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Blikslager AT, Moeser AJ, Gookin JL, Jones SL, Odle J. Restoration of Barrier Function in Injured Intestinal
Mucosa. Physiol Rev 87: 545–564, 2007; 10.1152/physrev.00012.2006.—Mucosal repair is a complex event that
immediately follows acute injury induced by ischemia and noxious luminal contents such as bile. In the small
intestine, villous contraction is the initial phase of repair and is initiated by myofibroblasts that reside immediately
beneath the epithelial basement membrane. Subsequent events include crawling of healthy epithelium adjacent to
the wound, referred to as restitution. This is a highly regulated event involving signaling via basement membrane
integrins by molecules such as focal adhesion kinase and growth factors. Interestingly, however, ex vivo studies of
mammalian small intestine have revealed the importance of closure of the interepithelial tight junctions and the
paracellular space. The critical role of tight junction closure is underscored by the prominent contribution of the
paracellular space to measures of barrier function such as transepithelial electrical resistance. Additional roles are
played by subepithelial cell populations, including neutrophils, related to their role in innate immunity. The net result
of reparative mechanisms is remarkably rapid closure of mucosal wounds in mammalian tissues to prevent the onset
of sepsis.

I. INTRODUCTION
Epithelial repair has been intensively studied in cultured epithelium (64, 124, 137, 146) but to a lesser extent
in mammalian mucosa (21, 67, 125). The former approach
allows for intensive molecular-based techniques to be
used to study mammalian epithelium, but it has the major
shortcoming of not taking into account the natural threedimensional structure of the mammalian mucosa, particularly in the small intestine where there are villi. Studies
www.prv.org

on epithelial cells have largely focused on epithelial
crawling (restitution) (146). Some studies have overcome
the limitation of the relative simplicity of epithelial monolayers by studying cocultured epithelium and myofibroblasts (147, 148) or by assessing the role of neutrophil
transmigration across epithelial monolayers (128). Nonetheless, these cell populations do not fully recapitulate
the complex three-dimensional structure that is present in
mammalian mucosa (105), and it is the purpose of this
review to focus on repair of mammalian mucosa. There
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are a number of injurious agents that may be applied to
mammalian mucosa in vivo or in vitro, after which mechanisms of mucosal repair may be studied using standard
techniques such as blood-to-lumen clearance of labeled
probes or ex vivo electrophysiological studies (8, 67, 78).
Injury in this review will focus on two major mechanisms
of epithelial cell loss: ischemia and bile-induced injury.
These mechanisms of injury can be carefully titrated to
allow a selected level of injury, and they are relatively
uncomplicated methods of injuring epithelium, allowing
an emphasis on reparative events. In terms of mucosal
reparative mechanisms, perhaps the most surprising finding is that restitution, which was once synonymous with
repair itself, appears to be less important than restoration
of tight junctions and the subjacent paracellular space,
which appears to be the crucial event in recovery of
barrier function in mammalian mucosa (66).

The intestinal barrier is composed of a single layer of
columnar epithelium and interepithelial tight junctions,
which reside at the apical-most region of the paracellular
space. Tight junctions polarize the cell into apical and
basolateral regions (fence function) and regulate passive
diffusion of solutes and macromolecules (gate function)
(108). Thus the intestinal barrier serves as the first line of
defense against a hostile environment within the intestinal lumen (146). There are two components to this innate
mucosal defense: mechanisms that reduce the ability of
pathogens and their toxins to invade the mucosa and
mechanisms that ensure rapid repair of defects in the
epithelial monolayer. Regulation of passive diffusion
across the intestinal barrier is centered on the ability of
tight junctions to allow passage of select solutes that are
beneficial to the host, while preventing the passage of
antigens, bacterial toxins, and pathogens (146). Once the
epithelial barrier is disrupted, epithelial repair mechanisms must rapidly reform a continuous epithelial monolayer to prevent absorption of bacterial toxins (22). In
particular, studies have intensely focused on epithelial
restitution, during which epithelium reseals mucosal defects (64, 124). However, it appears that epithelial migration and contact is insufficient alone to restore a functional barrier. Instead, the tight junction must reform and
seal before any substantial degree of barrier function can
be documented in mammalian mucosa (19, 66, 97).
In addition to contributions to the physical attributes
of the mucosal barrier, the epithelium is also a sentinel. In
this capacity, the epithelium serves as a sensor, signaling
to resident innate immune cells in the mucosa when
infection or injury occurs to recruit and ultimately regulate the function of innate and adaptive immune system
Physiol Rev • VOL

TABLE 1. Ligands for known mammalian Toll-like
receptors
TLR

Ligand

TLR1
TLR2

Lipopeptides, modulin
Lipoteichoic acid, lipoproteins, peptidoglycan,
yeast mannans, lipoarabinomannan
dsRNA
Lipopolysaccharide
Flagellin
Modulin
ssViral RNA
ssViral RNA
Microbial CpG-DNA
Undefined
Toxoplasma gondii profilin-like protein
Undefined

TLR3
TLR4
TLR5
TLR6
TLR7
TLR8
TLR9
TLR10
TLR11
TLR12

TLR, Toll-like receptor.
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II. IMPORTANCE OF INTESTINAL
BARRIER FUNCTION

elements essential to combat infection and heal wounds.
Epithelial cells and innate immune cells in the lamina
propria express a number of receptors that recognize
conserved moieties on microbial molecules, conferring
upon these cells the ability to recognize “microbial nonself” (119). These include complement receptors, scavenger receptors, mannose binding receptors, and members
of the toll-like receptor (TLR) family (Table 1). Of these,
the biology of the TLR is perhaps the best studied in the
intestinal mucosa. Activated TLRs stimulate epithelial
cells to elicit alarm signals in the form of a number of
proinflammatory mediators that activate and recruit innate immune cells and adhesion molecules that regulate
trafficking of inflammatory cells into and even across the
epithelium into the intestinal lumen (Table 2). As innate
immune cells enter the tissue, they in turn sense the
environment for appropriate signals that further activate
them to kill microbes. Neutrophils and macrophages have
a key role in orchestrating the kinetics and magnitude of
the inflammatory response and regulating antigen presenting cells that shape the nature of the adaptive immune
response.
While it may be hard to envision how epithelial cells
expressing receptors that are activated by microbial molecules are held in check when exposed to the noxious
milieu of the intestinal contents, there are a number of
mechanisms by which TLR responses are regulated to
prevent inappropriate activation of the inflammation.
TLRs are spatially distributed to allow some specificity to
their responses. For example, some TLRs are principally
expressed on the basolateral aspect of epithelial cells
(58). Thus they contact ligands only when the tight junction barrier is disrupted by either invading pathogens or
epithelial damage. Second, TLR signaling in gut epithelial
cells is modulated by as yet poorly defined mechanisms to
minimize inappropriate activation of inflammatory gene
expression (89). Indeed, TLR signaling induced by commensal organisms has a protective role and is required for
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TABLE

2.

Some genes regulated during inflammation

Cytokines and Chemokines

Adhesion Molecules

Inflammatory Enzymes

TNF-␣
IL-␤
IL-6
IL-8
IL-12
IL-2
Rantes
MIP-2
Eotaxin

ICAM-1
VCAM-1
E- and P-selectin

iNOS
COX-2
mPGES-1
5-Lipoxygenase
12-Lipoxygenase
Annexin-1
PLA2

TNF, tumor necrosis factor; IL, interleukin; ICAM, intracellular
adhesion molecule; VCAM, vascular cell adhesion molecule; iNOS, inducible nitric oxide synthase; COX-2, cyclooxygenase-2; PLA2, phospholipase A2.
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macrophage scavenging of neutrophil corpses, and promote macrophage-dependent healing of tissues (163).
Lipoxins retard neutrophil recruitment into inflamed
mucosa by inhibiting epithelial production of the potent
neutrophil chemoattractant interleukin (IL)-8 (57). In
addition, epithelial cells produce protein anti-inflammatory mediators such as secretory leukocyte protease inhibitor (SLPI) that dampen neutrophil oxidant production
and inhibit neutrophil proteases (169). Epithelial cells and
macrophages also produce the epithelial cell growth promoting cytokine proepithelin (PEPI), which synergizes
with SLPI to dampen neutrophil responses (200). PEPI
signals to epithelial cells to induce proliferation, promoting repair. Thus, like initiation and amplification of inflammation, resolution of inflammation in the intestinal
mucosa is highly orchestrated with epithelial cells seated
firmly in the conductor’s chair.
III. MEASUREMENT OF INTESTINAL
BARRIER FUNCTION
To study mechanisms of intestinal repair and regulation of tight junctions, it is necessary to be able to sensitively and dynamically measure intestinal barrier function. The most sensitive measure of mucosal barrier function is transepithelial electrical resistance (TER), since
this measurement reflects the degree to which ions traverse tissue (105). There are two routes ions may passively traverse epithelium: transcellular and paracellular
(Fig. 1) (100). In the small intestine, apical epithelial
membranes have a resistance to passive flow of ions 1.5–3
log units greater than that of epithelial monolayer as a
whole. Thus measurements of TER largely reflect the
paracellular resistance, which has been calculated to account for 75–94% of the total passive ion flow across small
intestinal epithelium (50, 104, 105, 141, 156). The paracellular pathway can also be assessed using a variety of
probes that selectively traverse epithelium via the paracellular space. An example of such a probe is mannitol,
which has been used in permeability studies either as
mucosal-to-serosal fluxes in tissues placed in Ussing
chambers (22, 97, 102) or blood-to-lumen clearance in
whole animal studies (78, 90). Paracellular resistance is
imparted by the tight junction and lateral intercellular
space. Under conditions of tight apposition of the lateral
membranes, approximations of intercellular space resistance may exceed the specific tight junction resistance
depending on the length of the intercellular space. The
latter measurement is difficult to accurately estimate due
to extensive folding of the lateral membranes lining the
intercellular space (Fig. 2). However, once the intercellular space exceeds the physiological range in width of the
tight junction, the contribution of intercellular space to
total paracellular resistance approaches zero (31). Thus,
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intestinal homeostasis (151). Third, some sensory systems in gut epithelium only respond to intracellular microbial molecules, signaling invasion (36). Finally, the
binary signal or “two hit” theory suggests that inflammation is only triggered and propagated when two signals
are generated, one indicating infection (signaled by microbial molecules, cytokines, proinflammatory lipids) and
one indicating tissue injury (signaled by heat shock proteins, neuropeptides, mitochondrial peptides) (131). Multiple cells in the mucosa, including epithelia, those of the
innate immune system such as mast cells, macrophages,
and neutrophils, endothelial cells, and even sensory neurons, constantly survey the environment, integrating signals of the two classes until the simultaneous receipt of
the two signals occurs. Inflammation is initiated and further propagated and amplified by signals generated by
recruited inflammatory cells. Signals generated by the
innate immune cells simultaneously trigger and shape the
adaptive immune system, resulting in antigen specific responses. As each cell migrates into the site, the environment is sampled to determine if their services are still
required. If so, maximal activation occurs. If not, a transition to dampen inflammation and heal wounds begins.
Once triggered, immune responses must be tightly
regulated and ultimately resolved to heal wounds and
prevent chronic inflammation, abscess formation, or fibrosis. Resolution of the immune response is a highly
regulated process, and once again, the epithelium has a
central role. Epithelial cells are a source of a number of
anti-inflammatory mediators that generally inhibit neutrophil responses. These neutrophil responses may be damaging to tissues and propagate inflammation while stimulating functions of other innate immune cells like macrophages necessary for resolution of inflammation and
tissue repair. Epithelial cells are an important source of
anti-inflammatory mediators derived from fatty acids. For
example, anti-inflammatory lipids of the lipoxin family
inhibit neutrophil migration and production of microbicidal molecules, stimulate neutrophil apoptosis, stimulate
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FIG. 1. Diagram of the intestinal epithelium depicting components that contribute
to the electrical measurement of transepithelial electrical resistance. Note the critical
components of this monolayer that make up
the components of transepithelial electrical
resistance, including the epithelium itself
and the paracellular space. Rtj, tight junction
resistance; Rics, intercellular space resistance; Ra, apical membrane resistance; Rb,
basolateral membrane resistance.

FIG. 2. Transmission electron micrograph of porcine mucosa subjected to ischemic injury and studied ex vivo during repair. Note the
complexity of the lateral interepithelial membranes, which have extensive folding. A: once restitution is complete, epithelium remains excessively permeable because of open tight junctions (arrows) and the
paracellular space. B: as repair continues, the tight junction is closed
(arrows) and the paracellular space is closed, restoring mucosal barrier
function. Bar ⫽ 4 m. [From Little et al. (97).]

Physiol Rev • VOL

shown to traverse the paracellular space and correlated
well with TER. However, larger probes could be used to
detect cell loss, a process that is largely independent of
measurements of TER.
IV. EFFECT OF THE MACROSCOPIC
ORGANIZATION OF THE MUCOSA
ON BARRIER FUNCTION
Measurements of TER and permeability in vitro are
calculated on the basis of the serosal surface area (i.e., in
reference to the luminal aperture of the Ussing chamber)
rather than the real surface area of mucosa. The latter can
vary dramatically depending on the section of intestine
and species under study. In the small intestine, mucosal
surface area is greatly amplified by villus projections and
undulations (66, 105). In addition, the shape and height of
villi vary according to the segment of the small intestine
being studied, with the ileum having the shortest villi
within the small intestine. The colon has no villi. Accordingly, the surface area of the paracellular pathway available per square centimeter of serosa differs markedly
along the intestinal tract. When TER data are corrected
for differences in surface area (i.e., expressed on the basis
of mucosal surface area), the permeability of small intestinal and colonic epithelium is determined to be virtually
identical (32, 105). In repairing tissues, villus contraction
results in a reduction in epithelial surface area which
tends to elevate measurements of TER (67, 124, 125).
Other anatomical structures may also affect the surface
area of the mucosa. For example, Peyer’s patches in the
submucosa of the ileum may project up to the surface
epithelium and distort the surface of the mucosa (105).
Since these lymphoid aggregates are dispersed through-
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in leaky epithelium, the tight junction is the most important determination of paracellular pathway resistance.
However, the lateral intercellular space is more acutely
dynamic in altering TER (54). Important limitations of
TER measurements are their inability to distinguish between changes in paracellular permeability and the presence of epithelial cell loss, both of which contribute to the
overall surface area of low-resistance paracellular pathway (66). One group was able to distinguish between
TER-dependent and TER-independent changes in barrier
function by using a series of different-sized fluorescentlabeled dextran probes (134). The smaller probes were

RESTORATION OF BARRIER FUNCTION

out the antimesenteric submucosa of the ileum, measurements of resistance may differ according to the segment
(mesenteric or antimesenteric) of the ileum being studied.
Peyer’s patches become particularly enlarged during development of immune competence and tend to greatly
affect the structure of the bowel during this developmental period (105).
In addition to differences along the length of the
intestine, TER varies dramatically along the crypt-villus
axis of small intestinal mucosa. Tight junctions in the
crypts are leakier than those in the villus because of fewer
and less organized junctional strands (105, 178). There is
also a higher linear density of paracellular pathway in the
crypt due to the manner in which cells align into the
bottom of the crypts. As a result, 63–73% of the total
paracellular permeability of small intestinal epithelium
can be attributed to the crypts (31, 32, 109).

A. Epithelial Cells
Epithelial cells present a robust barrier to invasion by
bacteria and their toxins, negating passive flow of luminal
contents by their remarkably high TER compared with the
paracellular space. Therefore, the principal pathway by
which bacteria, toxins, and antigens can cross the epithelium itself is via facilitated transport mechanisms or via
mechanisms that injure the apical membrane. For example, the bacterial N-formyl-L-methionyl-L-leucyl-L-phenylalanine (fMLP) can be transported across the epithelium
(120). Similar mechanisms may be present for lipopolysaccharide (15, 43). Furthermore, select bacteria preferentially alter the structure of the apical epithelial membrane. For instance, bacteria such as Salmonella typhimurium that possess a type III secretory apparatus are
able to penetrate the apical membrane and insert bacterial proteins that ultimately result in disruption of barrier
function (162). Another example of a bacterial organism
with the capability to alter the apical membrane is enteropathogenic Escherichia coli (EPEC) that binds to the
apical epithelium, forming a so-called cup-and-pedestal
lesion, which effaces apical membrane microvilli, and
leads to alteration of tight junctional structures (167, 170,
197).
B. Tight Junctions
Of the junctions that define the paracellular space,
the apical-most tight junction is principally responsible
for regulating paracellular permeability, although adherens junctions and desmosomes also play critical cellular
Physiol Rev • VOL

functions. The structure of tight junctions was initially
defined using electron microscopic (EM) techniques, including transmission EM, which revealed a series of pinpoint contacts between the apical-lateral membranes of
adjacent cells, and freeze-fracture EM, which showed that
these pinpoint contacts formed a continuous belt of
branching fibrils surrounding each cell (4, 121). Recent
work has revealed that tight junction fibrils are made up
of a complex of integral membrane proteins, which bind
to a group of cytoplasmic plaque proteins (51). The latter
are responsible for tethering the cytoplasmic component
of the tight junction to the cytoskeleton.
Integral membrane proteins include occludin, claudins, and junctional adhesion molecule (JAM). These proteins have similarities in structure despite their wide
range in molecular weight, including two extracellular
loops that interact in homotypic fashion with integral
membrane proteins on neighboring cells. These proteins
also have cytoplasmic tails that interact with cytoplasmic
plaque proteins via specific binding domains (5, 158).
Occludin, a ⬃65-kDa protein, was the first integral membrane protein to be localized to tight junction fibrils (53),
although it was difficult to explain widely differing measurements of TER in a variety of epithelia on the basis of
a single fibril protein (28). This dilemma has been partially
resolved by the discovery of a group of some 20 integral
membrane proteins called claudins (⬃22 kDa) (52, 126),
which are expressed in a tissue-specific manner, and
therefore influence regional differences in epithelial permeability. For example, claudin-16 is primarily expressed
in the thick ascending loop of Henle, where it is specifically involved in Mg2⫹ resorption (166). Claudin-specific
alteration of junction permeability has also been shown
experimentally in Madin-Darby canine kidney (MDCK)
cells in which transfection with human claudin-4 resulted
in alteration of junction structure and resistance (185).
Site-specific claudin expression has been recognized in
the gut. For example, claudin-3 and claudin-5 are expressed in both villi and crypts of rat intestine, whereas
claudin-2 and claudin-4 are expressed solely in the crypts
and villi, respectively (149). An additional integral membrane protein termed JAM (⬃35 kDa) has recently been
characterized (13, 110). The manner in which these integral membrane proteins coalesce to form tight junction
fibrils is not presently known, although fibrils are ⬃10 nm
in diameter, which is similar to the diameter of gap junction connexons, which consist of hexamers of integral
membrane proteins similar in size to those of tight junctions (121).
The cytoplasmic plaque is composed of a series of
proteins (ZO-1, ZO-2, ZO-3) belonging to the membraneassociated guanylate kinase (MAGUK) superfamily and of
an array of other molecules, including cingulin, symplekin, and lymphocytic leukemia fusion-6 (AF-6). The ZO
proteins are characterized by postsynaptic protein-95/
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C. Lateral Intercellular Space
The lateral intercellular space is composed of the
lateral membranes of adjacent epithelial cells. The apical
aspect of the space is defined by a series of junctions that
have already been mentioned, whereas the basolateral
aspect of the lateral intercellular space is open to the
lamina propria. Although the lateral intercellular space
Physiol Rev • VOL

may seem to be a simple structure based on alignment of
two adjacent relatively straight membranes, this is not the
case. Instead, the lateral intercellular space is composed
of a complex interdigitation of two remarkably tortuous
membranes (Fig. 2). This makes this space difficult to
study morphologically because it cannot be measured on
a simple linear basis (66), although dilation of the lateral
intercellular space can be readily discerned using transmission electron microscopy (Fig. 2). Interestingly, recent
studies have identified a novel type of desmosome (type II
desmosomes) that is attached to the cytoskeleton just like
other junctional structures, but which is distributed along
the length of the lateral intercellular membrane (42). This
suggests that changes in cytoskeletal tone or rearrangement may alter the apposition of the entire lateral intercellular space (42), thereby providing a mechanism for
the intercellular space to mechanistically contribute to
TER without simply relying on dilatation or collapse.
VI. MECHANISMS OF MUCOSAL INJURY
Although infectious agents induce mucosal injury,
select mechanisms of injury simplify the study of reparative events. These mechanisms of injury, which in large
part result in epithelial loss in the absence of many of the
complex signaling events of infectious agent-epithelial
interactions, include complete ischemia and application
of bile. However, regardless of the mechanism of mucosal
injury, acute inflammation plays a role in subacute injury
(given the time lapse it takes for neutrophils to infiltrate
the site of injury). This is exemplified by reperfusion
injury, which has been demonstrated as early as 1 h after
ischemic injury in low-flow ischemia in cats (68 –70).
Aside from this selective mechanism that involves upregulation of chemoattractant molecules as a result of
ischemia, inflammation is an important feature of any
mucosal wound regardless of how rapidly it is sealed. For
instance, some models of ischemia have a distinct lack of
early reperfusion injury but are nonetheless infiltrated by
neutrophils within 6 h, as would be expected for any
epithelial wound exposed to noxious bacteria, toxins, and
antigens.
A. Ischemia
Ischemia/reperfusion injury is an important mechanism of mucosal injury in people suffering from a number
of acute and chronic intestinal ischemic disorders (3).
Patients with acute mesenteric ischemia (AMI) account
for 1 of 1,000 hospital admissions (173) and 1% of emergency laparotomies (3). AMI may be occlusive, attributable to thrombus formation or occlusion of major mesenteric arteries with emboli, or nonocclusive, associated
with shock or vasoconstriction and resultant low flow.
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discs large/zonula occludens-1 (PDZ) domains, a src homology (SH-3) domain, and a GUK domain that likely give
these proteins the ability to organize integral membrane
proteins at the tight junction (121). For example, ZOs bind
claudins via their first PDZ domain, and occludin via the
GUK domain. Similarly, ZO-1 binds JAM via a putative
PDZ domain (14). Other cytoplasmic plaque proteins also
directly bind ZOs, including AF-6 and cingulin. The ZO
proteins bind in turn to actin (45), whereas cingulin binds
myosin II (33), thereby anchoring the tight junction to the
cytoskeleton.
The tight junction membrane has distinct differences
compared with the composition of the cell membrane at
the adjacent cell membrane. In particular, tight junctionassociated membrane contains high concentrations of
cholesterol and sphingolipids, resulting in the formation
of a membrane microdomain that is referred to as a
detergent-insoluble glycolipid raft. These rafts may serve
to recruit signaling molecules such as the GTP-binding
proteins Rab3B, Rab13, and src which are modified to
interact with cholesterol-enriched lipid membranes (139).
Although permeability of the paracellular pathway
correlates to a large extent with the protein composition
of tight junction fibrils (106), there are also intricate
mechanisms whereby tight junction permeability may be
modulated without affecting the fibril structure. For example, tight junctions are selectively opened to facilitate
Na⫹ and glucose absorption in response to a signaling
cascade initiated by binding of glucose and Na⫹ to
SGLT-1 in the apical membrane and completed by cytoskeletal contraction in response to phosphorylation of
myosin light-chain kinase (MLCK) (181). Further studies
into this mechanism have revealed that the sodium-hydrogen exchanger NHE-3 is critical to alteration of tight
junction permeability in response to glucose (180). Interestingly, studies have shown that NHE-3 is regulated in
part by binding to regulatory proteins including NHE
regulatory factor. This protein binds, in turn, to ezrin,
which anchors it to the junctional cytoskeleton (198).
This may explain the link between alteration of transport
and changes in tight junction permeability. Similarly, the
Cl⫺ secretory protein ClC-2 has been localized to the tight
junction (75), and we have recently shown that this protein alters tight junction permeability during active transport in ischemic-injured porcine ileum (122).

RESTORATION OF BARRIER FUNCTION

in similar feline models, reperfusion injury was clearly
linked to elevations in xanthine oxidase and subsequent
increases in neutrophil infiltration. Pharmacological studies suggested that xanthine oxidase-elaborated superoxide was largely responsible for initiating reperfusion injury (70). More recently, mechanisms of mucosal injury
have been more definitively assessed using mutant mice.
For example, in mice genetically engineered to overexpress superoxide dismutase, reperfusion injury was
blunted, providing support for the role of superoxide
suggested by prior studies (38). The nature of the ischemia appears to have an important role in the extent of
injury that develops during ischemia compared with
reperfusion. Thus complete ischemia results in rapid mucosal degeneration during ischemia, with relatively little
injury during reperfusion compared with the marked
reperfusion injury that occurs following low-flow ischemia (142).
Regardless of the nature of the ischemic event, mucosal injury appears similar: villus contraction and epithelial sloughing (Fig. 3). Sloughing of epithelium commences at the tip of the villus and continues toward the
base of the villus and ultimately the crypt depending on
the degree of ischemia (complete or low-flow) and the
duration of ischemia. The reason for this pattern of
sloughing is likely the distance of the epithelium from the
arterial blood supply. In addition, species-specific anatomical variations in blood supply may play an important
role in epithelial ischemic injury. For example, in many
species, including humans and important animal models
such as rodents, cats, and pigs, villi in the small intestine
have a central arteriole that arborizes near the tip of the
villus, draining into peripheral venules. This vascular architecture sets up a countercurrent exchange mechanism
in which oxygen diffuses from the arteriole into the tissue

FIG. 3. Appearance of mucosal injury in mouse jejunum subjected to 45 min of complete ischemia. A: initial injury is marked by lifting of
epithelium at the tip of the villus, followed by sloughing of epithelium along the lateral aspects of the villi toward the crypts. B: appearance of
ischemic mucosa in ex vivo conditions during the early phases of recovery. Note evidence of villus contraction and flattening of epithelium adjacent
to the mucosal wound in preparation for restitution. Bar ⫽ 100 m.
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Mucosal injury is typically severe following occlusive
AMI, and although nonocclusive AMI results in reduced
mucosal injury, this form of AMI may be markedly exacerbated by reperfusion injury (144). Such mucosal injury
has resulted in high mortality rates for patients with AMI,
ranging between 59 and 93% (3, 96, 173). Despite recent
advances in diagnostic procedures and critical care, these
mortality rates are similar to those documented more
than 70 years ago, most likely because of continued problems with early diagnosis (3). Mucosal ischemia is also
thought to play a role in the pathogenesis of necrotizing
enterocolitis (NEC) in neonates (94), a disease that affects up to 5% of infants admitted to neonatal intensive
care units. Although the pathogenesis of this disease is
incompletely understood, mesenteric ischemia, enteral
feeding, and enteral infection are all believed to play a
role in development of NEC (25). Recent studies indicate
that mortality, which may reach rates as high as 40%, has
not changed appreciably over the last 30 years (172). It is
also becoming increasingly evident that many critically ill
patients suffer from multiple organ failure that is initiated
by poor splanchnic perfusion, and resultant breaches in
intestinal epithelial continuity (37). Multiple-organ failure
is the leading cause of death in intensive care unit patients
(99).
Ischemia/reperfusion injury has been modeled in a
number of animal species, most notably cats, rodents, and
pigs, with a number of distinct forms of ischemia. For
example, in some seminal feline investigations, low-flow
ischemia (mesenteric blood flow reduced to 20% of baseline) was used to prime tissues for reperfusion injury
while inflicting relatively little mucosal injury itself (92,
144, 161). Mucosal reperfusion injury was attributed
largely to activation of neutrophils located within the
mucosa. In other studies assessing microvascular injury
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and adjacent peripheral venules prior to reaching the tip
of the villus, resulting in a relatively hypoxic villus tip.
When arterial blood flow is reduced, the villus tip becomes progressively hypoxic, resulting in epithelial injury. Therefore, ischemic mucosal injury results in timedependent sloughing of epithelium from the tip of the
villus toward the crypts (164). For instance, occluding the
small intestinal mesenteric vasculature for 60 min results
in loss of epithelium from the upper third of the villus,
whereas ischemia for 120 min results in near-complete
loss of epithelium (20). Although there are no villi in the
large intestine, surface epithelium is lost initially during
ischemia, followed by crypt epithelial injury as the duration of ischemia becomes more prolonged, following a
similar pattern as the small intestine.

Increases in luminal bile salt concentrations appear
to have two main deleterious effects on the gastrointestinal epithelium. The first relates to an increase in mucosal permeability and the second to altered electrolyte
transport. Both effects contribute to the mucosal injury
and diarrhea which accompany bile salt malabsorption,
ileal resection, bacterial overgrowth, and diseases associated with bile reflux. The injurious effects of bile salts
make these solutions attractive for use to initiate mucosal
damage in models designed to study the protection and
repair mechanisms of gastrointestinal mucosa.
Evidence suggests that bile salts reversibly increase
epithelial permeability by altering the integrity of tight
junctions (49). These effects occur at physiological concentrations and are associated with widening of the intercellular spaces and a decrease in tight junctional strand
number and continuity (46). With increasing bile salt concentrations, dose-dependent epithelial cell degeneration
and sloughing occurs (78). The cytotoxic mechanisms of
bile salts are poorly understood. Bile salts increase fragility of membrane vesicles and increase influx of extracellular Ca2⫹ and H⫹ into enterocytes (48, 199). These effects are presumably related to amphipathic solubilization of lipid membranes and generation of reactive
oxygen metabolites, which arise from the metabolism of
arachidonic acid liberated by bile salt activation of membrane phospholipase (34, 35).
Bile salt-induced alterations in electrolyte transport
include decreases in Na⫹ absorption and stimulation of
electrogenic Cl⫺ secretion (39, 48). Chloride secretion
appears to require bile salt interaction with the basolateral aspect of the enterocyte and therefore only occurs
once bile salts have altered barrier function and crossed
the epithelial layer (39, 48).
Physiol Rev • VOL

As noted previously, inflammation is essential for
wound repair. Of the cells that are involved in acute
inflammation in the intestinal mucosa, neutrophils are the
most abundant, accumulating in the lamina propria and
subepithelium (Fig. 4). Although many elements of the
acute inflammatory response influence wound repair, particular attention is often paid to neutrophils because of
the perception that they are detrimental to the process. In
contrast to this view, neutrophils in fact have key roles in
promoting wound repair (168). The first is to control
infection by sterilizing the wound. Wounds heal poorly
and may even be fatal in individuals with insufficient
neutrophils (23), in those with genetic defects that prevent migration of neutrophils into inflamed tissues, or in
those with genetic deficiencies that prevent the activation
of microbicidal functions (157).
A second mechanism by which neutrophils can promote wound healing is by production of proreparative
signals. Neutrophils are a rich source of prostaglandin E2,
which has been shown to facilitate mucosal repair in the
intestine (19, 21). Neutrophils also produce a number of
protein mediators such as IL-1␤ that promote repair. In a
model of ischemic injury, neutrophil-derived IL-1␤ stimulated repair by a cyclooxygenase (COX)-2-dependent
mechanism (165), illustrating the importance of well-controlled inflammation on tissue healing.
Neutrophils are also a source of a number of mediators that retard their own accumulation, inhibit their own
activation, promote their own death, and stimulate antiinflammatory and proreparative functions of macrophages. Arachidonic acid-derived anti-inflammatory li-

FIG. 4. Histological appearance of porcine ileal mucosa 18 h following ischemic injury. Note that despite evidence of complete reepithelialization, neutrophils have accumulated immediately beneath the
epithelium (arrows), after which they will traverse the epithelium on
their way to the lumen. Bar ⫽ 5 m.
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attachments (47, 192). Elastase also induces epithelial
apoptosis, hastening epithelial loss (61). Other toxic substances released by neutrophils can also be quite toxic to
cells and proteins, particularly reactive oxygen intermediates (ROM). Not only do ROM damage structural and
attachment proteins and induce cellular necrosis (80), but
they are important signals that regulate the recruitment of
neutrophils into the site of inflammation (130, 201).
Migration of neutrophils across epithelium in response to infection or damage is an important component
of host defense at the intestinal epithelial surface. Neutrophils migrate in response to microbial chemoattractant
peptides that leak across damaged epithelium (29) or are
transported by the specialized transporter hPepT1 (120).
Neutrophil recruitment is also regulated by signals generated by epithelial cells invaded by pathogens (116). Once
neutrophils reach the apical surface of the epithelium,
they are poised to battle invading pathogens (127). Indeed, transepithelial migration of neutrophils is so substantial in some inflammatory diseases of the gut that the
appearance of neutrophils in the stool is a hallmark of
inflammatory bowel disease and invasive infectious diseases (76). In sufficient numbers, neutrophils migrating
across the epithelium disrupt the monolayer and increase
paracellular permeability (128, 138).
Neutrophils affect paracellular permeability in several ways. They physically alter the paracellular space as
they migrate through (Fig. 5) and increase paracellular
permeability (55, 128, 129). Blockade of CD11b/CD18, a
necessary leukocyte integrin in the process of transepithelial migration, abrogates the effects on paracellular
permeability (55, 143). While the physical process of migrating across epithelial tight junctions is important in
this increase in paracellular permeability, tight junctions
have the capacity to close quickly following transmigration. Neutrophil-derived proteases (such as elastase)
cleave structural proteins, resulting in more permanent
damage to the tight junction barrier (60). Sustained neutrophil transmigration may cause more substantial loss of
the intestinal barrier by inducing epithelial apoptosis (95).
Neutrophils also deliver signals that loosen tight
junctions. Proteases that trigger epithelial protease-activated receptor-2 (mast cell tryptase, neutrophil protease-3, and neutrophil elastase) increase paracellular
permeability (84). Neutrophils do not produce the same
concentrations of proinflammatory cytokines as macrophages, mast cells, or lymphocytes on a per cell basis.
However, they out number these cells in acute inflammation by several orders of magnitude and are thus important sources of proinflammatory mediators such as tumor
necrosis factor (TNF)-␣ and interferon (IFN)-␥ (131).
TNF-␣ increases intestinal epithelial tight junction permeability by a mechanism that involves activation of the
myosin contractile apparatus (195). The importance of
TNF-␣ in the pathophysiology of intestinal inflammation
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poxins are examples of such mediators (163). Elegant
mechanisms of lipoxin synthesis occur in trans between
platelets and neutrophils at the endothelial luminal surface and between neutrophils and tissue cells in the mucosa, whereby neutrophils supply precursor lipids essential for lipoxin synthesis. In addition to being a source of
anti-inflammatory lipids, neutrophils are an important
source of AMP, which is converted to adenosine. Adenosine binds A2A receptors on neutrophils, inhibiting several
functions including migration, degranulation, and production of reactive oxygen intermediates (77). Neutrophilderived adenosine is also a potent secretagogue, inducing
epithelial Cl⫺ secretion, providing an epithelial flush at
the apical surface, and being an important step in the
process of tight junction repair in wounded intestinal
mucosa (21, 107). Neutrophils also have a passive role in
switching off inflammation once the work is done. Ingestion of apoptotic neutrophils stimulates macrophage production of resolvins and protectins that inhibit further
neutrophil accumulation (163). Thus neutrophils are key
cells regulating the switch from proinflammatory to antiinflammatory, prorepair conditions.
Despite the beneficial effects of neutrophils in host
defense and wound repair, the nature of the neutrophil’s
microbicidal mechanisms produces bystander damage,
destroying tissue. If activated neutrophils do not quickly
encounter their microbial targets, they respond by releasing all of the weapons in their antimicrobial arsenal into
the extracellular environment (132). Thus, if the inflammatory response is not well controlled, or if the infection
or cellular injury is extensive, neutrophils account for a
good deal of the tissue damage that ensues (192). Indeed,
neutrophils account for much of the damage in a number
of intestinal diseases. This is illustrated by the fact that
neutrophil depletion or prevention of neutrophil migration into intestinal mucosa by blocking or genetically
deleting adhesion receptors necessary for trafficking or
by inhibiting signals that recruit neutrophils reduces the
pathophysiology associated with intestinal ischemic damage (55, 81), nonsteroidal anti-inflammatory drug-induced
ulceration (16, 188), dextran sodium sulfate- and trinitrobenzene-induced colitis (56, 133, 187), and Clostridium
difficile toxin A-induced intestinal secretion, mucosal
mannitol permeability, and histological damage (88).
Neutrophils can damage intestinal tissue during inflammation in several ways. As neutrophils migrate into
and through tissue, they progressively discharge granule
contents containing a number of potent proteases, including elastase, protease-3, and metalloproteinases-8, -9, and
-25. Liquifaction of matrix proteins by these proteases
aids migration to the site of infection. However, the collateral damage can be considerable. Accumulations of
neutrophils below the epithelium (Fig. 4) can disrupt the
integrity of the monolayer by protease-mediated cleavage
of proteins integral to epithelial support structures and
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is illustrated by the efficacy of anti-TNF-␣ therapy in
patients with active inflammatory bowel disease (160).
IFN-␥ also disrupts epithelial tight junctions by engaging
the myosin contractile apparatus (103), resulting in internalization of a number of tight junction structural proteins
(24, 184). In fact, IFN-␥ and TNF-␣ may act synergistically
through the myosin contractile mechanism to increase
paracellular permeability (189). Interestingly, the ability
of IFN-␥ to alter tight junction integrity is associated with
serine protease-dependent cleavage of the tight junction
protein claudin-2 (193). This suggests an interesting interplay between neutrophil-derived IFN-␥ and serine proteases (such as elastase) in regulating epithelial tight
junctions during intestinal inflammation (24).
There is also evidence to suggest that IFN-␥-induced reductions in epithelial barrier function are
linked to decreases in the expression of tight junction
proteins such as occludin and ZO-1. Recent studies
indicate that the mechanism for this process is cytoplasmic internalization (24). Research indicates there is
no role for clathrin- and caveolar-mediated endocytosis, but inhibitors of macropinocytosis blocked IFN-␥induced internalization of tight junction proteins. More
specifically, investigators have documented colocalization with markers of macropinocytosis, including phosphatidylinositol 3,4,5-trisphosphate. In addition to the
above-mentioned mechanisms of inflammatory mediator-induced alterations in barrier function, IFN-␥ has an
alternate effect on barrier function as a result of inhibition and ultimately downregulation of epithelial basolateral Na⫹-K⫹-ATPase. IFN-␥ acutely downregulates
Na⫹-K⫹-ATPase, resulting in increases in intracellular
Na⫹ concentration and subsequent cell swelling (175).
This signaling event ultimately results in epithelial dysfunction and increases in epithelial permeability. Furthermore, Na⫹-K⫹-ATPase appears to have a distinct
Physiol Rev • VOL

role in formation of tight junctions, desmosomes, and
development of cell polarity (150). Although the mechanism linking Na⫹-K⫹-ATPase to formation of paracellular structures is unclear, this response is clearly
linked to increased intracellular Na⫹. TNF-␣ also appears to have alternate mechanisms of reducing barrier
function. In particular, TNF-␣ induction of apoptosis
has been shown to reduce epithelial barrier function
(62).
VIII. MECHANISMS OF REPAIR OF
INTESTINAL BARRIER FUNCTION
After acute mucosal injury, three local events culminate in restoration of epithelial continuity and normal
permeability: 1) villus contraction, which reduces the
total and denuded surface area for repair; 2) migration of
epithelial cells to seal the exposed basement membrane;
and 3) closure of leaky epithelial intercellular spaces and
tight junctions. These events are initiated within minutes
after injury and are locally regulated by mediators arising
from a complex network of nerves, immune effector cells,
structural and contractile fibroblasts, endothelial cells,
and extracellular matrix within the underlying lamina
propria. A critical role for these lamina propria mediators
has only begun to be fully appreciated. These acute events
are followed 18 –24 h later by increased crypt cell proliferation, which culminates in replacement of lost cells and
restoration of villus architecture as well as digestive and
absorptive function. Experimental models of epithelial
repair that integrate reparative events within the context
of the native lamina propria and its overlying epithelium
are complex and infrequently reported (21, 66, 67, 97, 122,
124, 125).
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FIG. 5. Electron microscopic view of porcine epithelium 18 h following ischemic injury. A: note a neutrophil penetrating between neighboring
epithelial cells (arrows), damaging the epithelium during transmigration. B: in similar repairing sections of epithelium, note widened interepithelial
spaces as neutrophils (seen at bottom of the figure) migrate along the paracellular spaces toward the lumen. C: in animals systemically pretreated
with anti-CD11/ CD18 antibody, note the lack of neutrophil infiltration and the close proximity of epithelial cells at the level of the paracellular
spaces. Bar ⫽ 1.5 m. [Modified from Gayle et al. (55).]
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A. Villus Contraction

B. Epithelial Restitution
Epithelial cells are attached to the underlying basement membrane by transmembrane integrins, which
serve to link the cytoskeleton to the extracellular matrix
at specialized regions called focal contacts. In response to
loss of epithelial continuity, cells shouldering the wound
are mobilized within minutes of injury and extend membrane projections across the epithelial defect (Fig. 6).
This reparative response is termed restitution and does
not depend on cellular regeneration, but instead arises
from a highly coordinated response of the remaining epithelium (6). Mechanistically, epithelial cell migration involves extension of plasma membrane in the direction of
cell migration, assembly of new focal contacts at the
leading edge, generation of traction to facilitate forward
motion, and detachment of focal contacts at the trailing
edge of the cell (10, 31, 41). Evidence suggests that
plasma membrane extensions (lamellipodia) arise from
the disassembly of the microvillus brush border, which
provides apical and lateral membrane to the leading edge
Physiol Rev • VOL

FIG. 6. Histologic appearance of restituted mucosa following ischemic injury. Notice thinning and extension of cells across the defect
(arrows) created by loss of epithelial cells. In this series of experiments
in porcine ileal mucosa, this process was complete within 60 min
immediately following 45 min of ischemia. Bar ⫽ 20 m.

of the migrating cell (2). Lamellipodial extensions are in
turn driven by the actin-myosin cytoskeleton which functions as a treadmill by repeatedly moving actin monomers
from the rear to the leading edge of the lamellipodia
(Fig. 7).
The focal contact between restituting epithelium and
the basement membrane appears to be a key regulatory
site of cell adhesion and kinesis. The adhesive function is
served by transmembrane integrins, which are bound on
the cytoplasmic surface to a plaque of proteins, many of
which are linked to cytoskeletal filaments. Numerous signaling proteins colocalize with integrins at sites of attachment and initiate diverse cellular signaling pathways. In
particular, focal adhesion kinase (FAK) is purported to
initiate a highly complex series of tyrosine phosphorylation events and biochemical signals affecting cell migration anchorage-dependent survival, proliferation, and
changes in gene expression (71). FAK is a nonreceptor
protein tyrosine kinase whose activation results from
binding to the cytoplasmic domain of activated ␤1-integrins. ␤1-Integrins are activated by specific interaction
with extracellular matrix ligands. FAK activity can also be
regulated by a variety of growth factors, neuropeptides,
and other stimuli. While several studies have failed to
detect any direct effect of FAK expression on cell adhesion, others have demonstrated a key regulatory role for
FAK in cell migration (26, 59, 83). The mechanism by
which FAK stimulates cell migration is not clear. Remodeling of the cytoskeleton and turnover of focal adhesions
are critical processes during cell migration, and activation
of FAK may regulate the rate of attachment, or more
likely the release of focal adhesions rather than their de
novo formation.
In addition to the importance of FAK, numerous
growth factors found in the intestine are potent stimulators of epithelial cell migration including transforming
growth factor (TGF)-␤, insulin-like growth factor I, hepatocyte growth factor, platelet-derived growth factor, epidermal growth factor, TGF-␣, fibroblast growth factor,
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In small intestinal mucosa, villus contraction aids in
restoration of barrier function by reducing the surface
area of basement membrane requiring resealing by migrating epithelium (44, 125). Villus contraction is believed
to arise from an underlying network of communicating
smooth muscle cells and contractile fibroblasts within the
villus lamina propria (44, 86, 125). This network consists
of myofibroblasts subjacent to the epithelium, a threedimensional reticular network of stellate cells within the
lamina propria, and smooth muscle cells that extend from
the muscularis mucosa along the central lacteal. Intercommunication among these cells is suggested by the
presence of gap junctions, focal contacts, and enteric
innervation (86). Villus contraction can be separated temporally and functionally into two phases. The first is an
immediate contraction, which is commensurate with mucosal injury, energy dependent, mediated by enteric
nerves, and necessary for optimal rate of epithelial repair
(125). This event likely involves selective contraction of
myofibroblasts subtending the epithelial basement membrane, which results in a rapid decrease in size of the
epithelial defect. The second phase is an ongoing contraction that progresses throughout the initial hours following
injury and is dependent on endogenous synthesis of prostaglandins but does appear to be of insufficient magnitude
to influence the reparative capacity of the migrating epithelium (44, 67, 125). Ongoing villus contraction likely
results from longitudinal contraction of smooth muscle
cells lining the villus core, which mediate an overall reduction in total villus surface area (44).
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FIG. 7. Diagram of the cellular events that result in
epithelial restitution. Note the attachment of the cell to
the basement membrane by integrins, which presumably also convey signals to the cell to commence formation of lamellipodia. Note also the intracellular
mechanism utilizing the cytoskeleton whereby the cell
is propelled across denuded basement membrane.

Physiol Rev • VOL

TGF-␤ in the presence of depleted polyamines restores
migration (190). Ornithine decarboxylase, the rate-limiting enzyme for polyamine synthesis, can be rapidly and
strikingly induced within the cytosol of multiple epithelial
cell lines by a variety of insults, luminal nutrients, and
growth factor stimuli (87, 177). In addition to de novo
synthesis, the luminal surface of the gastrointestinal tract
is exposed to polyamines at relatively high concentrations, whereas concentrations in serum are low (12).
These extracellular polyamines are derived from food,
synthesis by intraluminal bacteria, gastrointestinal secretions, and sloughed epithelial cells (85).
Trefoil peptides have received a great deal of attention because of their role in restitution. These peptides
are protease-resistant factors secreted by goblet cells into
the lumen of the small and large intestine. Their production is markedly increased in response to a variety of
intestinal insults, and their presence both protects against
intestinal epithelial injury and promotes repair (10, 145).
Trefoil peptides promote restitution of wounded epithelial monolayers in vitro (40), and mice deficient in trefoil
factors (by means of targeted gene deletion) are highly
susceptible to intestinal mucosal injury and show no evidence of epithelial repair (111). Much remains to be
understood regarding the intracellular signaling events
resulting from the actions of trefoil factors. One downstream effect of trefoil factor appears to be the redistribution of E-cadherin away from intercellular adherens
junctions that may facilitate cell movement by detaching
cells from one another during the process of migration
(146).
Studies both in vitro and in vivo suggest that nitric
oxide exerts permissive effects on growth factor-stimulated epithelial cell migration. Numerous growth factors
(e.g., vascular endothelial growth factor, hepatocyte
growth factor, endothelin, insulin-like growth factor I,
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and inflammatory cytokines such as IL-1␤ and IFN-␥ (6,
41, 63, 153, 155, 194). Many of these factors appear to
converge on a TGF-␤-dependent pathway by either increasing TGF-␤ expression or its extracellular bioactivation, illustrating a central role for this peptide in mediating enhanced migration (41, 174). Subepithelial myofibroblasts are known to orchestrate several important
epithelial functions, including enhancing epithelial cell
migration via release of bioactive TGF-␤ (117). TGF-␤ is
also expressed by epithelial cells in response to wounding, resulting in autocrine stimulation of cell migration
(30, 41). Reported actions of TGF-␤ on repair of the
epithelium after injury include enhanced epithelial cell
migration (117), expression and turnover of extracellular
matrix proteins and cell surface integrin (64), and decreases in epithelial paracellular permeability (17).
Polyamines (putrescine, spermidine, spermine) are
an additional group of compounds that have been extensively studied because of their role in restitution. Polyamines are highly charged, multivalent cations that play a
well-established role in epithelial restitution (113). Polyamines are hypothesized to interact electrostatically with
DNA to regulate gene transcription and are substrates for
transglutaminase, an enzyme which catalyzes the formation of cross-links between polyamines and protein (115).
Numerous studies have linked polyamines to reorganization of the cytoskeleton during the process of cell migration including the organization of F-actin and tropomyosin (12, 114), expression of nonmuscle myosin II (152,
191), polymerization of tubulin (11), and distribution, activity, and actin binding of epidermal growth factor receptor (112). A large number of the effects of polyamines may
be secondary to stimulation of TGF-␤ synthesis. Depletion of intracellular polyamines inhibits increased expression of the TGF-␤ gene and enhanced migration rate of
epithelium observed after wounding, whereas exogenous
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C. Closure of the Paracellular Space
To date, the basic events leading to reassembly and
closure of tight junctions (TJs) remain largely unknown.
However, cell culture systems utilizing the Ca2⫹ switch
model and ATP depletion/repletion models (28, 179),
events which model ischemia/reperfusion injury, have
been used to elucidate these events. The key events defining TJ closure include recruitment of TJ proteins to the
apical lateral membrane and closure of the subjacent
paracellular space. However, although reassembly of TJ
appears to be paramount in restoring barrier function,
there are critical cellular events at the level of the adherens junction (AJ) that must take place before TJ protein
recruitment and assembly. It has been shown that the
ultimate formation of the TJ in epithelial cells is largely
dependent on AJ formation (73, 74). The AJs form a
continuous belt below the TJs and play a role in stabilizing the TJs and serving as regulatory sites for recruitment
of signaling molecules and TJ proteins to the apical lateral
membrane. The initial formation of AJs is initiated during
cell migration when neighboring cells recognize each
other and a primordial junction forms initiated by interactions of a variety of cytoskeletal proteins including
nectins, ␤- and ␣-catenins, and E-cadherin (1, 186, 196).
The primordial junctions fuse with each other and develop into mature AJs. Once the AJs have formed, TJ
reassembly begins with initial ZO-1 localization at the
apical lateral membrane followed by recruitment of
JAMS, claudins, and occludin to the apical side of the AJ
leading to establishment of TER (5, 9, 159). The initial
Physiol Rev • VOL

ZO-1 localization appears to be a critical event in the
recruitment of integral membrane proteins to the TJ
(179). For example, recruitment of TJ proteins (claudins
and occludin) to the TJ and polarization are significantly
delayed in mouse epithelial cells lacking ZO-1 expression
in Ca2⫹ switch experiments (183). Likewise, McNeil et al.
(118) showed that gene silencing of ZO-1 by RNA interference in MDCK cells resulted in a pronounced delay in
TJ reformation and recovery of TER in response to Ca2⫹
switch and that SH3 binding site of ZO-1 is the key element mediating TJ assembly (118). In T84 cells, monoclonal antibodies directed against the extracellular domain
of JAM prevented redistribution of occludin from the
cytoplasm to the TJ membrane, corresponding with inhibition of the recovery of TER. These experiments suggest
that integral membrane proteins may also serve to recruit
occludin to the TJ (98).
Although TJ repair has been studied predominantly
in cell culture systems, the mechanisms of TJ repair in
whole animal tissue have not been previously well studied. However, utilizing an ex vivo porcine model of acute
intestinal injury, we have shown that recovery of barrier
function (in terms of TER) coincides with the assembly of
TJ proteins such as ZO-1 and occludin to the TJs, confirming findings observed in epithelial cell culture systems
(97). We have accumulated convincing evidence for a role
of prostaglandins in TJ protein recruitment and repair of
intestinal barrier function in this model. For example,
treatment of ischemia-injured intestine with the nonselective nonsteroidal anti-inflammatory drug indomethacin
significantly impaired the ability of the intestine to recover barrier function (21). Furthermore, we showed that
application of exogenous prostaglandins (PGE2 and PGI2)
to injured mucosa rapidly restored TER to control levels
(19), an effect associated with the recruitment of ZO-1
and occludin to the TJ and closure of the paracellular
space (97).
The mechanism by which PGs trigger recovery of
barrier function and TJ structure have not been fully
characterized but appear to involve their ability to modulate ion transport. For example, it was shown that recovery of TER in injured mucosa treated with prostaglandins was preceded by marked elevations in short-circuit
current (Isc) that were attributable to Cl⫺ secretion as
determined by radiolabeled 36Cl⫺ flux experiments. Prostaglandin-stimulated elevations in TER in these tissues
were inhibited with pretreatment with the Na⫹-K⫹-2Cl⫺
transport inhibitor bumetanide, thus confirming the importance of Cl⫺ secretion in this response. The concept
that Cl⫺ secretion is associated with elevations in TER in
this model is somewhat counterintuitive, since secretory
events are associated with opening of apical Cl⫺ channels, which in turn might be expected to reduce, not
increase, TER. However, mammalian small intestine is
relatively leaky so that measurement of TER is essentially
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IL-1␤, substance P) mediate chemotactic migration of
cultured cells while simultaneously stimulating nitric oxide (NO) formation in a dose-dependent manner (72, 136).
Growth factor-stimulated cell migration is blocked by
treatment with NO synthesis inhibitors, while the addition
of Arg, NO donors, or cGMP (an NO second messenger)
enhances migration (135, 136). NO synthase is induced by
epithelial cells in response to wounding and appears to be
the source of NO for promoting epithelial migration in a
number of studies (67, 153). The exact site of NO action in
the process of cell migration remains unclear. Recent
studies have shown that NO may interfere with cellular
adhesion events by decreasing the number of adhesion
molecules expressed, the affinity of integrins for extracellular matrix, or the assembly of focal adhesions (65, 93,
135, 136). The antiadhesive effects of NO can be mimicked by cGMP analogs and blocked by inhibitors of
soluble guanylate cyclase, indicating that they involve the
generation and action of cGMP. Because attachment and
release of focal adhesions are critical processes during
cell migration, it is possible that they are regulated by
regional differences in intracellular NO concentration.
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FIG. 8. Electron micrograph of porcine ileal mucosa showing immunogold labeling of ClC-2. Note the localization of this secretory Cl⫺
channel to the tight junction. This likely explains, in part, the role of this
channel in recovery of the tight junction following injury. Bar ⫽ 3 m.

occludin and claudin to the TJ. However, more studies are
required to understand this link.
D. Relative Importance of Paracellular Structures
During studies of recovery of barrier function, it is
apparent that epithelial coverage (restitution) and concurrent villous contraction initiate the process of recovery of restoration of barrier function. However, these
events are insufficient to reform a fully functional barrier
(66). One theory that has arisen from this observation is
that closure of the lateral intercellular space is ultimately
the event that restores barrier function (19), although it
could not occur without epithelial restitution because
cellular crawling to cover denuded basement membrane
places the cells in close proximity. However, it is not clear
which component of the paracellular space (including TJs
and the lateral epithelial membranes) is most important in
restoring barrier function. Studies on the resistance of
paracellular structures have been performed predominantly in normal tissues. The relative percentage contribution of the lateral intercellular space, compared with
the TJ, to overall measurements of TER in normal tissues
is in the range of 20 –30% (91, 171). In the small intestine,
stimulation of anion secretion results in increased TER,
associated with concurrent collapse of the lateral intercellular space in both normal tissues (54) and acutely
injured tissues (19). Although one series of studies has
identified ClC-2 as a potentially important anion channel
in mucosal recovery (122), anion secretion-induced collapse of the lateral intercellular space has been shown to
be dependent on CFTR, since no such collapse occurred
in CFTR knockout mice (54). To further demonstrate the
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a measure of paracellular resistance. Thus alteration of
apical membrane conductance has relatively little effect
on TER in these tissues.
From these studies, it appears that the initial rapid
phase of prostaglandin-induced recovery of TER is associated with Cl⫺ secretory processes, whereas later phases
of recovery were Cl⫺ independent and were attributable
to prostaglandin’s ability to inhibit apical electroneutral
Na⫹/H⫹ exchangers (NHE). For example, ischemic intestinal tissues bathed in indomethacin can be partially stimulated to recover TER by treatment of tissues with the
NHE inhibitor amiloride (19). Thus essentially all of the
recovery response stimulated by prostaglandins can be
accounted for by Cl⫺ secretion, and substantial contributions are made by inhibition of NHE.
The mechanism by which activation of Cl⫺ secretion
and inhibition of NHE restores TER in injured tissues is
not entirely understood. Initially, we reasoned that Cl⫺
secretion and inhibition of Na⫹ absorption could result in
the luminal accumulation of Cl⫺ and Na⫹, resulting in a
luminally directed osmotic load pulling extracellular fluid
from the paracellular space. This might lead, in turn, to
closure of the paracellular space. Osmotic loads have
been previously shown to increase barrier function in
mammalian mucosa, lending some credence to this theory
(19, 97, 101). An additional interesting finding was that
secretory events could be uncoupled from recovery of
barrier function by treating tissues with selective inhibitors of phosphatidylinositol 3-kinase (PI3K). In other
words, inhibition of PI3K did not alter the magnitude of
Cl⫺ secretion, but did fully inhibit recovery of TER and
restoration of normal mucosal-to-serosal fluxes of mannitol and inulin. This same finding was demonstrated following application of mucosal osmotic loads (97). However, given the marked disruption of the TJ protein architecture that occurs during ischemia in our model, it seems
unlikely that an osmotic gradient, resulting from luminal
Cl⫺ accumulation, would form without some degree of TJ
integrity. Alternatively, there is mounting evidence for a
role of targeted activation of select ion channels in this
process. For example, we have shown that the Cl⫺ secretory event responsible for the phases of TER elevations is
mediated predominantly through ClC-2 Cl⫺ channels expressed in the TJs, with a more minor role for Cl⫺ transporters such as the cystic fibrosis transmembrane conductance regulator (CFTR) (Fig. 8) (122). More recently,
we have shown that inhibition of NHE2 appears to have
an important role in mucosal barrier repair and restoration of TER, whereas NHE3, the predominant isoform
mediating electroneutral Na⫹ absorption in the intestine,
did not influence TER (123). The mechanistic link between ClC-2 and NHE2 and regulation of the TJ remains
to be elucidated but may involve signaling events via the
link of the COOH-terminal region of ClC-2 and NHE2 to
the actin cytoskeleton, serving to recruit proteins such as
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IX. ROLE OF LAMINA PROPRIA CELLS
IN MUCOSAL RECOVERY
There is extensive communication between epithelial
cells and subepithelial lamina propria cells, including
myofibroblasts (147, 148), enteric nerves (125), and neutrophils (140) that may play a key role in recovery of
epithelial barrier function. For example, myofibroblasts
have been shown to markedly alter the secretory activity
of epithelial cells to a range of secretagogues when juxtaposed in cell culture (18). Furthermore, myofibroblasts
have been shown to express COX-2 in response to inflammatory mediators such as IL-1␤, which may well be relevant to postischemic injury (82). Enteric nerves have been
shown to relay signals from enterochromaffin cells to
epithelial cells in response to exposure to bacterial toxins
such as cholera toxin (27, 182), and nerves have been
shown to be important signaling conduits for prostanoids.
For example, in porcine cryptosporidiosis, much of the
secretory response was relayed via PGI2-stimulated cholinergic and vasoactive intestinal polypeptidergic nerves
Physiol Rev • VOL

(7), and we have previously shown an important role for
cholinergic nerves in prostaglandin-stimulated mucosal
recovery (21). Subepithelial neutrophils have also been
shown to play a critical role in both epithelial secretory
and reparative events. For instance, neutrophils release a
host of mediators, including reactive oxygen metabolites,
that alter secretory and barrier epithelial functions, and
may alter epithelial recovery. In particular, a series of
studies performed by Nusrat et al. (138) have shown that
large numbers of neutrophils traversing the epithelium
can reduce epithelial barrier function by damaging interepithelial tight junctions, a mechanism that we have
confirmed in postischemic porcine ileal mucosa (55).
X. RELATIVE CONTRIBUTION OF EPITHELIAL
REPAIR MECHANISMS TO BARRIER
FUNCTION
Restitution is considered to be a major determinant
of early recovery of gastrointestinal barrier function following an acute injury. This conclusion derives from numerous in vitro studies demonstrating that barrier function recovers in parallel with morphological restitution
after acute mucosal injury (124, 154, 176). Consequently,
studies of gastrointestinal repair using intact mucosa have
largely been replaced by migration assays of wounded
epithelial monolayers. Regrettably, these latter studies
fail to account for the simultaneous roles played by villus
contraction and TJ permeability in recovery of small intestinal barrier function. More recent studies of epithelial
repair in intact mucosa have demonstrated that restoration of paracellular resistance, and not restitution or villus
contraction, can account for the majority of barrier recovery after epithelial injury (19, 21, 66). This is because
63–73% of the total paracellular conductance of small
intestinal epithelium is via a high linear density of TJs
residing in the crypts (32, 109), and after villus contraction, crypt epithelium accounts for the majority of surface
area remaining after acute mucosal injury. Failure to
close the intercellular spaces created by migration of
epithelium can additionally explain why restitution is incapable of promoting recovery of barrier function in the
absence of paracellular space closure.
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421– 432, 1984.
92. Kubes P, Hunter J, Granger DN. Ischemia/reperfusion-induced
feline intestinal dysfunction: importance of granulocyte recruitment. Gastroenterology 103: 807– 812, 1992.
93. Kubes P, Suzuki M, Granger DN. Nitric oxide: an endogenous
modulator of leukocyte adhesion. Proc Natl Acad Sci USA 88:
4651– 4655, 1991.
94. Langer JC, Sohal SS, Blennerhassett P. Mucosal permeability
after subclinical intestinal ischemia-reperfusion injury: an exploration of possible mechanisms. J Pediatr Surg 30: 568 –572, 1995.
95. Le’Negrate G, Selva E, Auberger P, Rossi B, Hofman P. Sustained polymorphonuclear leukocyte transmigration induces apoptosis in T84 intestinal epithelial cells. J Cell Biol 150: 1479 –1488,
2000.
96. Levy PJ, Krausz MM, Manny J. Acute mesenteric ischemia:
improved results—a retrospective analysis of ninety-two patients.
Surgery 107: 372–380, 1990.
97. Little D, Dean RA, Young KM, McKane SA, Martin LD, Jones
SL, Blikslager AT. PI3K signaling is required for prostaglandininduced mucosal recovery in ischemia-injured porcine ileum. Am J
Physiol Gastrointest Liver Physiol 284: G46 –G56, 2003.
98. Liu Y, Nusrat A, Schnell FJ, Reaves TA, Walsh S, Pochet M,
Parkos CA. Human junction adhesion molecule regulates tight
junction resealing in epithelia. J Cell Sci 113: 2363–2374, 2000.
99. Livingston DH, Mosenthal AC, Deitch EA. Sepsis and multiple
organ dysfunction syndrome: a clinical-mechanistic overview. New
Horiz 3: 257–266, 1995.
100. Madara JL. Warner-Lambert/Parke-Davis Award lecture. Pathobiology of the intestinal epithelial barrier. Am J Pathol 137: 1273–
1281, 1990.
101. Madara JL. Increases in guinea pig small intestinal transepithelial
resistance induced by osmotic loads are accompanied by rapid
alterations in absorptive-cell tight-junction structure. J Cell Biol 97:
125–136, 1983.
102. Madara JL. Effects of cytochalasin D on occluding junctions of
intestinal absorptive cells: further evidence that the cytoskeleton
may influence paracellular permeability and junctional charge selectivity. J Cell Biol 102: 2125–2136, 1986.
103. Madara JL. Interferon-gamma directly affects barrier function of
cultured intestinal epithelial monolayers. J Clin Invest 83: 724 –727,
1989.
104. Madara JL. Loosening tight junctions. Lessons from the intestine.
J Clin Invest 83: 1089 –1094, 1989.
105. Madara JL, Trier JS. The functional morphology of the mucosa of
the small intestine. In: Physiology of the Gastrointestinal Tract,
edited by Johnson LR. New York: Raven, 1994, p. 1577–1622.
106. Madara JL, Marcial MA. Structural correlates of intestinal tightjunction permeability. Kroc Found Ser 17: 77–100, 1984.
107. Madara JL, Patapoff TW, Gillece-Castro B, Colgan SP, Parkos
CA, Delp C, Mrsny RJ. 5⬘-Adenosine monophosphate is the neutrophil-derived paracrine factor that elicits chloride secretion from

RESTORATION OF BARRIER FUNCTION

128.

129.

130.
131.
132.

133.

134.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

Physiol Rev • VOL

149. Rahner C, Mitic LL, Anderson JM. Heterogeneity in expression
and subcellular localization of claudins 2, 3, 4, 5 in the rat liver,
pancreas, gut. Gastroenterology 120: 411– 422, 2001.
150. Rajasekaran SA, Palmer LG, Moon SY, Peralta SA, Apodaca
GL, Harper JF, Zheng Y, Rajasekaran AK. Na,K-ATPase activity
is required for formation of tight junctions, desmosomes, induction
of polarity in epithelial cells. Mol Biol Cell 12: 3717–3732, 2001.
151. Rakoff-Nahoum S, Paglino J, Eslami-Varzaneh F, Edberg S,
Medzhitov R. Recognition of commensal microflora by toll-like
receptors is required for intestinal homeostasis. Cell 118: 229 –241,
2004.
152. Rao JN, Li J, Li L, Bass BL, Wang JY. Differentiated intestinal
epithelial cells exhibit increased migration through polyamines and
myosin II. Am J Physiol Gastrointest Liver Physiol 277: G1149 –
G1158, 1999.
153. Rhoads JM, Chen W, Gookin J, Wu GY, Fu Q, Blikslager AT,
Rippe RA, Argenzio RA, Cance WG, Weaver EM, Romer LH.
Arginine stimulates intestinal cell migration through a focal adhesion kinase dependent mechanism. Gut 53: 514 –522, 2004.
154. Riegler M, Sedivy R, Feil W, Hamilton G, Teleky B, Bischof G,
Cosentini E, Sogukoglu T, Schiessel R, Wenzl E. Laminin stimulates rapid epithelial restitution of rabbit duodenal mucosa in
vitro. Scand J Gastroenterol 31: 1167–1175, 1996.
155. Riegler M, Sedivy R, Sogukoglu T, Cosentini E, Bischof G,
Teleky B, Feil W, Schiessel R, Hamilton G, Wenzl E. Epidermal
growth factor promotes rapid response to epithelial injury in rabbit
duodenum in vitro. Gastroenterology 111: 28 –36, 1996.
156. Rose RC, Schultz SG. Studies on the electrical potential profile
across rabbit ileum. Effects of sugars and amino acids on transmural and transmucosal electrical potential differences. J Gen Physiol
57: 639 – 663, 1971.
157. Rosenzweig SD, Holland SM. Phagocyte immunodeficiencies and
their infections. J Allergy Clin Immunol 113: 620 – 626, 2004.
158. Saitou M, Ando-Akatsuka Y, Itoh M, Furuse M, Inazawa J,
Fujimoto K, Tsukita S. Mammalian occludin in epithelial cells: its
expression and subcellular distribution. Eur J Cell Biol 73: 222–
231, 1997.
159. Sakisaka T, Nakanishi H, Takahashi K, Mandai K, Miyahara
M, Satoh A, Takaishi K, Takai Y. Different behavior of L-afadin
and neurabin-II during the formation and destruction of cell-cell
adherens junction. Oncogene 18: 1609 –1617, 1999.
160. Sandborn WJ, Targan SR. Biologic therapy of inflammatory
bowel disease. Gastroenterology 122: 1592–1608, 2002.
161. Schoenberg MH, Poch B, Younes M, Schwarz A, Baczako K,
Lundberg C, Haglund U, Beger HG. Involvement of neutrophils
in postischaemic damage to the small intestine. Gut 32: 905–912,
1991.
162. Sears CL. Molecular physiology and pathophysiology of tight junctions. V. Assault of the tight junction by enteric pathogens. Am J
Physiol Gastrointest Liver Physiol 279: G1129 –G1134, 2000.
163. Serhan CN, Savill J. Resolution of inflammation: the beginning
programs the end. Nat Immunol 6: 1191–1197, 2005.
164. Shepherd AP, Granger DN. Metabolic regulation of intestinal
circulation. In: Physiology of Intestinal Circulation, edited by
Shepherd AP, Granger DN. New York: Raven, 2001, p. 33– 47.
165. Shifflett DE, Bottone FG Jr, Young KM, Moeser AJ, Jones SL,
Blikslager AT. Neutrophils augment recovery of porcine ischemia-injured ileal mucosa by an IL-1␤ and COX-2 dependent mechanism. Am J Physiol Gastrointest Liver Physiol 2004.
166. Simon DB, Lu Y, Choate KA, Velazquez H, Al Sabban E, Praga
M, Casari G, Bettinelli A, Colussi G, Rodriguez-Soriano J,
McCredie D, Milford D, Sanjad S, Lifton RP. Paracellin-1, a
renal tight junction protein required for paracellular Mg2⫹ resorption. Science 285: 103–106, 1999.
167. Simonovic I, Rosenberg J, Koutsouris A, Hecht G. Enteropathogenic Escherichia coli dephosphorylates and dissociates occludin from intestinal epithelial tight junctions. Cell Microbiol 2:
305–315, 2000.
168. Singer AJ, Clark RA. Cutaneous wound healing. N Engl J Med
341: 738 –746, 1999.
169. Si-Tahar M, Merlin D, Sitaraman S, Madara JL. Constitutive
and regulated secretion of secretory leukocyte proteinase inhibitor

87 • APRIL 2007 •

www.prv.org

Downloaded from physrev.physiology.org on April 16, 2007

135.

Salmonella typhimurium killing via the epithelial derived cytokine, IL-6. Microbes Infect 4: 1379 –1387, 2002.
Nash S, Stafford J, Madara JL. Effects of polymorphonuclear
leukocyte transmigration on the barrier function of cultured intestinal epithelial monolayers. J Clin Invest 80: 1104 –1113, 1987.
Nash S, Stafford J, Madara JL. The selective and superoxideindependent disruption of intestinal epithelial tight junctions during leukocyte transmigration. Lab Invest 59: 531–537, 1988.
Nathan C. Specificity of a third kind: reactive oxygen and nitrogen
intermediates in cell signaling. J Clin Invest 111: 769 –778, 2003.
Nathan C. Neutrophils and immunity: challenges and opportunities. Nat Rev Immunol 6: 173–182, 2006.
Nathan CF. Neutrophil activation on biological surfaces. Massive
secretion of hydrogen peroxide in response to products of macrophages and lymphocytes. J Clin Invest 80: 1550 –1560, 1987.
Natsui M, Kawasaki K, Takizawa H, Hayashi SI, Matsuda Y,
Sugimura K, Seki K, Narisawa R, Sendo F, Asakura H. Selective depletion of neutrophils by a monoclonal antibody, RP-3, suppresses dextran sulphate sodium-induced colitis in rats. J Gastroenterol Hepatol 12: 801– 808, 1997.
Neuhaus W, Bogner E, Wirth M, Trzeciak J, Lachmann B,
Gabor F, Noe CR. A novel tool to characterize paracellular transport: the APTS-dextran ladder. Pharm Res 23: 1491–1501, 2006.
Noiri E, Lee E, Testa J, Quigley J, Colflesh D, Keese CR,
Giaever I, Goligorsky MS. Podokinesis in endothelial cell migration: role of nitric oxide. Am J Physiol Cell Physiol 274: C236 –
C244, 1998.
Noiri E, Peresleni T, Srivastava N, Weber P, Bahou WF, Peunova N, Goligorsky MS. Nitric oxide is necessary for a switch
from stationary to locomoting phenotype in epithelial cells. Am J
Physiol Cell Physiol 270: C794 –C802, 1996.
Nusrat A, Delp C, Madara JL. Intestinal epithelial restitution.
Characterization of a cell culture model and mapping of cytoskeletal elements in migrating cells. J Clin Invest 89: 1501–1511, 1992.
Nusrat A, Parkos CA, Liang TW, Carnes DK, Madara JL.
Neutrophil migration across model intestinal epithelia: monolayer
disruption and subsequent events in epithelial repair. Gastroenterology 113: 1489 –1500, 1997.
Nusrat A, Parkos CA, Verkade P, Foley CS, Liang TW, InnisWhitehouse W, Eastburn KK, Madara JL. Tight junctions are
membrane microdomains. J Cell Sci 113: 1771–1781, 2000.
Nusrat A, Turner JR, Madara JL. Molecular physiology and
pathophysiology of tight junctions. IV. Regulation of tight junctions
by extracellular stimuli: nutrients, cytokines, immune cells. Am J
Physiol Gastrointest Liver Physiol 279: G851–G857, 2000.
Okada Y, Irimajiri A, Inouye A. Electrical properties and active
solute transport in rat small intestine. II. Conductive properties of
transepithelial routes. J Membr Biol 31: 221–232, 1977.
Park PO, Haglund U, Bulkley GB, Falt K. The sequence of
development of intestinal tissue injury after strangulation ischemia
and reperfusion. Surgery 107: 574 –580, 1990.
Parkos CA, Delp C, Arnaout MA, Madara JL. Neutrophil migration across a cultured intestinal epithelium. Dependence on a
CD11b/CD18-mediated event and enhanced efficiency in physiological direction. J Clin Invest 88: 1605–1612, 1991.
Parks DA, Granger DN. Contributions of ischemia and reperfusion to mucosal lesion formation. Am J Physiol Gastrointest Liver
Physiol 250: G749 –G753, 1986.
Playford RJ, Marchbank T, Goodlad RA, Chinery RA, Poulsom
R, Hanby AM. Transgenic mice that overexpress the human trefoil
peptide pS2 have an increased resistance to intestinal damage. Proc
Natl Acad Sci USA 93: 2137–2142, 1996.
Podolsky DK. Mucosal immunity and inflammation. V. Innate
mechanisms of mucosal defense and repair: the best offense is a
good defense. Am J Physiol Gastrointest Liver Physiol 277: G495–
G499, 1999.
Powell DW, Mifflin RC, Valentich JD, Crowe SE, Saada JI,
West AB. Myofibroblasts. I. Paracrine cells important in health and
disease. Am J Physiol Cell Physiol 277: C1–C9, 1999.
Powell DW, Mifflin RC, Valentich JD, Crowe SE, Saada JI,
West AB. Myofibroblasts II. Intestinal subepithelial myofibroblasts. Am J Physiol Cell Physiol 277: C183–C201, 1999.

563

564

170.

171.

172.

173.
174.

175.

176.

178.

179.

180.

181.

182.

183.

184.

185.

by human intestinal epithelial cells. Gastroenterology 118: 1061–
1071, 2000.
Spitz J, Yuhan R, Koutsouris A, Blatt C, Alverdy J, Hecht G.
Enteropathogenic Escherichia coli adherence to intestinal epithelial monolayers diminishes barrier function. Am J Physiol Gastrointest Liver Physiol 268: G374 –G379, 1995.
Spring KR, Hope A. Fluid transport and the dimensions of cells
and interspaces of living Necturus gallbladder. J Gen Physiol 73:
287–305, 1979.
Stanford A, Upperman JS, Boyle P, Schall L, Ojimba JI, Ford
HR. Long-term follow-up of patients with necrotizing enterocolitis.
J Pediatr Surg 37: 1048 –1050, 2002.
Stoney RJ, Cunningham CG. Acute mesenteric ischemia. Surgery 114: 489 – 490, 1993.
Suemori S, Ciacci C, Podolsky DK. Regulation of transforming
growth factor expression in rat intestinal epithelial cell lines. J Clin
Invest 87: 2216 –2221, 1991.
Sugi K, Musch MW, Field M, Chang EB. Inhibition of Na⫹,K⫹ATPase by interferon gamma down-regulates intestinal epithelial
transport and barrier function. Gastroenterology 120: 1393–1403,
2001.
Svanes K, Ito S, Takeuchi K, Silen W. Restitution of the surface
epithelium of the in vitro frog gastric mucosa after damage with
hyperosmolar sodium chloride. Morphologic and physiologic characteristics. Gastroenterology 82: 1409 –1426, 1982.
Tabata K, Johnson LR. Mechanism of induction of mucosal ornithine decarboxylase by food. Am J Physiol Gastrointest Liver
Physiol 251: G370 –G374, 1986.
Tice LW, Carter RL, Cahill MB. Changes in tight junctions of rat
intestinal crypt cells associated with changes in their mitotic activity. Tissue Cell 11: 293–316, 1979.
Tsukamoto T, Nigam SK. Tight junction proteins form large
complexes and associate with the cytoskeleton in an ATP depletion
model for reversible junction assembly. J Biol Chem 272: 16133–
16139, 1997.
Turner JR, Black ED, Ward J, Tse CM, Uchwat FA, Alli HA,
Donowitz M, Madara JL, Angle JM. Transepithelial resistance
can be regulated by the intestinal brush-border Na⫹/H⫹ exchanger
NHE3. Am J Physiol Cell Physiol 279: C1918 –C1924, 2000.
Turner JR, Rill BK, Carlson SL, Carnes D, Kerner R, Mrsny
RJ, Madara JL. Physiological regulation of epithelial tight junctions is associated with myosin light-chain phosphorylation. Am J
Physiol Cell Physiol 273: C1378 –C1385, 1997.
Turvill JL, Mourad FH, Farthing MJ. Crucial role for 5-HT in
cholera toxin but not Escherichia coli heat-labile enterotoxinintestinal secretion in rats. Gastroenterology 115: 883– 890, 1998.
Umeda K, Matsui T, Nakayama M, Furuse K, Sasaki H, Furuse
M, Tsukita S. Establishment and characterization of cultured
epithelial cells lacking expression of ZO-1. J Biol Chem 279: 44785–
44794, 2004.
Utech M, Ivanov AI, Samarin SN, Bruewer M, Turner JR,
Mrsny RJ, Parkos CA, Nusrat A. Mechanism of IFN-gammainduced endocytosis of tight junction proteins: myosin II-dependent vacuolarization of the apical plasma membrane. Mol Biol Cell
16: 5040 –5052, 2005.
Van Itallie C, Rahner C, Anderson JM. Regulated expression of
claudin-4 decreases paracellular conductance through a selective
decrease in sodium permeability. J Clin Invest 107: 1319 –1327,
2001.

Physiol Rev • VOL

186. Vasioukhin V, Bauer C, Yin M, Fuchs E. Directed actin polymerization is the driving force for epithelial cell-cell adhesion. Cell 100:
209 –219, 2000.
187. Wallace JL, Higa A, McKnight GW, MacIntyre DE. Prevention
and reversal of experimental colitis by a monoclonal antibody
which inhibits leukocyte adherence. Inflammation 16: 343–354,
1992.
188. Wallace JL, Keenan CM, Granger DN. Gastric ulceration induced by nonsteroidal anti-inflammatory drugs is a neutrophildependent process. Am J Physiol Gastrointest Liver Physiol 259:
G462–G467, 1990.
189. Wang F, Graham WV, Wang Y, Witkowski ED, Schwarz BT,
Turner JR. Interferon-gamma and tumor necrosis factor-alpha
synergize to induce intestinal epithelial barrier dysfunction by upregulating myosin light chain kinase expression. Am J Pathol 166:
409 – 419, 2005.
190. Wang JY, McCormack SA, Johnson LR. Role of nonmuscle
myosin II in polyamine-dependent intestinal epithelial cell migration. Am J Physiol Gastrointest Liver Physiol 270: G355–G362,
1996.
191. Wang JY, McCormack SA, Johnson LR. Role of nonmuscle
myosin II in polyamine-dependent intestinal epithelial cell migration. Am J Physiol Gastrointest Liver Physiol 270: G355–G362,
1996.
192. Weiss SJ. Tissue destruction by neutrophils. N Engl J Med 320:
365–376, 1989.
193. Willemsen LE, Hoetjes JP, van Deventer SJ, van Tol EA.
Abrogation of IFN-gamma mediated epithelial barrier disruption by
serine protease inhibition. Clin Exp Immunol 142: 275–284, 2005.
194. Xie H, Pallero MA, Gupta K, Chang P, Ware MF, Witke W,
Kwiatkowski DJ, Lauffenburger DA, Murphy-Ullrich JE,
Wells A. EGF receptor regulation of cell motility: EGF induces
disassembly of focal adhesions independently of the motility-associated PLCgamma signaling pathway. J Cell Sci 111: 615– 624, 1998.
195. Ye D, Ma I, Ma TY. Molecular mechanism of tumor necrosis
factor-alpha modulation of intestinal epithelial tight junction barrier. Am J Physiol Gastrointest Liver Physiol 290: G496 –G504,
2006.
196. Yonemura S, Hirao M, Doi Y, Takahashi N, Kondo T, Tsukita
S, Tsukita S. Ezrin/radixin/moesin (ERM) proteins bind to a positively charged amino acid cluster in the juxta-membrane cytoplasmic domain of CD44, CD43, ICAM-2. J Cell Biol 140: 885– 895, 1998.
197. Yuhan R, Koutsouris A, Savkovic SD, Hecht G. Enteropathogenic Escherichia coli-induced myosin light chain phosphorylation
alters intestinal epithelial permeability. Gastroenterology 113:
1873–1882, 1997.
198. Yun CH, Oh S, Zizak M, Steplock D, Tsao S, Tse CM, Weinman
EJ, Donowitz M. cAMP-mediated inhibition of the epithelial brush
border Na⫹/H⫹ exchanger, NHE3, requires an associated regulatory protein. Proc Natl Acad Sci USA 94: 3010 –3015, 1997.
199. Zhao DL, Hirst BH. Bile salt-induced increases in duodenal brushborder membrane proton permeability, fluidity, and fragility. Dig
Dis Sci 35: 589 –595, 1990.
200. Zhu J, Nathan C, Jin W, Sim D, Ashcroft GS, Wahl SM, Lacomis L, Erdjument-Bromage H, Tempst P, Wright CD, Ding A.
Conversion of proepithelin to epithelins: roles of SLPI and elastase
in host defense and wound repair. Cell 111: 867– 878, 2002.
201. Zimmerman BJ, Grisham MB, Granger DN. Role of oxidants in
ischemia/reperfusion-induced granulocyte infiltration. Am J
Physiol Gastrointest Liver Physiol 258: G185–G190, 1990.

87 • APRIL 2007 •

www.prv.org

Downloaded from physrev.physiology.org on April 16, 2007

177.

BLIKSLAGER ET AL.

