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The role of epithelial malfunction in the pathogenesis of
enteropathogenic E. coli-induced diarrhea
Tamia K Lapointe, Pamela M O’Connor and Andre G Buret

The homeostatic balance of the gastrointestinal tract relies on a single layer of epithelial cells, which assumes both
digestive and protective functions. Enteric pathogens, including enteropathogenic Escherichia coli (EPEC), have evolved
numerous mechanisms to disrupt basic intestinal epithelial functions, promoting the development of gastrointestinal
disorders. Despite its non-invasive nature, EPEC inflicts severe damage to the intestinal mucosa, including the dysre-
gulation of water and solute transport and the disruption of epithelial barrier structure and function. Despite the high
prevalence and morbidity of disease caused by EPEC infections, the etiology of its pathogenesis remains incompletely
understood. This review integrates the newest findings on EPEC–epithelial interactions with established mechanisms of
disease in an attempt to give a comprehensive understanding of the cellular processes whereby this common pathogen
may cause diarrheal illness.
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Escherichia coli (E. coli) is the most abundant facultative
anaerobe in the normal microflora of the mammalian colon.1

In physiological situations, this close interaction is mutually
beneficial to both the bacteria and the host; however, certain
strains of E. coli such as enteropathogenic E. coli (EPEC) have
acquired virulence genetic islands and small gene clusters that
contribute to the development of acute gastroenteritis. In
developing countries, EPEC is a significant cause of infantile
diarrhea, which is associated with a high rate of mortality
(10–40%).2 In the last decade, identification and character-
ization of several EPEC virulence factors have significantly
contributed to our understanding of EPEC pathogenesis,
especially with regard to their effects on basic intestinal
epithelial functions. Nevertheless, the complete mechanism
underlying EPEC-induced diarrheal illness remains elusive.
The following paragraphs offer a state-of-the-art review of
the mechanisms by which EPEC mediates epithelial dys-
function, and provides novel insights into molecular events
whereby this common pathogen may induce diarrheal illness.

ATTACHING AND EFFACING LESIONS
Enteropathogenic E. coli is an extracellular non-invasive
Gram-negative bacterium. Its virulence relies on a specific

chromosomal region called the locus of enterocyte efface-
ment (LEE), which allows the bacteria to form attaching and
effacing (A/E) lesions at the surface of the intestinal mucosa.3

The formation of A/E lesions begins with the localized ad-
hesion of EPEC to intestinal epithelial cells (IECs), which is
achieved by the expression of bundle-forming pili encoded by
the EPEC adherence factor plasmid (EAF).4 In fact, deletion
of this plasmid abolishes the development of EPEC-induced
diarrhea, further supporting its requirement for the patho-
physiological process.5 The locus of enterocyte effacement
encodes a type 3 secretion system (T3SS), which is used to
inject bacterial factors such as the translocated intimin re-
ceptor (Tir) into host cells.6,7 Once inside IECs, Tir is in-
serted into the plasma membrane where it binds the EPEC
outer membrane adhesin intimin.7 The cytoplasmic domain
of Tir also interacts with the adaptor protein Nck and sig-
naling molecules N-WASP and Arp2/3, resulting in re-
modeling of the actin cytoskeleton and the formation of a
pedestal complex beneath attached bacteria.8–10 In addition
to actin filaments, several structural proteins are recruited to
the site of bacterial attachment, including a-actinin, ezrin,
and myosin light chain II (MLC), which contributes to
pedestal formation.11–13
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The T3SS also mediates the translocation of several E. coli-
secreted proteins (Esp), which act to subvert multiple
epithelial cell signaling pathways, contributing to disease
initiation and persistence. The EPEC locus of enterocyte
effacement-encoded effector molecules involved in diarrhea
are listed in Table 1, and will be discussed in further detail
with regard to their effect on the intestinal epithelium in the
following sections.

EPEC-INDUCED DIARRHEA: ALTERATIONS TO
EPITHELIAL FUNCTION
During EPEC infection, a variety of mechanisms contribute
to the dysregulation of intestinal architecture, ion and water
transport, epithelial barrier structure and function, and host
inflammatory responses, all contributing to disease estab-
lishment. The following paragraphs elaborate on cellular
and molecular events involved in the pathophysiology of
EPEC-induced diarrhea.

Loss of Absorptive Surface
Epithelial microvilli significantly increase the absorptive
surface of the intestine, and contain a broad array of func-
tional elements, including digestive enzymes and electrolyte/
nutrient transporters. During EPEC infection, the cytoske-
letal rearrangement required for pedestal formation results in
microvilli destruction and diffuse shortening. These changes
severely diminish the absorptive capacity of the affected area,
enhancing the osmotic load of the luminal contents, and
driving loss of water and consequent diarrhea.14,15 However,
EPEC-induced diarrheal symptoms occur before the full
formation of A/E lesions.16 Therefore, although the forma-
tion of A/E lesions and the diffuse loss of brush border
surface area certainly exacerbate diarrhea, they are unlikely to
be the leading mechanisms in its initiation. Instead, a more
active secretory mechanism is suspected to mediate the rapid
development of initial diarrheal symptoms.

Ion and Water Transport
The intestinal epithelium has evolved elaborate mechanisms
to maximize its fluid and electrolyte absorption, such that
from the 8–9 lof fluid entering the human gut daily, only
100–200ml are ultimately lost in the feces.17 The ionic bal-
ance on either side of the intestinal epithelium is regulated by
various channels and transporters (reviewed by Barrett and
Keely18). Water and solute absorption is mainly achieved by
Naþ /glucose (SGLT-1), Naþ /Hþ (NHE2-3) and Cl�/HCO3

�

(DRA/PAT1) exchangers. On the other hand, the apical
cAMP-dependent cystic fibrosis transmembrane conductance
regulator (CFTR) contributes to the creation of an osmotic
gradient that drives the movement of water into the lumen.18

These transport pathways are tightly controlled, and their
dysregulation is believed to account for the early-onset of
EPEC-induced watery diarrhea, as discussed below.

Direct modulation of ion transport
Enteropathogenic E. coli is able to modulate host cell elec-
trolyte transport. A study carried out on colonic epithelial

Table 1 EPEC LEE-encoded effector molecules involved in the
development of diarrhea

Effect on the intestinal
epithelium

Reference

Tir A/E lesion

Intimate attachment Kenny et al7

Cytoskeletal

rearrangement

Gruenheid et al,8 Kalman

et al,9 Schuller et al10

Ion and water transport

SGLT-1 inactivation Gill et al29

Map Ion and water transport

SGLT-1 inactivation Gill et al29

Epithelial barrier

Claudin-1, -3 and -5

internalization

Muza-Moons et al50

EspB Epithelial barrier

Ezrin and ZO-1 redistribution Crane et al53

Association of PKCa with

E-cadherin and redistribu-

tion of b-catenin

Nougayrede and

Donnenberg54

EspF Ion and water transport

Reduction of NHE3

expression

Hecht and Koutsouris,21

Hoyle and Burnstock22

AQP redistribution Collins et al28

SGLT-1 inactivation Gill et al29

Epithelial barrier

Claudin-1, -3, -5, occludin,

ZO-1, and ezrin

redistribution

Ma et al,45 Elliott et al,46

Berryman et al,47

Simonovic et al,48

Malladi et al,49

Crane et al53

EspG EspG2 Ion and water transport

Destruction of the micro-

tubule network, alteration of

DRA embrane targeting, and

reduction of Cl�/HCO3
�

exchange

Hodges et al26

AQP redistribution Collins et al28
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Caco-2 cells showed that EPEC-secreted proteins, EspA,
EspB, and EspD, induce a rapid and transient increase in
short circuit current (Isc), partially attributed to Cl� secre-
tion.19,20 Nevertheless, a report published the following year
failed to show a similar response in intestinal epithelial T84
cells, but found that EPEC decreases Isc in response to Ca2þ -
and cAMP-dependent secretagogues, in a Cl�-independent
manner.21 The differing outcomes of these experiments could
potentially be explained by the absorptive versus secretory
phenotypes of the epithelial cell lines used in each model
of infection. Furthermore, in physiological conditions, the
presence of an important array of mediators released by
several cell populations also influence the ion transport
activity during EPEC infection. For example, galanin, a
neuropeptide controlling intestinal motility,22 has been
found to modulate Cl� secretion during enteric infections.
Upon EPEC infection, the expression of the galanin receptor
(GAL-1R) is significantly increased in vitro and in vivo in
a NF-kB-dependent manner.23 Gal-1R activation then
mediates Ca2þ -dependent Cl� secretion, implying that
neuronal regulation of Cl� secretion contributes to the
excessive luminal fluid accumulation observed during
EPEC-induced diarrhea.24

Enteropathogenic E. coli infection also affects Naþ

transport. Indeed, EPEC infection reduces the expression
of NHE3 in Caco-2 cells in an EspF-dependent
manner.25,26 NHE3 is the dominant isoform of NHE
contributing to small intestinal Naþ absorption and
mice deficient in this transporter experience severe
diarrhea.27 Importantly, in vivo experiments showed that
the relative contribution of NHE3 to overall Naþ absorption
is much higher (4� ) in post-weaning rats than adult rats.28

It is still unclear if this trend is representative of what
happens during human development, but if so, it could
partly explain the increased susceptibility of young children
to EPEC.

Enteropathogenic E. coli is also known to reduce
Cl�/HCO3

� exchange in vitro and in vivo.29 This effect
appears to be mediated by EspG- and EspG2-dependent
disruption of the microtubular network.29 EPEC-induced
microtubule dysfunction alters the membrane targeting
of the Cl�/HCO3

� exchanger DRA, resulting in reduced
Cl� uptake and its accumulation in the lumen, driving
water loss.29 These results have recently been corroborated by
a study showing an important downregulation of DRA
mRNA in mice challenged with Citrobacter rodentium, a
natural mouse pathogen used as an animal model of EPEC
infection.30

Furthermore, EPEC virulence factors, EspF, Map, Tir, and
intimin, have been shown to act together to rapidly inactivate
SGLT-1, a cotransporter responsible for about 70% of the
total fluid uptake in the small intestine.31,32 It remains to be
established whether this mechanism contributes to the
refractory response to oral rehydration therapy in patients
with severe diarrhea.33,34

Taken together, these studies suggest that, unlike other
diarrheagenic pathogens, such as Vibrio cholera, that promote
active enterocyte Cl� secretion,17 EPEC creates an imbalance
in the electroneutral Naþ /Cl� exchange across the plasma
membrane, which reduces water absorption and contributes
to the establishment of diarrhea.

Water transport
Enteropathogenic E. coli also directly alters water transport,
independently of ion distribution, by modulating epithelial
aquaporin (AQP) expression. AQPs are water and water/
glycerol channels expressed in colonic epithelial cells allowing
water absorption through cellular membranes.35 AQP2 and
AQP3 are expressed in the lateral and apical membranes of
murine colonocytes, specifically in the distal colon.36 During
challenge with C. rodentium, the development of diarrhea
correlates with the disruption of this normal pattern of AQP
expression.36 Despite no significant changes in their total
expression, AQP2 and AQP3 were shown to translocate from
the membrane into the cytosolic compartment. These effects
were mediated, at least in part, by EspF and EspG, while
EspH and the mitochondria-associated protein (Map) were
not involved.36 Interestingly, after recovery from the infec-
tion, mice displayed a normal pattern of AQP distribution.
More recently, a comparative study of genome-wide trans-
criptional changes during C. rodentium infection also showed
a drastic downregulation of AQP8 in infected mice.30

Together, these studies indicate that a reduction of luminal
water absorption, in addition to the decrease in solute uptake
described earlier, contributes to EPEC-mediated watery
diarrhea.

Epithelial Barrier Function
The intestinal epithelium acts as a physical barrier separating
the luminal environment and subepithelial tissues. This po-
larized barrier is primarily maintained by apical junctional
complexes, including tight junctions and adherens junctions,
which connect neighboring epithelial cells (reviewed by
Harhaj and Antonetti37 and Niessen38). Tight junctions are
made of complex interactions between up to 40 proteins
including the transmembrane proteins occludin, junctional
adhesion molecule, and claudins. These proteins are an-
chored to the actin filaments and MLC of the perijunctional
actinomyosin ring through cytosolic plaque proteins of the
zonula occludens (ZO) family. Adherens junctions, which
lie basolateral to the tight junctions, are formed by the
interaction of the transmembrane protein E-cadherin with
cytoplasmic proteins of the catenin family.

Disruption of epithelial barrier structure and function
It is now well established that EPEC alters both the structure
and function of the epithelial barrier. Apical junctional
complexes are dynamic complexes and their permeability is
regulated by several mechanisms, one of which is the phos-
phorylation of MLC by MLC kinase. EPEC is known to
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activate MLC kinase, which induces the contraction of the
actinomyosin ring and the consequent distention of trans-
membrane tight junctional proteins, resulting in an increase
in paracellular permeability.13,39

Enteropathogenic E. coli can also directly alter tight
junctional proteins. Indeed, EPEC infection induces
redistribution of occludin, which results in a significant de-
crease in barrier function both in vitro and in vivo, in an
EspF-dependent manner.40–43 Redistribution of ZO-1, cyto-
plasmic clearing of claudin-1, and a gradual decrease in
protein–protein interaction within the tight junctions have
also been reported during EPEC infection.41 Finally, EspF
and Map have been shown to induce cytosolic translocation
of claudin-1, -3, and -5 in C. rodentium-infected mice.44,45

This mechanism requires the locus of enterocyte effacement-
encoded EspF chaperone, CesF, for the translocation of EspF
into the host cytosol and the subsequent reduction of TER.46

Ezrin is concentrated in the microvilli of IECs and plays an
important role in modulating tight junction structure and
function, as it links tight junctional proteins to the actin
cytoskeleton.47 Upon EPEC infection, ezrin is relocalized to
the pedestal, where it gets phosphorylated and activated.48

This effect is EspB and EspF dependent, and results in the
redistribution of ZO-1 and a subsequent decrease in TER.48

The adherens junctions do not escape the disruptive effects
of EPEC. EspB-mediated phosphorylation and subsequent
activation of PKCa have been reported during EPEC infec-
tion, increasing its association with the transmembrane
protein E-cadherin.49 This results in the cytoplasmic redis-
tribution of b-catenin and an increase in paracellular
permeability.49

Enteropathogenic E. coli-induced disruption of epithelial
apical junctional complexes causes a loss of polarity in epi-
thelial cells. Upon EPEC infection, basolateral b1-integrin
moves to the apical side of enterocytes where it can interact
with intimin.50 Although Tir remains essential for bacterial
attachment, cytoskeletal rearrangement, and barrier defects,
the interaction of b1-integrin with intimin further enhances
the attachment of EPEC to IECs and is required for maximal
decreases in TER.50

It should be noted that certain gastrointestinal pathogens,
such as the parasite Giardia lambia, are known to modulate
epithelial permeability through the induction of apopto-
sis.51,52 As mentioned before, EPEC induces apoptosis in
infected IECs in a caspase-dependent manner.53,54 Never-
theless, recent studies concluded that the increase in epithe-
lial permeability caused by EPEC is caspase-independent, as
the inhibition of different initiator and executioner caspases
did not restore the epithelial barrier properties.55,56

Importantly, all the above mechanisms by which EPEC
modulates the integrity of epithelial barrier structure and
function result in an electrochemical gradient imbalance
across the epithelium, altering water and ion distribution,
thereby contributing to the establishment of diarrhea. These
processes are illustrated in Figure 1.

Intestinal Inflammation
Enteropathogenic E. coli possesses several pathogen-asso-
ciated molecular patterns recognized by Toll-like receptors
(TLR) at the surface of enterocytes and immune cells. Al-
though earlier findings have suggested that EPEC attachment
to IECs is required for the initiation of an inflammatory
response,57 recent evidence indicates that EPEC flagellin, but
not EPEC LPS, is able to activate the mucosal immune sys-
tem through the epithelial TLR5 activation.58,59 Furthermore,
it appears that the EPEC-mediated inflammatory response
is the net result of the activation of both pro- and
anti-inflammatory signaling pathways in host cells. Indeed, it
was shown that EPEC-secreted components exert a proin-
flammatory effect, whereas its attachment to IECs and the
translocation of effector molecules by the T3SS attenuate this
response.60 The outcome of this balance is the induction of
an inflammatory response, mostly driven by the activation of
NF-kB, MAPK-ERK1/2, and protein kinase Cz, all leading to
the expression and release of interleukin (IL)-8, a potent
neutrophil chemoattractant.58,61,62 This results in an im-
portant neutrophilic infiltration into the lamina propria,
epithelial crypts, and intestinal lumen.57

The onset of diarrhea during EPEC infection occurs within
a few hours of colonization and before the full engagement
of the mucosal innate immune system, suggesting that the
inflammatory response directed against EPEC is not the
initiating factor in the development of diarrhea.63 Never-
theless, inflammatory processes could certainly be involved in
disease duration and severity, as discussed below.

Neutrophils infiltrating the infected mucosa upon EPEC
infection release important amounts of 50AMP.64 At the
apical surface of IECs, 50ectonucleotidase (CD73) converts
50AMP into adenosine. Adenosine then interacts in a para-
crine manner with the A2b adenosine receptor, which by its
association with G-protein as, indirectly activates adenylyl
cyclase.64,65 The subsequent increase in cAMP results in the
activation of PKA and CFTR, promoting Cl� secretion and
enhancing luminal movement of water.64,65 In addition, an-
other study showed that EPEC is able to induce the cellular
release and rapid breakdown of ATP into adenine nucleotides
and adenosine, feeding into the earlier described signaling
cascade.66

The inflammatory response associated with EPEC is as-
sociated with an increase in proinflammatory cytokines, such
as TNFa, interferon (IFN) g, and IL-1b, in the infected mu-
cosa.58,60 Several studies have shown the role of these cyto-
kines in epithelial barrier disruption. Indeed, IFNg, alone or
in synergy with TNFa, is known to induce epithelial barrier dys-
function, independently of its proapoptotic properties.67–69

Furthermore, a recent study has shown the ability of IL-1b to
alter epithelial tight junction permeability in an NF-kB-
dependent manner.70 Further studies investigated the hy-
pothesis that, during EPEC infection, such proinflammatory
mediators may contribute to epithelial barrier damage and
diarrhea. In C. rodentium-infected mice, tight junction
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disruption occurred before inflammation was detected.71

Furthermore, 21 days post-infection, when the host had
cleared the pathogen, inflammation was sustained, but the
structure of the tight junctions appeared intact. These find-
ings suggest that while the generation of proinflammatory
cytokines could contribute to the duration and severity of
disease, it is not the instigating event in EPEC-mediated
barrier dysfunction and consequent diarrhea.

CONCLUSION
The multifactorial effect of EPEC on the intestinal epithelium
certainly contributes to the complexity of its pathogenesis;
however, the discovery of several virulence factors and the sig-
naling cascades they engage has considerably enhanced our
understanding of the mechanisms by which EPEC mediates
diarrheal illness in humans. Although the modulation of elec-
trolyte and water transport appears to be responsible for the
early-onset of diarrhea, disruption of the intestinal epithelial
barrier, cytoskeletal rearrangements, loss of absorptive surface,
and activation of the mucosal innate immune system further
amplify the outcome of infection (summarized in Figure 1).
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