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1. ABSTRACT 
 
 Tight junctions are dynamic structures that may 
undergo structural and functional changes in response to 
both physiological and pathological circumstances. Several 
microbial pathogens impair intestinal barrier function by 
exploiting tight junctions. These pathogens have developed 
a broad and complex range of strategies to subvert host 
tight junction barrier function. The purpose of this review is 
to give an overview of the mechanisms whereby select 
enteric viruses, bacterial pathogens and parasites modulate 
intestinal tight junctional structure and function and how 
these effects may contribute to the development of chronic 
intestinal disorders.  
 
2. INTRODUCTION 
 
 The intestinal epithelium has the difficult task of 
forming a selective barrier between the luminal 
environment and the subepithelial tissues. This barrier is 
essential to intestinal homeostasis.  The intestinal 
epithelium must restrict the passage of potentially harmful 
luminal products while allowing for the transport of 

 
 
 
 
 
 
 
 
 
 
 
 
nutrients, water and electrolytes (1; 2). A single sheet of 
polarized epithelial cells is the primary component of the 
intestinal barrier and most hydrophobic substances are 
effectively blocked by the epithelial cell plasma membrane. 
Moreover, tight junctional complexes in the paracellular 
space between adjacent epithelial cells help control 
intestinal barrier function (2; 3).  This intercellular seal, and 
thus paracellular permeability, is regulated primarily by 
tight junctional proteins (3; 4).  This review discusses 
mechanisms whereby enteric pathogens disrupt these tight 
junctional complexes and how, in turn, these abnormalities 
may be implicated in gastrointestinal malfunction. 
 
3. TIGHT JUNCTION STRUCTURE AND 
FUNCTION 
 
 Tight junctional complexes can be visualized by 
electron microscopy as a series of discreet membrane 
contacts between the plasma membranes of adjacent 
epithelial cells (4; 5). Freeze-fracture electron microscopy 
revealed that these contacts correspond to continuous, 
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branching intramembranous strands or fibrils that encircle 
the apical aspect of the lateral surface of each cell (6; 7). 
Fibrils from one cell interact with corresponding fibrils of 
an adjacent cell to close the paracellular space and, as a 
result, define the permeability characteristics of the 
epithelium (7). These fibrils are formed by transmembrane 
proteins, which are one component of a network of proteins 
that make up the tight junction.  For a more detailed 
discussion on the structure and function of the tight 
junction-associated proteins, interested readers are directed 
to relevant reviews on this topic (5; 8-10). Tight junctions 
and adherens junctions consist of a complex interaction 
between several protein families: 
 
1) The transmembrane proteins, occludin, claudins, 
junctional adhesion molecule 1 (JAM-1) and coxsackie and 
adenovirus receptor (CAR); 
2) Cytoplasmic plaque proteins, an ever expanding list of 
proteins including, zonula-occludens (ZO)-1, -2 and-3; and 
3) Several ‘signaling proteins’ consisting of a mixed group 
of cytosolic, membrane-bound or nuclear-associated 
proteins that are proposed to be involved in junction 
assembly, barrier regulation and gene transcription (5; 11). 
 
  Transmembrane proteins physically interact with 
corresponding proteins on membranes of adjacent cells to 
form the primary seal, and are thought to directly mediate 
paracellular permeability. The dense network of 
cytoplasmic plaque proteins are connected with the 
transmembrane proteins and act as adaptors by recruiting 
other cytosolic components to the tight junction complex, 
including protein kinases and GTPases (7; 12). In addition, 
the cytosolic proteins function as cytoskeletal linkers 
anchoring the transmembrane proteins to the perijunctional 
actomyosin ring (13). For instance, claudins, occludin and 
JAMs are attached to actin filaments and myosin light 
chain (MLC) of the perijunctional actomyosin ring by 
linker proteins of the ZO family (11; 12). The physical 
interactions with both actin filaments and MLC are thought 
to stabilize the tight junction, as well as being a key 
mechanism involved in the regulation and remodeling of 
tight junctions (3; 6). 
 
  The tight junction protein complex described 
above functions to form the primary component of a 
semipermeable gate that regulates passive movement of 
fluid and solutes through the paracellular space, as well as 
forming a ‘fence’ that segregates apically located 
membrane proteins from those at the basolateral membrane, 
thereby contributing to the generation of cell polarity (12). 
Therefore, it is not surprising that an intact tight junction 
barrier is essential to gut homeostasis. Disruption of this 
barrier is a common pathophysiological component of a 
number of infectious and inflammatory intestinal diseases 
(3; 12; 14).   It is also becoming increasingly clear that tight 
junctions are dynamic structures that can be regulated in 
response to both physiological and pathological stimuli 
and, as a result, remodeling of the tight junction complex is 
emerging as a key mechanism of altered barrier function.  
Importantly, a number of intestinal pathogens are able to 
impair intestinal barrier function by targeting tight junction 
structure and/or function (15; 16). The following 

paragraphs discuss the mechanisms through which enteric 
microbes may directly disrupt tight junctional complexes. 
 
4. TIGHT JUNCTIONAL DISRUPTION BY 
ENTERIC PATHOGENS 
 
 Several bacterial pathogens, parasites and viruses 
exploit tight junctions as a part of their pathogenic strategy 
(12; 15; 16).  In general, key mechanisms identified to date 
include direct reorganization or degradation of specific 
tight junction proteins, reorganization of the cell 
cytoskeleton, and activation of host cell signaling events 
(14-16).  More specifically, disruption of specific tight 
junction elements can result from degradation by pathogen 
derived proteases, changes in the phosphorylation state of 
the proteins, and altered protein synthesis. Furthermore, 
some enteric pathogens appear to subvert tight junction 
function by utilizing tight junction-associated proteins as 
receptors.  Pathogen-induced alterations to the actin 
cytoskeleton often involve modification of host cell 
pathways, including those that involve the activation of 
myosin light chain kinase (MLCK) (17-18). This 
pathway is emerging as a common mechanism by which 
tight junction function is disrupted and involves 
contraction of the perijunctional actomyosin via 
phosphorylation of MLC by MLCK. The contraction, in 
turn, regulates paracellular permeability by placing 
tension on the tight junction complex (13). Several 
pathogens also appear to exploit tight junction function 
by altering the activity of the Rho family of GTPase 
binding proteins, which are involved in the assembly 
and/or organization of the actin cytoskeleton (14; 19-
22). Thus, enteric pathogens have developed a broad and 
complex range of mechanisms to subvert host tight 
junction barrier function.  The effect of select pathogens 
on tight junction structure and function are discussed 
below and summarized in Tables 1-3. 
 
4.1 Viruses 
4.1.1. Rotavirus 
 The best-studied viral pathogen in terms of its 
interaction with intestinal tight junctions is the rotavirus. 
This virus causes severe diarrhea in small children and 
infants in the absence of any consistent histological damage 
to the intestinal epithelium (23). However, a frequently 
observed feature following rotavirus infection is an 
increase in paracellular permeability (24-26).  More 
research is needed to determine whether dysregulation of 
the paracellular pathway is an important factor in the 
development of rotaviral diarrhea.  Rotavirus infection 
induces a drop in transepithelial resistance (TER) and 
increases paracellular flux of labeled probes across Caco-2 
and MDCK cell monolayers (25; 27-29). The disrupted 
barrier function is accompanied by structural alterations to 
several tight junction-associated proteins, including ZO-1, 
occludin and claudin-1 (24; 25).  Altered tight junction 
function induced by rotavirus does not appear to correlate 
with cell damage or death. Furthermore, pretreatment of 
infected cell monolayers with a MLCK inhibitor does not 
prevent the change in transepithelial resistance, indicating 
that phosphorylation of MLC is an unlikely mechanism in 
this infection model (25).   
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Table 1. Examples of viral pathogens that modify tight junctional barrier structure and function 
Viral Pathogen Mechanism Tight junction dysfunction Reference 
Rotavirus Reduced occludin gene synthesis 

PKA activation 
Reduced nonphosphorylated form of occludin  (24-26) 

Coxsackie virus and Adenovirus Binding of virus fiber protein to CAR receptor Redistribution and loss of ZO-1 (36; 37) 
Reovirus Binds JAM-A 

NFkappaB-induced apoptosis 
Unknown (38) 

Protein kinase A, PKA; coxsackie virus and adenovirus receptor, CAR; zonula-occluden-1, ZO-1; junctional adhesion molecule-
1, JAM-1 
 
Table 2. Examples of bacterial pathogens that modify tight junctional barrier structure and function 

Bacterial Pathogen Mechanism Tight junction dysfunction Reference 
Clostridium difficile Inactivation of the Rho family of GTPases 

Activation of PKC 
Modification of the actin cytoskeleton 
Redistribution of ZO-1 and occludin  

(44-46) 

Clostridium perfringens C. perfringens enterotoxin binding to claudin-3 and 4 Disruption and degradation of claudin-4 (52) 
Salmonella typhimurium Altred Rho GTPase activity via T3SS effector proteins Altered organization of F-actin, ZO-1 and occludin  (21; 22) 
Vibrio cholerae Zot activation of PKC 

HA/P 
Redistribution of ZO-1 
Degradation of occludin  

(62; 63; 69) 

Enteropathogenic E.coli  
(EPEC) 

MLCK activation 
Dephosphorylation of occludin 

Perijunctional actomyosin ring contraction 
Redistribution of occludin, claudin and ZO-1 
Loss of protein-protein interactions 

(18; 32 73) 

Campylobacter jejuni Unknown Dephosphorylation and redistribution of occludin, 
reduced JAM-1 and claudin-4, and increased claudin-1  

(33; 88) 

Protein kinase C, PKC; zonula-occluden-1, ZO-1; type three secretion system, T3SS; zonula occludens toxin, Zot; 
hemagglutinin/protease, HA/P; myosin light chain kinase, MLCK; junctional adhesion molecule-1, JAM-1 
 
Table 3. Examples of intestinal parasites that modulate tight junctional barrier structure and function 

Parasite Mechanism Tight junction dysfunction Reference 
Giardia MLCK 

Caspase-3 dependent apoptosis 
Contraction of the actin cytoskeleton 
ZO-1, alpha-actinin, and claudin-1 disruptions 

(17; 93; 95; 96) 

Entamoeba histolytica Cysteine proteinases Degradation and dephosphorylation of ZO-1 and ZO-2 (99; 103) 
Myosin light chain kinase, MLCK; zonula-occludens-1 and-2, ZO-1 and -2 
 
Findings from a recent study indicate that infection with 
rotavirus causes a loss of occludin protein from the tight 
junction via a reduction in the nonphosphorylated form of 
occludin (26).  This observation is consistent with the 
central role played by the phosphorylated state of occludin 
in tight junctional distribution and function (30; 31).  The 
dephosphorylation of occludin may be associated with tight 
junctional reorganization and dysfunction in other models 
of infection (32; 33).  Therefore, it appears that the 
mechanism responsible for rotavirus-induced barrier 
dysfunction may differ as the nonphosphorylated form of 
occludin is reduced, while there is no change in the 
phosphorylated form.  In addition, the loss of the 
nonphosphorylated protein correlates with a significant 
decrease in occludin mRNA in rotavirus-infected Caco-2 
cells.   These changes occur in the absence of alterations in 
ZO-1 and ZO-3 expression (26).  Thus, rotavirus infection 
seems to affect tight junction function, at least in part, by 
inducing the modification of occludin protein synthesis.  
The mechanism by which rotavirus specifically reduces the 
level of occludin mRNA remains unknown, but the changes 
to occludin mRNA and protein levels are sensitive to PKA 
inhibitors (26).  Activation and translocation of PKA to the 
nucleus phosphorylates transcription factors that activate or 
inhibit responsive sites within the promoter region (26).  
Further studies are needed to determine how rotavirus may 
regulate occludin gene transcription, and whether it similarly 
affects other components of tight junctional complexes. 
 
4.1.2. Adenovirus and Coxsackievirus 
 Coxsackie B virus and adenovirus attach and 
infect epithelial cells by binding to the coxsackie virus and 
adenovirus receptor, CAR (34). CAR is an integral membrane 

protein that is a member of the immunoglobulin receptor 
superfamily (35). CAR is now recognized as a tight junction 
associated protein that colocalizes with ZO-1 in a number of 
epithelial cell lines as determined by immunofluorescence and 
electron microscopy. Immunoprecipitation studies further 
demonstrated that there is a physical association between ZO-1 
and CAR (36).  Whether this is a direct association or an 
indirect link via additional junctional proteins remains to be 
established.  In Chinese hamster ovary cells stably transfected 
with human CAR, the receptor is highly concentrated at sites 
of cell-cell contacts and mediates homotypic cell adhesion 
(36). The presence of CAR-CAR interactions also increases 
TER and reduces paracellular passage of labeled probes, in 
further support of the hypothesis that CAR contributes to the 
barrier function of tight junctions.  
 
 In human airway epithelia, binding of adenovirus 
viral fibers to the CAR receptor also blocks CAR-mediated 
cell adhesion, reduces TER, and increases paracellular 
permeability to both ions and viral particles (37). Furthermore, 
observations with electron microscopy revealed discontinuous 
cell-cell junctions close to, or directly above, infected cells, as 
well as small gaps between cells with adenovirus particles 
extending toward the apical surface. The functional 
permeability changes induced by viral fiber-CAR interactions 
are accompanied by a redistribution of beta-catenin and 
disruption of ZO-1 staining (37).  
 
 It is interesting that a virus would utilize a 
receptor that is normally hidden below or within the tight 
junction complex and it is still unclear how the virus 
initially gains access to such a receptor.  However, 
coxsackie virus and adenovirus are not the only viral 
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particles to exploit tight junction proteins as receptors. The 
junctional adhesion molecule, JAM, which is also an 
integral membrane protein and a member of the 
immunoglobulin receptor superfamily, has been identified 
as a receptor for mammalian reovirus (38). Reovirus 
interaction with JAM is required for virus attachment and 
infection in several epithelial cell lines, as well as for 
NFκB-induced apoptosis during reovirus infection (38).  
Moreover, JAM-A deficiency results in enhanced mucosal 
permeability in association with altered expression of 
claudin-10 and -15 (39).  
 
 The functional consequence of reovirus infection 
on tight junction structure and function remain unclear.  In 
support of a possible reovirus-induced alteration in barrier 
function, knockdown of JAM-A in vitro leads to decreased 
TER and enhanced permeability to dextran (40).  
Furthermore, reovirus-induced NFκB- dependent apoptosis 
may indirectly contribute to the loss of epithelial barrier 
function. Taken together, these observations indicate that, 
by exploiting a tight junction associated receptor, viral 
enteropathogens may induce tight junction dysfunction and 
open the paracellular pathway, possibly contributing to the 
development of diarrhea and promoting viral shedding and 
transmission.  
 
4.2 Bacteria 
4.2.1. Clostridium sp. 

C. difficile is the primary cause of 
pseudomembranous colitis and antibiotic-associated 
diarrhea (20). Disease etiology is attributed to the 
production and release of two exotoxins, toxin A and toxin 
B.  Both toxins are internalized into the host cell cytosol 
where they disrupt the function of the Rho family of GTP 
binding proteins, including Rho, Rac and Cdc-42 (14; 20). 
They do so by catalyzing the transfer of a glucosyl residue 
from UDP-glucose to Rho, Rac and Cdc-42, which renders 
the proteins inactive. The Rho family of proteins is 
important in the assembly and organization of the actin 
cytoskeleton; therefore, inactivation of these proteins leads 
to disassembly of actin stress fibers, disruption of actin-
associated adhesion plaque proteins, as well as cell 
detachment and rounding (20; 41; 42). Because the actin 
cytoskeleton is linked to the tight junction complex, 
alterations to the actin cytoskeleton via inactivation of Rho 
proteins could then be expected to affect epithelial 
permeability (43). Indeed, C. difficile derived toxin A and 
toxin B are reported to induce F-actin condensation in 
conjunction with a reduction in TER and increased flux of 
labeled probes, implying that the increased epithelial 
permeability reflected disruptions of the tight junction (44; 
45).   

 
Further support for the importance of Rho 

proteins in regulating tight junction structure and epithelial 
permeability was provided by a study utilizing the C. 
botulinum toxin, C3 transferase (19). This toxin specifically 
inactivates the Rho protein without affecting Rac or Cdc-
42. An experiment with C3 transferase demonstrated that 
inactivation of Rho leads to altered apical F-actin 
organization and, as a result, redistributes ZO-1 and 
disrupts epithelial barrier function (19).  The same group 

later reported that C. difficile toxin exposure induced the 
displacement of ZO-1, ZO-2 and occludin from the lateral 
membrane. These changes occurred in parallel with the 
disorganization of F-actin and the drop in TER (46). The 
total cellular concentration of the tight junction proteins is 
not affected, indicating that the proteins are not degraded.  
However, the physical association of ZO-1 with actin is 
significantly impaired upon exposure to C3 transferase. 
Furthermore, toxin exposure reduces the amount of ZO-1 
and high molecular weight occludin found within lipid raft-
like membrane microdomains. Tight junction structural 
components are normally enriched within the raft-like 
membrane microdomains, and the organization of the 
proteins into these membrane microdomains is known to be 
essential to tight junction homeostasis (47). These 
observations demonstrate that the Rho family of proteins 
helps maintain ZO-1 and actin interactions, and preserves 
the affiliation of tight junctional proteins with membrane 
microdomains. Overall, C. difficile toxins appear to have 
developed strategies to exploit the Rho family of proteins 
to subvert tight junction structure and epithelial barrier 
function, and this likely contributes to the development of 
intestinal inflammation and diarrhea during the infection. 

 
C. perfringens is another cause of food borne 

gastrointestinal illness and diarrhea and pathophysiology is 
associated with the C. perfringens enterotoxin, CPE (48). 
In contrast to C. difficile- derived toxin A and toxin B, CPE 
appears to modify epithelial permeability by directly 
altering specific tight junction proteins. The transmembrane 
proteins, claudin-3 and claudin-4 have been identified as 
receptors for CPE (49; 50). The C. perfringens toxin 
consists of a C-terminal receptor binding region and an N-
terminal toxicity domain (51).  Treatment of epithelial cell 
monolayers with the non-cytotoxic carboxy terminal end of 
CPE results in the removal of claudin-4 from the tight 
junction complex, and its eventual degradation (52).  CPE-
induced structural changes to claudin-4 correlate with a 
reduction in the number of tight junction strands, and an 
increase in paracellular permeability (52). Therefore, CPE 
binding to specific claudins may disrupt tight junction 
function via a non-cytotoxic pathway.  The exact role this 
disruption plays in the development of symptoms 
associated with C. perfringens infection has yet to be 
determined.   
 
4.2.2. Salmonella typhimurium 

Salmonella enterica serovar typhimurium (S. 
typhimurium) is one of the most common food-borne 
pathogens worldwide, and is responsible for self-limiting 
gastroenteritis and diarrheal disease. Disease etiology is 
primarily a result of the intra-epithelial translocation of 
virulence factors via a type 3 secretion system (T3SS) 
encoded by the Salmonella pathogenicity island-1 (SP-1) 
(53; 54).  Infection of polarized epithelial monolayers by 
Salmonella elicits a rapid and progressive drop in TER (55) 
that is accompanied by an increase in the paracellular flux 
of labeled markers across infected cell monolayers (21; 56; 
57). Coinciding with the increased paracellular 
permeability, occludin is dephosphorylated and ZO-1 is 
degraded (57). In addition, the distribution of F-actin, ZO-1 
and occludin is altered, and the perijunctional actomyosin 
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ring contracts (21; 56). However, contraction of the 
actomyosin ring does not appear to be a prerequisite for 
Salmonella-induced tight junctional dysfunction since 
pretreatment with staurosporine, a protein kinase inhibitor 
that prevents perijunctional contraction, failed to attenuate 
Salmonella invasion and subsequent tight junction 
dysfunction (58).  Interestingly, infection with S. 
typhimurium is reported to be associated with a significant 
increase in the translocation of both pathogenic and non-
pathogenic bacteria across epithelial cell monolayers, 
suggesting an important functional consequence of 
Salmonella-induced disruption to the tight junction barrier 
(57).  

 
The type 3 secretion system injects numerous 

bacterially derived effector proteins into the host cell, some 
of which are reported to regulate actin dynamics by 
modulating the Rho family of GTPases (59; 60). Therefore, 
S. typhimurium effector proteins may modulate the activity 
of Rho proteins, thereby altering tight junction function.  
Experiments utilizing a mutant strain lacking the SP1 T3SS 
indicate that the Salmonella-induced drop in TER and 
reorganization of ZO-1 and occludin are dependent on SP1 
effector proteins (21). In particular, the effector proteins, 
SopB, SopE, SopE2 and SipA are collectively required for 
Salmonella-induced barrier dysfunction and disruption of 
ZO-1 and occludin localization (22). Furthermore, 
pretreatment of epithelial monolayers with an inhibitor of 
geranylgeranyltransferase-1, which is required for 
activation of the Rho GTPases, significantly reduces the 
drop in TER observed following Salmonella infection (21; 
22).  Together, these data indicate that S. typhimurium- 
induced tight junction disruption is due, in part, to the 
activation of Rho GTPases via specific SP1 effector 
proteins.  
 
4.2.3. Vibrio cholera 

V. cholera is acquired through the ingestion of 
contaminated food or water, and causes life-threatening 
acute diarrhea. The enterotoxin cholera toxin (CT) was 
initially identified as the means by which V. cholera 
induces the profuse and severe diarrhea characteristic of 
cholera.  Indeed, the A subunit of CT activates adenylate 
cyclase, which increases cyclic AMP synthesis, hence 
opening chloride ion channels and ultimately increasing the 
net secretion of fluid and electrolytes (61).  V. cholera 
strains lacking the A subunit of CT are significantly 
reduced in their ability to cause diarrhea.  However, these 
strains are still able to induce mild to moderate diarrhea in 
a significant proportion of infected individuals (62).  
Therefore, it was proposed that V. cholera may produce 
another toxin that contributes to the development of 
diarrhea (63).  It is now well established that V. cholera 
produces a toxin other than CT, which increases intestinal 
permeability by altering the structure of tight junctions. In 
this instance, the increased permeability is accompanied by 
alterations in ZO-1 morphology, and the Vibrio toxin 
responsible was identified as zonula occludens toxin, or Zot 
(63).  Upon exposure to Zot, epithelial F-actin is 
redistributed and actin polymerization is increased in 
epithelial monolayers exposed to Zot-containing 
supernatant (64).  Inhibition of PKC activity abolishes Zot-

induced actin reorganization, and significantly 
attenuates the increased intestinal permeability caused 
by Zot (64).  Toxin activity also appears to be region-
specific, since altered barrier function in response to Zot 
is only observed in the small intestine. The region-
restricted activity of Zot is consistent with specific 
binding of the toxin to mature villus enterocytes 
predominately in the jejunum and small intestine (65). 
Together these results suggest that Zot binds to a 
specific intestinal epithelial cell surface receptor to 
initiate a cascade of intracellular events that involves 
activation PKC and polymerization of actin filaments. 
These events may ultimately lead to redistribution of ZO-1 
and increased paracellular permeability.  

 
Interestingly, an intestinal mammalian analogue 

of the Vibrio Zot protein has been identified (66). This 
protein, named zonulin, reversibly opens tight junctions 
and appears to bind to the same receptor and act through 
the same intracellular signaling mechanism as the 
bacterially derived Zot (66).  The physiological function 
of zonulin remains unclear; however, it was reported 
that both pathogenic and non-pathogenic bacteria elicit 
luminal zonulin secretion from the mammalian small 
intestine and this was accompanied by increased tissue 
permeability (67). Thus, it appears that the exposure of 
the relatively sterile proximal gut to enteric bacteria can 
lead to a reduction in tight junction competency and 
increase paracellular permeability. This may initially 
represent a host defense response to induce diarrhea and 
help ‘flush’ the bacteria out of the small intestine. On 
the downside, the development of a ‘leaky’ intestine 
could also contribute to the development of a number of 
chronic pathophysiological conditions that are associated 
with increased intestinal epithelial permeability (3). 

 
Another toxin elicited by Vibrio cholera that is of 

interest when discussing tight junction structure and 
function is the hemagglutinin/protease (HA/P).  HA/P is a 
metalloproteinase capable of cleaving numerous substrates 
as well as activating the A subunit of CT (68).  Culture 
supernatants from V. cholera strains that lack several toxins 
associated with virulence, including CT and Zot, are still 
able to cause a drop in TER across epithelial monolayers, 
and the cytotoxic factor responsible was identified as the 
HA/P (69). The barrier disruption induced by HA/P was 
due, in part, to ZO-1 and F-actin reorganization.  
Furthermore, a specific bacterial metalloprotease 
inhibitor significantly reduces the morphological 
changes induced by HA/P, suggesting that proteolytic 
activity may be required (69).  It was subsequently 
demonstrated that HA/P degrades the transmembrane 
protein occludin (70).  A metalloprotease inhibitor 
significantly attenuates the HA/P-induced degradation 
of occludin, whereas another protease, trypsin, fails to 
induce the same effect, indicating that the degradation 
of occludin may be specific to the proteolytic activity of 
HA/P. Moreover, exposure to HA/P leads to the 
rearrangement of ZO-1, but does not degrade ZO-1. 
These observations indicate that HA/P disrupts tight 
junction barrier function by the specific proteolysis of 
occludin, and the reorganization of ZO-1 and F-actin.  
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Interestingly, the related species Vibrio 
parahaemolyticus also significantly decreases TER and 
increases paracellular permeability across human colonic 
adenocarcinoma cells, in association with disruptions of the 
actin cytoskeleton, ZO-1, and occludin (71). However, 
these changes appear to occur independently of the major 
virulence factors produced by V. parahaemolyticus 
suggesting that additional virulence factors may disrupt 
tight junctional function during this infection. 
 
4.2.4. Escherichia coli 

Several pathogenic strains of Escherichia coli 
cause intestinal disease in humans and animals. Among these, 
enteropathogenic E. coli (EPEC) and enterohaemorrhagic E. 
coli (EHEC) are two of the most well recognized causes of 
infectious diarrhea worldwide. EPEC causes severe infantile 
diarrhea, particularly in developing countries, while EHEC 
causes hemorrhagic colitis and hemolytic uremic syndrome. 
Both strains belong to a family of non-invasive, attaching and 
effacing pathogens and despite the unique characteristic of 
being minimally invasive, both pathogens have been reported 
to alter intestinal epithelial barrier function (18; 72; 73). 
EPEC, in particular, has a profound effect on intestinal 
epithelial permeability.  In vitro studies demonstrated that 
EPEC induces a time and dose dependent drop in TER across 
intestinal epithelial cell monolayers, in association with 
increased paracellular permeability (72; 73). One mechanism 
by which EPEC affects paracellular permeability is via the 
phosphorylation of MLC. Inhibition of MLCK prevents 
EPEC-induced changes to tight junction barrier function, while 
inhibition of PKC or tyrosine kinases has no effect (18).  
Therefore, it appears that EPEC increases the phosphorylation 
of MLC by MLCK. This, in turn, induces contraction of the 
perijunctional actoymyosin ring, thereby placing tension on the 
tight junctional complexes and opening the paracellular 
pathway (13; 18).  

 
EPEC infection disrupts protein-protein 

interactions such that the amount of occludin associated 
with both ZO-1 and claudin-1 is significantly reduced (74). 
This loss of protein-protein interactions is accompanied by 
a translocation of apically localized tight junctional 
proteins to the lateral membrane.  These morphological 
changes also correlate with a decrease in the 
phosphorylated form of occludin (74). This is in support of 
other findings that reported a rapid and progressive 
dephosphorylation of occludin following EPEC infection of 
intestinal epithelial monolayers (32). Phosphorylation of 
occludin is important for its association with the membrane 
at the level of the tight junction, consistent with the 
observed relocation of occludin to the intracellular 
compartment following EPEC-induced dephosphorylation 
(32). These events coincide with a drop in TER, providing 
further evidence that the dephosphorylation of occludin 
represents another likely mechanism by which EPEC alters 
tight junction function. Whether the contraction of the 
perijunctional actomyosin ring via phosphorylation of 
MLC, and the dephosphorylation and redistribution of 
occludin are causally related events remains unknown; 
however, it is plausible given the intimate physical link 
between the actin cytoskeleton and the tight junctional 
complex. 

EPEC utilizes a type III secretion system to inject 
several effector proteins into the host cell (75). In vitro 
studies demonstrate that the effector protein, EspF, is key 
to the tight junction barrier dysfunction induced by EPEC 
and in vivo studies using mouse models of EPEC infection 
corroborate these findings (74, 76-78).  Indeed, C57BL/6 
mice become successfully colonized by EPEC, and barrier 
function in both the colon and ileum are significantly 
diminished one day after infection.  These functional 
abnormalities correlate with a redistribution of occludin, 
while ZO-1 seems not to be affected.  In contrast, EPEC 
strains lacking the EspF effector protein have no effect on 
barrier function or occludin distribution, despite colonizing 
the mouse gut at similar levels to the wild type strain.  
Interestingly, the effect of the wild type EPEC strain on 
barrier function and occludin localization persist at five days 
post infection, and the EspF mutant strain fails to attenuate the 
barrier dysfunction at this time point. Thus, it appears that the 
EPEC-induced tight junction barrier disruption may be EspF 
dependent at earlier time points of infection, while other 
factors likely contribute to barrier dysfunction later in 
infection. Altered barrier function at the later time point was 
shown to coincide with increased production of the pro-
inflammatory cytokine TNF-alpha, indicating that host factors 
likely play a role (78).  This observation is consistent with the 
documented effects of TNF-alpha and IFN-gamma on tight 
junctional structure and function (4; 79-82). 

 
Intestinal epithelial cells infected with the closely 

related pathogen EHEC also display a decrease in TER and 
an increase in the transepithelial flux of radiolabelled 
probes, although the barrier disruption inflicted by EHEC is 
delayed and less pronounced than that caused by EPEC 
(83; 84). However, as with EPEC, altered barrier function 
occurs in association with the redistribution of both ZO-1 
and occludin (83; 84).  Inhibition of MLCK, PKC or 
calmodulin partially inhibits the changes induced by EHEC 
infection (83). Interestingly, the effector protein, EspF, 
shown to be important to the barrier dysfunction induced 
by EPEC, does not appear to play a role during EHEC 
infection (84). 

 
Cytotoxic necrotizing factor (CNF)-1, a toxin 

produced by necrotizing E. coli, constitutively activates the 
Rho family of GTPases (85; 86).  E. coli CNF-1 has been 
used as a model system to examine the role of Rho 
GTPases on tight junctional structure and function. 
Treatment of intestinal epithelial cell monolayers with 
CNF-1 reduces TER and increases paracellular 
permeability across intestinal epithelial cell monolayers 
(85). The functional alterations in barrier function are 
accompanied by displacement of ZO-1 and occludin, and 
reorganization of JAM-1 (86). The CNF-1-induced 
activation of Rho GTPases and barrier disruption is in 
contrast to the mechanism utilized by pathogens such as C. 
difficile, which inactivate Rho GTPases (14; 20). Thus, 
both the activation and inactivation of the Rho GTPases 
may result in tight junctional disruptions. 
 
4.2.5. Campylobacter jejuni 

C. jejuni is a leading cause of human enterocolitis 
(87; 88). Infection of human intestinal epithelial cells with 
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C.jejuni triggers a significant decrease in TER and a 
corresponding redistribution of occludin (33; 89). These 
changes are associated with a reduced level of 
hyperphosphorylated occludin, while the amount and 
distribution of ZO-1 remain unchanged. In addition, in 
infected cells, the levels of lipid-raft associated claudin-1 
and JAM-1 are increased and decreased respectively, while 
the perijunctional actomyosin ring remains intact (33). The 
mechanisms involved in C. jejuni-induced barrier 
dysfunction remain unclear. 

More recently, C.jejuni-induced barrier 
dysfunction was associated with altered claudin-4 
distribution and content (90). Importantly, infection by 
C.jejuni seems to facilitate the translocation of non-
pathogenic, non-invasive E. coli across the epithelium, 
indicating that C.jejuni may promote the translocation of 
otherwise non-invasive microbial flora across the intestinal 
epithelial barrier (90; 91).  This observation is supported by 
the recent report that another enteric pathogen, S. 
typhimurium facilitates the translocation of both pathogenic 
and non-pathogenic bacteria across the intestinal epithelial 
barrier (57). 
 
4.2.6. Shigella flexneri 

S. flexneri is responsible for bacillary dysentery 
in humans and is a serious cause of morbidity and 
mortality, particularly in children from developing 
countries.  The bacterium was initially reported to invade 
intestinal epithelial cells almost exclusively from the 
basolateral membrane by utilizing specialized M cells to 
cross the epithelial barrier (92).  A more recent study 
reported that both apical and basolateral infection with wild 
type and non-invasive strains of S. flexneri elicits a drop in 
TER across intestinal epithelial cell monolayers (93).  
Confocal microscopy demonstrated that both strains of S. 
flexneri are able to translocate through the tight junctional 
seal into the paracellular space, suggesting that Shigella can 
penetrate the epithelial barrier independently of the M cell 
route (93).   

 
Treatment of epithelial cell monolayers with wild 

type or non-invasive S. flexneri results in the 
dephosphorylation of occludin (93). In addition, S. flexneri 
specifically targeted claudin-1, leading to a reduction in the 
expression of this protein following infection. The altered 
expression of both claudin-1 and occludin is accompanied 
by a redistribution of these proteins away from the tight 
junctional complex.  Similarly, both wild type and non-
invasive strains of S. flexneri are capable of removing ZO-1 
from the tight junctional complex.  In contrast, ZO-2 levels 
are initially decreased, followed by a recovery, and 
subsequent increase in ZO-2 expression.  The increase in 
ZO-2 expression is accompanied by the recruitment of ZO-
2 from the cytosol into the tight junctional complexes, 
perhaps compensating for the temporal loss of ZO-1 and 
ZO-2.  Interestingly, the changes to ZO-2 expression and 
distribution closely resembled the regulation of E-cadherin.  
It is speculated that the regulation of ZO-2 and E-cadherin 
is a protective response elicited by the host epithelial cell in 
an attempt to compensate for the S. flexneri- induced 
alterations to tight junction structure and function. 
Alternatively, the response may be induced by the bacteria 

itself in order to restore tight junction function and limit the 
host immune response following infection (93). Further 
studies are required to determine mechanisms by which S. 
flexneri alters the expression and distribution of tight 
junction- associated proteins. 
 
4.3 Parasites 
 Although much interest has been placed on tight 
junction dysfunction due to bacterial infection, more 
complex organisms like intestinal parasites have also been 
shown to affect tight junctional structure and function. Two 
of the better-studied protozoan parasites, in terms of their 
effects on epithelial barrier function, are discussed below 
(Table 3).  
 
4.3.1. Giardia sp. 
 Giardia lamblia (syn. G. duodenalis, G. 
intestinalis) is an intestinal protozoan parasite that is a 
common cause of waterborne disease characterized by 
acute or chronic diarrhea, dehydration, abdominal cramping 
and weight loss (94; 95). In some cases infected individuals 
can remain asymptomatic, or can develop chronic 
infections. Interestingly, symptoms can be present in the 
absence of any significant morphological damage to the 
mucosa. The mechanism(s) responsible for the 
development of diarrhea remain incompletely understood. 
Nevertheless, several reports indicate that epithelial barrier 
dysfunction may represent a key player in the 
pathophysiology of Giardia infection (17; 96-99). 
 
 G. lamblia infection of human intestinal 
monolayers and non-transformed duodenal epithelial cells 
induces a significant reduction in TER and increased 
paracellular permeability to macromolecules (96; 100). 
These functional alterations are accompanied by 
disruptions of the actin cytoskeleton and altered ZO-1 
localization (17; 96). Treatment with a MLCK inhibitor 
attenuates the effects of Giardia on paracellular 
permeability, F-actin and ZO-1, indicating that the tight 
junctional abnormalities are due, at least in part, to a 
Giardia-induced phosphorylation of MLC (17).  In 
addition, it appears that there is a link between the 
altered epithelial permeability and increased epithelial 
cell apoptosis upon exposure to this parasite.  G. lamblia 
induces enterocyte apoptosis in epithelial monolayers 
and this effect can be blocked by a caspase-3 inhibitor, 
which also prevents the disruption of ZO-1 and 
increased permeability following infection (98). Thus, 
Giardia-induced tight junctional dysfunction seems to be 
regulated by both the MLCK and pro-apoptotic caspase-3 
pathways. 
  
 In vivo studies in mice infected with Giardia 
support the findings from in vitro studies, demonstrating 
that Giardia infection increases intestinal permeability 
(17).  More recently, another report established that chronic 
giardiasis in humans disrupts intestinal barrier function. 
Loss of barrier function in infected patients correlated with 
reduced expression of claudin-1, and increased epithelial 
apoptosis (99).  Thus, tight junction barrier disruption was 
identified as one mechanism by which Giardia could 
contribute to diarrheal disease in infected humans. 
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4.3.2. Entamoeba histolytica 
 E. histolytica is the cause of human intestinal and 
extraintestinal amebiasis.  Infection is initiated by the 
adhesion and invasion of trophozoites into the enteric 
mucosa, followed by disruption of the epithelial microvilli 
and tight junctions and, ultimately, cell lysis (101). Clinical 
features range from mild diarrhea to severe dysentery, 
which seem to be associated with the loss of intestinal 
barrier function.  A rapid drop in TER and increased flux of 
labeled paracellular markers across epithelial monolayers 
provide evidence that the loss of barrier function occurs at 
the level of the tight junction (101).  Moreover, selective 
Entamoeba-induced changes in tight junction associated 
proteins have been reported, including the loss of protein-
protein interactions, the degradation of ZO-1 and the 
dephosphorylation of ZO-2 (102).  Although E. histolytica 
is known to induce cell lysis and tissue destruction, this 
does not appear to contribute to the initial barrier 
dysfunction given that the drop in TER occurs as early as 
15-30 minutes after infection, whereas cell death and the 
subsequent epithelial cell exfoliations are not observed 
until 3-6 hours post-infection. Moreover, low numbers of 
trophozoites that fail to induce cell death are still able to 
reduce transepithelial barrier function (102). 
 
 Several virulence factors are produced by E. 
histolytica including the Gal/GalNAc-specific amebic 
lectin and amebic cysteine proteinases (103; 104). The 
Gal/GalNAc specfic lectin is associated with trophozoite 
adherence to the enteric mucosa.  Agents that bind to this 
lectin, thereby preventing adhesion of trophozoites, have 
been shown to prevent E. histolytica- induced tight 
junctional dysfunction (102; 105).  The involvement of 
several signaling molecules, including PKA, PKC, MLCK 
and GTPases that are known to regulate tight junction 
function, have also been examined.  However, inhibition of 
these key signaling molecules fails to restore tight 
junctional function following E. histolytica infection (106). 
In contrast, the E. histolytica induced drop in TER and 
degradation of ZO-1 were prevented by inhibition of the E. 
hystolytica cysteine proteinases (106). Thus, it appears that 
adhesion and cysteine proteinases are required for E. 
hystolytica-induced tight junctional barrier dysfunction. 
 
5. RELEVANCE OF TIGHT JUNCTIONAL 
DISRUPTION BY ENTERIC PATHOGENS TO 
CHRONIC INTESTINAL DISORDERS 
  
 An intact tight junctional complex is essential to 
intestinal homeostasis; therefore, disruption of tight 
junction structure by enteric pathogens may have 
significant detrimental effects on intestinal function.  
Disruption of the tight junction results in the opening of the 
paracellular pathway, allowing water and electrolytes to 
leak into the lumen under hydrostatic pressure. This may 
contribute to the diarrhea that is commonly associated with 
acute viral, bacterial and parasitic infections discussed in 
this review. In addition, loss of intestinal barrier function 
may allow luminal antigens to access the underlying lamina 
propia and activate the host’s immune compartment. 
Increasing evidence suggests that this may contribute to the 
development of chronic intestinal disorders like 

inflammatory bowel disease (IBD) and irritable bowel 
syndrome (IBS), as well as autoimmune disorders like 
coeliac disease and diabetes.  
 
 IBD is a chronic, relapsing and remitting 
inflammation of the gastrointestinal tract that is composed 
of two major diseases, Crohn’s disease and ulcerative 
colitis. Increased epithelial permeability has been proposed 
as a key pathophysiological mechanism in IBD (3; 12).  
The integrity of the intestinal barrier is reported to be impaired 
in patients with Crohn’s disease and ulcerative colitis (107-
109).  A recent study reported a structural correlate to impaired 
barrier function in Crohn’s disease patients, including the 
reduced expression of occludin, claudin-3, claudin-5 and 
claudin-8, as well as the appearance of discontinous tight 
junction strands (110).  Similarly, colonic mucosa from 
patients with ulcerative colitis revealed a reduced expression of 
occludin, ZO-1, claudin-1 and JAM (111). Whether such 
changes are a cause or a consequence for the severe 
inflammatory response of the mucosa remains controversial.  
 
 Interestingly, in Crohn’s disease patients in 
clinical remission, increased intestinal epithelial 
permeability is often reported to precede a relapse by as 
much as one year (112-114).  Furthermore, a subset of 
healthy first degree relatives of Crohn’s disease patients is 
reported to have increased intestinal permeability (115-
119).  Further research is needed to determine whether 
altered intestinal barrier function, triggered by 
environmental factors like enteric pathogens, may precede 
the development of disease in genetically susceptible 
individuals.  
 
 The development of IBD has not yet been linked 
to a specific environmental trigger; however, given the 
detrimental effects of enteric pathogens on intestinal 
homeostasis, it is not surprising that the incidence of active 
IBD in patients with a prior episode of infectious 
gastroenteritis is more than double that of the rate see in 
individuals with no prior gastroenteritis.  Interestingly, 
Campylobacter jejuni was the most commonly detected 
bacteria in active IBD patients with a prior episode of 
gastroenteritis (120). In addition, bacterial infections have 
also been associated with triggering relapses in IBD 
patients (120; 121). 
 
 Post-infectious IBS has been associated with 
bacterial pathogens including, Campylobacter, Salmonella 
and Shigella (122; 123). Infection with the parasite 
Giardia, can also lead to the development of IBS-like 
symptoms (124). Furthermore, gut permeability is 
increased in post-infectious IBS and diarrhea-predominant 
IBS (125).  The link between bacterial infection, increased 
intestinal permeability and the development of IBS is 
further supported by the “Walkerton outbreak” in which 
increased permeability was reported in individuals who 
developed post infectious IBS two years after 
gastroenteritis due to E. coli O157:H7 or Campylobacter 
jejuni (123; 126). 
 
 Dysregulated intestinal barrier function has also 
been implicated in several autoimmune disorders, including 
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Figure 1.  Mechanisms utilized by select enteric pathogens to disrupt tight junctional structure and function. 1. Bacterially-
derived proteins or toxins may interact with a cell surface receptor to initiate a cascade of events, leading to the activation of PKC 
and subsequent actin rearrangement (ex. Vibrio cholera-derived zonula occludin toxin). 2. Contraction of the perijunctional 
actomyosin ring (arrow) via activation of myosin light chain kinase (ex. enteropathogenic Escherichia coli (EPEC), Giardia). 3. 
Modulation of the actin cytoskeleton and/or tight junctional complexes (hatched arrows) by altering the activity of the Rho family 
of GTPase binding proteins (ex. Clostridium difficile, Salmonella typhimurium, E.coli CNF-1). 4. Altered synthesis of tight 
junctional associated proteins via the activation of PKA (ex. Rotavirus). 5. Direct modification of tight junctional proteins extra- 
or intra-cellularly, including the phosphorylated state of occludin (ex. EPEC, Vibrio cholera-derived hemagglutinin/protease, 
Campylobacter jejuni). 6. Utilization of tight junctional proteins as receptors for enteric pathogens (ex. Clostridium perfringens-
enterotoxin, reovirus, adenovirus and coxsackie virus). 
 
coeliac disease (127).  Although the underlying 
mechanisms remain unclear, risk factors contributing to the 
development of coeliac disease include infection by enteric 
pathogens, specifically rotavirus and adenovirus (128; 129).  
Interestingly, the tight junctional regulator zonulin is 
significantly increased in the intestine of individuals with 
active coeliac disease, suggesting a causal role for zonulin 
in disease pathogenesis (130). As discussed in this review, 
the V. cholera- derived toxin, Zot, mimics the effect of 
zonulin (66). Moreover, the presence of enteric bacteria in 
the mouse small intestine activates the zonulin pathway, 
and impairs barrier function (67). Thus, it is possible that 
enteric infections, followed by tight junctional disruptions, 
may contribute to the pathophysiology of coeliac disease. 
 
 Another autoimmune disorder associated with 
increased intestinal permeability is type-1 diabetes (131-

133).  Using an in vitro rat model of type-1 diabetes, 
intraluminal zonulin levels are significantly elevated in 
diabetic-prone rats compared to diabetic-resistant rats 
(134). The increased zonulin levels occur in parallel with a 
decrease in small intestinal TER, and this response is 
followed by the production of autoantibodies to pancreatic 
beta cells. Importantly, blockade of the zonulin receptor 
decreased the incident of type-1 diabetes in the diabetic-
prone rats by 70% (134). Human studies confirm the in 
vitro rat study, demonstrating elevated zonulin levels in 
42% of patients with type-1 diabetes compared to age 
matched control subjects (135). The increased zonulin 
levels are accompanied by enhanced intestinal permeability 
and altered claudin-1 and claudin-2 gene expression.  
Furthermore, elevated zonulin levels appear to precede the 
onset of disease in patients who went on to develop type-1 
diabetes (135).  
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6. CONCLUSIONS 
 
  A broad range of enteric pathogens are known 
to disrupt epithelial tight junctions and alter intestinal 
permeability. It is becoming increasingly clear that 
intestinal microbes utilize a diverse array of strategies to 
overcome the tight junction barrier. Some of these 
strategies are summarized in Figure  1. Defining the 
mechanisms by which these pathogens subvert tight 
junction function will facilitate our understanding of the 
pathophysiological processes of enteric infections. This, in 
turn, may lead to the development of new therapeutic 
approaches to counteract the altered epithelial permeability 
associated with acute enteric infections, and may help 
control a variety of chronic disorders of the intestine. 
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