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Inflammatory bowel disease: is it really
just another break in the wall?
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Although the critical factors necessary for IBD pathogenesis remain
mysterious, interest in the potential role of defective epithelial barrier
function continues to grow. New insight into the mechanisms
responsible for barrier dysfunction in IBD may lead to understanding
its contribution to disease development and progression.

U
lcerative colitis and Crohn’s disease,
collectively known as inflammatory
bowel disease (IBD), are major

causes of lifetime morbidity. Although
these diseases are often differentiated
clinically on the basis of disease distribu-
tion and morphology, they share many
characteristics. Each disease clearly
involves an abnormal mucosal inflamma-
tory response, and data from various
sources suggest that luminal stimuli and
epithelial cell dysfunction can also contri-
bute to disease pathogenesis or progression.
Defective epithelial barrier function, which
can be measured as increased intestinal
permeability, has been implicated in IBD1

and can predict relapse during clinical
remission.2 3 Increased permeability is also
present in a subset of unaffected first-
degree relatives of patients with Crohn’s
disease.4 5 As a result of these observations,
the mechanisms of barrier function and
permeability defects are thought to have a
great potential in defining IBD pathogen-
esis and guiding the development of novel
treatments.

The mucosal barrier is established by
the single layer of epithelial cells that line
the intestine, with erosion and ulcera-
tions being obvious sources of focal
barrier defects. The tight junction seals
the space between adjacent epithelial
cells and, in intact gastrointestinal epithe-
lia, tight junction permeability is the rate-
limiting step that defines the overall
epithelial permeability. Thus, tight junc-
tion defects may be an important source
of the overall intestinal barrier defects—
that is, permeability increases—seen in
patients with IBD. In this issue of Gut,
Zeissig et al 6 (see page 61) provide strong
evidence that the tight junction barrier
function is altered in IBD, and also
suggest some specific mechanisms that
may underlie these changes.

Tight junctions are composed of multi-
ple proteins that are involved in establish-
ing the epithelial barrier, and they

selectively determine which molecules
are able to traverse the paracellular space.
The claudin family of proteins has a
critical role in selective ion permeability;
in familial hypomagnesaemia, severe
renal Mg2+ and Ca2+ wasting occurs as a
result of deficient tubular resorption. This
cation transport fails because tight junc-
tions between cells lining the thick
ascending limb of the loop of Henle are
impermeable to these ions as a conse-
quence of claudin-16 mutations.7 The lack
of claudin-16 correlates with an absence
of paracellular channels necessary for
Mg2+ and Ca2+ to cross the tight junction.
Similarly, claudin-2 expression in cul-
tured epithelia increases the paracellular
permeability of monovalent cations such
as Na+.8–10 Freeze-fracture immunoelec-
tron microscopy shows that claudins are
often concentrated within tight junction
strands, 11 and, remarkably, claudin pro-
tein expression induces an assembly of
strand-like structures in fibroblasts that
do not normally have tight junctions.12

Higher-resolution structural analysis of
claudin assembly is not available, but the
observation that individual claudin iso-
forms permit a paracellular flux of spe-
cific ions suggests that claudin proteins
may form ion-selective pores.

On the basis of our understanding of
claudin proteins and the knowledge that
ion-selective and size-selective tight junc-
tion permeability varies throughout the
gastrointestinal tract, it is not surprising
that the pattern of claudin isoform
expression also varies throughout the
gastrointestinal tract.13 This site-specific
variation is also regulated temporally
during postnatal life.14 Two recent studies
have suggested that claudin-2 expression
is increased in the intestinal epithelia in
patients with IBD.15 16 Fluorescence
microscopy showed that this was parti-
cularly true in crypt regions, where
claudin-2 is not normally expressed.
Increased claudin-2 expression could be

recapitulated in vitro by treating cultured
epithelial monolayers with recombinant
interleukin (IL)13, a cytokine in some
patients with IBD. Thus, IL13-dependent
increases in claudin-2 expression may be,
at least partially, responsible for the
permeability increases seen in patients
with IBD.

Zeissig et al6 describe a more compre-
hensive approach to the problem of
barrier loss in IBD. They began by asking
whether barrier defects noted in patients
with IBD might be due to epithelial
damage. Increased epithelial apoptosis
was present in patients with active IBD
and contributed to focal barrier defects.
However, conductance scanning showed
a spatially uniform increase in transe-
pithelial conductivity that could not be
due to such focal lesions. This suggests
that more global mechanisms of
increased permeability are involved.
Zeissig et al therefore systematically
assessed ultrastructural morphology, per-
meability and tight junction protein
expression in intestinal tissues from
patients with IBD. Freeze-fracture elec-
tron microscopy showed reduced num-
bers of tight junction strands but
increased numbers of strand breaks in
the tissue from patients with active IBD.
These were not limited to areas with gross
epithelial damage such as ulceration,
crypt abscesses or apoptosis. Thus, mor-
phological breakage and loss of tight
junction strands were associated with
the barrier defects seen in active IBD.6

To gain insight into claudin expression
in intestinal tissues from patients with
IBD with breakage and loss of tight
junction strands, Zeissig et al6 assessed
the expression of 12 claudin isoforms.
Expression of claudins 3, 5 and 8 was
decreased, and immunofluorescence
microscopy showed that the proteins
were redistributed away from tight junc-
tions in active IBD. Claudin-2 expression
was increased, particularly in the crypt
epithelium, in patients with active dis-
ease. By contrast, expression of claudin
protiens was normal in patients with
inactive IBD. The altered pattern of
claudin isoform expression seen in intest-
inal tissues from patients with IBD
correlated with the presence of active
disease, and may be partly responsible for
the observed morphological and func-
tional disruption of tight junctions.
However, surprisingly, none of these
changes were detected in patients with
inactive IBD. This suggests that the
altered claudin expression patterns
observed are more likely to be a conse-
quence rather than a cause of active
disease.

As described earlier, in vitro studies
have been used to show that IL13
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increases claudin-2 expression.15 16 Prasad
et al15 examined the effect of TNF and
interferon c (IFNc), two cytokines critical
to IBD pathogenesis. Similar to IL13,
IFNc and TNF increased paracellular
permeability.15 However, in contrast with
IL13, IFNc and TNF reduced claudin-2
expression,15 suggesting that the mechan-
isms by which IFNc and TNF increase
paracellular permeability differ from
those used by IL13.15 Zeissig et al did not
examine the in vitro effects of IFNc and
TNF on paracellular permeability, but
they found that claudin-2 expression
was subtly decreased by IFNc and mod-
estly increased by TNF.6 It is impossible to
ascertain the reason for these discordant
results, as there are many experimental
differences between the studies: (1) IFNc
and TNF were added simultaneously by
Prasad et al15 but separately by Zeissig
et al6; (2) a 100-fold greater TNF dose was
used by Zeissig et al6; and (3) different
intestinal epithelial cell lines were
used in each study. Regardless of these

differences, TNF clearly causes intestinal
epithelial barrier dysfunction by mechan-
isms distinct from altered claudin isoform
expression.17

Contemporaneous with the studies
discussed above, several groups have
investigated the cytoskeletal mechanisms
of TNF-induced paracellular permeability
increases.18–20 These permeability
increases are independent of apoptosis,
both in vitro18 20–22 and in vivo.23 24 These
mechanisms were initially studied using
cultured intestinal epithelial mono-
layers.18 TNF treatment induced marked
increases in myosin II regulatory light
chain (MLC) phosphorylation that corre-
lated with barrier dysfunction.18 The
functional linkage between these events
was demonstrated by the observation that
inhibition of MLC kinase (MLCK) cor-
rected both MLC phosphorylation and
paracellular permeability.18 The mechan-
istic and pathophysiological relevance of
this observation has recently been shown
in vivo using a TNF-dependent model of

acute diarrhoea induced in mice after T
cell activation.23 The diarrhoea seen in
this in vivo model developed within 2–3 h
of T cell activation, and was associated
with intestinal barrier dysfunction and
redistribution of the tight junction pro-
tein occludin, but not of the claudins.
Increases in intestinal epithelial MLC
phosphorylation paralleled the severity
of diarrhoea.23 MLCK inhibition, either
pharmacologically or by genetic knock-
out, prevented both intestinal epithelial
MLC phosphorylation and barrier dys-
function. More remarkably, MLCK inhi-
bition also restored net water absorption,
and therefore corrected the TNF-depen-
dent diarrhoea.23 These data show that
acute cytokine-dependent diarrhoea can
be triggered by cytoskeletally-mediated
barrier regulation. These changes can also
occur in the absence of claudin protein
redistribution. Thus, both in vitro and in
vivo data suggest that TNF regulates
barrier function by mechanisms that are
separate from claudin isoform modula-
tion.

More detailed in vitro analyses have
shown that TNF increases MLC phos-
phorylation by both transcriptional and
enzymatic MLCK activation.19 20 25

Notably, increases in MLCK transcription
and expression occurred within hours of
TNF addition, and were not associated
with altered expression of tight junction
proteins, suggesting that the cytoskeletal
pathway of TNF-dependent barrier reg-
ulation may occur more rapidly than
changes in claudin isoform expression.
In addition to these observations in
model epithelia, a recent study on resec-
tion and biopsy specimens from the
intestinal tissue of patients with IBD
showed that MLCK expression and enzy-
matic activity were increased in the
intestinal epithelium.26 Similar to the
observations of altered expression of the
claudin proteins reported by Zeissig et al,
the extent to which MLCK expression and
activity were increased correlated posi-
tively with disease activity.26 In contrast
with claudin expression, MLCK expres-
sion was modestly increased in patients
with histologically inactive IBD.26 These
data suggest that increased intestinal
epithelial MLCK expression may be a
stable characteristic of patients with IBD.

When considered as a whole, the data
on MLCK and claudins suggest the
possibility of a biphasic induction of
barrier defects in patients with IBD. For
example, a patient with inactive IBD and
mild chronically increased MLCK expres-
sion may be more likely to develop an
exaggerated permeability defect in
response to an environmental or inflam-
matory stimulus (fig 1). This induces a
local inflammatory response, perhaps

Figure 1 Model of barrier dysfunction pathogenesis in inflammatory bowel disease (IBD). Acute and
rapidly reversible barrier defects occur via myosin light chain kinase (MLCK) activation and actomyosin
contraction (exemplified by the cell on the left). One major mediator of such acute changes is tumour
necrosis factor, which affects transcriptional and enzymatic activation of MLCK. Acute changes may
then evolve into more stable chronic barrier defects (exemplified by the cell on the right). Interleukin 13
is one among the cytokines that may have a role in changing the expression and distribution of claudin
protein isoforms. Individual claudin isoforms can be either increased or decreased. For example, in
active IBD, claudin-2 (blue) expression is increased in the crypt epithelium. By contrast, expression of
claudins 3, 5 and 8 (brown) is decreased in active disease. This changes the overall claudin isoform
composition at the tight junction, and possibly results in a major change in barrier function.
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including TNF release, thereby perpetuat-
ing barrier dysfunction. Over time, this
enables the development of a more
prolonged inflammatory response with
the release of mediators, including IL13,
that regulate claudin isoform expression.
This results in further distortion of barrier
function, including disruption of normal
ion selectivity that enhances diarrhoea
and malabsorption. Thus, it is possible to
envisage a model in which acute and
rapidly reversible barrier defects induced
by MLCK activation give way to more
stable chronic barrier defects resulting
from altered claudin protein expression.
Both of these mechanisms disrupt barrier
function and potentiate disease activity.

This model is useful because it allows
for the development of testable hypoth-
eses to improve our understanding of the
pathogenesis of barrier dysfunction in
IBD. However, many critical questions
remain unanswered. (1) The primary
defect causing increased MLCK expres-
sion or permeability defects in IBD is
unknown. (2) It remains unclear whether
barrier dysfunction is an important risk
factor for the development of IBD.
Clearly, barrier dysfunction alone cannot
be sufficient to cause the disease, as
increased permeability is seen in some
unaffected relatives of patients with IBD.5

(3) Relatively little information is avail-
able to explain how cytokines may work
together to modify claudin expression
patterns, either in vitro or in vivo. (4)
Although the changes in claudin isoform
expression and distribution in disease are
striking and in vitro data show that altered
expression of specific claudin isoforms
modifies paracellular ion conductance,
basic understanding of tight junction
structure and of the biophysical conse-
quences of claudin isoform substitution or
redistribution is lacking. These are impor-
tant gaps in our knowledge base that will
require further study.
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