
localized at the tricellular junctions, but not at the bicel-
lular junction. In these cells, the paracellular permeability
of macromolecules, but not small ions, is decreased,
indicating that tricellulin limits macromolecule movement
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at the tricellular junctions. Whereas, when tricellulin is
exogenously expressed at high levels, tricellulin localizes
at all TJs (bicellular and tricellular), and decreases their
permeability to both macromolecules and small ions.
These data suggest that tricellulin forms an effective
barrier to macromolecules at the tricellular junctions and
to all solutes at the bicellular junctions. Interestingly,
occludin and tricellulin seem to affect each other’s cellular
localization, although the mechanism is unknown. In
MDCK cells, occludin knockdown induces the mislocal-
ization of tricellulin to bicellular rather than tricellular
junctions, and remedial occludin expression abolishes
bicellular tricellulin [80]. Further, in mammary epithelial
Eph4 cells, the knockdown of tricelluin remarkably
decreases the TER and increases dextran flux with
decreased occludin localization at both bicellular and
tricellular junctions [18].

Zonula occludens

The ZO proteins were the first TJ-specific proteins inden-
tified and 3 ZO proteins, ZO-1 (~220 kDa), -2 (~160
kDa), and -3 (~ 130 kDa), have been identified to date
[81-83]. According to sequence analysis, these ZO proteins
are categorized as members of the membrane-associated
guanylate kinase homolog (MAGUK) family [19]. They are
multi-domain proteins carrying 3 PDZ domains, a Src
homology-3 (SH3) domain and a region of homology to
GUK from the side of the N-terminus (see Fig. 3). These
multi-domain structures provide an intracellular scaffold in
the TJs and are required for regulation and maintenance of
TJ structure. Interestingly, many TJ proteins bind to the
N-terminal half region of ZO proteins, while the C-terminal
region interacts with the actin cytoskeleton and cytoskele-
ton-associated proteins [84]. For example, claudins bind to
the first PDZ domains of ZO-1, -2, and -3 [85]; JAM-A
binds to the 3rd PDZ domain of ZO-1 [86], and occludin
binds to the GUK domain of ZO-1 [24]. The 2nd PDZ
domains are used for interactions between ZO proteins
[81, 83, 84, 87, 88].

Among the ZO proteins, the biochemical function and
property of ZO-1 have been well-examined. ZO-1 localizes
to the nascent cell-cell contacts in both cell cultures and
animal models. Therefore, it has been proposed that ZO
proteins may mediate the early assembly of TJ proteins into
cell-cell contacts. To date, intensive efforts have been
made to clarify the functional role of ZO proteins, but it has
been difficult to obtain clear evidence showing the
importance of ZO proteins in TJ regulation. For example,
the exogenous expression of full-length or truncated ZO-1
has only a slight effect on the distribution of other TJ
proteins and the formation of TJs [89]. Tsukita et al. [90]
have suggested that the unexpected results described above
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Fig. 3 Interaction of proteins with the integral scaffold tight junction
(TJ) proteins, zonula occludens (ZO)-1, -2, and -3. ZO proteins carry
3 post-synaptic density 95/Drosophila disc large/zona-occludens 1
(PDZ) domains, a Src homology-3 (SH3) domain, and a region of
homology to guanylate kinase (GUK) from the side of the N-termi-
nus. Several TJ proteins and cytoskeletal actin interact with the ZO
proteins

are due in part to the functional redundancy in ZO proteins,
and they have generated epithelial Eph cells lacking both
ZO-1 alleles to validate their hypothesis. These ZO-1-
deficient cells are still able to form normal TJ structures
and show normal permeability; however, an obvious delay
in the assembly of other TJ proteins including occludin and
claudins into the TJ is observed, indicating that ZO pro-
teins have an important role in the regulation of TJ
assembly.

Cingulin

Cingulin (~ 140 kDa) is a component of intracellular pla-
que proteins in the TJs and has been identified as an actin
cytoskeleton-associated protein. Sequence analysis shows
that cingulin forms a homodimer with a large globular
N-terminal head, a small globular C-terminal tail, and
coiled-coil rod domain [19]. Studies demonstrate that
cingulin localizes at the TJs and directly or indirectly
interacts with several TJ proteins, indicating a role in TJ
assembly [86, 91, 92]; however, its functional role has not
yet been fully understood. A GST pull-down assay dem-
onstrated that the head domain of cingulin interacts with
Z0-1, -2, and -3 [91]. Further, an in vitro binding assay
detected the direct binding of cingulin to JAM-A and
occludin [86, 92]. However, embryoid bodies lacking the
cingulin gene did not show any signs of a barrier formation
defect, although the expression of TJ proteins, such as
Z0-1, ZO-2, occludin, and claudin-6, was altered [93].

Intestinal TJ regulation by cytokines and growth
factors

The roles of cytokines in intestinal TJ regulation under
pathophysiological conditions have been well investigated
using cell cultures and animal models. The cytokine-
mediated dysfunction of the TJ barrier, resulting in immune
activation and tissue inflammation, is thought to be
important in the initiation and/or development of several
intestinal and systemic diseases [8, 11]. In contrast, some
growth factors play roles in the protection and maintenance
of TJ integrity. This section summarizes recent knowledge
regarding the cytokine- and growth factor-mediated regu-
lation of intestinal TJ barrier function. Tables 1 and 2
provide lists of cytokines and growth factors that increase
and decrease the intestinal TJ barrier and their molecular
mechanisms, respectively. Although there are a number of
reports showing their effects on the barrier function in
other cell types, such as kidney epithelial cells, vascular
endothelial cells and the blood-brain barrier, those will not
be discussed here.

Interferon-y

Interferon-y (IFN-y) is a Thl proinflammatory cytokine
that is predominantly secreted by T cells and natural killer
cells. IFN-y is mainly involved in the regulation of
inflammatory immune responses, and levels are elevated
in the intestinal mucosa in patients with inflammatory
bowel disease (IBD) [94, 95]. Recent studies have also
demonstrated that this cytokine increases paracellular
permeability in intestinal epithelial cells through the
redistribution and expression of TJ proteins and the rear-
rangement of the actin cytoskeleton. In intestinal T84 cells,
IFN-y induces the cellular internalization of transmem-
brane TJ proteins (occludin, claudin-1, claudin-4, and
JAM-A) from the junctional region, resulting in a decrease
in TER and increase in dextran flux [96, 97]. Immunoflu-
orescence microscopy has revealed that this protein
internalization is mediated by large actin-coated vacuoles
that originate from the apical plasma membrane. Impor-
tantly, the internalization of occludin and JAM-A into the
subapical cytosolic compartment is observed in the
mucosal biopsies of patients with ulcerative colitis (UC)
[97]. The vacuoles are co-localized with active myosin and
are suppressed by inhibition of ROCK, but not myosin light
chain kinase (MLCK). IFN-y activates a ROCK regulator,
small GTPase RhoA, and also increases ROCK expression.
Taken together, these facts indicate that IFN-y increases
acto-myosin contractility in a ROCK-dependent manner
and induces TJ protein internalization, resulting in intesti-
nal TJ disruption.
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Table 1 Cytokines and growth

O . . Cytokine and growth factor
factors which increase intestinal Y g

Permeability”  Cell

. b
Mechanism

TJ permeability

IFN-y Increase T84 Myosin II-dependent vacuolarization,
internalization of JAM-A, occludin,
claudin-1 and claudin-4 [96, 97]
TNF-o Increase Caco-2 ZO-1 | [103]
Increase Caco-2 MLCK 1, pMLC 1 [104, 106]
Increase HT29/B6 Claudin-2 1 [107]
TNF-o/IFN-y Increase Caco-2 MLCK 1, pMLC 1 [109, 110]
LIGHT/IFN-y Increase Caco-2 MLCK 1, pMLC 1, Caveolar endocytosis
(occludin, ZO-1 and claudin-1) [111]
IL-18 Increase Caco-2 Occludin | [116]
* Permeability is based on Increase Caco-2 MLCK 1, pMLC 1 [117]
results for TER and the IL-4 Increase T84 Claudin-2 1 [121]
paracellular passage of
molecules IL-6 Increase Caco-2, T84  Claudin-2 1 [128]
® Symbols 1 and | indicate IL-13 Increase T84 Claudin-2 1 [142]
increases and decreases in the Increase HT29/B6 Claudin-2 1 [141]
protein or mRNA expression, Increase Caco-2 Potentiate oxidant [150]

respectively

Table 2 Cytokines and growth

- S a s ernb
factors which decrease and Cytokine and growth Permeability” Cell Mechanism
. . factor
restore intestinal TJ
permeability IL-10 Decrease T84 Neutralize IFN-y [134]
IL-17 Decrease T84 Claudin-1 1, Claudin-2 1 [146]
TGF-o antibody Decrease Caco-2  Neutralize hydrogen peroxide [149]
TGF-f Decrease T84 Claudin-1 1 [151]
Decrease HT29/ Claudin-4 1 [152]
B6
Decrease T84 Neutralize EHEC, restoration of occludin,
claudin-2 and ZO-1 expression [151]
Decrease T84 Neutralize IFN-y [152]
Decrease T84 Neutralize cryptosporidium parvum [153]
EGF Decrease Caco-2  Neutralize hydrogen peroxide,
restoration of occludin and ZO-1 distribution
? Permeability is based on [155]
results for TER and the Decrease Caco-2  Neutralize hydrogen peroxide, restoration
paracellular passage of of actin cytoskeleton assembly [157, 292]
molecules Decrease Caco-2  Neutralize ethanol, restoration of microtubule
® Symbols 1 and | indicate assembly and oxidation/nitration of tubulin [158]
increases and decreases in the Decrease Caco-2  Neutralize acetaldehyde, restoration of occludin

protein or mRNA expression,
respectively

and ZO-1 distribution [42, 159]

Tumor necrosis factor-o

Tumor necrosis factor-o (TNF-0) is a proinflammatory
cytokine that is produced mainly by activated T cells and
macrophages. As the efficacy of TNF-o antibodies for the
treatment of IBD has shown, TNF-«, like IFN-y, has a
crucial role in the pathogenesis of IBD [98, 99]. Clinical
studies show that this cytokine is elevated in the intestinal
mucosa, serum, and stools of IBD patients [95, 100, 101].
TNF-o is known to induce apoptosis and inflammatory
response in intestinal epithelial cells [102], and recent
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studies have also demonstrated that it impairs the intestinal
TJ barrier through different mechanisms.

In intestinal Caco-2 cells, treatment with TNF-a
decreases the TER and increases the inulin permeability by
48 h post-treatment; however, the alterations delayed the
TNF-a-induced decrease in ZO-1, a TJ integral protein,
suggesting the presence of additional mechanisms [103].
The authors then revealed that the MLCK expression,
which has an important role in TJ regulation, was interre-
lated with the TNF-¢-induced barrier defect. The TNF-
o-induced decrease in TER is well correlated with MLCK
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expression and MLC phosphorylation, and is inhibited by a
MLCK inhibitor [104]. Further, mice injected with TNF-«
show increased MLCK expression in the colon [105]. A
series of their studies shows that the NF (nuclear factor)-
kB signaling mediates TNF-a-induced MLCK expression
and barrier defect [106]. In intestinal HT29/B6 cells,
TNF-a was seen to decrease TER through claudin-2
expression [107]. Claudin-2 is expressed throughout the
intestines and forms a pore for cations such as Na™. These
TNF-o-induced alterations are blocked by the pharmaco-
logical inhibition of phosphatidyl inositol-3 kinase (PI3K),
indicating the involvement of PI3K/Akt signaling.
Collectively, TNF-o directly impairs the intestinal TJ bar-
rier through cytoskeletal rearrangement and TJ protein
expression.

Combination of TNF-o and IFN-y

Under inflammatory conditions, tissues including the
intestinal epithelium are exposed to multiple cytokines
[95, 100, 108]. Both TNF-« and IFN-y are often increased
in intestinal mucosa under inflammatory conditions
including IBD [95]. Although the application of multiple
cytokines to the experimental model complicates the
mechanistic interpretation, it may more faithfully reflect
pathophysiological conditions. The achievement in under-
standing the combined effect of TNF-« and IFN-y is a good
example.

As described above, TNF-a and IFN-y independently
cause intestinal barrier dysfunction. Furthermore, studies
have revealed that these 2 cytokines synergistically impair
intestinal barrier function. In intestinal Caco-2 cells, TNF-o
only induces a decrease in TER and an increase in dextran
flux after treatment with IFN-y, indicating that IFN-y
primes the intestinal cells to regulate TJ integrity in
response to TNF-o [109]. The TNFa/IFN-y-induced barrier
dysfunction is caused by actomyosin contractility, resulting
from MLCK expression and MLC phosphorylation. It is
known that TNF-o activates the signaling pathways leading
to various cellular responses through TNF-o receptor
(TNFR) 1 and 2 on the membrane surface. IFN-y increases
both TNFR1 and 2 in the cells, but a blocking antibody for
TNFR2, but not TNFR1, inhibits the TNFo/IFN-y-induced
barrier dysfunction, indicating that IFN-y primes the cells
by increasing TNFR2 in response to TNFo [110]. In
addition, the same research group has reported that another
TNF-o family member, lymphotoxin-like inducible protein
(LIGHT), synergizes with IFN-y to induce intestinal barrier
dysfunction [111]. This LIGHT/IFN-y-mediated barrier
dysfunction requires MLCK activation and internalization
of TJ proteins. Consistent with these observations, TNF-«
and IFN-y synergistically induce intestinal barrier defects
through cytoskeletal rearrangement.

Interleukin-1p

Interleukin-1f (IL-1p), an IL-1 family member, is one of
the first cytokines to be discovered. It has been reported
that IL-1 is markedly elevated in intestinal mucosa under
inflammatory conditions, such as in Crohn’s disease (CD)
patients [108, 112]. A direct correlation has been found
between increased levels of IL-1f and increases in the
severity of intestinal inflammation in CD patients [108,
113]. In clinical studies, an IL-1 receptor antagonist is
currently being developed for therapeutic usage [114, 115].
Thus, IL-1f plays a central role in the intestinal inflam-
matory process, and recent studies show that IL-1f causes
increased intestinal TJ permeability.

In intestinal Caco-2 cells, IL-18 decreases TER and
increases inulin flux [116, 117]. This barrier defect is in
part mediated by the decreased expression and redistribu-
tion of occludin, an integral transmembrane TJ protein
[116]. The IL-1p-induced decrease in occludin expression
occurs at a transcription level. As another mechanism, the
reduction of TER by IL-1f is associated with MLCK
expression and MLC phosphorylation [117]. The authors
show that the knockdown of NF-xB p65 inhibits the
decrease in occludin and increases in MLCK expression,
indicating NF-xB-dependent transcriptional regulation by
IL-1f. Further, MEKKI1 activity is required for IL-1p-
induced NF-kB activation [118]. Collectively, IL-1f
impairs the intestinal TJ barrier through decreases in
occludin and cytoskeletal rearrangement.

Interleukin-4

Interleukin-4 (IL-4), which is predominantly secreted by T
cells, basophils, and mast cells, plays a central role in
humoral and adaptive immune responses. IL-4 is regarded
as a major mediator of allergic diseases, because it pro-
motes the differentiation of naive helper T-cells into Th2
cells, the proliferation and differentiation of B cells, B cell
class switching to IgE, and the expression of MHC class II
antigens and low-affinity IgE receptors [119, 120]. Fur-
thermore, IL-4 leads to intestinal barrier impairment,
although the mechanism remains unclear.

In intestinal T84 cells, IL-4 decreases TER and increa-
ses dextran flux [121, 122]. Immunoblot analysis and
immunofluorescence microscopy reveal that IL-4 induces
pore-forming claudin-2 expression and localization at the
TJs [121]. Claudin-2, however, is characterized as forming
pores for cations, but not for macromolecules such as
dextran, suggesting the presence of additional mechanisms.
Another research group demonstrated that the pharmaco-
logical inhibition of PI3K blocks the IL-4-induced
reduction in TER in T84 cells, indicating the involvement
of the PI3K pathways in IL-4-induced barrier impairment
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[123]. However, claudin-2 expression was not examined by
that group.

Interleukin-6

Interleukin-6 (IL-6) is a pleiotropic cytokine whose
expression is important for the host response to a number
of infections, and which exerts antigen-specific immune
responses and has both pro- as well as anti-inflammatory
effects [124, 125]. Excessive secretion of IL-6 and dys-
regulation of the signaling pathway may play a major role
in the pathogenesis of many diseases, including IBD. A
clinical study showed that IL-6 is produced in substantially
higher amounts in both the serum and tissues of IBD
patients [108, 126]. The major source of IL-6 seen in IBD
has been shown to be intestinal epithelial cells and lamina
propria mononuclear cells [127]. Recent studies also indi-
cate the involvement of IL-6 in intestinal TJ regulation.

IL-6 increases paracellular permeability selectively to
cations, but not to macromolecules, with an increase in
pore-forming claudin-2 in intestinal Caco-2 cells [128].
These alterations are also observed in T84 cells and mouse
colons. This IL-6-mediated claudin-2 expression and bar-
rier defect require the MEK/ERK and PI3K/Akt signaling
activations. IL-6 binds to cell surface IL-6 receptors, which
in turn initiate intracellular signaling via gp130, a signal-
transducer subunit. The claudin-2 expression induced by
IL-6 is caused at a transcription level in a Cdx2-dependent
mechanism. In addition, IL-6 is necessary for the devel-
opment of gut barrier dysfunction after hemorrhagic shock
and resuscitation (HS/R) in mice [129]. HS/R increases
intestinal permeability to dextran flux and bacterial trans-
location to mesenteric lymph nodes along with increased
mucosal IL-6 expression and decreased occludin and ZO-1
expression in the intestinal epithelium. However, these
alterations are not observed in IL-6 knockout mice, indi-
cating that IL-6 has a central role in barrier defect
formation after HS/R.

Interleukin-10

Interleukin-10 (IL-10), a homodimeric cytokine mainly
produced by Th2 cells, regulatory T cells, monocytes/
macrophages, and dendritic cells, is regarded as an anti-
inflammatory cytokine [130, 131]. In vitro studies have
demonstrated that IL-10 opposes the cellular functions
induced by TNF-o and Thl cytokines such as IFN-y [132].
IL-10 knockout mice, which are widely used as a model of
spontaneous colitis, show increased intestinal permeability
with elevated TNF-o, IL-1f, and IL-6 expression prior to
exhibiting histologic signs of intestinal inflammation [133].
These observations suggest that IL-10 has a role in the
protection of the intestinal barrier. Consistent with this
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hypothesis, in vivo and in vitro studies have shown that
IL-10 exhibits protective effects on the intestinal TJ barrier. In
intestinal T84 cells, IL-10 prevents INF-y-induced increa-
ses in mannitol and inulin flux [134]. Clinical and animal
studies have demonstrated that a major physiological
consequence of total parenteral nutrition (TPN) is the loss
of intestinal barrier integrity [135-137]. Mice administered
with TPN show increased intestinal paracellular perme-
ability and decreased levels of TJ proteins (ZO-1, ZO-2 and
occludin), concomitantly with a decrease in mucosal IL-10
expression [138]. In these mice, IL-10 treatment restores
the intestinal barrier defect.

Interleukin-13

Interleukin-13 (IL-13) is an immunoregulatory cytokine
that plays a key role in the pathogenesis of allergic asthma
and atopy. It is mainly secreted by Th2 cells, natural killer
cells, visceral smooth muscle cells, eosinophils, mast cells,
and basophils. It has been reported that IL-13 expression is
elevated under inflammatory conditions, such as in the
colonic mucosa of UC and CD patients [139, 140], and that
this elevation possibly contributes to intestinal barrier
dysfunction.

In intestinal T84 and HT29/B6 cells, IL-13 increases
pore-forming claudin-2 expression and the paracellular
permeability with little effect on other TJ proteins
[139, 141, 142]. The colonic epithelium of mice adminis-
tered with IL-13 also exhibits increased claudin-2
expression and permeability to Na™ [142]. IL-6-mediated
claudin-2 expression and TJ permeability require activation
of the PI3K/Akt signaling pathways.

Interleukin-17

Th17 has recently received considerable attention as it
exhibits effector functions distinct from those of Thl and
Th2 cells. Interleukin-17 (IL-17) is mainly produced in
Th17 cells, potently induces tissue inflammation, and is
associated with the pathogenesis a variety of autoimmune
conditions including rheumatoid arthritis, multiple sclero-
sis, and IBD [143-145]. Information regarding intestinal
barrier regulation by IL-17 is limited, but one study has
demonstrated that this cytokine induces claudin expression.
In intestinal T84 cells, IL-17 increases 2 claudin isoforms,
claudin-1 and -2, which have opposing effects on TJ
integrity [146]: claudin-1 is categorized as a barrier-form-
ing isoform, while claudin-2 forms cation-selective pores.
As a consequence of the increases in claudin-1 and -2
induced by IL-17, the cells exhibit increased TER and
decreased mannitol permeability [146]. Interestingly, the
induction of claudin-1 and -2 is mediated through distinct
signaling pathways. The pharmacological inhibition of
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MEK blocks IL-17-induced claudin-2, but not claudin-1
expression. The MEK pathway is also required for the
claudin-2 expression induced by other cytokines, such as
IL-6 and IL-13, as described above [128, 142]. However,
the mechanisms underlying IL-17-mediated claduin-1
expression are yet to be elucidated.

Transforming growth factor-o

Transforming growth factor-o. (TGF-«) is a member of the
EGF family and is synthesized as a transmembrane pre-
cursor with EGF structural units in the extracellular domain
[147]. The soluble form of TGF-« is released from the
transmembrane protein by proteolytic cleavage. TGF-o
binds to the EGF receptor on the cell surface and activates
cellular signaling. Accordingly, TGF-o is known to show a
similar potency to that of EGF, demonstrating, for example,
promotive effects on cell proliferation and differentiation
[148]. However, the effects of TGF-o on the intestinal
barrier are reportedly controversial. Forsyth et al. [149]
demonstrated that hydrogen peroxide-mediated barrier
defects are blocked by a TGF-o antibody in intestinal Caco-
2 cells, indicating that the oxidative stress induces cleavage
and release of endogenous TGF-o and that the released
TGF-o contributes to barrier impairment. This effect is
mediated by the EGFR-MEK/ERK pathway. In contrast,
Rao et al. [150] demonstrate that oxidative stress-induced
barrier disruption, which is induced by xanthine oxidase and
xanthine, is potentiated by the TGF-o antibody in Caco-2
cells.

Transforming growth factor-f

Transforming growth factor-f§ (TGF-p) is a highly pleio-
tropic cytokine that is apparently secreted by all cell types.
This growth factor is proposed to act as a cellular switch to
regulate immune function, proliferation, and epithelial
mesenchymal transition. Previous studies have demon-
strated that TGF-f has protective or promotive effects on
intestinal barrier function. In intestinal T84 cells, TGF-f
increases the basal TER in both a dose- and time-dependent
manner [151]. This increase in TER is mediated by claudin-
1 expression through MEK/ERK signaling. In intestinal
HT29/B6 cells, TGF-f decreases the paracellular perme-
ability with increased claudin-4 expression [152]. Further,
TGF-f protects the intestinal TJ barrier against noxious
stimuli including IFN-y [152], cryptosporidium parvum
[153], and enterohemorrhagic Escherichia coli (EHEC)
[151]. For example, in T84 cells, EHEC disrupts the TJ
barrier by disturbing the expression and distribution of
TJ proteins (ZO-1, claudin-2, and occludin). Pre-treatment
of the cells with TGF-f attenuates the EHEC-induced TJ
disruption [151].

Epidermal growth factor

Epidermal growth factor (EGF) is largely produced in and
secreted from the submandibular glands, kidney, lactating
mammary glands, and pancreas. The activity derived from
EGF secreted by submandibular glands can be detected in
the intestinal contents. EGF is initially synthesized as a
130-kDa precursor transmembrane protein, and the mature
and soluble form is released by proteolytic cleavage. The
EGF receptor is expressed on the membrane surface of
most cell types, and EGF mediates various biological
functions, including cellular proliferation, differentiation,
and survival through the receptor. Further, recent studies
have shown that EGF protects intestinal barrier function
against noxious stimuli including oxidative stress, ethanol,
and acetaldehyde.

Numerous studies have demonstrated that oxidative
stress impairs intestinal barrier function [154]. In intestinal
Caco-2 cells, pre-treatment with EGF inhibits oxidative
stress-induced barrier disruption, as indicated by TER,
macromolecule flux, and TJ protein (occludin and ZO-1)
distributions [155]. EGF is known to activate several sig-
naling pathways such as PKC and MAPK. The activation
of the MEK/ERK pathway seems to be required for the
EGF-mediated protection of the intestinal barrier against
the oxidative stress, because pre-treatment of cells with a
MEK inhibitor blocks the EGF-mediated effect [155]. In
cells treated with EGF, ERK directly interacts with
occludin, although the specific role is still unknown.
Another research group has demonstrated that PKC-f3 and
-{ isoforms also have an important role in the EGF-medi-
ated protection of barrier integrity against oxidative stress
[156, 157]. On the other hand, ethanol and its oxidized
metabolite, acetaldehyde, also induce intestinal hyperper-
meability, which contributes to the development of
alcoholic liver disease (ALD) (see “Alcoholic liver dis-
ease”). EGF prevents the microtubule disassembly and
paracellular hyperpermeability induced by ethanol in
Caco-2 cells [158]. Acetaldehyde, which is produced from
ethanol by alcohol dehydrogenase, disrupts barrier func-
tion, as indicated by TER, macromolecule flux, and TJ
protein (occludin and ZO-1) redistributions in Caco-2 cells.
Pretreatment of cells with EGF inhibits these alterations
through the activation of EGFR-phospholipase (PLC)-
y-PKCf1/e and EGFR-MEK/ERK signaling pathways [42,
159].

Intestinal TJ regulation by pathogens
A variety of exogenous bacteria symbiotically live in our

intestinal lumen. They contribute to the maintenance of
intestinal function and health; however, on occasion,
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pathogenic bacteria intrude into the intestines and tissues to
cause infectious diseases. The interaction of enteric
pathogens with intestinal epithelial cells often disturbs the
intestinal TJ barrier, leading to abnormal electrolyte and
fluid transport and tissue inflammation. The pathogens
disrupt the barrier through direct binding to epithelial cells
or the secretion of toxins. This section provides examples
of barrier disruption by enteric pathogens and describes the
underlying molecular mechanisms.

Vibrio cholerae

Enteric infection with V. cholerae, a gram-negative path-
ogenic bacterium, induces diarrhea leading to dehydration.
Studies suggest that intestinal barrier impairment contrib-
utes in part to the pathogen-induced disaster. The major
reservoirs of V. cholerae are aquatic sources, and infections
are often associated with copepods, shellfish, and aquatic
plants. V. cholerae produces several toxins, such as
Cholerae toxin, hemmagglutinin/protease (HA/P), Zonula
occludens toxin (ZOT), and accessary cholerae entero-
toxin. ZOT and HA/P have been reported to disrupt
intestinal barrier function.

ZOT has been found as a second enterotoxin produced in
V. cholerae [160, 161]. It decreases TER in the small
intestines of rats, rabbits, and intestinal Caco-2 cells [161].
ZOT is synthesized in the V. cholerae outer membrane and
has a molecular mass of ~45 kDa (~399 a.a.), and the
C-terminal fragment of 12 kDa (a.a. 288-399) is excreted in
the intestinal host milieu. The C-terminal fragment seems to
be responsible for the disruptive effect on the TJs, as the
reduction in TER caused by a truncated mutant named
AG-ZOT, which retains a.a. 264-399, is nearly comparable to
that by full-length ZOT in intestinal Caco-2 cells [162]. The
ZOT and AG-ZOT induce the redistribution of TJ proteins
(occludin and ZO-1) and cytoskeletal rearrangement,
resulting in barrier disruption [163]. This process requires
PKCua activation. Further, structure—function analysis has
identified a hexapeptide (FCIGRL, a.a. 288-293) as one of
the biologically active domains of AG-ZOT [162]. This
hexapeptide, FCIGRL, is structurally similar to a motif
(SLIGRL) contained in the ligand for proteinase activated
receptor (PAR) 2, which has a role in TJ regulation. The
FCIGRL-mediated disruptive effects on the TJs are not
observed in the small intestines of PAR2 knockout mice,
indicating that PAR2 is one of the receptors for AG-ZOT
and that the hexapeptide at least partially contributes to
ZOT-induced TJ disruption [163]. However, additional
mechanisms and receptors are also suggested as a higher
concentration of FCIGRL is required for biological activity
than that of AG-ZOT [163], and a glycine residue at 298
(referred to the full-length ZOT) has a critical role in the
binding of AG-ZOT to the intestinal membrane [162].
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The HA/P produced by V. cholerae is a zinc-binding
metalloprotease that disrupts the intestinal barrier through
occludin degradation. The HA/P was identified from results
showing that the culture supernatants of toxin-attenuated
vaccine strains still exhibit a disruptive effect on intestinal
TJs [164]. The HA/P activity cleaves the extracellular
domain of occludin, resulting in the dissociation of ZO-1
from the intracellular domain of occludin [165]. This dis-
sociation finally results in actin cytoskeletal rearrangement
and hyperpermeability.

Enteropathogenic E. coli

EPEC, a noninvasive enteric pathogen, causes acute watery
diarrhea and is of great medical importance in developing
countries. This pathogen disrupts the barrier through
attachment to the intestinal epithelial cells. EPEC infection
induces paracellular hyperpermeability in the mouse intes-
tines (ileum and colon) and intestinal T84 cells, as indicated
by decreased TER [166—170]. In T84 cells infected with
EPEC, cytoskeletal rearrangement, and aberrant distribu-
tions of TJ proteins (ZO-1, occludin, and claudin-1) are
observed [166]. Faroll et al. demonstrated that EPEC-
induced barrier disruption is attenuated by the pharmaco-
logical inhibition of either PKC{ or MLCK [171]. MLCK
inhibition did not inhibit the EPEC-induced PKC{ translo-
cation to intercellular junctions, but it remains unclear
whether these 2 pathways independently affect the TJ barrier
or whether PKC{ acts proximally in the MLCK pathway.
Recently, Dean et al. [172] have revealed that the EPEC-
induced barrier disruption is mediated by two effector
molecules, E. coli-secreted protein F (EspF) and mitochon-
drial-associated protein (Map), and a bacterial surface
protein, intimin. EspF is required for the barrier disruption at
an early time point after EPEC infection in mice [168], but
the precise roles of the 3 proteins are still unclear.

Enterohemorrhagic E. coli

EHEC, also referred to as verotoxin-producing E. coli or
Shiga toxin-producing E. coli, is a pathogenic bacterium.
Enteric infection causes diarrhea and hemorrhagic colitis,
and can lead to life-threatening systemic effects including
hemolytic-uremic syndrome and thrombotic thrombocyto-
penic purpura. Although EHEC organisms produce Shiga
toxins or verotoxins, which inhibit cell protein synthesis,
these toxins do not appear to play a role in the diarrheal
illness induced by EHEC [173]. In intestinal T84 cells, live
EHEC, but not dead cells or a conditioned medium, disrupt
the TJ barrier with redistribution of TJ proteins (ZO-1 and
occludin), suggesting that the direct interaction of bacteria
with the intestinal cells triggers barrier disruption [173].
The EHEC-induced hyperpermeability is attenuated by a
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MLCK inhibitor, indicating that MLC activation and
cytoskeletal contraction is one of the underlying mecha-
nisms [173]. Although EHEC translocates PKC{ to the
intercellular junction, as is the case in EPEC, PKC{ does
not seem to be involved in the EHEC-induced barrier
disruption [171].

Clostridium perfringens

Clostridium perfringens is a gram-positive, anaerobic,
and spore-forming bacterium of the genus Clostridium.
C. perfringens is ever present in nature and can be found as
a normal component of decaying vegetation, marine sedi-
ment, the intestinal tract of humans and other vertebrates
and insects, and soil. Therefore, this pathogen is the third
most common cause of food poisoning in the UK, and
the US [174]. C. perfringens induces diarrhea through
enterotoxin (CPE, ~ 35 kDa) secretion [175]. CPE consists
of two functional domains, an N-terminal cytotoxic region
and a C-terminal receptor-binding region (C-CPE)
[176, 177]. Two functional receptors for CPE expressed in
the various cell types, including the intestinal epithelial
cells, have been identified as CPE-R and RVP-1 [178, 179].
Interestingly, the 2 receptors were designated as claudin-3
and -4, because the amino acid sequences of the receptors
are similar to claudin-1 and -2, which were the only claudin
members identified at that time [180]. CPE and C-CPE
induce intestinal hyperpermeability in animals and cell
cultures, as indicated by macromolecule flux and TER
[181]. The direct binding of C-CPE to the extracellular
domains of claudin-3 and -4 causes the internalization of
claudins from the junctions [180]. Further, CPE becomes
associated with occludin during the internalization [182].
Freeze fracture replica images also show disintegrated TJ
strands in cells exposed to CPE [180].

Table 3 Nutrients and food factors increase intestinal TJ permeability

Intestinal TJ regulation by nutrients and food factors

Although information is still limited, food factors and
nutrients have been speculated to participate in intestinal
TJ regulation. Studies suggest that several food factors,
such as glutamine, polyphenols, and probiotics, enhance
and protect TJ barrier integrity and could be developed as
therapeutic tools for diseases associated with barrier
defects. In contrast, alcohol and its metabolite, acetalde-
hyde, impair the TJ barrier, and this impairment may play a
role in disease pathogenesis. This section summarizes the
evidence from experimental and clinical studies showing
intestinal TJ regulation by food factors and nutrients.
Tables 3 and 4 presents lists of nutrients and food factors
known to increase and decrease the intestinal TJ barrier and
their molecular mechanisms, respectively.

Amino acids and peptides

Among the many amino acids, glutamine (Gln) and tryp-
tophan (Trp) have been reported to maintain, promote, and
protect intestinal barrier function. Gln, one of the non-
essential amino acids, is a primary energy source for
intestinal epithelial cells. In vivo, the protective effects of
Gln on the intestinal barrier have been shown in highly
stressed patients [183] and rodents subjected to total
parental nutrition [184—186]. In intestinal Caco-2 cells,
exogenous Gln increases claudin-1, but not occludin or ZO-1,
in the detergent-insoluble fraction of cells [187]. Further,
Gln deprivation by a combination of Gln-free media and
Gln synthase inhibition decreases TER and increases
mannitol permeability [187]. The barrier impairment is
caused by the perturbation of TJ protein (ZO-1, occludin
and claudin-1) expression and distribution. The GlIn
deprivation-induced TER reduction is restored by PI3K

Nutrients and food factors® Permeability Cell Mechanism®
Amino acid
Gln deprivation Increase Caco-2 Occludin |, claudin-1 <, ZO-1 < [187, 188]
Fatty acid
EPA, DHA, y-LA Increase Caco-2 Unknown [195, 196]
Capric acid Increase Caco-2 Occludin «, ZO-1 <, MLCK activation [198, 199]
Lauric acid Increase Caco-2 MLCK activation [198, 199]
Other
Ethanol Increase Caco-2 Z0O-1 <, occludin <, pMLC 1 [244]
Acetaldehyde Increase Caco-2 Z0-1 <, occludin <, E-cadherin «, fi-catenin < [43, 220, 246]

* Permeability is based on TER and the paracellular passage of molecules

° Symbols 1 and | indicate increases and decreases in the protein or mRNA expression, respectively. The symbol « indicates alterations in the

cellular distribution of the proteins
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inhibition or knockdown, indicating the involvement of the
PI3K/Akt pathway [188]. Another research group demon-
strates that Gln protects the intestinal TJ barrier from
acetaldehyde, which is an oxidized metabolite of ethanol, in
Caco-2 cells [189] and human intestinal biopsy specimens
[190]. Pre-treatment of cells and intestinal tissues with Gln
attenuates the acetaldehyde-induced redistribution of ZO-1
and occludin. The Gln-mediated protective effect requires
EGEF receptor activation.

A promotive effect of Trp on the intestinal barrier has
been found in the analysis of intestinal contents of ovo-
alubumin-induced food allergy model mice [191]. Trp
increases basal TER in Caco-2 cells in a dose-dependent
manner; however, the underlying molecular mechanism for
this increase is totally unknown [191].

Peptides derived from food proteins such as milk and
cheese have been shown to suppress intestinal permeability
[192—-194]. A casein-derived octapeptide (Asn-Pro-Trp-
Asp-Gln) increases both occludin expression and TER in
Caco-2 cells [194].

Fatty acids

Long chain fatty acids (LCFAs) have roles as cell mem-
brane components, cellular energy sources, and precursors
of eicosanoids in our body, and contribute to cellular
functions. The regulation of paracellular permeability by
LCFAs, such as eicosapentaenoic, docosahexaenoic, and
y-linoleic acids (EPA, DHA and y-LA), has been demon-
strated in vitro, although the results are controversial. In
intestinal Caco-2 cells, treatment with EPA, DHA, or y-LA
decreases TER and increases permeability to FITC-sul-
fonic acids [195, 196]. In contrast, EPA, DHA, arachidonic
acid, y-LA, and di-homo-y-LA increase TER in T84 cells
[197]. Except for y-LA, these LCFAs attenuate IL-4-
induced increases in dextran flux. Incorporation of these
LCFA into epithelial membrane phospholipids has been
observed, but the molecular mechanisms underlying their
barrier regulation remain unclear.

Medium chain fatty acids (MCFAs) are less commonly
found in nature and foods, but are relatively common in
milk and coconut oil as triglyceride forms. It is not clear
whether food-derived MCFAs affect intestinal permeabil-
ity, but two MCFAs, capric (C10) and lauric (C12) acids,
which are known drug absorption enhancers, increase
paracellular permeability [198-200]. In Caco-2 cells, C10
and C12 rapidly decrease TER and increase mannitol flux.
C10, but not C12, induces the redistribution of TJ proteins
(occludin and ZO-1) and rearrangement of the actin cyto-
skeleton, indicating that the two MCFAs operate via
different molecular mechanisms [199]. Both the C10- and
C12-induced paracellular permeability requires intracellu-
lar Ca2+—dependent MLCK activation. C10, but not C12,
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mobilizes Ca®" from the inositol 3-phosphate-sensitive
intracellular Ca*" store via phospholipase C activation.

The levels of short chain fatty acids (SCFAs), mainly
acetic, propionic, and butyric acids (C4), are limited in
foods, being mainly found in vinegar and fermented foods
such as kimchi and cheese. In contrast, the intestinal
microflora metabolizes undigested carbohydrates and pro-
duces a large amount of SCFAs in the large intestines. The
production of SCFAs is important for normal intestinal
biology such as energy salvage, cell proliferation, and
barrier function [201, 202]. Some studies conclude that
SCFAs regulate the intestinal barrier as a consequence of
stimulated cell proliferation and differentiation [203, 204],
but mechanisms independent from these stimulations have
also been reported. Different research groups have con-
sistently demonstrated that butyric acid enhances intestinal
barrier integrity. Peng et al. [205] have reported that
butyric acid increases basal TJ integrity and promotes
Ca**-induced TJ assembly, as indicated by TER and/or
inulin flux, in intestinal Caco-2 cells. In Ca’*-induced TJ
assembly, butyric acid facilitates ZO-1 and occludin
localization at the intercellular junctions. The activation of
AMP-activated protein kinase (AMPK) is involved in the
butyric acid-mediated effect. The promotive effects of
acetic and propionic acids on barrier integrity have also
been shown. Acetic and propionic acids increase TER and
decrease permeability to lucifer yellow in a dose-dependent
manner in the rat colon and intestinal cells (Caco-2 and
T84) [206]. The acetic acid-mediated increase in TER is
suppressed by the pharmacological inhibition of PI3K and
Gq protein [206]. Recently, two functional receptors for
SCFAs, GPCR41, and 43, have been identified [207, 208].
GPCR43 is expressed in the colon [209, 210] and is
associated with Gq and Gi/o proteins [208], although the
implications of these associations for intestinal barrier
regulation are unknown.

Vitamins

Vitamins are essential nutrients needed in small amounts
for a variety of cellular functions. They are categorized into
water- and fat-soluble groups. There have been very few
reports on the roles of two fat-soluble vitamins, A and D, in
intestinal barrier regulation. Vitamin A and D receptors
belong to the nuclear receptor superfamily of steroid/thy-
roid hormone receptors [211, 212]. These receptors are
expressed in most organs, including the intestinal epithe-
lium, and transcriptionally regulate gene expressions.
Retinol, an alcohol form of vitamin A, partially attenuates
Clostridium difficile toxin A-induced decreases in TER in
intestinal Caco-2 cells [213]; however, the underlying
mechanism remains to be elucidated. The protective effect
of vitamin D on the intestinal barrier has been seen in the
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Table 4 Nutrients and food factors decrease and restore intestinal TJ permeability

Nutrients and food factors® Permeability Cell Mechanism®
Amino acid
Gln Not determined Caco-2 Claudin-1 < [187]
Gln Decrease Caco-2 Neutralize acetaldehyde, restoration of occludin
and ZO-1 distribution [189]
Trp Decrease Caco-2 Unknown [191]
Peptide
Casein peptide Decrease Caco-2 Occludin T [194]
Cheese peptide Decrease Caco-2 Unknown [192]
Fatty acid
EPA, DHA, arachidonic acid, Decrease T84 Unknown [197]
y-LA, di-homo-y-LA
EPA, DHA, arachidonic acid, Decrease T84 Neutralize IL-4 [197]
di-homo-y-LA
Acetic acid Decrease Caco-2, T84 Unknown [206]
Propionic acid Decrease Caco-2, T84 Unknown [206]
Butyric acid Decrease Caco-2 Promotion of occludin and ZO-1 assembly
in Ca-induced TJ reassembly [205]
Vitamin
Vitamin A Decrease Caco-2 Neutralize Clostridium difficile toxin A [213]
Vitamin D Not determined SW480 701 1, claudin-1 1, claudin-2 1, E-cadherin 1 [214]
Decrease Caco-2 Neutralize DSS [214]
Polyphenol
Quercetin Decrease Caco-2 Claudin-4 7, ZO-2 «, claudin-1 <, occludin < [217]
Kaempferol Decrease Caco-2 Z0-2 1, claudin-4 7 occluidn «, claudin-1 <, claudin-3 < [218]
Myricetin Decrease Caco-2 Unknown [217]
Genistein Decrease Caco-2 Neutralize hydrogen peroxide, occludin <, ZO-1 « [40]
Decrease Caco-2 Neutralize acetaldehyde, occludin <, ZO-1 < [43]
Curcumin Decrease Caco-2 Neutralize TNF-o [106]
Decrease Caco-2 Neutralize IL-1f [116]
EGCG Decrease T84 Neutralize IFN-y [221]
Probiotics
ECN Decrease T84 Unknown [225]
Decrease T84 Neutralize EPEC, ZO-2 < [225]
Streptococcus thermophilus Decrease Caco-2 Unknown [226]
Lactobacillus acidophilus Decrease Caco-2 Unknown [226]
Spreptococcus thermophiles/ Decrease HT29/cl.19A Neutralize enteroinvasive E. coli, restoration of occludin
Lactobacillus acidophilus and ZO-1 phosphorylation [226]
Decrease HT29 cl.19A Neutralize TNF-o/IFN-y [226]
VSL#3 Decrease HT29 Neutralize TNF-o [228]
Lactobacillus plantarum Decrease Caco-2 Neutralize TNF-o [231]
Decrease Caco-2 Neutralize phorbol ester [232]
Lactobacillus rhamnosus OLL2838 Decrease Caco-2 Neutralize TNF-o,, normalization of MLCK
and ZO-1 expressions [234]
Lactobacillus rhamnosus GG Decrease Caco-2 Neutralize TNF-o/IFN-y, restoration of ZO-1 distribution [235]
Decrease T84 Neutralize EHEC, restoration of ZO-1 expression
and distribution [236]
Lactobacillus rhamnosus GG Decrease Caco-2 Neutralize hydrogen peroxide, restoration of occludin
(soluble proteins) and ZO-1 distributions [238]
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Table 4 continued

Nutrients and food factors® Permeability Cell Mechanism®

Decrease T84
Decrease T84

Bifidobacterium infantis Y1
(conditioned medium)

Z0-1 1, occludin 1, claudin-4 1, claudin-2 | [240]

Neutralize TNF-o/IFN-y, restoration of occludin and claudin-1
distributions [240]

? Permeability is based on TER and the paracellular passage of molecules

 Symbols 1 and | indicate increases and decreases in the protein or mRNA expression, respectively. The symbol < indicates alterations in the

cellular distribution of the proteins

observation that vitamin D receptor (VDR) knockout mice
exhibit more severe colitis compared with wild-type mice
[214]. In this colitis model using DSS, VDR knockout
mice exhibit intestinal barrier defects, as indicated by TER
and TJ protein (claudin-1 and occludin) expression, at an
earlier phase than in the wild-type mice. In intestinal
SW480 cells, vitamin D treatment enhances the expression of
TJ (ZO-1, claudin-1 and claudin-2) and adherens junction
(E-cadherin) proteins [214]. Further, vitamin D prevents
DSS-induced decreases in TER across Caco-2 cells in a
VDR-dependent manner [214].

Polyphenols

Polyphenols are secondary metabolites ubiquitously dis-
tributed throughout the plant kingdom. The major sources of
polyphenols in the human diet are fruits, vegetables, and
beverages such as tea and coffee. Polyphenols represent a
vast group of compounds having aromatic ring(s), and are
characterized by the presence of one or more hydroxyl
groups of varying structural complexity. Based on their
chemical structures, polyphenols are divided into a number
of subgroups including flavonoids and curcuminoids.
Recently, considerable attention has been given to the
physiological effects of polyphenols, including their anti-
oxidative, anti-inflammatory, and anti-carcinogenic effects
[215, 216]. Information about their roles in intestinal barrier
function is limited, but recent studies have demonstrated
that some polyphenols (quercetin, kaempferol, myricetin,
genistein, catechin, and curcumin) participate in barrier
regulation. Quercetin, myricetin, and kaempferol are cate-
gorized into the flavonoid subgroup, flavonol, and enhance
barrier integrity in intestinal Caco-2 cells [217-219].
Quercetin increases TER and decreases permeability to
lucifer yellow, and the effect is involved in the transcrip-
tional regulation of claudin-4 and the assembly of ZO-2,
occludin and claudin-1 at the TJs [217, 219]. Direct inhibi-
tion of PKC9 by quercetin seems to be the proximal event in
relation to barrier regulation [217]. The kaempferol-medi-
ated promotion of TJ integrity is involved in the increases in
the expression (ZO-2 and claudin-4) and redistribution
(occludin, claudin-1 and claudin-3) of TJ proteins [218].
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Genistein, curcumin, and epigallocatechin gallate pro-
tect the intestinal barrier against noxious stimuli such as
acetaldehyde, oxidative stress, and cytokines. Genistein
and curcumin activity result from their potential as inhib-
itors of tyrosine kinase and NF«B, respectively. In Caco-2
cells, oxidative stress and acetaldehyde separately disrupt
the epithelial barrier in a tyrosine kinase-dependent manner
[40, 43, 220]. Pretreatment of the cells with genistein
inhibits the tyrosine phosphorylation of occludin and ZO-1
and their dissociation from the junctional complex, and
protects barrier integrity against acetaldehyde and oxida-
tive stress [40, 43, 220]. Curcumin protects the intestinal
barrier from two proinflammatory cytokines, TNF-« and
IL-1p. In Caco-2 cells, TNF-o and IL-1f separately impair
the TJ barrier, as indicated by the increase in macromole-
cule flux and decrease in TER [104, 106, 116, 117]. These
cytokines induce NF-kB-dependent MLCK expression and
the phosphorylation of MLC, resulting in actin cytoskeletal
contraction [106, 116, 117]. Pre-treatment of the cells with
curcumin blocks cytokine-induced NF-xB activation and
intestinal hyperpermeability [106, 116]. A green tea fla-
vonoid, EGCG, also ameliorates the intestinal barrier
dysfunction provoked by IFN-y, as indicated by TER and
macromolecule flux, in T84 cells, but the precise mecha-
nism is unclear [221].

Probiotics

Probiotics are defined as “live microorganisms which when
administered in adequate amounts confer a health benefit
on the host” [222]. Accumulating evidence in basic sci-
ences and clinical studies has indicated ameliorative and
preventive effects of probiotics on systemic as well as
intestinal disorders. To exert beneficial effects on the
intestines, probiotics often regulate and improve microbial
ecology, epithelial cell survival, immune function, and
barrier function. Both in vivo and in vitro studies have
demonstrated that probiotics protect the intestinal barrier
from stress, infection, and cytokines.

E. coli Nissle1917 (ECN) is widely used as a probiotic in
Europe. Ingestion of ECN restores hyperpermeability and
the loss of ZO-1, an integral TJ protein, in the colons in an
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experimental mouse model of colitis [223, 224]. In intestinal
T84 cells, treatment with ECN enhances basal TJ integrity,
as indicated by TER [225]. Further, ECN inhibits EPEC-
induced decreases in TER and the dissociation of ZO-2 from
the intercellular junctions [225]. Activation of PKC( is
required for EPEC-induced barrier disruption, but ECN
prevents PKC{ translocation to the intercellular regions.

Streptococcus thermophilus and Lactobacillus acidoph-
ilus separately increase basal TER in Caco-2 cells [226].
Further, the combination of two probiotics attenuates the
barrier disruption induced by enteroinvasive E. coli in
intestinal HT29/cl.19A cells [226]. The promotion and
maintenance of phosphorylation in ZO-1 and occludin
seem to be involved in the protective effects of the com-
bined probiotics, although they did not alter TJ protein
expression [226]. The combined probiotics also restore
TNF-¢- and IFN-y-induced decreases in TER in HT29/
cl.19A cells [227].

VSL#3, a probiotic formula, is a mixture of S. thermo-
philus, 4 Lactobacillus species, and 3 Bifidobacterium
species, and is often used in clinical treatment. In the
experimental mouse model of colitis induced by DSS,
VSL#3 administration prevents hyperpermeability and
inflammation in the colon [228]. This prevention is accom-
panied by normalization of the expression and localization
of TJ proteins (ZO-1, occludin and claudins). In HT-29 cells,
VSL#3 restores TNF-o-induced barrier impairment, as
indicated by TER and TJ protein expression [229]. The
protective effect of VSL#3 is mediated through the activa-
tion of the p38 MAPK and ERK signaling pathways.

Lactobacillus plantarum (L. plantarum) is a lactic acid
bacterium used in fermented products, including sauerk-
rant, kimuchi, and pickles. Both in vivo and vitro studies
have shown the protective effects of L. plantarum on the
intestinal barrier. In IL-10 knockout mice, a mouse model
of spontaneous colitis, the ingestion of L. plantarum
improves TER and mannitol flux in the colon, accompanied
with restoration of TJ protein (ZO-1, occludin, and claudin-
1) expression [230]. In Caco-2 cells, L. plantarum prevents
TNF-z- and phorbol ester-induced decreases in TER by
suppressing the NF-xB signal pathway [231, 232]. Extra-
cellular L. plantarum is recognized by the membrane
surface toll-like receptor 2 (TLR2) and evokes protective
signaling [232]. TLR2, a member of the TLR family,
recognizes conserved molecular patterns associated with
both gram-negative and -positive bacteria, including lipo-
proteins, peptidoglycans, lipoteichoic acid, and zymosan.
TLR2 signaling is known to protect intestinal barrier
integrity both in vivo and in vitro [233].

Lactobacillus rhamnosus (L. rhamnosus) is a gram-
negative, lactic acid bacterium that was first isolated from
healthy human stools. Studies demonstrate that different
strains of L. rhamnosus have protective effects on the

intestinal barrier. In the mouse model of DSS-induced
colitis, ingestion of live or heat-killed L. rhamnosus
OLL2838 ameliorates intestinal inflammation and barrier
defects, as indicated by dextran permeability and ZO-1
expression [234]. The OLL2838 strain also prevents TNF-a
induced decreases in TER in Caco-2 cells, accompanied
with the normalization of ZO-1 and MLCK expression.
Another strain, L. rhamnosus GG, protects the intestinal
barrier against infection and cytokines in vitro. Costimu-
lation by TNF-o and IFN-y impairs barrier integrity in
Caco-2 cells, as indicated by decreased TER and redis-
tributed ZO-1 [235]. Pretreatment of the cells with
L. rhamnosus GG inhibits these alterations. In addition,
pretreatment with L. rhamnosus GG prevents EHEC-
induced decreases in TER and decreases in or the redis-
tribution of ZO-1 in T84 cells [236].

Interestingly, metabolites and secretion products from
probiotics often exert protective effects on intestinal barrier
function. Two soluble proteins, p40 and p70, from
L. rhamnosus GG inhibit cytokine-induced apoptosis [237]
and oxidative stress-induced barrier disruption [238]. In
Caco-2 cells, the combination of p40 and p75 attenuates
hydrogen oxide-induced barrier disruption, as indicated by
TER and inulin flux, accompanied with normalization of TJ
and AJ protein (ZO-1, occludin, E-cadherin, and f-catenin)
distribution. This protective effect is mediated through the
activation of the PKCp/e and ERK pathways. In mice,
delivery of p40 to the colon using a hydrogel bead system
ameliorates the DSS-induced intestinal barrier defect,
indicated by dextran permeability and ZO-1 localization
[239]. Interestingly, the p40-mediated ameliorative effect
was not observed in EGF receptor-deficient mice, indicat-
ing the involvement of EGF receptor in the p40-mediated
signal transduction. Similarly, secreted bioactive factors
from Bifidobacterium infantis Y1, which is contained in
VSL#3, exhibit protective and promotive effects on the
intestinal barrier. The conditioned medium of B. infantis
(BiCM) enhances basal TJ integrity in T84 cells, as indi-
cated by TER and mannitol flux [240]. This enhancing
effect of BiCM is accompanied by increases in ZO-1,
occludin, and claudin-4 and a decrease in claudin-2. Fur-
ther, BiCM prevents TNF-¢- and IFN-y-induced decreases
in TER and the redistribution of TJ proteins (occludin and
claudin-1). These effects of BiCM are mediated by the
MEK/ERK signaling pathway. In addition, BiCM ingestion
was found to attenuate colitis in IL-10 knockout mice
[240], although intestinal permeability was not examined.

Alcohol and acetaldehyde
Alcohol and its oxidized metabolite, acetaldehyde, impair

the intestinal barrier, and this impairment is involved in
the development of ALD (see “Alcoholic liver disease”).
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In animal models, acute and chronic administrations of
alcohol induce intestinal hyperpermeability [241-243].
However, the hyperpermeability observed in the duodenum
and jejunum upon acute administration seems to result
from histological injury induced by the high concentration
of alcohol [243]. In intestinal Caco-2 cells, ethanol
decreases TER and increases mannitol flux [244]. Immu-
nofluorescence microscopy shows the ethanol-induced
redistribution of TJ proteins, ZO-1 and occludin. Barrier
impairment is caused by a MLCK-dependent mechanism.

Acetaldehyde accumulates in the large intestinal lumen
upon alcohol drinking [245]. Exposure of the rat colon to
acetaldehyde impairs barrier integrity, as indicated by TER
and dextran permeability [242]. Studies using Caco-2 cells
reveal that acetaldehyde induces barrier disruption via a
tyrosine kinase-dependent mechanism [43, 246]. Acetal-
dehyde does not change the overall tyrosine kinase activity
in cells, but effectively suppresses the PTP-1B, 1C, and 1D
[43]. The acetaldehyde-induced suppression of PTP activity
causes tyrosine phosphorylation of TJ and AJ proteins (ZO-1,
occludin, E-cadherin, and f-catenin), and their dissociation
from the respective TJ and AJ complexes, finally leading to
increased paracellular permeability [43, 220].

Clinical implications of intestinal TJ regulation

As described above, the intestinal TJs provide a physical
barrier against luminal noxious molecules such as patho-
gens, toxins, and allergens [8, 11]. Increased diffusion of
these noxious molecules through the defective barrier can
cause excessive activation of the immune system and
inflammation. Therefore, barrier defects are closely asso-
ciated with the pathogenesis of various intestinal and
systemic inflammatory diseases. Although multiple factors
are involved in disease pathogenesis, and barrier defects can
be the consequence of disease development, evidence from
basic science and clinical studies suggests that barrier
defects can play roles in both the initiation and development
of diseases. The final section describes the implications of
intestinal TJ barrier defects for disease pathogenesis,
focusing mainly on clinical data.

Inflammatory bowel disease

IBDs, including UC and CD, are chronic and relapsing-
remitting inflammatory diseases. These diseases afflict
millions of people throughout the world, and impair their
daily functions and quality of life. Accumulating evidence
from basic science and clinical studies suggests 3 essential
factors for IBD pathogenesis: (1) disruption of the intesti-
nal barrier, (2) exposure of the luminal content to mucosal
immune cells, and (3) an abnormal immune response [10].
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Although the factor responsible for initiating the disease
has not been specified, some evidence suggests that intes-
tinal barrier impairment can initiate IBD. For example,
hyperpermeability is observed in the non-involved intesti-
nal segments of IBD patients [247]. A subset of first-degree
relatives of patients with CD has increased intestinal per-
meability despite being apparently healthy [248]. The
possible mechanism underlying hyperpermeability in
apparently healthy subjects is subclinical immune activa-
tion and cytokine secretion. Hyperpermeability resulting in
the permeation of luminal bacterial products and antigens
into the intestinal mucosa induces an abnormally robust
inflammatory response. Further, the immune activation
stimulates cytokine production from macrophages, T cells,
and mast cells, leading to a substantial barrier defect.
Clinical studies show that the levels of inflammatory
cytokines, including TNF-« [100, 101], IFN-y [94, 95],
IL-1p6 [108, 112], IL-6 [108, 126], and IL-17 [143, 144], are
elevated in the intestines of IBD patients. These cytokines
are known to disturb intestinal barrier function as men-
tioned above (see “Intestinal TJ regulation by cytokines
and growth factors”). In particular, TNF-oo may have an
important role in the initiation and development of intes-
tinal barrier defects in IBD, because anti-TNF-« treatment
suppresses the inflammatory response and improves intes-
tinal permeability [249]. As a consequence of perturbation
by multiple cytokines, the alterations to the intestinal TJ
structures in IBD patients could be complicated. Clinical
studies show decreased expression and redistribution of
barrier-forming proteins (occludin, claudin-3, claudin-5,
claudin-8, and JAM-A), and increased expression of pore-
forming claudin-2 in CD patients [250, 251]. In UC
patients, decreased expression and redistribution of occlu-
din, claudin-1, claudin-4, tricellulin, and JAM-A, and
increased claudin-2 expression are observed [139, 251]. In
addition, MLCK expression and MLC phosphorylation are
also observed in the intestines of both UC and CD patients,
indicating cytoskeletal dysregulation of intestinal perme-
ability [252].

Celiac disease

Celiac disease is an immune-mediated disorder of the small
intestine, triggered by an inappropriate T cell-mediated
response to gliadin found in the wheat protein, gluten.
Although celiac disease pathogenesis is complicated and
remains obscure, some evidence suggests that intestinal
barrier defects have a role in initiating celiac disease. For
example, a symptomatic patient on a gluten-free diet con-
tinues to display intestinal hyperpermeability [253, 254].
Many healthy first-degree relatives of patients also show
hyperpermeability [255]. These observations suggest that
intestinal hyperpermeability occurs prior to disease onset in
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celiac disease. Clinical and experimental studies indicate
that gliadin induces intestinal barrier defects through the
direct stimulation of epithelial cells and excessive activa-
tion of mucosal immune cells.

Recently, a functional gliadin receptor, CXCR3, has
been identified, and evidence suggests its involvement in
intestinal hyperpermeability and inflammation in celiac
disease [256]. CXCR3 is expressed in both epithelial cells
and the lamina propria of the human intestines, although
the expression level in the lamina propria is higher than
that in the epithelial cells [256]. The binding of gliadin to
CXCR3 on the epithelial cells induces zonulin secretion in
a MyD88-dependent manner. Zonulin is a human intestinal
ZOT homolog [257, 258] and is known to disrupt epithelial
barrier function via a mechanism similar to that of ZOT
(see “Vibrio cholerae”). Clinical studies demonstrate that
the expression of CXCR3 and zonulin in the intestinal
mucosa of patients with celiac disease is highly elevated.
Further, the treatment of intestinal biopsy specimens from
celiac disease patients with gliadin induces zonulin release
and barrier impairment [259]. Gliadin permeation through
the lamina propria may be negligible under healthy con-
ditions because of barrier integrity, but barrier impairment
results in the substantial exposure of immune cells to gli-
adin. The binding of gliadin to CXCR3 expressed in T cells
induces an inflammatory cascade and further increases
intestinal permeability. Clinical studies show the down-
regulation of occludin and ZO-1 and upregulation of
claudin-2 and -3 in the intestines of patients with celiac
disease [259, 260]. On the other hand, inherited factors are
also associated with celiac disease pathogenesis. Gene
mapping in the human leukocyte antigen (HLA) region has
identified genes encoding class II molecules DQ2 and DQS8
as key genetic risk factors in celiac disease [261]. How-
ever, it is unknown if the class II HLA genotype is
associated with intestinal barrier function and gluten
tolerance.

Type I diabetes

Type I diabetes (T1D) is characterized by the loss of insulin-
producing f-cells from the islets of Langerhans in the pan-
creas resulting in insulin deficiency. T1D is an autoimmune
disorder and the loss of the f-cells occurs through a T cell-
mediated autoimmune attack. It is believed that genetically
predisposed individuals develop T1D after encountering one
or more environmental factors associated with the disease. In
1986, Mooradian et al. [262] first reported the increased
intestinal permeability in diabetic patients. The interplay
between increased intestinal permeability and the initiation
of T1D is still unclear, but evidence from experimental and
clinical studies indicates that intestinal barrier defects have a
role in T1D pathogenesis.

In a clinical study, intestinal permeability was examined
in diabetic patients at different disease stages [263, 264].
All diabetic groups showed increased permeability, but
notably the prediabetic group exhibited the greatest
increase, indicating that increased permeability occurs prior
to disease onset and that the increased exposure to luminal
antigens leads to the autoimmune distraction of fS-cells.
Further, elevated TNF-a and IFN-y levels were observed in
small intestinal biopsy specimens from TI1D patients,
indicating an intestinal inflammatory response [265].

Similar to in celiac disease, the gliadin-zonulin axis
possibly plays a role in the intestinal barrier defects in T1D
[266, 267]. In a study using biobreeding diabetes-prone
(BBDP) rats, elevated zonulin levels in the sera and intes-
tinal contents were coincident with hyperpermeability in the
small intestines [266]. These alterations precede the pro-
duction of autoantibodies against pancreatic 5-cells and the
elevation of blood glucose levels. Importantly, a zonulin
inhibitor is known to suppress intestinal hyperpermeability
and the development of diabetes in the BBDP rats [266]. In
clinical studies, T1D patients and their relatives exhibit
elevated serum levels of zonulin, which is correlated with
intestinal permeability [268].

Alcoholic liver disease

ALD is a disorder that encompasses many hepatic mani-
festations of alcohol overconsumption including hepatic
steatosis, hepatitis, chronic hepatitis with hepatic fibrosis,
and cirrhosis. Although hepatic steatosis develops in all
individuals who consume a large amount of alcohol bev-
erages for a long period of time, this process is transient
and reversible. Of all chronic heavy drinkers, only
15-20 % develop hepatitis or cirrhosis, which can occur
concomitantly or in succession. A striking observation is
that endotoxemia and endotoxin-mediated alteration of the
liver cell functions plays a crucial role in the pathogenesis
of ALD [269]. Indeed, high levels of endotoxin are
observed in the serum of alcoholics [270, 271] and alcohol-
fed animals [241]. In animal models, a significant corre-
lation is known to exist between endotoxin levels and the
severity of alcohol-induced liver damage [272, 273]. Fur-
ther, treatment with antibiotics or lactobacillus species that
lower blood endotoxin levels suppresses the liver damage
in alcohol-fed rats [274, 275]. Endotoxins derived from
luminal bacteria are highly immunogenic and induce the
production of proinflammatory cytokines such as IL-1/ and
TNF-o in liver cells, suggesting that endotoxins from
luminal bacteria induce liver inflammation leading to
hepatitis and cirrhosis in ALD. One postulated mechanism
of the endotoxemia observed in ALD patients is intestinal
barrier defects, although bacterial overgrowth in the
intestines could also increase the penetration of endotoxins
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[276]. A clinical study showed that intestinal permeability
to macromolecules with a comparable molecular size to
that of endotoxins was higher in alcoholics than in normal
subjects [277]. Further, alcohol administration increases
intestinal permeability in both the normal subjects and
ALD patients [278].

Possible candidates for the induction of intestinal barrier
impairment after alcohol consumption are ethanol and its
oxidized metabolite, acetaldehyde. Acetaldehyde is pro-
duced from ethanol in the large intestines by alcohol
dehydrogenase in the mucosa and luminal bacteria, while
the capacity of the colonic mucosa and microbes to oxidize
acetaldehyde to acetate is low compared to that of other
tissues. Therefore, a considerable amount of acetaldehyde
could be accumulated in the colon after alcohol con-
sumption. A study by Visapdd et al. [245] demonstrated
that the intracolonic acetaldehyde level in rats after alcohol
consumption may reach as high as 3 mM. The dysregula-
tion of intestinal barrier function by ethanol and
acetaldehyde are described in “Alcohol and acetaldehyde.”
Collectively, the endotoxemia resulting from the intestinal
barrier defects induced by ethanol and acetaldehyde is
closely associated with ALD pathogenesis.

Irritable bowel syndrome

Irritable bowel syndrome (IBS) is a disorder most com-
monly characterized by cramping, abdominal pain,
bloating, constipation, and diarrhea, but the symptoms vary
among the patients. IBS has been regarded as a disorder of
the psychological sphere associated with gut motor
abnormalities and increased sensory perception. However,
recent studies suggest that mucosal inflammation, which is
linked to enhanced exposure of mucosal immune cells to
antigens because of increased intestinal permeability, also
participates in the initiation and development of IBS [279].
In IBS patients, the intestinal mucosa appears normal at
endoscopic or conventional histologic examination, but
contains a greater number of immune cells, including mast
cells and T cells, indicating increased cytokine production
and inflammation [280, 281]. In a clinical study, paracel-
lular permeability was found to be increased in the colonic
biopsies of IBS patients compared to that in healthy sub-
jects [282]. The hyperpermeability is accompanied with
decreased ZO-1 expression [282]. According to evidence
from clinical and experimental studies, the barrier impair-
ment in IBS patients is possibly caused by psychological
and environmental stress. In a clinical study, jejunal per-
meability was examined by intestinal albumin output in
healthy subjects experiencing low and moderate stress
[283]. The moderate stress group showed higher perme-
ability than did the low stress group, and, furthermore,
additional cold stress increased permeability in both groups
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[283]. In animal studies, rodents exposed to different
stresses showed increased intestinal permeability, coinci-
dently with the disturbance of TJ structures [284-286]. One
possible mechanism for stress-induced hyperpermeability
is the activation of mucosal immune cells, particularly mast
cells. The mast cells release a variety of inflammatory
substances such as TNF-a, IL-4, IL-6, IL-13, and proteases,
which have been shown to impair intestinal barrier function
(see “Intestinal TJ regulation by cytokines and growth
factors”). In human subjects, elevated release of mast cell
mediators, such as tryptase and histamine, occurs in
response to cold stress [283]. An animal study demon-
strated that stress-induced intestinal hyperpermeability was
not caused in mast cell-deficient rats [286]. Interestingly,
higher serine protease activity is observed in the luminal
contents of diarhhetic IBS patients, and this activity
increases paracellular permeability in the mouse colon and
Caco-2 cells [282].

Food allergies

Prior exposure to a food antigen by the oral route generates
a regulatory T cell response that can suppress allergic
sensitization to the food antigen. Food allergies are defined
as an immunologically mediated adverse reaction to foods
and are caused by food tolerance dysfunction. The devel-
opment of a food allergy is dependent on exposure of the
food antigens to mucosal immune cells, which leads to
antigen sensitization and production of antigen-specific
CD4" Th2 cells and IgE [287]. Therefore, intestinal barrier
defects have a role in the initiation and development of
food allergies. A clinical study examined intestinal per-
meability in food allergic patients who had been on an
allergen-free diets for at least 6 month [288]. Notably, the
increase in intestinal permeability remained in the patients,
indicating that increased permeability is not simply a
consequence of the allergic reaction. In contrast, a similar
study was conducted in patients after an allergen challenge
[288, 289]. The increased permeability in response to the
allergen was correlated with the severity of the clinical
symptoms, suggesting the involvement of intestinal per-
meability in allergy development. The mechanism for
hyperpermeability in the absence of antigens is obscure,
but the hyperpermeability during the allergic reaction is
possibly mediated by mast cells. In a mouse model of an
oral ovoalubumin-induced food allergy, intestinal hyper-
permeability was observed after an allergen challenge and
was accompanied with marked mucosal mast cell degran-
ulation, but no hyperpermeability was observed in mast
cell-depleted mice [290], indicating that the mediators
secreted from the mucosal mast cells increase intestinal
hyperpermeability. In the patients with food allergies, mast
cells induce degranulation and release a variety of
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inflammatory mediators in response to the food antigens
[291]. At the very least it has been shown that inflamma-
tory mediators, such as TNF-o, IL-4, IL-6, IL-13, and
tryptases, released from mast cells on activation impair
intestinal barrier integrity (see “Intestinal TJ regulation by
cytokines and growth factors”).

Concluding remarks

Intestinal TJ structures are organized by multiple integral
proteins and signaling molecules. Clinical and experimental
studies demonstrate that defects in the intestinal TJ barrier
and increased permeability are observed in various intesti-
nal and systemic diseases. Although barrier defects may be
caused as a consequence of the disease development, recent
studies have suggested that increased intestinal permeabil-
ity resulting in excessive activation of mucosal immune
cells, and inflammation could play a role in initiating and
also developing diseases. In this regard, the intestinal TJ
barrier is dynamically regulated by physiological and
pathophysiological factors, including cytokines, pathogens,
and food factors. Understanding the molecular mechanisms
underlying TJ regulation by the extracellular factors will
lead to the development of effective therapeutic and pre-
ventive approaches against diseases associated with
intestinal barrier defects. Further, understanding of the
precise associations between the TJ barrier and the innate
and adaptive immune systems will help us clarify disease
pathogenesis.
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