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ABBREVIATIONS

IBD, inflammatory bowel disease; GI, gastrointestinal;
GALT, gut-associated lymphoid tissue; IFN-y, interferon
¥; Ig, immunoglobulin; IL, interleukin; JAM, junctional
adhesion molecules; MLCK, myosin light-chain kinase;
NOD, nucleotide-binding oligomerization domain recep-
tor; PAMP, pathogen-associated molecular pattern; PRR,
pattern recognition receptor; IBS, irritable bowel syn-
drome; CNS, central nervous system; ENS, enteric nervous
system; TGF-P, transforming growth factor 3; Th, T helper
cell; TLR, toll-like receptor; TNF-ol, tumor necrosis factor
o; AJ: adherens junction; TJ, tight junction; VIP, vasoac-
tive intestinal peptide; ZO, zonula occludens.

ABSTRACT

The gastrointestinal mucosal surface is lined with epithelial cells
representing an effective barrier made up with intercellular junctions
that separate the inner and the outer environments, and block the
passage of potentially harmful substances. However, epithelial cells
are also responsible for the absorption of nutrients and electrolytes,
hence a semipermeable barrier is required that selectively allows
a number of substances in while keeping others out. To this end,
the intestine developed the “intestinal barrier function”, a defensive
system involving various elements, both intra- and extracellular,
that work in a coordinated way to impede the passage of antigens,
toxins, and microbial byproducts, and simultaneously preserves the
correct development of the epithelial barrier, the immune system,
and the acquisition of tolerance against dietary antigens and the
intestinal microbiota. Disturbances in the mechanisms of the barrier
function favor the development of exaggerated immune responses;
while exact implications remain unknown, changes in intestinal
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barrier function have been associated with the development of
inflammatory conditions in the gastrointestinal tract. This review
details de various elements of the intestinal barrier function, and
the key molecular and cellular changes described for gastrointestinal
diseases associated with dysfunction in this defensive mechanism.

Key words: Intestinal barrier. Tight junctions. Intestinal immune.

INTRODUCTION

The human body is exposed to potentially harmful sub-
stances and infectious agents, which threaten the balance
between health and disease, on a daily basis. The gastroin-
testinal (GI) tract is one of the regions subjected to greater
antigen loads because of its role and its having the largest
contact surface with the outer environment, with an approx-
imate surface area of 250 m? (1). To ensure inner homeo-
stasis the GI tract has a digestive role - nutrient digestion
and absorption, water and electrolyte transport, and water
and protein secretion into the intestinal lumen. Also, a
defensive role is needed to prevent potentially harmful
substances, including pathogens, antigens and proinflam-
matory factors, from reaching the inner environment from
the intestinal lumen, while allowing the selective passage
of substances favoring the development of the intestinal
immune system and immune tolerance (2). In fact, the
intestinal mucosa is particularly adapted to colonization by
commensal bacteria that play a role in digestive processes
and decisively influence the development and function of
the intestinal immune system (3). Both these functions,
digestive and defensive, take place based on the peculiar
anatomy of the intestinal mucosa and, most particularly, on
the so-called “intestinal barrier function”, where various
immune and non-immune mechanisms converge and act in
a coordinated manner to ensure its functioning (4). Chang-
es in the defense mechanisms making up this barrier func-
tion favor the passage of normally excluded luminal sub-
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stances to the inner body environment, thus giving rise to
exaggerated immune responses that, in turn, may amplify
the barrier’s dysfunction and perpetuate the inflammatory
condition. While its exact involvement remains unknown,
changes in intestinal barrier function have been associated
with the development of inflammatory diseases in the GI
tract (celiac disease, inflammatory bowel disease, irritable
bowel syndrome) and also extradigestive conditions such
as schizophrenia, diabetes and sepsis, among others (5,6).
This paper describes the elements that the intestinal barrier
function is comprised of under homeostasis and during GI
conditions associated to barrier dysfunction.

INTESTINAL BARRIER ANATOMY

The elements that make up the intestinal barrier are cat-
egorized into various protection levels, which are further
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split into extracellular and cellular components according
to their nature and anatomical location (Fig. 1).

Extracellular components

The first line of defense in the gastrointestinal tract
is found at the intestinal lumen, where microorganisms
and antigens are degraded in a nonspecific fashion by
pH and gastric, pancreatic and biliary secretions. Diges-
tive enzymes, primarily proteases, lipases, amylases and
nucleases, exert a toxic action on microorganisms via the
destruction of their cell wall (7), and thus manage to initial-
ly clear a major portion of dietary organisms. The intestinal
epithelium is lined with a microclimate comprising mucus,
water and glycocalyx layer approximately 100 microns in
thickness, which is primarily secreted by Goblet cells with
hydrophobic and surfactant properties that prevent enter-
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Fig. 1. Intestinal barrier anatomy and components. The intestinal mucosa comprises a layer of polarized, columnar epithelial cells and a subepithelial
region that contains the lamina propria, enteric nervous system, connective tissue, and muscular layers. The epithelium includes enterocytes, Goblet cells
(which synthesize and release mucin), Paneth cells (which synthesize antimicrobial peptides), enterochromaffin cells (which produce hormones and other
substances), and intestinal stem cells. Above the epithelial barrier is the unstirred mucus layer, which contains glycocalyx; this layer in turn underlies the
stirred mucus layer, which contains microbiota, secretory IgA, mucins, and antimicrobial peptides. Intraepithelial lymphocytes are above the basement
membrane, underlying the tight junction. The lamina propria includes a diffuse lymphoid tissue made up of macrophages, dendritic cells, plasma cells,
lamina propria lymphocytes, and on occasion neutrophils, and a structured lymphoid tissue made up of Peyer’s patches, which contain M cells, dendritic
cells, and lymphocytes (CNS: Central nervous system; ENS: Enteric nervous system; IS: Immune system; IEC: Intestinal epithelial cell; ISC: Intestinal stem

cell; ECC: Enterochromaffin cell; slgA: Secretory IgA).
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ic bacteria from adhering to the intestinal epithelium (8).
Within the mucous layer itself an outer layer (stirred mucus
layer) may be distinguished, which contributes to the
retention of antibacterial peptide-rich mucus and prevents
mucosal adhesion and subsequent transepithelial invasion
by microorganisms (9,10). This layer contains secretory
immunoglobulin A (sIgA) (11), synthesized by plasma
cells in the lamina propria, and antimicrobial products
secreted by Paneth cells, including phospholipids, nega-
tively charged mucins and peptides active against bacteria,
yeasts, fungi, viruses and even tumor cells, such as trefoil
factor family (TFF) peptides, cathelicidins, ribonucleases
and defensins (9). Antimicrobial peptides induce bacterial
lysis following the formation of membrane pores, although
some of them, including cryptidines 2 and 3, can induce
increased water secretion into the intestinal lumen, thus
washing away bacteria on the epithelial surface (12,13)
(Fig. 2). Defensins also play a role in microbiota modula-
tion, and consequently in the setup of the adaptive immune
response (14). Adhered to the epithelium is the denser,
non-stirred mucus layer, also called glycocalyx, which
facilitates nutrient absorption, preserves epithelial hydra-
tion, and protects the epithelial lining from luminal shear
stress and digestive enzymes (15). Glycocalyx also plays a
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role in epithelial renewal and differentiation, as well as in
the maintenance of oral tolerance, thus limiting intestinal
antigen immunogenicity via tolerogenic signaling (16).
Furthermore, chlorine and water secretion into the bowel
lumen primarily by enterocytes blocks bacterial coloniza-
tion and slows down antigen translocation to the lamina
propria via a dilutional effect on intestinal contents (17).
Finally, peristaltism, as induced by the intestine’s muscle
layers, evacuates luminal contents and reduces retention
time, hence shortening the presence of potential toxic or
pathogenic substances within the intestinal lumen.

Cellular components

Cells may act in either a specific or a nonspecific man-
ner. The intestinal flora or microbiota is found in the out-
ermost portion, and represents a key component of the
intestinal barrier influencing epithelial barrier metabo-
lism, proliferation and maintenance (18). The commen-
sal flora, in addition, restricts colonization by pathogens
by competing for nutrients and the ecological niche, by
modifying pH, and by releasing antimicrobial substances
that allow inter-species communication and optimizing
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Fig. 2. A representation of intercellular junctions. A. Enterocytes are the most abundant cells in the intestinal epithelium. They primarily focus on nutrient
absorption and on water and chlorine secretion into the intestinal lumen. Substances in the intestinal lumen may move across the eptihelium via the
transcellular pathway or the paracellular pathway. Intercellular junctional complexes, including tight junctions, adherens junctions, gap junctions and
desmosomes, are dynamic structures that restrict the passage of macromolecules above 50 A. The integrity and structure of epithelial cells are mostly
modulated by the cytoskeleton, mainly by actin, myosin and intermediate filaments. Cells adhere to the basement membrane through hemidesmosomes.
The apical junctional complex is highlighted: tight junctions are primarily made up of claudins, occludins and JAM proteins, which are associated
with the zonula occludens connected to the cytoskeleton. Adherens junctions include cadherins such as E-cadherin, which binds catenins (. and B)
connected to the cytoskeleton. Desmosomes are mainly comprised of desmocollin and desmoglein, which interact with desmoplakin, in turn connected
to intermediate filaments. B. Transmission electron microscopy image showing the apical junctional complex between human enterocytes (TJ: Tight
junction; AJ: Adherens junction. D: Desmosome).
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the amount of beneficial organisms (18). The intestinal
microbiota offers the host other crucial functions, includ-
ing nutrient acquisition and energy regulation (19), and
also influences processes such as inflammatory response,
epithelial repair, and angiogenesis (20). The intestinal
epithelium has a single layer of specialized, polarized
epithelial cells that is continuously renewed every 3 to 5
days. Intestinal epithelial pluripotent stem cells reside deep
within the crypts (Lieberkiihn crypts) and generate cells
that migrate to the upper villi where final differentiation
takes place (21). Although most cells in the monolayer
are enterocytes (around 80%), the diverse roles played
by the intestinal epithelium derive from the presence of
other cells specialized in mucus secretion (Goblet cells),
defensin secretion (Paneth cells), hormone and neuro-
peptide secretion (enterochromaffin cells), and antigen
uptake from the bowel lumen, the latter on the surface of
lymphoid aggregates (M-cells) (22). Enterocytes are key
elements in the epithelial lining, and are adapted to exert
digestive, metabolic, and barrier physical integrity mainte-
nance dunctions. They also play a role in the development
of immune activity as they express receptors involved in
the innate immune response (23), act as non-profession-
al antigen-presenting cells, and release several cytokines
and chemokines, including thymic stromal lymphopoietin,
transforming growth factor 31 (TGF-f1) (24), interleu-
kin (IL) 25 (25), a proliferation inducing ligand (APRIL)
and B-cell activating factor (BAFF) (26,27), thus being
involved in leukocyte recruitment and activation, and in
the regulation of local immune responses. The subepithe-
lial region includes the lamina propria, which harbors
immune cells, the enteric nervous system, and connec-
tive tissue. GI tract immune cells make up the so-called
gut-associated lymphoid tissue (GALT), which compris-
es two compartments: Organized GALT, which induces
immune responses, and diffuse GALT, effector of immune
responses. Organized GALT includes lymphoid structures,
mainly lymphoid follicles, Peyer’s patches, and mesenteric
nodes (28). The epithelium lining Peyer’s patches contains
M-cells, specialized epithelial cells that play a role in mon-
itoring the intestinal lumen and in maintaining the intesti-
nal barrier function, as its unique physical characteristics,
including microfold formation and reduced mucous layer,
facilitate antigen and luminal organism uptake and their
presentation to underlying immune cells (29,30). In turn,
diffuse GALT includes two WBC populations on either
side of the basement membrane. Intraepithelial lympho-
cytes, mostly CD8+ T-cells, are found among epithelial
cells, above the basement membrane, and their primary
function is monitoring and responding to bacteria and other
luminal antigens. Lamina propria lymphocytes share their
dwelling with eosinophils, dendritic cells, mast cells, and
macrophages mainly. These lymphocytes are a heteroge-
neous population with 50% plasma cells and 30% T-cells,
which in turn may be subcategorized according to their
cytokine secretion pattern (31). Connective tissue is the
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tissue adjacent to the epithelium, and the abode of immune
cells, neurons, blood vessels, and fibroblasts. Fibroblasts
maintain the extracellular matrix, primarily by secreting
collagen and metalloproteinases, and play a key role in
the proliferation of the intestinal epithelium in response to
liver cell growth factor (32), thus actively contributing to
the maintenance of the intestinal barrier function.

Finally, the central nervous system (CNS) and enter-
ic nervous system (ENS), coordinate digestive functions
and intestinal homeostasis maintenance via the release of
neurotransmitters and, indirectly, via neuro-immune inter-
actions. The ENS constitutes an intertwined network of
neurons and glial cells that gather in the ganglia at two
major plexuses: The myenteric (Auerbach’s) plexus and
submucosal (Meissner’s) plexus. The ENS is in close
contact with intestinal epithelial cells and neuroendocrine
cells, modulates inflammatory responses, and collaborates
with the immune system’s response to pathogens. The ENS
includes sensorial neurons, interneurons and motor neu-
rons, which control peristaltism, local blood flow changes,
and fluid and electrolyte secretion (33). It also includes
enteric glial cells that make up a large network across
GI tract layers, and act as intermediaries in the process-
ing of neurotransmission and enteric information (34).
ENS involvement in the barrier function is key because
of its control of both motor and secretory activities, and
of microcirculation and immune actions, which grants it
a role in the monitoring of intestinal homeostasis. This
communication takes place through chemical mediators
such as neuropeptides, neurohormones, neurotransmitters,
cytokines, chemokines, growth factors, and other regula-
tory molecules (35).

THE INTESTINAL EPITHELIUM

Epithelial cells make up a continuous polarized mono-
layer where individual cell membranes are interconnect-
ed and connected to the basement membrane by protein
complexes that provide the epithelium with the structural
integrity and cell activity needed to exert its specific func-
tions. These intercellular junctions are classified into three
functional groups - tight junctions, anchoring junctions and
communicating junctions.

Tight junctions

The passage of small water-soluble molecules across
the epithelium takes place through tight junctions, which
seal spaces between epithelial cells. Tight junctions (TJs)
are the most apical intercellular junctions and their func-
tion is key for barrier and epithelial polarity maintenance,
limiting ion diffusion and luminal antigen (organisms and
toxins) translocation from the apical to the basolateral
membrane region (36,37). They are made of multiprotein
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complexes involving four classes of transmembrane pro-
teins: Occludin, claudins, junctional adhesion molecules
(JAM) and tricellulin (Fig. 2), and are predominantly
expressed in epithelial and endothelial cells, but may also
be found astrocytes, neurons, macrophages, dendritic cells
and/or leukocytes (38,39).

— Occludin plays a role in the assembly and disassem-
bly of TJs, and its membrane location is regulated by
phosphorylation of Ser, Thr and Tyr residues. High-
ly phosphorylated occludin is seen in TJs whereas
dephosphorylated occludin is found in the cytoplasm,
hence changes in this protein’s phosphorylation pat-
terns may render TJs unstable and increase paracel-
lular permeability (40,41).

— Claudins are the primary factor determinant of TJ
barrier function - they control ion passage through
the paracellular space (42) and are also regulated by
specific Ser and Thr residue phosphorylation. These
proteins conform channels with biophysical prop-
erties similar to ion channels, which preferentially
permit the passage of specific ions (42). Claudin
composition is significantly variable among intesti-
nal segments because of their specific physiological
function, with overall reduced permeability in distal
gastrointestinal tract portions (43).

— JAMs are a subfamily of immune globulins expressed
by epithelial and endothelial cells, as well as leuko-
cytes and platelets. JAM proteins in epithelial TJs
include JAM-A, JAM-C, CAR, ESAM, and JAM4,
all of them laterally associated with other proteins in
intercellular contacts in order to facilitate the assem-
bly and formation of functional, polarized TJs (44).
JAMs play a role in the regulation of intestinal per-
meability and inflammation (45).

— Tricellulin is found at intercellular contacts between
three adjacent cells where it facilitates epithelial
barrier stability and formation, and specifically seal
epithelial cell sheets against macromolecules without
significantly impairing ion permeability (46,47).

Transmembrane TJ proteins, claudins, occludin and

JAMs, are linked to cytoskeletal actomyosin fibers by
members of the zonula occludens protein family - ZO-1,
Z0-2 and ZO-3. These proteins play a fundamental role in
cellular permeability as well as in the regulation of adhe-
sion, TJ formation and stabilization, and signal transmis-
sion from intercellular junctions to the inner cell in order
to regulate processes such as cell migration (48).

Anchoring junctions

Anchoring junctions connect each cell’s cytoskeleton to
that of two neighboring cells or the extracellular matrix,
which results in enduring structural units.

— Adherens junctions regulate adhesion between adja-

cent cells via transmembrane adhesion receptors
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and their actin-associated regulatory proteins. This
connection between cell cytoskeletons occurs via
transmembrane adhesion molecules in the cadherin
and catenin superfamily, and their associated protein
complexes, which link the cytoskeleton. They are nec-
essary for TJ assembly and maintenance, and several
regulatory proteins may affect this structural compo-
nent, including growth factors (EGFR) and actin-reg-
ulating proteins (Rho, GTPases, myosin) (49).

— Desmosomes, mainly comprised of desmoglein,
desmocollin and desmoplakin, are intercellular junc-
tions that provide strong adhesion between cells even
though they are dynamic structures whose adhesivity
may change from high to low affinity states during
processes such as embryo development and wound
healing. By also linking intermediate filaments in the
cytoskeleton of neighboring cells, they form a tran-
scellular network that confers mechanical resistance
to tissues and sustains cell morphology. Furthermore,
they are signaling foci that play a role in various cell
processes, including differentiation, proliferation and
morphogenesis (50).

Communicating junctions

Communicating junctions (GAP junctions) allow com-
munication between the cytoplasms of neighboring cells
by setting up a channel through their membranes. They are
comprised of 6 transmembrane proteins, called connex-
ins, which mediate reciprocal ion and small molecule (> 1
KDa) exchange. Connexins are also considered to play a
crucial role in the development, growth and differentia-
tion of epithelial cells in addition to their role in TJs and
adherens junctions (51), hence they play a relevant role in
barrier function maintenance.

INTESTINAL IMMUNE SYSTEM ACTIVATION

The epithelial barrier, water and antimicrobial secre-
tion, and intestinal motility restrict the passage of anti-
gens and microorganisms from the intestinal lumen to the
body’s inner environment. However, these nonspecific
mechanisms do not always suffice and a monitoring sys-
tem, namely the immune system, is required to mount
fast, coordinated responses. Thus the immune system,
while acquiring tolerance to harmless antigens such as
those from the diet or the commensal microbiota, tar-
gets harmful agents and remains constantly activated in
a state called “physiological inflammation” (52). The first
immune response to become activated is nonspecific and
depends upon the innate immune system, widely represent-
ed in the gastrointestinal tract by epithelial cells, dendritic
cells, macrophages, and natural killer (NK) cells. These
cells recognize pathogen-associated molecular patterns
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(PAMPs) in specific components of bacteria, fungi and
viruses, including pattern recognition receptors (PRRs)
such as toll-like receptors (TLRs) and nucleotide-binding
oligomerization domain (NOD) receptors, amongst others.
These receptors have a dual function and, because of the
polar nature of the intestinal epithelium, allow anatomical
segregation; both in vitro and in vivo, they provide epitheli-
al cells with differential responses to apical and basolateral
stimulation (53,54). Under normal conditions, the apical
activation of PRRs by commensal bacteria helps in the
secretion of antibacterial substances and the maintenance
of some tolerance to inflammation (55). When structur-
al changes develop in the epithelial barrier, bacteria may
come in and a proinflammatory response is required via
the activation of basolateral PRRs and of PRRs on innate
immune system cells (56). Dendritic cells constantly detect
bacteria and other antigens, which they internalize in pha-
gosomes and process for presentation using the class 11
major histocompatibility complex (MHC). This determines
the development of both cellular and humoral immune
responses by the adaptive immune system (57). Therefore
they must differentiate between signals from pathogen-
ic microorganisms and signals from commensal organ-
isms and harmless antigens before mounting an adequate
inflammatory response locally (58). PAMPs in symbiotic
organisms are thought to possess less affinity for PRRs
when compared to pathogenic organisms, or they might
need the convergence of another pathogenic signal —such
as toxins— to trigger an immune response (59). The innate
immune system comprises several cell subpopulations,
and activation depends on the cytokines present in their
environment. However, specific subpopulations, includ-
ing innate NKT cells, respond to glycolipids such as the
intracellular lipids of apoptotic enterocytes released during
inflammation, dietary glycolipids modified by non-phys-
iological enzymes, and glycolipids from bacteria present
in the intestinal lumen (60).

The adaptive immune system includes T and B lympho-
cytes, and induces specific, memory responses to certain
antigens. Under homeostatic conditions, bacterial diversity
remains balanced by complex mechanisms involving the
production of various IgA repertoires, selected at germi-
nal centers by antigens and T-cells. These IgA+ B-cells
become plasma cells that secrete large amounts of IgA,
which in the intestinal lumen coat bacteria in order to
control their expansion or invasion beyond the epithelium
(61). CD4+ T-cells or Th (T-helper) cells arrange them-
selves in the lamina propria and lymphoid follicles of both
the small and large intestine, and both Th1 and Th17 effec-
tor cells may be found in the bowel under homeostatic con-
ditions (62). Their proinflammatory properties are usually
countered by T regulatory (Treg) cells expressing Foxp3,
which help in keeping physiological inflammation under
control. In response to different signals and stimuli, the
adaptive immune system will develop an appropriate spe-
cific response. Lymphocytes responsible for these respons-

Rev Esp EnreErM DiG 2015; 107 (11): 686-696

THE INTESTINAL BARRIER FUNCTION AND ITS INVOLVEMENT IN DIGESTIVE DISEASE 691

es may be classified into various groups according to their
cytokine profile: Th1, Th2, Th17, Th25 and/or Treg (63).

INTESTINAL PERMEABILITY

Intestinal permeability may be defined as the ability of the
mucosal surface to be penetrated by specific substances. The
passage of nutrients and the absorption of water and ions
through the intestinal epithelium take place as a result of
both active (transporters) and passive (diffusion) processes
between the intestinal lumen and the mucosa, whence they
may reach the blood stream. Enterocytes are highly active
in the transport role because of their ion channels, transport-
ers and pumps at the apical and basolateral membrane. Net
transport results from balanced absorption and secretion. It
is a selective process using two major pathways - the para-
cellular and transcellular routes (Fig. 2).

— The paracellular route allows 85% of the total pas-
sive transepithelial flow of molecules across the space
between two adjacent epithelial cells, and is regulat-
ed by tight junctions, which display differently sized
pores to limit particle entry. This route is an effective
barrier against luminal antigens, and a determinant of
intestinal permeability (64).

— The transcellular route allows solute transportation
across the enterocyte’s membrane. Various mecha-
nisms mediate the passage of molecules through the
transcellular route. Smaller hydrophilic and lipophil-
ic compounds diffuse by passive means through the
enterocyte membrane’s lipid bilayer. Furthermore,
epithelial permeability is conditioned by active
transport mechanisms as mediated by transporters
and various endocytosis, transcytosis and exocytosis
mechanisms for ions, amino acids, and specific anti-
gens. Larger substances such as proteins and bacterial
byproducts are captured by cells using endocytosis,
and actively transported by vectorial transcytosis
across the cytoplasm for subsequent processing and
presentation, which is part of the intestinal immune
response (65). Bacteria, viruses and other particles
take advantage of these host entry mechanisms by
endocytosis or phagocytosis, involving the binding
of molecules to the cell membrane via receptors (66).

Intestinal permeability regulation

The intestinal barrier is no static structure but is regulat-
ed by various physiological, drug-related, and disease-re-
lated stimuli. Particle permeability depends on particle
size, charge and nature. While permeability varies between
proximal and distal regions, as well as between crypts and
villi, molecular mechanisms regulating the passage of
substances through the epithelium are similar along the
bowel and include intercellular protein interactions, the
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actin cytoskeleton, endocytosis and intracellular signal-
ing. Rapid permeability changes occur via the cytoskeleton
and are regulated by myosin light chain kinase (MLCK)
phosphorylation and TJ protein endocytosis (6,67). Lon-
ger-term changes involve TJ protein expression regulation,
epithelial cell apoptosis, and the development of epithelial
structural changes (68,69).

Barrier control results from interactions between the
microbiota, epithelial cells, immune system, and ENS. Thus,
for instance, under homeostatic conditions, apical PRR
activation by commensal bacteria also promotes epithelial
cell proliferation and survival (70). The immune system,
via diverse cytokines such as tumor necrosis factor alpha
(TNF-a), gamma-interferon (IFN-vy), IL-8 or IL-10, also
regulates the intestinal barrier through TJ rearrangement
(71). An increased or inappropriate cytokine profile will
increase permeability (72,73). On the other hand, enteric
neurons play a role in the management of paracellular per-
meability and epithelial cell proliferation. For example, the
release of vasoactive intestinal peptide (VIP) by enteric neu-
rons inhibits epithelial cell proliferation and keeps epithelial
barrier integrity by inducing ZO-1 expression (74). ENS
glial cells seem to regulate the intestinal barrier function by
releasing S-nitrosoglutathione, which regulates TJ protein
expression (75). Vagus nerve activity may also modulate this
defensive function via the release of neuropeptides such as
acetylcholine and VIP. Furthermore, innate IS cells express
a wide range of neuropeptide receptors, and the direct, bidi-
rectional interaction between nerves and cells such as mast
cells and eosinophils modulates intestinal permeability both
under homeostatic and pathologic conditions.

INTESTINAL BARRIER DYSFUNCTION
IN GASTROINTESTINAL DISEASES

The intestinal barrier is a dynamic system involving a
number of factors, and an increased passage of substances
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due to increased permeability does not necessarily imply
dysfunction. Progression from increased intestinal perme-
ability to disease development implies an imbalance in
barrier function-sustaining factors, and the immune sys-
tem is likely a key player given the association between
inflammation and barrier dysfunction in several gastroin-
testinal diseases. Under normal conditions, increased per-
meability does not suffice as a cause of intestinal disease
since the epithelial barrier may recover once the stimulus
subsides. However, under certain pathological conditions
this self-regulating capacity may be lost and contribute to
increased permeability, thus facilitating chronic intestinal
inflammation (Table I).

While the etiology of inflammatory bowel disease
(IBD) remains unknown, patients have increased intes-
tinal permeability when compared to healthy subjects.
This has been identified to result from structural chang-
es in TJ proteins, primarily reduced claudin-3, 4, 5 and 8
and occludin expression, as well as increased claudin-2
expression and MLCK phosphorylation, which faiclitates
cytoskeleton contraction (68,76,77). However, these junc-
tion changes in active IBD are not seen in remitted IBD
patients (76), which suggests that TJ changes are a conse-
quence of disease. An exaggerated inflammatory response
would presumably be responsible for these changes given
the increased IFN-y and TNF-o levels in these patients
(78) and the effect these cytokines have on the epithelial
barrier in vitro (79). Therefore, a convergence of genet-
ic and environmental factors, as well as barrier function
defects, ultimately leads to an abnormal immune response
and higher susceptibility to intestinal inflammation. In fact,
IBD development has been associated with the presence of
mutated proteins such as X-box binding protein 1 (XBP1)
or NOD-2 gene mutations related to reduced IL-10 produc-
tion or inadequate immune tolerance to luminal antigens
and microbial products (80-82).

Celiac disease is an autoimmune condition of unknown
etiology that results from gluten intolerance and usually

Table I. Gastrointestinal conditions associated with changes in the intestinal barrier function and suggested mechanisms

Condition Barrier function changes Mechanism of increased permeability ~ References

Inflammatory bowel disease  — Decreased claudin-3, claudin-4, claudin-5, and — Intercellular junction impairment (68,76-78)
claudin-8 levels. Increased claudin-2 levels. MLCK associated with TNF-o and IFN-y
phosphorylation increases within the mucosa

— NOD-2 and XBP1 gene mutations, and decreased — Reduced immune tolerance (80-82)

IL-10

Celiac disease — Impaired expression of occludin, claudin-3, — Zonulin-related intercellular (84-87)
claudin-4, ZO-1, and E-cadherin junction impairment

Food allergy — None described — Mast cell activation and (88,89)

inflammation
Irritable bowel syndrome — Impaired ZO and occludin expression, increased — Intercellular junction impairment (92,93)

claudin-2 levels and MLCK phosphorylation

associated with mast cell
activation and pdychological stress
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develops in genetically susceptible individuals. Celiac
disease may result in bowel disease because of an abnor-
mal response of intestinal T-cells to gliadin, to which the
innate immune system contributes by actively collecting
and processing gluten antigens by dendritic cells (83).
This response results in TJ structural changes, allowing
the entry of this protein in the mucosa, and inducing a
sustained immune response that contributes to increased
intestinal permeability. These patients have been seen to
display rearranged actin filaments and impaired occlu-
din, claudin-3, claudin-4, ZO-1 and E-cadherin expres-
sion (84,85). Increased permeability has been shown to
be associated with higher zonulin levels, which induce
cytoskeleton rearrangement via PKC, ZO-1 and occlu-
din downregulation, and TJ complex integrity disruption
(86,87).

Impaired intestinal barrier function has also been
involved in the pathophysiology of food allergy, as
patients display increased intestinal permeability even in
the absence of food allergens (88). While not posited as the
primary cause of allergy, the presence of certain environ-
mental factors (infection, stress) increases intestinal per-
meability and the passage of substances that, under normal
conditions, would never penetrate the epithelial barrier.
This may favor an allergic response to food antigens in
susceptible individuals (89).

Irritable bowel syndrome (IBS) is a chronic functional
disorder whose pathophysiological mechanisms remain
unknown. Despite different clinical subtypes according to
stool pattern (diarrhea, constipation, mixed), all patients
share an increase in intestinal permeability (90). This
barrier dysfunction has been associated with TJ integri-
ty changes that in turn are related to intestinal mucosal
mast cell activation and symptoms, mainly in IBS with
predominant diarrhea (91). Most relevant changes in TJ
protein expression include reduced ZO and occludin, and
increased claudin-2 and myosin light chain phosphoryla-
tion (92,93).

CONCLUSIONS

The intestinal barrier function is key for the mainte-
nance of intestinal homeostasis and the prevention of exag-
gerated immune responses that facilitate chronic bowel
inflammation. This defensive role is undertaken by numer-
ous elements of diverse nature and anatomical location
with the purpose of preserving intestinal integrity. Tight
junctions are critical determinants of barrier function,
hence knowledge regarding their regulation and modu-
lation of epithelial cell changes is critical to understand
their contribution to the pathogenesis of gastrointestinal
conditions associated with barrier dysfunction. Therefore,
therapy strategies targeted at restoring this defensive role
show promise for recovering intestinal homeostasis and
overall health.
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