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Mechanisms of Disease: the role of intestinal barrier 
function in the pathogenesis of gastrointestinal 
autoimmune diseases
Alessio Fasano* and Terez Shea-Donohue

INTRODUCTION
Autoimmune diseases affect 5–8% of the US 
population (14–22 million people), which 
means that they are the third most common 
category of diseases in the US after cancer and 
heart disease. They can affect virtually every site 
in the body, including the gastrointestinal tract. 
At least 15 diseases are known to be the direct 
result of an autoimmune response, and circum-
stantial evidence links more than 80 conditions 
to autoimmunity.1 

CLASSICAL THEORIES ON THE 
PATHOGENESIS OF AUTOIMMUNE 
DISEASE 
Soon after autoimmune diseases were first recog-
nized more than a century ago, researchers began 
to associate their development with viral and 
bacterial infections. The connection between 
infection and autoimmune disease is often 
explained by a mechanism known as ‘molecular 
mimicry’, whereby microbial antigens (or, more 
specifically, EPITOPES) are postulated to resemble 
self-antigens.2 The induction of an immune 
response to the microbial antigens results in a 
cross-reaction with the self-antigens and the 
induction of autoimmunity. According to this 
theory, once the autoimmune process is activated 
it becomes independent of continuous exposure 
to the environmental trigger, and is therefore self-
perpetuating and irreversible. Epitope-specific 
cross-reactivity between microbial antigens and 
self-antigens has been shown in some animal 
models to initiate auto immunity.3 Conversely, 
in most human auto immune diseases, molecular 
mimicry seems to be a factor in the progression of 
a pre-existing subclinical autoimmune response, 
rather than in the initiation of  autoimmunity.3 

Another theory suggests that microorganisms 
expose self-antigens to the immune system by 
directly damaging tissues during active infec-
tion, and that this leads to the development 
of autoimmunity. This mechanism has been 
referred to as the ‘bystander effect’, and it occurs 
only when the new antigen is presented with the 
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REVIEW CRITERIA
PubMed was searched in February 2005 and again in July 2005 using the 
following keywords alone and in combination: “intestinal permeability”, 
“autoimmunity”, “tight junctions”, “toll”, “innate immunity”, “occludin”, “claudin”, 
“claudins”, and “intestinal AND disease AND permeability”. Only full papers 
published in English were considered. Additional searches were performed using 
Retro Search and Google. 
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orally administered triggering antigen.4 Whether 
pathogens mimic self-antigens, release seques-
tered self-antigens, or both, however, remains 
to be elucidated. 

A fairly new school of thought argues that 
increased hygiene and a lack of exposure to 
various microorganisms are responsible for 
the ‘epidemic’ of autoimmune diseases that has 
occurred over the past 30–40 years in industrial-
ized countries, including the US.5 This so-called 
‘hygiene hypothesis’ is supported by immuno-
logical data showing that in neonates microbial 
antigens can induce a TH IMMUNE RESPONSE 
that offsets the normally dominant TH 
IMMUNE RESPONSE; in the absence of microbes, 
the gut might therefore be predisposed to an 
exaggerated TH2 immune response, production 
of IgE, atopy, and the development of atopic 
disease.6 An alternative explanation is that the 
absence of helminth infections eliminates the 
normally upregulated TH2 immune response 
in childhood, culminating in a more marked 
TH1 immune response, which is characteristic 
of auto immune and inflammatory diseases.7,8 
Regardless of whether autoimmune diseases are 
caused by too much or too little exposure to 
micro organisms, it is now generally believed 
that adaptive immunity and an imbalance 
between the TH1 and TH2 immune responses are 
the key elements underlying the pathogenesis 
of the autoimmune process.9 

Unfortunately, decades of research that has been 
carried out based on the assumptions outlined 
above has not led to successful treatments for 
these devastating autoimmune diseases.

THE INTESTINAL MUCOSA AS ‘PORT 
OF ENTRY’ FOR NONSELF-ANTIGENS
The intestinal epithelium is the largest mucosal 
surface in the human body, and provides an 
interface between the external environment and 
the host. In the gut, two key elements govern the 
interplay between environmental triggers and 
the host: intestinal permeability and intestinal 
mucosal defense. 

Intestinal permeability and its regulation
The permeability of the intestinal epithelium 
depends on the regulation of intercellular TIGHT 
JUNCTIONS. Tight junctions were originally 
conceptualized as a secreted extracellular cement 
forming an absolute and unregulated barrier 
within the paracellular space. The contribution 
of the paracellular space of the gastro intestinal 

tract to the trafficking of macromolecules 
between the environment and host was therefore 
judged to be negligible. Research carried out in 
the last decade has changed this paradigm, and 
it has been demonstrated that tight junctions are 
made up of a complex meshwork of proteins, the 
interaction of which dictates their competency. 

To date, multiple proteins that make up the 
tight junctions strands have been identified: 
occludin,10 members of the claudin family,11 
and the junctional adhesion molecule (JAM), a 
protein belonging to the immunoglobulin super-
family, which has been described as an additional 
component of tight junction fibrils.12 Analysis 
of occludin complementary DNA has revealed 
that the predicted 504 amino-acid polypeptide 

GLOSSARY
EPITOPES
Sites on an antigen that are 
recognized by an antigen 
receptor (i.e. antibody or 
T-cell receptor)

TH1 IMMUNE RESPONSE
A type of CD4+ T helper 
lymphocyte type 1 response 
characterized by the 
production of IFN-γ and 
TNF-α

TH2 IMMUNE RESPONSE
A type of CD4+ T helper 
lymphocyte type 2 response 
characterized by the 
production of interleukin-4 
and interleukin-13

Figure 1 Proposed role of abnormal intestinal permeability in the pathogenesis 
of celiac disease. Gliadin and its immunomodulatory/inflammatory fragments 
are present in the intestinal lumen (1), which induces MyD88-dependent zonulin 
release (2). Zonulin release causes opening of tight junctions and gliadin 
passage across the tight junction barriers in subjects with dysregulation of 
the zonulin system (3). After tissue transglutaminase deamidation (4), gliadin 
peptides bind to human leukocyte antigen receptors present on the surface of 
antigen-presenting cells (5). Alternatively, gliadin can act directly on antigen-
presenting cells (6), causing MyD88-dependent release of both zonulin and 
cytokines (7). Gliadin peptides are then presented to T lymphocytes (8), 
which process is followed by an aberrant immune response, both humoral (9) 
and cell-mediated (10), in genetically susceptible individuals. This interplay 
between innate and adaptive immunity is ultimately responsible for the 
autoimmune process targeting intestinal epithelial cells, leading to the intestinal 
damage typical of celiac disease (11). AEA, anti-endomysium antibodies; 
AGA, anti-gliadin antibodies; APC, antigen-presenting cell; α tTG, anti-tissue 
transglutaminase; B, B lymphocyte; P, plasma cell; T, T lymphocyte; 
Tk, lymphocyte T killer; TTG, tissue transglutaminase.
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(65 kDa) contains four transmembrane span-
ning domains with two extracellular loops and 
internal amino and carboxyl termini.10 The 
claudins are a group of at least 20 tissue-specific 
20–27 kDa proteins that have two extracellular 
loops, variably charged amino-acid residues 
among family members and short intracellular 
tails.13 Recent studies suggest that claudin 1, the 
intestine-associated family member,13 might 
associate directly with occludin laterally in the 
same cell membrane, but not intercellularly.14 

It is now apparent that tight junctions 
are dynamic structures that are involved in 
develop mental, physiological, and patho logical 
 processes. As a result, particular attention 
is being placed on the role of tight junction 
dysfunction in the pathogenesis of several 
diseases, particularly autoimmune diseases.

To meet the many diverse physiological chal-
lenges to which the intestinal epithelial barrier 
is subjected, tight junctions must be capable of 
rapid and coordinated responses. To achieve 
such responses, a complex regulatory system 
orchestrates the assembly and disassembly of the 
multiprotein tight junction network. Although 
our knowledge of tight junction ultrastructure 
and intracellular signaling events governing 
their modulation has developed significantly 
during the past decade, relatively little is known 
about the pathophysiological regulation of tight 
junctions secondary to extracellular stimuli. 
In vitro studies have suggested that several 
cytokines (particularly tumor-necrosis factor 
[TNF]-α and interferon [IFN]-γ), elaborated by 
immune cells and radicals such as nitric oxide, 
can cause dysfunction of the intestinal mucosal 
barrier during the active phase of inflammatory 
bowel diseases.15 The discovery of ZONULIN, a 
mol ecule that reversibly modulates tight junc-
tion permeability, has shed further light on how 
the intestinal barrier function is regulated in 
health and disease.16 The physiological role 
of the zonulin system remains to be estab-
lished; however, it is likely that it is involved 
in several processes, including the movement 
of fluid, macromolecules, and leukocytes 
from the bloodstream to the intestinal lumen, 
and vice versa. Another physiological role of 
intestinal zonulin is in protecting the proximal 
intestine against colonization by microorganisms 
(i.e. innate immunity).17 

Given the complexity of both the cell- signaling 
events and intracellular structures that are part 
of the zonulin system, it is not surprising that 

the zonulin pathway is affected when the physio-
logical state of epithelial and/or endothelial 
cells is dramatically changed, as it is in many of 
the autoimmune diseases in which tight junc-
tion dysfunction seems to be the primary defect 
(see below). 

Intestinal mucosal defense
Gut-associated lymphoid tissue
Paracellular passage of macromolecules under 
either physiological or pathological circum-
stances is safeguarded by GUT-ASSOCIATED 
LYMPHOID TISSUE (GALT). GALT serves as a 
containment system that prevents potentially 
harmful intestinal antigens from reaching the 
systemic circulation, and induces systemic toler-
ance against luminal antigens by a process that 
involves polymeric IgA secretion and induction 
of T-regulatory-cell activity. GALT is composed 
of immune inductive sites (Peyer’s patches) 
and immune effector sites (intra epithelial cells 
and lamina propria); studies now indicate that 
GALT is also composed of isolated lymphoid 
follicles (ILF).

ILF are tertiary lymphoid stuctures that are 
formed in autoimmune diseases, as well as in 
several inflammatory pathologies of the gastro-
intestinal tract.18 Mature ILF bear a marked 
resemblance to Peyer’s patches in their cellular 
composition and localization in the distal intes-
tine, as well as in their dependence on the inter-
action of lymphotoxin with the lymphotoxin β 
receptor (LTβR) for their formation.19 

In addition to GALT, the major histo-
compatibility complex is also an important 
contributor to intestinal immunological respon-
siveness. Human leukocyte antigen (HLA) class 
I and class II genes are located in the major 
histocompatibility complex on chromosome 
6. These genes encode glycoproteins that bind 
peptides, and the resulting HLA–peptide 
complex is recognized by certain T-cell recep-
tors in the intestinal mucosa.20,21 Susceptibility 
to at least 50 autoimmune diseases is associated 
with specific HLA class I or class II alleles. 

The balance between immunity and tolerance 
is essential for a healthy intestine; abnormal or 
inappropriate immune responses can result in 
inflammatory pathologies. Antigen-presenting 
M cells—specialized epithelial cells located in 
the follicle-associated epithelium overlying 
Peyer’s patches and ILF—efficiently take up and 
transport various microorganisms and present 
antigen;22 therefore, ILF are proposed to be local 

GLOSSARY
TIGHT JUNCTIONS
A meshwork of 
anastomosing filaments 
that form a circumferential, 
selective seal that 
functions as a barrier in 
the intercellular space and 
regulates the passage of 
ions and molecules through 
the paracellular space

ZONULIN
A protein for which the gene 
has not yet been cloned that 
regulates permeability of the 
intestine by acting on tight 
junctions

GUT-ASSOCIATED 
LYMPHOID TISSUE (GALT)
Organized lymphoid 
follicles (Peyer’s patches, 
isolated lymphoid follicles, 
cryptopatches) that are 
the intestinal frontier of the 
systemic immune response; 
sites where antigen is 
presented to professional 
antigen-presenting cells 
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sites for interactions between lympocytes, anti-
gens, and antigen-presenting cells. Dendritic cells 
can also capture antigens present in the intestinal 
lumen by sending dendrites through epithelial 
tight junctions, while maintaining barrier integ-
rity by modulating the expression of tight junc-
tion proteins,23–25 and then rapidly migrating to 
other areas such as mesenteric lymph nodes.26 
There is evidence that memory T cells, induced 
by exposure to an oral antigen, can ‘educate’ 
antigen-presenting dendritic cells to instruct 
naive T cells, through release of soluble factors 
such as cytokines, to have the same responses as 
the memory T cell.27 This evidence supports the 
notion that dendritic cells have a role in coupling 
the innate and adaptive immune responses that 
affect intestinal permeability.

The interplay between innate and adaptive 
immunity
Recognition of antigens by dendritic cells acti-
vates the toll-like receptors (tlrs), and 
changes the phenotype and function of the 
dendritic cells. TLRs are the major receptors 
involved in discriminating between self- antigens 
and nonself-antigens based on the recognition 
of conserved bacterial molecular patterns. The 
systemic T cells that arise after feeding have 
been called ‘T helper type 3’ (TH3), because they 
drive the production of IgA6, or ‘T regulatory 
1’ (TREG1), and they have a strong suppressive 
effect on the proliferation and IFN-γ  production 
of naive T cells.7 In intestinal epithelial cells, 
TLRs have a role in normal mucosal homeo-
stasis and are particularly important in the inter-
action between the mucosa and luminal flora.28 
As different TLRs present in the gut respond 
to distinct stimuli, different adaptive immune 
responses are triggered.29–31

TLRs help direct the immune response by 
activating signaling events that increase expres-
sion of factors such as cytokines and chemo-
kines, which recruit and regulate the immune 
and inflammatory cells that initiate or enhance 
immune responses. The peripheral memory 
T-cell response is a critical outcome of adap-
tive immunity, and TLRs might be required for 
the generation or maintenance of memory T 
cells.32 TLRs are implicated in chronic diseases 
such as enteric inflammation and infection, and 
can have both proinflammatory and protective 
roles. Of interest is that commensal flora, acting 
through TLR4, positively influence susceptibility 
to food antigens,33 and implicate TLRs in the 

regulation of intestinal permeability. A poten-
tial role for TLRs in regulating intestinal perme-
ability is supported by in vitro studies using 
intestinal epithelial cell cultures, which show 
that TLR2 activates specific protein kinase C 
isoforms causing the rearrangement of the tight 
junction protein, ZO-1, leading to an increase in 
barrier integrity.29 These data show that bacteria 
are vital for shaping the immune response, and 
underscore current interest in the effects of 
pro biotics on intestinal permeability34–36 that 
might limit polarization to TH1 or TH2 responses 
and  maintain intestinal barrier function. 

The intestinal neuroendocrine network
Intestinal homeostasis is coordinated by the 
responses of different cell types, including both 
immune and nonimmune cells. The interaction 
between immune and nonimmune cells is ampli-
fied by the influx of  inflammatory/immune cells, 
which increases the exposure of non immune 
cells to soluble mediators (e.g. cytokines) released 
from immune cells. Macrophages, leukocytes and 
mucosal mast cells (MMCs) all release several 
mediators that alter gut function. Of interest is 
that MMCs seem to have a role in both TH1-driven 
and TH2-driven responses. MMCs release several 
preformed mediators, such as histamine, serotonin 
and mast-cell proteases, as well as newly synthe-
sized mediators including leukotrienes, prosta-
glandins, and platelet- activating factor, in addition 
to  interleukin-4 and TNF-α; many of these media-
tors affect epithelial permeability.37–41 This might 
explain, in part, the increased intestinal perme-
ability that is a feature of both TH1-mediated 
and TH2- mediated  pathologies.

A PARADIGM SHIFT IN THE PATHOGENESIS 
OF AUTOIMMUNE DISEASES
A common denominator in autoimmune diseases 
is the presence of several pre-existing conditions 
that lead to an autoimmune process. The first of 
these conditions is the genetic susceptibility of 
the host immune system to recognize, and poten-
tially misinterpret, an environmental antigen 
presented within the gastrointestinal tract. The 
second is that the host must be exposed to the 
antigen. Finally, the antigen must be presented 
to the gastro intestinal mucosal immune system 
following its paracellular passage from the intes-
tinal lumen to the gut submucosa; this process 
is normally prevented by competent tight junc-
tions.42,43 In many cases, increased intestinal 
permeability seems to precede disease and 

GLOSSARY
TOLL-LIKE RECEPTORS 
(TLRS)
A family of transmembrane 
receptors that specifically 
discriminate between self-
antigens and microbial 
nonself-antigens by 
recognizing conserved 
molecular patterns
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causes an abnormality in antigen delivery that 
triggers the multiorgan process leading to the 
 autoimmune response.44

Taking the above information into consid-
eration, we propose that the pathogenesis 
of autoimmune diseases can therefore now 
be described by three key points. First, auto-
immune diseases involve a miscommunication 
between innate and adaptive immunity. Second, 
molecular mimicry or bystander effects alone 
might not explain entirely the complex events 
involved in the pathogenesis of autoimmune 
diseases. Rather, the continuous stimulation 
by nonself-antigens (environmental triggers) 
seems to be necessary to perpetuate the process. 
Contrary to general belief, this concept implies 
that the autoimmune response can theoretically 
be stopped and perhaps reversed if the interplay 
between genes predisposing individuals to the 
development of autoimmunity and environ-
mental triggers is prevented or eliminated. 
Third, in addition to genetic predisposition and 
exposure to triggering nonself-antigens, the loss 
of the protective function of mucosal barriers 
that interact with the environment (mainly the 
gastrointestinal and lung mucosa) is necessary 
for autoimmunity to develop.

CLINICAL OUTCOMES OF IMPAIRED 
INTESTINAL PERMEABILITY
Celiac disease
Celiac disease is the best testament to the  accuracy 
of the new paradigm for the  pathogenesis of 
autoimmunity proposed above. This intestinal 
disorder is a unique model of auto immunity; in 
contrast to most other auto immune diseases, a 
close genetic association with HLA genes, a highly 
specific humoral auto immune response against 
tissue transglutaminase, and, most importantly, 
the triggering environmental factor (GLIADIN), 
are all known factors for celiac disease. 

Early in the development of celiac disease, 
tight junctions are opened,45,46 most likely 
secondary to zonulin upregulation,47 and 
severe intestinal damage ensues46 (Figure 1). 
The upregulation of the zonulin innate immu-
nity pathway is directly induced by exposure to 
the disease’s antigenic trigger, gliadin.48 Gliadin 
has been shown to also be a potent stimulus for 
macrophage proinflammatory gene expres-
sion and for cytokine release.49 Data in mice 
suggest that both functions are independent of 
TLR4 and TLR2, but are dependent on MyD88, 
a key adapter molecule in TLR/interleukin-1 

receptor signalling.50 These data indicate that 
gliadin initiates intestinal permeability through 
a MyD88-dependent release of zonulin that 
enables paracellular translocation of gliadin and 
its subsequent interaction with macrophages 
within the intestinal submucosa (Figure 1). 

The interaction of gliadin with macro-
phages initiates signaling through a TLR-like 
pathway, which results in the establishment of a 
pro inflammmatory (TH1-type) cytokine milieu 
and subsequently mononuclear cell infiltration 
into the submucosa. This, in turn, might permit 
the interaction of T cells with antigen-presenting 
cells, including macrophages, ultimately leading 
to the antigen-specific adaptive immune 
response seen in patients with celiac disease. 
Once gluten is removed from the diet, serum 
zonulin levels decrease, the intestine resumes its 
baseline barrier function, auto antibody titers 
are normalized, the autoimmune process shuts 
off and, consequently, the intestinal damage 
(which represents the biological outcome of the 
 autoimmune process) heals completely.

Inflammatory bowel disease
The pathogenesis of inflammatory bowel disease 
(IBD) remains unknown, although there is 
now convincing evidence to implicate genetic, 
immuno logical, and environmental factors in 
the initiation of the autoimmune process.51 
Several lines of evidence suggest that increased 
intestinal permeability has a central role in the 
patho genesis of IBD. Like celiac disease, IBD 
might be related to an innate immune deficiency, 
which leads to the inappropriate access of nonself-
antigens to the GALT. In clinically asymptomatic 
Crohn’s disease patients, increased intestinal 
epithelial permeability precedes clinical relapse 
by as much as 1 year,52,53 indicating that a perme-
ability defect might be an early event in disease 
exacerbation. The hypothesis that abnormal intes-
tinal barrier function is a genetic trait involved in 
the pathogenesis of IBD is further supported by 
the observation that clinically asymptomatic first-
degree relatives of Crohn’s disease patients can 
have increased intestinal permeability. Although 
a primary defect in intestinal barrier function 
might be involved in the early steps of the patho-
genesis of IBD, the production of cytokines, 
including IFN-γ and TNF-α, secondary to the 
inflammatory process, perpetuates the increased 
intestinal permeability40,41 by reorganizing the 
tight junction proteins, ZO-1, JAM1, occludin, 
claudin 1, and claudin 4. 

GLOSSARY
GLIADIN 
A protein contained in 
wheat, barley and rye, which 
triggers an autoimmune 
response leading to damage 
of villi in the small intestine 
of celiac patients
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Immunohistochemical localization of tight 
junction proteins in mucosal biopsies from IBD 
patients shows altered expression of several crit-
ical tight junction proteins, including upregula-
tion of claudin 2,54 which might be due to the 
disruptive effects of proinflammatory cytokines 
on the barrier associated with internalization of 
these transmembrane proteins.55 In this manner, 
a vicious circle is created, in which barrier 
dysfunction allows further leakage of luminal 
contents, thereby triggering an immune response 
that in turn promotes further  leakiness.

Extraintestinal autoimmune diseases
The ‘breach’ of the intestinal barrier by nonself-
antigens might lead to an immune response 
targeting extraintestinal organs. These organs 
include, among others, the skeletal system 
(ankylosing spondylitis), the pancreas (type 1 
diabetes),56–58 the kidney (IgA nephropathy),59,60 
the liver (nonalcoholic steatohepatitis),61 and 
the brain (multiple sclerosis).62

CONCLUSIONS
The classical paradigm of autoimmune patho-
genesis involving a specific genetic makeup and 
exposure to environmental triggers has been chal-
lenged by the addition of a third element: the loss of 
intestinal barrier function. Genetic pre disposition, 
miscommunication between innate and adaptive 
immunity, exposure to environmental triggers, and 
loss of the intestinal barrier function secondary to 
dysfunction of intercellular tight junctions, seem 
to all be key ingredients involved in the patho-
genesis of autoimmune diseases. This new theory 
implies that, once the autoimmune process is 
activated, it is not self-perpetuating; rather, it can 
be modulated or even reversed by preventing the 
continuous interplay between genes and environ-
ment. As tight junction dysfunction allows this 
interaction, new therapeutic strategies aimed 
at re-establishing the intestinal barrier function 
offer innovative, unexplored approaches for the 
 treatment of these devastating diseases. 

References
1  Cooper GS and Stroehla BC (2003) The 

epidemiology of autoimmune diseases. Autoimmun 
Rev 2: 119–125

2  Perl A (2004) Pathogenesis and spectrum of 
autoimmunity. Methods Mol Med 102: 1–8 

3  Christen U and von Herrath MG (2004) Induction, 
acceleration or prevention of autoimmunity by 
molecular mimicry. Mol Immunol 40: 1113–1120 

4  Miller A et al. (1991) Antigen-driven bystander 
suppression after oral administration of antigens. J 
Exp Med 174: 791–798

5  Rook GA and Brunet LR (2005) Microbes, 
immunoregulation, and the gut. Gut 54: 317–320 

6  Sudo N et al. (2002) An oral introduction of intestinal 
bacteria prevents the development of a long-term 
TH2-skewed immunological memory induced by 
neonatal antibiotic treatment in mice. Clin Exp Allergy 
32: 1112–1116

7  Weinstock JV et al. (2002) The possible link between 
de-worming and the emergence of immunological 
disease. J Lab Clin Med 139: 334–338

8  Dunne DW and Cooke A (2005) A worm’s eye view 
of the immune system: consequences for evolution 
of human autoimmune disease. Nat Rev Immunol 5: 
420–426

9  Shi H and Walker W (2002) T helper cell subclasses and 
clinical disease states. Curr Opin Gast 18: 711–716

10  Furuse M et al. (1993) Occludin: a novel integral 
membrane protein localizing at tight junctions. J Cell 
Biol 123: 1777–1788

11  Furuse M et al. (1998) Claudin-1 and -2: Novel Integral 
Membrane Proteins Localizing at Tight Junctions with 
No Sequence Similarity to Occludin. J Cell Biol 141: 
1539–1550 

12  Martin-Padura I et al. (1998) Junctional Adhesion 
Molecule, a Novel Member of the Immunoglobulin 
Superfamily That Distributes at Intercellular Junctions 
and Modulates Monocyte Transmigration. J Cell Biol 
142: 117–127 

13  Mitic LL et al. (2000) Molecular Physiology and 
Pathophysiology of Tight Junctions I. Tight junction 
structure and function: lessons from mutant animals 
and proteins. Am J Physiol Gastrointest Liver Physiol 
279: G250–G254

14  Furuse M et al. (1999) Manner of Interaction of 
Heterogeneous Claudin Species Within and Between 
Tight Junction Strands. J Cell Biol 147: 891–903

15  Clayburgh DR et al. (2004) A porous defense: the leaky 
epithelial barrier in intestinal disease. Lab Invest 84: 
282–291 

16  Wang W et al. (2000) Human zonulin, a potential 
modulator of intestinal tight junctions. J Cell Sci 113: 
4435–4440

17  El Asmar R et al. (2002) Host-dependent zonulin 
secretion causes the impairment of the small 
intestine barrier function after bacterial exposure. 
Gastroenterology 123: 1607–1615 

18  Lorenz RG and Newberry RD (2004) Isolated Lymphoid 
Follicles Can Function as Sites for Induction of 
Mucosal Immune Responses. Ann NY Acad Sci 1029: 
44–57

19  Lorenz RG et al. (2003) Isolated Lymphoid Follicle 
Formation Is Inducible and Dependent Upon 
Lymphotoxin-Sufficient B Lymphocytes, Lymphotoxin 
β Receptor, and TNF Receptor I Function. J Immunol 
170: 5475–5482

20  Bjorkman PJ et al. (1987) The Foreign Antigen-Binding 
Site and T-Cell Recognition Regions of Class-I 
Histocompatibility Antigens. Nature 329: 512–518 

21  Cuvelier C et al. (1987) Histopathology of Intestinal 
Inflammation Related to Reactive Arthritis. Gut 28: 
394–401

22  Jang MH et al. (2004) Intestinal villous M cells: An 
antigen entry site in the mucosal epithelium. PNAS 101: 
6110–6115

23  Hayday A and Viney JL (2000) The ins and outs of body 
surface immunology. Science 290: 97–100

24  Bilsborough J and Viney JL (2004) Gastrointestinal 
dendritic cells play a role in immunity, tolerance, and 
disease. Gastroenterology 127: 300–309 

25  Rescigno M et al. (2001) Dendritic cells express 
tight junction proteins and penetrate gut epithelial 
monolayers to sample bacteria. Nat Immunol 2: 
361–367 

ncpgh_2005_011.indd   421ncpgh_2005_011.indd   421 17/8/05   1:24:22 pm17/8/05   1:24:22 pm

Nature  Publishing Group© 2005



REVIEW

422  NATURE CLINICAL PRACTICE  GASTROENTEROLOGY & HEPATOLOGY FASANO AND SHEA-DONOHUE   SEPTEMBER 2005   VOL 2  NO 9 

www.nature.com/clinicalpractice/gasthep

26  Mellman I and Steinman RM (2001) Dendritic Cells: 
Specialized and Regulated Antigen Processing 
Machines. Cell 106: 255–258

27  Alpan O et al. (2004) ‘Educated’ dendritic cells act as 
messengers from memory to naive T helper cells. Nat 
Immunol 5: 615–622

28  Rakoff-Nahoum S et al. (2004) Recognition of 
Commensal Microflora by Toll-Like Receptors Is 
Required for Intestinal Homeostasis. Cell 118: 
229–241 

29  Cario E et al. (2004) Toll-like receptor 2 enhances ZO-
1-associated intestinal epithelial barrier integrity via 
protein kinase C. Gastroenterology 127: 224–238 

30  Rumio C et al. (2004) Degranulation of Paneth Cells via 
Toll-Like Receptor 9. Am J Pathol 165: 373–381 

31  Otte JM et al. (2004) Mechanisms of cross 
hyporesponsiveness to toll-like receptor bacterial 
ligands in intestinal epithelial cells. Gastroenterology 
126: 1054–1070 

32  Pasare C and Medzhitov R (2004) Toll-Dependent 
Control Mechanisms of CD4 T Cell Activation. 
Immunity 21: 733–741

33  Bashir ME et al. (2004) Toll-Like Receptor 4 Signaling 
by Intestinal Microbes Influences Susceptibility to Food 
Allergy. J Immunol 172: 6978–6987

34  Montalto M et al. (2004) Lactobacillus acidophilus 
protects tight junctions from aspirin damage in HT-29 
cells. Digestion 69: 225–228 

35  Rosenfeldt V et al. (2004) Effect of probiotics on 
gastrointestinal symptoms and small intestinal 
permeability in children with atopic dermatitis. 
J Pediatr 145: 612–616 

36  Seehofer D et al. (2004) Probiotics partly reverse 
increased bacterial translocation after simultaneous 
liver resection and colonic anastomosis in rats. J Surg 
Res 117: 262–271 

37  Madden KB et al. (2004) Enteric Nematodes Induce 
Stereotypic STAT6-Dependent Alterations in Intestinal 
Epithelial Cell Function. J Immunol 172: 5616–5621 

38  Madden KB et al. (2002) Role of STAT6 and Mast 
Cells in IL-4- and IL-13-Induced Alterations in Murine 
Intestinal Epithelial Cell Function. J Immunol 169: 
4417–4422 

39  Shea-Donohue T et al. (2001) The Role of IL-4 in 
Heligmosomoides polygyrus-Induced Alterations in 
Murine Intestinal Epithelial Cell Function. J Immunol 
167: 2234–2239 

40  Ma TY et al. (2005) Mechanism of TNF-α modulation of 
Caco-2 intestinal epithelial tight junction barrier: role of 
myosin light-chain kinase protein expression. 
Am J Physiol Gastrointest Liver Physiol 288: 
G422–G430 

41  Wang F et al. (2005)  Interferon-γ and Tumor Necrosis 
Factor-α Synergize to Induce Intestinal Epithelial Barrier 
Dysfunction by Up-Regulating Myosin Light Chain 
Kinase Expression. Am J Pathol 166: 409–419 

42  Bjarnason I et al. (2004) The G.U.T. of gut. Scand J 
Gastroenterol 39: 807–815 

43  Wendling D (1992) Role of the intestine in the 
physiopathology of inflammatory rheumatism. Rev 
Rhum Mal Osteoartic 59: 389–392 

44  Watts T et al. (2005) Role of the intestinal tight junction 
modulator zonulin in the pathogenesis of type I 
diabetes in BB diabetic-prone rats. PNAS 102: 
2916–2921 

45  Madara JL and Trier JS (1980) Structural abnormalities 
of jejunal epithelial cell membranes in celiac sprue. Lab 
Invest 43: 254–261 

46  Schulzke JD et al. (1998) Epithelial tight junction 
structure in the jejunum of children with acute and 
treated celiac sprue. Pediatric Research 43: 435–441 

47  Fasano A et al. (2000) Zonulin, a newly discovered 
modulator of intestinal permeability, and its expression 
in coeliac disease. Lancet 355: 1518–1519 

48  Clemente MG et al. (2003) Early effects of gliadin on 
enterocyte intracellular signalling involved in intestinal 
barrier function. Gut 52: 218–223 

49  Nikulina M et al. (2004) Wheat gluten causes dendritic 
cell maturation and chemokine secretion. J Immunol 
173: 1925–1933 

50  Thomas KE et al.: Gliadin Stimulation of Murine 
Macrophage Inflammatory Gene Expression and 
Intestinal Permeability are Myd88-Dependent. 
J Immunol, in revision

51  Danese S et al. (2004) Inflammatory bowel disease: the 
role of environmental factors. Autoimmun Rev 3: 394–400

52  D’Inca R et al. (1999) Intestinal permeability test as a 
predictor of clinical course in Crohn’s disease. Am J 
Gastroenterol 94: 2956–2960 

53  Wyatt J et al. (1993) Intestinal permeability and the 
prediction of relapse in Crohn’s disease. Lancet 341: 
1437–1439

54  Barmeyer C et al. (2004) Mechanisms of diarrhea in 
the interleukin-2-deficient mouse model of colonic 
inflammation. Am J Physiol Gastrointest Liver Physiol 
286: G244–G252 

55  Ivanov AI et al. (2004) Endocytosis of Epithelial Apical 
Junctional Proteins by a Clathrin-mediated Pathway 
into a Unique Storage Compartment. Mol Biol Cell 15: 
176–188 

56  Carratu R et al. (1999) Altered intestinal permeability 
to mannitol in diabetes mellitus type I. J Pediatr 
Gastroenterol Nutr 28: 264–269 

57  Cooper BT et al. (1987) Intestinal permeability in 
diabetic diarrhoea. Diabet Med 4: 49–52 

58  Mooradian AD et al. (1986) Abnormal intestinal 
permeability to sugars in diabetes mellitus. 
Diabetologia 29: 221–224 

59  Davin JC et al. (1988) Increased intestinal permeability 
to (51 Cr) EDTA is correlated with IgA immune 
complex-plasma levels in children with IgA-associated 
nephropathies. Acta Paediatr Scand 77: 118–124 

60  Rostoker G et al. (1993) Mucosal immunity in primary 
glomerulonephritis. III. Study of intestinal permeability. 
Nephron 63: 286–290 

61  Wigg AJ et al. (2001) The role of small intestinal bacterial 
overgrowth, intestinal permeability, endotoxaemia, and 
tumour necrosis factor α in the pathogenesis of non-
alcoholic steatohepatitis. Gut 48: 206–211 

62  Yacyshyn B et al. (1996) Multiple sclerosis patients 
have peripheral blood CD45RO+ B cells and increased 
intestinal permeability. Dig Dis Sci 41: 2493–2498

Acknowledgments
Work by the authors was 
supported in parts by grants 
from the National Institutes 
of Health: DK-48373 and 
DK-66630 (AF) and AI/
DK49316 (TSD).

Competing interests 
A Fasano declared 
competing interests; go to 
the article online for details. 
T Shea-Donohue declared 
she has no competing 
interests.

ncpgh_2005_011.indd   422ncpgh_2005_011.indd   422 17/8/05   1:24:23 pm17/8/05   1:24:23 pm

Nature  Publishing Group© 2005



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 450
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 450
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 2400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck true
  /PDFX3Check false
  /PDFXCompliantPDFOnly true
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.30000
    0.30000
    0.30000
    0.30000
  ]
  /PDFXOutputIntentProfile (OFCOM_PO_P1_F60)
  /PDFXOutputCondition (OFCOM_PO_P1_F60)
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <FEFF004e005000470020005000520049004e005400200050004400460020004a006f00620020004f007000740069006f006e0073002e002000320032006e0064002000530065007000740065006d00620065007200200032003000300034002e002000500044004600200031002e003300200043006f006d007000610074006900620069006c006900740079002e>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [665.858 854.929]
>> setpagedevice


