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ABSTRACT
Inflammatory bowel diseases broadly categorized into Crohn’s disease (CD) and ulcerative colitis
(UC), are chronic inflammatory disorders of the gastrointestinal tract with increasing prevalence
worldwide. The etiology of the disease is complex and involves a combination of genetic,
environmental, immunological and gut microbial factors. Recurring and bloody diarrhea is the most
prevalent and debilitating symptom in IBD. The pathogenesis of IBD-associated diarrhea is
multifactorial and is essentially an outcome of mucosal damage caused by persistent inflammation
resulting in dysregulated intestinal ion transport, impaired epithelial barrier function and increased
accessibility of the pathogens to the intestinal mucosa. Altered expression and/or function of
epithelial ion transporters and channels is the principle cause of electrolyte retention and water
accumulation in the intestinal lumen leading to diarrhea in IBD. Aberrant barrier function further
contributes to diarrhea via leak-flux mechanism. Mucosal penetration of enteric pathogens
promotes dysbiosis and exacerbates the underlying immune system further perpetuating IBD
associated-tissue damage and diarrhea. Here, we review the mechanisms of impaired ion transport
and loss of epithelial barrier function contributing to diarrhea associated with IBD.
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Introduction

IBD is a chronic, inflammatory disorder of the gastroin-
testinal tract with immensely complex etiology. A com-
bination of factors such as genetic predisposition,
environmental stimuli, gut immune dysregulation and
dysbiosis intersect resulting in persistent bowel inflam-
mation either confined in the colon as seen in ulcerative
colitis (UC) or involving complications in both small
and the large intestine as observed in Crohn’s disease
(CD).1-3 Incidence of IBD has increased during the past
decades affecting 3.1 million adults in the USA4 and
2.2 million people in Europe,5 together with an increase
observed in the low-risk Asian populations.6 Both UC
and CD manifest with alternating periods of relapse and
remission with diarrhea, abdominal pain, gastrointesti-
nal bleeding, and weight loss as key clinical symptoms of
active disease. The health related quality of life (HRQOL)
of IBD patients is severely impacted7 and the fundamen-
tal management strategy is aimed at maintenance of

remission, control of inflammation, restoration of nutri-
tional deficits and treatment of symptoms like diarrhea.

Diarrhea is the hallmark symptom associated with
IBD and is seen in almost 80% of the cases.8 IBD-associ-
ated diarrhea is multifactorial and is the outcome of
intricate pathophysiological events arising from wide-
spread and sustained mucosal inflammation. Depending
upon the site and magnitude of intestinal inflammation
the severity of diarrhea varies in IBD patients, ranging
from increased bowel frequency to chronic diarrhea
requiring electrolyte supplementation and hospitaliza-
tion.8 The severity of diarrhea (stool frequency and con-
sistency) is thus considered as an important determinant
of the disease activity index. Therefore, the understand-
ing of the molecular mechanisms leading to diarrhea in
IBD is crucial for proper diagnosis andmanagement.

Mechanistically, an imbalance in electrolyte absorp-
tion and/or secretion in the intestine disrupts the
osmotic gradient resulting in water retention in the
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lumen and diarrhea. Broadly, excess production of
inflammatory mediators in UC and CD generate a
highly inflammatory milieu causing damage to the
mucosal architecture, compromised epithelial barrier,
increased antigen load into the intestinal lumen, altered
immune responses, and loss of function and/or expres-
sion of various functional entities present on the lumi-
nal membrane such as ion transporters, channels and
multiprotein junction complexes constituting the epi-
thelial barrier (Fig. 1). This cascade of reactions con-
tributes to inadequate water and solute transport
leading to inflammatory diarrhea. In this review, we
will summarize the impact of persistent or inade-
quately resolved chronic intestinal inflammation on
electrolyte transport (ion transporters and channels)

and epithelial barrier function (tight and adherens
junctions) and the consequences of these alterations in
pathogenesis of IBD-associated diarrhea.

IBD and Altered Electrolyte Transport in the
Intestine

Water and electrolyte transport mechanism

Epithelial cells lining the intestinal lumen not only
serve as selectively permeable barriers but are also
involved in bidirectional transport of nutrients, elec-
trolytes and fluid from the intestinal lumen. The tre-
mendous absorptive capacity of the intestinal
epithelium is evident from the fact that on average 8–
10 L/day of fluid enters the intestinal lumen and only

Figure 1. Schematic of electrolyte transporters and junctional proteins in IECs: Ion transporters, channels, physical and chemical barriers
are compromised in IBD leading to diarrhea. The transepithelial pathway of solutes and ions is mediated by ion/solute transporters and
channels. As depicted in the figure, in steady state, apical transporters, NHE3 (NaC/HC exchanger 3) and DRA (Down Regulated in Ade-
noma) work in conjunction to mediate electroneutral NaCl absorption. Electrogenic mode of NaC absorption occurs in the distal part of
colon via ENaC (Epithelial sodium channel). Intracellular NaC gradient essential for sodium dependent transport processes is generated
by the action of NaC/KC-ATPase present at the basolateral membrane. Cl¡ secretion across the membrane is facilitated by apical Cl¡

channel CFTR (cystic fibrosis transmembrane conductance regulator). Basolateral NKCC1 (NaC/KC/2Cl¡ cotransport system) is involved
in uptake of Cl¡ from the serosal side. KC taken up by NKCC1 and NaC/KC-ATPase is recycled back to the basolateral side by KC chan-
nels localized to the basolateral membrane. Predominant mechanism of diarrhea in IBD involves impairment of electroneutral NaCl
absorption accompanied with dysfunctional ENaC and NaC/KC-ATPase, with very little role if any played by anion secretion. Negative
sign indicates the downregulation in function and/or expression of NHE3, DRA, ENaC and NaC/KC-ATPase in IBD. The mucus layers
serves as a barrier and prevents the direct contact of gut microbes with the underlying epithelium. Adjacent intestinal epithelial cells
are sealed together via an intricate network of junctional proteins including the tight junction (TJ) proteins (claudins, occludin, JAM and
ZO-1), adherens junction (AJ, E-cadherin) and desmosomes. The optimal expression and function of tight and adherens junction proteins
regulate the paracellular flux under physiological conditions. Negative sign indicates the downregulation in function and/or expression
of TJ and AJ proteins in IBD. Breakdown of barrier function in IBD results in diarrhea via leak-flux mechanism. As summarized in the
review, understanding of the mechanisms underlying loss of barrier function and defective ion absorption in IBD is essential for develop-
ment of better treatment strategies for IBD and associated diarrhea.
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<0.1-0.2 L/day is excreted in the feces.9,10 This process
of water absorption is mainly passive and is governed
by the movement of solutes and electrolytes (primarily
NaC and Cl¡) across the membrane.9-11 Intestinal epi-
thelial cells are highly polarized and express a variety
of ion transporters and channels on the apical and the
basolateral membrane that coordinate and maintain a
dynamic balance between electrolyte absorption and
secretion under normal physiological conditions
(Fig. 1). Fluid loss in diarrhea occurs due to derange-
ments in the equilibrium of electrolyte absorptive and
secretory processes. During inflammatory insults in
UC and CD the absorptive capacity of the colon is sig-
nificantly compromised resulting in excessive loss of
fluid in the stool. Accordingly, impairment in electro-
lyte absorption rather than secretion is now proposed
as the major ion transport abnormality in diarrhea
associated with IBD.3,9,12-17 Given the central role of
electrolyte absorption in maintenance of fluid homeo-
stasis in IBD, the current review focuses on ion trans-
porters and channels involved in sodium and chloride
absorption and alterations in their function and/or
expression in IBD.

IBD and altered NaC absorption in the intestine

Mechanisms for vectorial transport of NaC from api-
cal to the basolateral membrane of intestinal epithelial
cells can be a) nutrient dependent or b) nutrient inde-
pendent.3,9,18,19 The nutrient dependent transport of
sodium is mediated via NaC-glucose/amino-acid sym-
porters and is energized by the electrochemical gradi-
ent of NaC established by basolaterally located NaC/
KC ATPase. The symport of these organic solutes
(sugars and amino acids) and NaC involves the
cotransport of water, which is absorbed osmotically.
This has formed the basis of Oral Rehydration Solu-
tion (ORS) used as the primary means for treating
dehydration due to diarrhea.9,12,20

Nutrient independent mode of sodium transport
can be electroneutral where sodium is absorbed via
NaC/HC exchangers (NHEs) coupled to Cl¡ absorp-
tion3,8,12,18,19,21,22 or electrogenic which is Cl¡-inde-
pendent and is mediated by epithelial sodium channel
(ENaC)9,14,16,18,19 (Fig. 1). Electroneutral NaCl absorp-
tion is the predominant route for NaC, Cl¡ and water
absorption in the ileum and colon of mammalian gas-
trointestinal tract whereas ENaCmediated electrogenic
NaC absorption is important for fluid homeostasis in

the distal colon. Impaired NaC absorption is a major
mechanism resulting in diarrhea. Alterations in func-
tion and/or expression of epithelial sodium transport-
ers such as NaC/HC exchangers, ENaC and NaC/
KCATPase have been reported in experimental models
of colitis and in biopsies from UC and CD
patients.3,9,13,14,16,22-25 The contribution of dysfunc-
tional NaC/HC exchangers, ENaC and NaC/KCATPase
in diarrhea associated with IBD is discussed in the
upcoming sections of this review sections.

Sodium hydrogen exchangers (NHEs) in IBD associated
diarrhea
Encoded by members of the SLC9 gene family, the
NaC/HC exchangers (NHEs) mediate the electroneu-
tral exchange of an extracellular NaC for a cytosolic
HC. NHEs are of paramount importance in absorption
of sodium and water, maintenance of intracellular pH
and cell volume control. So far 11 NHE isoforms
(NHE1-11) have been identified in mammals each hav-
ing a different cellular localization and tissue distribu-
tion. In the intestinal epithelium, NHE2, NHE3 and
NHE8 are present on the apical membrane and NHE1
is located on the basolateral membrane.26-30 Expression
of other NHE isoforms in the intestine is debatable.31

Among the four isoforms that are present in the
intestine, the direct involvement of NHE1 (SLC9A1)
and NHE2 (SLC9A2) in IBD associated diarrhea is not
evident. Data obtained from experimental and clinical
investigations are conflicting and indicate both an
increase23,32 as well as decrease33-35 in NHE1 expression
in response to inflammatory insults. Decrease in NHE2
function and expression has been reported in response
to proinflammatory cytokines such as interferon g

(IFN-g)36 and Tumor necrosis factor a (TNFa).37 A sig-
nificant decrease in colonic NHE2 mRNA and protein
expression is also reported in rat model of TNBS
induced colitis.38 Surprisingly, no change in the expres-
sion of NHE2 is reported in biopsies from UC patients
and in mouse model of DSS induced colitis.35 Also,
NHE2 KO mice neither show alterations in intestinal
NaC absorption nor a diarrheal phenotype.26,28 There-
fore, dysregulation of NHE2 function and/or expression
is not of great significance for altered electrolyte absorp-
tion observed in IBD. However, contribution of
impaired NHE1 expression in IBD associated diarrhea
warrants further experimental validation.

NHE8 (SLC9A8) and NHE3 (SLC9A3) are ontoge-
netically regulated where NHE8 is predominantly
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expressed in the early life and its expression is later
substituted by NHE3 in adulthood.16,26,39 NHE8 KO
mice do not have diarrhea probably because of com-
pensatory increase in NHE2 and NHE3 in the small
intestine.29 However, it is interesting to note that
expression of NHE8 is decreased by TNFa, LPS and
in colitis models of DSS and TNBS.40,41 Furthermore,
NHE8 KO mice are not only susceptible to DSS treat-
ment42 but also have decreased levels of Muc2 (an
important component of the mucus layer) and antimi-
crobial peptides with concomitant increase in bacterial
adhesion in the colon.29,40,42 This suggests that inhibi-
tion of NHE8 may not contribute to IBD associated
diarrhea directly but perhaps plays a crucial role in
maintenance of mucosal integrity during inflamma-
tion. Recent report confirming the expression of
NHE8 in goblet cells43 further attests to this role of
NHE8.

Of the isoforms present in the intestine, NHE3 is
considered as the main player in intestinal NaC absorp-
tion3,16,21,26,44 (Fig. 1). Genetic deletion of NHE3 in
mice results in diarrhea, metabolic acidosis and
impaired fluid homeostasis,44,45 a phenomenon not
observed in knockout mouse models of other NHE iso-
forms. In fact, combined deficiency of both NHE3 and
NHE2 in mice does not augment the severity of absorp-
tive defects and diarrheal state of NHE3 KO mice.46

Recent report by Janecke et al,47 identified loss-of-func-
tion mutations in the SLC9A3 gene in 9 CSD (Congeni-
tal Sodium Diarrhea) patients. Interestingly, among this
subset of 9 patients with mutated NHE3, 2 patients
developed IBD implicating the deficiency of NHE3 in
the pathophysiology of diarrhea in IBD. Another study
reported the inhibitory impact of SNPs (single nucleo-
tide polymorphisms) on NHE3 function.48 Addition-
ally, GWAS studies have established strong association
between UC and SLC9A3 gene locus.49,50 Alterations in
NHE3 function and/or expression observed in IBD
patients have further substantiated that NHE3 dysfunc-
tion contributes to IBD associated diarrhea. However,
the mechanism of NHE3 inhibition is controversial and
is attributed to either i) decreased NHE3 activity as
seen in human UC biopsies with unaltered protein,
mRNA and surface expression23,51-53 or ii) decreased
NHE3 protein levels observed in both UC and CD
patient biopsies35,54 with reduced NHE3 mRNA
observed only in CD biopsies54 (Table 1). Consistent
with the patient data, downregulation of NHE3 func-
tion has been reported in various mouse models of

experimental colitis with varying pattern of changes
seen in NHE3 expression. In DSS and TNBS induced
colitis in mice a downregulation of NHE3 protein
expression was found to occur in the mouse colon.35 In
TnfDAREC/¡, Rag2¡/¡ CD4C CD45RBhigh and 2% DSS-
induced IL-10¡/¡ models, a significant inhibition in
NHE3 transport function was observed with no change
in mRNA expression or membrane localization of
NHE3.53 Similarly, reduced NHE3 activity despite nor-
mal gene expression was observed in IL-10¡/¡ mice.55

In contrast, IL-2 deficient mice demonstrated a drastic
reduction in NHE3 function (80%) with a concomitant
decrease in mRNA and protein expression (41% and
24%, respectively). Collectively, the data obtained from
IBD patients and murine models signify that compro-
mised NHE3 function is a prime feature for pathogene-
sis of diarrhea in IBD. However, data on NHE3
expression in intestinal inflammation is inconsistent.

It appears that the observed decrease in NHE3
function in IBD could be either transcriptional or
post-translational. At the transcriptional level, proin-
flammatory cytokines such as IFN-g and TNFa have
been shown to decrease NHE3 mRNA expression
both in vitro36,56 and in vivo.36,57 IFN-g treatment
decreased NHE3 mRNA and protein expression in
C2/BBe cells and rat ileum and colon.36 Along similar
lines, our group demonstrated a decrease in NHE3
promoter activity by IFN-g and TNFa via protein
Kinase A (PKA) mediated phosphorylation of Sp1
and Sp3 transcription factors.56

Clayburgh et al57 demonstrated that in vivo, TNFa
alters NHE3 surface expression post translationally.
TNF-a promotes PKCa mediated redistribution of

Table 1. Modulation of Ion transporters and channels involved in
sodium and chloride absorption in IBD Patients.

CD UC

NHE-3 +
(35, 54)

+
(23, 35, 51, 52, 53, 54)

ENaC +
(23, 25, 35, 67, 68, 69, 70,

71)

+
(23, 25, 35, 67, 68, 69,

70,71)
NaC/

KCATPase
+

(68, 79, 80)
+

(68, 69, 79, 80, 81)

DRA ,
(110)

+
(23, 52, 110, 109)

* increase, + decrease,, no effect, Number in parenthesis indicate citation
number.

NHE1, NHE2 and NHE8 are not included in the table as the reports with
respect to the changes in their function and/or expression in inflammation
appears to be contradictory and requires further validation.
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NHE3 from the brush border membrane resulting in
NHE3 internalization and NaC malabsorption in
model of anti-CD3 antibody induced diarrhea. Fur-
thermore, nitric oxide (NO), another inflammatory
mediator has been shown to inhibit NHE3 function
by activation of soluble guanylate cyclase/cGMP/pro-
tein kinase G (PKG) pathway in Caco-2 cells.58 Inter-
estingly, CSD patients also carry mutations in
guanylate cyclase C (GUCY2C) where deficiency in
NaC absorption has been attributed to elevated cGMP
levels resulting from gain-of-function mutations in
GUCY2C. In these patients, NHE3 function is inhib-
ited via its phosphorylation by cGMP kinase II.59,60

Many of the patients with germline GUCY2C muta-
tions develop IBD with varying age of onset.47,49,60

This further suggests that reduction in NHE3 function
enhances the propensity for IBD pathogenesis.

The functional impairment in NHE3, despite nor-
mal expression and localization also suggests the
potential involvement of other factors in UC associ-
ated diarrhea, such as NHE Regulatory Factors
(NHERFs). The NHERFs (NHERF1, NHERF2,
PDZK1 and IKEPP) are PDZ domain containing scaf-
folding proteins that interact directly with NHE3 and
assist in the formation of NHE3 containing multipro-
tein complexes, endocytic recycling of NHE3 and its
interaction with other proteins. Lenzen et al55 showed
diminished mRNA and protein of NHERF2 and
PDZK1 (NHERF3) whereas, NHERF1 expression was
unchanged in IL-10 deficient mice. On the other
hand, Yeruva et al53 found a significant downregula-
tion of PDZK1 mRNA and protein expression in
colon biopsies from UC patients, as well as in inflamed
murine ileum and colon. As discussed above, both
these studies53,55 also reported a parallel decrease in
NHE3 transporter activity with normal protein
expression and membrane localization. This indicates
that alterations in PDZK1 expression in presence of
mucosal inflammation can be a potential cause for
functional impairment of NHE3. Moreover, a decrease
in NHE3 and NHERF1 protein expression is also
reported in DSS and TNBS treated mice colon as well
as mucosal biopsies from UC and CD patients.35

It is evident that genetic deficiency of NHE3 in
mice results in features of IBD. NHE3 knockout mice
are presented not only with spontaneous colitis but
also with enhanced vulnerability to experimental coli-
tis.61,62 They exhibit mild diarrhea, occasional rectal
prolapse and reduced body weight. Along with this,

these mice also display histological damage character-
ized by crypt hyperplasia, diffuse neutrophilic infil-
trate increase in matrix metalloproteinase 8
expression, marked decrease in PAS positive goblet
cells and induction of inducible nitric oxide synthase
(iNOS) and TNF-a. This indicates that NHE3 beyond
its transporter role can participate in immunomodula-
tion and maintenance of epithelial barrier integrity.
This has been corroborated with studies where
absence of NHE3 exacerbated spontaneous colitis in
IL-10 KO63 and Rag-2 KO mice.64

Because NHE3 knockout mice develop spontane-
ous colitis,61 they exhibit extremely reduced survival
when challenged with even low dose of DSS. Due to
fragile barrier, prevailing inflammation and tissue
damage, DSS insult in these mice provokes intestinal
bleeding, hypovolemic shock and sepsis.62 This dam-
age is not localized but spreads to small intestine
where increased induction of pro-inflammatory genes
has been evidenced. Though DSS exerts colon specific
damage, small intestinal injury in NHE3 knockout
mice is not surprising. A feeble barrier, dysbiosis and
already existing inflammation, are sufficient to
decrease the overall resilience of the system, where
small intestine is but continuum of large intestine.

Another important feature of NHE3 knockout mice is
dysbiosis that appears to be critical for inflammation.
With intestinal epithelial barrier being tolerant to patho-
genic insult, these mice show increased bacterial adhesion
and translocation to distal colon which, interestingly, can
be mitigated by orally administered antibiotics.61

Increased cytokine expression in these mice in response
to DSS (in small intestine) can also be restrained by anti-
biotic use. This indicates that gut microbiota plays a cru-
cial role in pathophysiology of NHE3 knockout mice. In
fact, spontaneous colitis in these mice is contingent on
conventional housing. Conversely, NHE3 knockout mice
are protected from colitis in ultraclean housing facility.65

The exact mechanistic underpinnings of NHE3 function
and gut microbiota are unclear. Apparently, NHE3 exerts
important control on gut microbial remodeling.64 Pres-
ence of NHE3 in mice deficient in T- and B- cell matura-
tion (Rag2¡/¡ mice) provides decisive advantage not
only against T cell adoptive transfer colitis but also gut
dysbiosis.64 Probably, targeting NHE3 as therapy may
prove beneficial not only in IBD but also in restoring nor-
mal gut flora. If interaction between gut microbiota and
NHE3 function exists beyond the weak barrier needs fur-
ther investigation.
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Epithelial sodium channel (ENaC) and IBD associated
diarrhea
ENaC is a NaC selective channel expressed at the api-
cal membrane of distal colon and rectum (Fig. 1). The
channel is responsible for electrogenic NaC absorption
and plays an essential role in controlling salt and fluid
homeostasis. Structurally, ENaC is a multimeric pro-
tein comprising of three homologous subunits (a, b
and g). a-subunit serves as a basic building block and
is liable for the amiloride sensitivity of the ENaC. b
and g subunits are primarily engaged in sodium trans-
port66,67 with a very little contribution from the a-sub-
unit. However, the presence of all the three subunits is
a prime requirement for efficient cell surface expres-
sion and NaC transport.66

In steady state, there are two components for sodium
absorption in the colon, electroneutral NaC absorption
that predominates in the proximal part and electro-
genic NaC absorption via ENaC that occurs in the distal
colon. Interestingly, in circumstances where NaC

absorption is compromised for example in NHE3 KO
mice, there is a compensatory increase in ENaC func-
tion and expression to suffice for the electrolyte
loss.44,61 However, with respect to the pathogenesis of
diarrhea associated with IBD, a similar compensatory
mechanism for ENaC induction is not observed. A sub-
stantial decrease in ENaC function is reported in the
colonic mucosa of UC and CD patients.23,25,35,67-71 Par-
allel to the reduced ENaC mediated NaC transport,
studies in IBD patient biopsies have also demonstrated
downregulation of both mRNA and protein levels of b
and g subunits of ENaC.25

Transcriptional regulation of b and g subunits reg-
ulates ENaC expression in the intestine. In this regard,
nanomolar concentrations of aldosterone have been
shown to induce the mRNA expression of b and g

subunits.72 However, in the inflamed colon of UC
patients the mechanism for aldosterone-mediated
increase in the b and g subunits of ENaC was
impaired despite unaltered expression of mineralocor-
ticoid receptors.25 This was attributed to the inhibitory
effects of the proinflammatory cytokines such as IL-
1b, TNF-a and IFN-g in the colonic mucosa of UC
patients and CD patients.25,44,70 The data obtained
from patient studies suggest that defective sodium
absorption observed in IBD associated diarrhea
involves coordinated down regulation of multiple
sodium transporters including NHE3 and ENaC
(Table 1).

Further, in vivo studies performed in experimental
models of IBD also revealed a similar pattern of
decrease in ENaC function and expression associated
with impaired sodium absorption. Zeissig et al70

showed that TNF-a activates MEK1/2 and ERK1/2
pathway and inhibit ENaC transcription in rat distal
colon. Barmeyer et al73 demonstrated that IL-2 defi-
cient mice, which develop spontaneous colitis, exhibit
severe defect in aldosterone-induced electrogenic NaC

absorption73 and concomitant decrease in mRNA and
protein expression of b and g subunits of ENaC.
Defective NaC absorption in these mice was attributed
to downregulation of both NHE3 and ENaC.73 Further
evidence for reduced ENaC activity under inflamma-
tory conditions was shown in JAK3 KO mice that
develop spontaneous IBD like symptoms.74

In a study by Sullivan et al,35 diminished protein
expression of b-ENaC and NHE3 protein in the colon
of DSS and TNBS treated mice was found to occur.
Interestingly, decreased a-ENaC expression as a result
of inflammatory insult in DSS model of colitis was
also shown in a separate study.71 In contrast to DSS,
TNBS and IL-2 KO models of colitis, K8 KO mice
exhibited no change in ENaC protein expression.
Interestingly, changes in the subcellular localization of
g-ENaC in K8 KO mice were correlated to the defects
in electrogenic sodium transport.75 The above obser-
vations in K8 KO mice imply that in addition to
inflammation induced transcriptional suppression,
alterations in ENaC trafficking can also contribute to
defective electrogenic sodium absorption and associ-
ated diarrhea in IBD. Thus, there is strong evidence to
suggest that decreased ENaC activity in the presence
of mucosal inflammation also account for pathogene-
sis of diarrhea in IBD.

Sodium potassium ATPase (NaC/KC-ATPase) and IBD
associated diarrhea
NaC/KC-ATPase is localized to the basolateral mem-
brane (BLM) of (Fig 1) intestinal epithelial cells and is
engaged in outward transport of 3 NaC ions coupled
to the movement 2 KC ions into the cell. This process
of active ion exchange establishes an inward NaC gra-
dient at the expense of ATP hydrolysis.67,69 NaC/KC-
ATPase is a heterodimer comprised of a and b subu-
nits, where the a subunit possesses the binding sites
for ATP, NaC and an extracellular binding site for
KC.76 The b subunit facilitates a/b heterodimerization
and surface expression of the enzyme. Though
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optional, the presence of the g subunit is also indi-
cated and it is thought to possess a regulatory role.19,76

The a and the b subunits of NaC/KC-ATPase have
several isoforms. However, a1 and b1 isoforms are
more relevant in relation to ion transport processes.69

Under normal physiological conditions, NaC/KC-
ATPase plays a crucial role in nutrient coupled sodium
absorption. The concentration gradient of sodium
established by NaC/KC-ATPase facilitates the absorp-
tion of solutes (sugars and amino acids). This high-
lights the importance of optimal NaC/KC-ATPase
activity in oral rehydration therapy and diarrheal dis-
eases.9,19,77 Additionally, inhibition of NaC/KC-
ATPase has been shown to negatively regulate NaC

absorption and Cl¡ transport.78 Apart from ion trans-
port, its role in maintenance of tight junction integrity,
cell polarity, stabilization of actin cytoskeleton and
involvement in signaling pathways has also been
elucidated.19,76

The impact of intestinal inflammation on the func-
tion and expression of NaC/KC-ATPase and its impli-
cations in associated diarrhea is evident from the
studies conducted in biopsies from IBD patients. Sev-
eral studies have shown that the activity of NaC/KC-
ATPase was significantly down regulated in the
inflamed mucosa of UC and CD patients68,79-81

(Table 1). The decrease in NaC/KC-ATPase activity in
pediatric population was found to be complementary
to the severity of inflammation.80 Greig et al69

reported a decreased expression of a1 and b1 isoforms
of NaC/KC-ATPase in UC patients. Although the
decrease in protein expression was consistent with
reduced activity, concomitant reduction in mRNA lev-
els was not observed in this study.69 This observation
suggested that a reduction in NaC/KC-ATPase protein
expression during intestinal inflammation could be
the outcome of either impaired trafficking of the
enzyme to the BLM or defective translational process-
ing. Along similar lines Sullivan et al35 also showed
decreased protein expression of a1 isoform of NaC/
KC-ATPase in CD and UC patients. It is important to
note that this study35 also reported a decline in expres-
sion of other ion transporters involved in sodium
absorption such as NHE3 and ENaC. Therefore,
diminished sodium absorption is a characteristic fea-
ture in IBD.

Interestingly, conflicting results have been obtained
for NaC/KC-ATPase expression in most commonly
used mouse models of DSS and TNBS induced colitis.

Studies utilizing DSS model either showed no
change35 or a decrease in a1-isoform of NaC/KC-
ATPase with unaltered mRNA levels.82 In TNBS
model, Sullivan et al35 noted a modest increase in
a-subunit of NaC/KC-ATPase. However, none of
these studies analyzed the transport activity. In
another comprehensive study, Magro et al83 studied
function and expression of NaC/KC-ATPase along the
length of TNBS treated mice intestine. Interestingly, a
significant decrease in NaC/KC-ATPase function was
observed in the proximal colon whereas in distal ileum
a compensatory increase in NaC/KC-ATPase activity
was noted. Surprisingly, the expression of NaC/KC-
ATPase remained unchanged throughout the intes-
tine. In contrast, in ileal enterocytes isolated from
TNBS treated mice a decrease in NaC/KC-ATPase
activity with a corresponding decrease in protein and
mRNA expression of a1 and b1 subunits was
observed.84 Musch et al,85 studied the mechanism of
fluid loss induced by T cell activation in mice. The
results showed that T-cell induced TNF-a production
caused a marked decrease in NaC/KC-ATPase activity
in juejunum resulting in diminished electroneutral
and glucose dependent NaC and water absorption.85

A number of in vivo and in vitro studies have indi-
cated that pro-inflammatory cytokines such as IFN-g,
TNFa and IL-1b are responsible for NaC/KC-ATPase
dysfunction in IBD. For example, several studies dem-
onstrated that IFN-g exerts an inhibitory effect either
on NaC/KC-ATPase activity or expression or
both.86-89 Similarly, TNFa was shown to inhibit func-
tion and expression of NaC/KC-ATPase via prosta-
glandin E2 in rat colon.90 Kreydiyyeh et al,91

demonstrated a decrease in NaC/KC-ATPase activity
with a corresponding reduction in protein expression
following intraperitoneal administration of IL-1b in
rat jejunum. Al Sadi et al,92 provided the mechanistic
link for inhibitory effect of IL-1b on NaC/KC-ATPase
in Caco-2 cells. The results from this study indicated
that IL-1b decreased NaC/KC-ATPase function and
expression mainly via p38, COX2/PGE2 and JNK/
AP1 pathways.92

Taken together, these data suggest that diarrhea
associated with IBD at least in part can be attributed to
modulation in the NaC/KC-ATPase function. Impor-
tantly, absorption of NaC across the intestine involves
participation of several proteins including NHEs,
ENaC and NaC/KC-ATPase. As discussed in previous
sections of this review, defective sodium absorption
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arising from down regulation of various NaC related
transporter proteins in UC and CD serves as a critical
factor leading to reduced electrolyte absorption and
diarrhea.

As diarrhea in IBD mainly reflects impaired
sodium/chloride and water absorption, the current
review has mainly focused on the ion transporters and
channels involved in sodium (discussed in previous
section of this review) and chloride (discussed below)
transport. However, it is important to note that potas-
sium (KC) channels play an essential role in the recir-
culation of KC ions taken up as a result of NaC/KC-
ATPase activity, stabilization of membrane voltage
and maintenance of the driving force for electrogenic
transport as the exit of KC ions results in generation
of negative intracellular potential facilitating the
absorption of sodium via ENaC. Based on the number
of transmembrane (TM) helices, the KC channels are
categorized as Kv (voltage gated, 6 TMs), Kir
(inwardly rectifying, 2 TMs), K2P (tandem pore
domain, 4 TMs) and Kligand (ligand gated channels, 2–
6 TMs).16,150 With respect to the pathogenesis of IBD
associated diarrhea, marked reduction in the function
and expression of basolateral intermediate conduc-
tance KC channel (IK, ligand gated) has been
reported.16 Reduction in KC channel activity results in
epithelial cell depolarization and decreased electrical
driving force further contributing to defective electro-
genic NaC absorption under inflammatory conditions.
The role played by KC channels is being increasingly
recognized and warrants in-depth studies. Detailed
structural classification and role of KC channels in
normal and pathophysiological situation has been
reviewed elsewhere.16,150

IBD and altered Cl¡ absorption in the intestine

The connection between IBD-associated diarrhea and
defective chloride transport has been debated over the
mode of chloride transport-secretory versus absorptive
pathway contributions. Initial conviction of increased
net chloride secretion (electrogenic) in IBD-associated
diarrhea driven by abundant pro-secretory immune
mediators in the inflamed intestine was challenged by
studies highlighting decreased sodium and chloride
absorption as the major contributor.9,11,13,14,22,67,93 Cer-
tainly, elevated colonic and fecal Cl¡ content in UC
patients94-96 could be explained by diminished Cl¡

uptake in UC colon.94 Similarly, colonic mucosa and

rectum of UC patients exhibited reduced net chloride
absorption in in vitro flux studies.97,98 Colonic mucosa
of UC patients is also characterized with extremely
depressed or absent transmucosal electrical potential
difference.68,98,99 This also coincides with significantly
reduced Cl¡/HCO¡

3 exchange activity as has been
observed in colonic crypts isolated from UC patients.23

Decreased electrical potential difference and Cl¡/
HCO¡

3 exchange function is consistent with defective
chloride absorption. Impaired Cl¡ absorption in IBD
thus appears as one of the most critical events in IBD-
associated diarrhea.

Chloride bicarbonate exchangers and diarrhea
Down Regulated in Adenoma (DRA or SLC26A3) and
Putative Anion Transporter-1 (PAT-1 or SLC26A6)
belong to SLC26 gene family and are the two main
transporters involved in apical Cl¡/HCO3

¡ exchange
in the mammalian intestine.100,101 DRA and PAT-1
exhibit an inverse pattern of expression along the
length of the intestine. The expression of DRA
increases from jejunum to colon whereas PAT-1 is
mainly localized in the small intestine.102 However,
duodenum has a robust expression of both the anion
exchangers. It is well established that diminished DRA
expression and function results in diarrheal disorders.
For instance, mutations in DRA cause congenital chlo-
ride diarrhea (CLD). CLD patients exhibit voluminous
diarrhea, massive loss of Cl¡ in stool and metabolic
alkalosis.103,104 DRA deficient mice reflect the CLD
phenotype, exhibiting significantly reduced apical
Cl¡/HCO3

¡ exchange activity, diarrhea, metabolic
alkalosis and serum electrolyte imbalance.105 Interest-
ingly, PAT-1 KO mice exhibit defects in intestinal
oxalate secretion hyperoxalemia, hyperoxaluria,
increased incidence of CaOx (calcium oxalate) stones
in kidney and do not show a diarrheal pheno-
type.100,106 Additionally, in hepatocyte nuclear factor
(HNF) 1a and 1b double knockout mice107 as well as
Citrobacter rodentium-induced colitis model108 the
complete loss of DRA has been correlated with severe
diarrhea. Overall, these studies pinpoint that i) DRA
serves as the major luminal intestinal Cl¡/HCO3

¡

exchanger responsible for bulk intestinal Cl¡ absorp-
tion and ii) DRA deficiency is one of the critical fac-
tors in intestinal diarrheal disorders. A conspicuous
role of DRA in IBD associated diarrhea has been cor-
roborated by both human and mouse studies, enumer-
ated below.
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DRA and IBD Associated Diarrhea
In IBD, loss of gene and/or protein expression of DRA
occurs52,109 though variability exists in the extent and
type of this loss.23,110 One factor accounting for this
variability can be the magnitude of intestinal inflam-
mation.52,109 For instance, in moderately inflamed UC
tissue complete absence of DRA protein expression
coinciding with significantly reduced mRNA expres-
sion in surface epithelium has been reported by Yang
et al.109 Lohi et al52 reported a similar reduction in
DRA mRNA levels in pre-operative colonic samples
of severely inflamed UC patients. Interestingly, a cor-
responding decline in DRA protein expression was
not observed in this study.52 In these two studies a
comparison was drawn between healthy controls and
UC patients. However, when examined in a wider
spectrum of intestinal inflammation, UC, CD and
ischemic colitis, an entirely different pattern
emerged.110 DRA mRNA expression and cytoplasmic
(immunoreactive) DRA protein levels were intact
among all the groups. But the characteristic apical
membrane staining of DRA lacked exclusively in UC
patients110 indicating inadequate membrane traffick-
ing events. These studies with a limited sample size
(�10 UC tissues) were corroborated by a recent study
conducted on a larger cohort (128 healthy individuals
and 69 IBD patients with active UC and diarrheal
symptoms).23 Here, a strong reduction in Cl¡ absorp-
tion paralleled a decrease (»50%) in DRA mRNA
expression in UC colonic crypts.23 Collectively,
decreased DRA expression can lead to deficient Cl¡

absorption in UC. Evidence for a similar role of DRA
in CD patients, however, is limited. These studies
emphasize the conspicuity of DRA’s role in IBD asso-
ciated diarrhea (Table 1).

Murine inflammatory models being amenable to
experimental toning have provided clearer insight into
role of DRA in IBD. Similar to human studies
described above, rodent models of spontaneous intes-
tinal inflammation (HLA-B27/b2m transgenic rats
and IL-10 knockout mice) exhibit significant reduc-
tion in colonic DRA mRNA expression.109 Studies in
IL-10 knockout model also revealed an important fea-
ture that loss of DRA expression is directly dependent
on inflammation and presence of gut microbiota.109

Germ free IL-10 knockout mice neither developed
inflammation nor DRA deficiency in the colon. It
could be that gut microbiota, a component overlooked
in initial studies on UC patients23,52,109,110 contributed

to the contradictory observations on DRA expression
noted in these studies.

The studies from our group reported a significant
decline in DRA mRNA and protein expression in
experimental model of DSS induced colitis.111-113 This
loss of DRA was observed mainly in the distal colon.
Notably, the loss of DRA expression observed in our
studies is comparable to that observed by Yang et
al.109 in UC patients. Similar to moderately inflamed
UC tissue, 3% DSS used in these studies caused mild
colitis with no significant loss of surface epithelium.
This reinstates the parallel association between loss of
DRA expression and intestinal inflammation.
Decreased intestinal DRA protein expression and
coincidental diarrhea in DSS treated mice is also
reported.114 Other model of murine colitis induced by
Citrobacter rodentium exhibit reduced DRA protein
and mRNA levels with associated diarrhea.108,115

TNFC/DARE mice (that overexpress TNFa and display
features of CD) exhibit a significant decrease in DRA
mRNA and protein expression in both ileum and
mid-distal colon.116 These studies indicated that
regardless of the origin of intestinal inflammation
(genetic, chemically induced or pathogenic), DRA
undergoes downregulation. Interestingly, these
murine models collectively portray IBD pathogenesis,
which involves a complex interplay of genetic, micro-
bial and environmental components. These studies
thus reaffirm that DRA plays crucial role in IBD asso-
ciated diarrhea.

Whether downregulation of DRA is just the out-
come or can instigate IBD pathogenesis is unclear. In a
recent GWAS (Genome Wide Association Study), a
single-nucleotide polymorphism in SLC26A3 gene
associated with a decrease in DRA expression was iden-
tified as risk factor for UC development.117 The use of
knockout mice also showed that the lack of DRA,
caused a significant increase in vulnerability to DSS
induced colitis and lower survival rate subsequent to
DSS insult.118 These studies associate greater complex-
ity to the role of DRA in IBD, definitely beyond its
transporter function. Acute ionic imbalance (hence
altered pH), expected gut microbial shift/increased pro-
pensity to pathogenic insult and consequent inflamma-
tion may underlie pathogenesis of IBD in the case of
DRA deficiency. In fact, few of these presumptions
have been validated. Colon of DRA knockout mice,
unlike the wildtype mice, lack an adherent inner mucus
layer despite sufficient number of goblet cells.118 Low
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luminal pH owing to reduced bicarbonate secretion
(DRA knockout) is thought to possibly inhibit the
expansion and assembly of mucin granule sheets. Also,
the absence of protective colonic mucus layer, as
observed in DRA deficient mice, is a characteristic of
both murine colitis and IBD patients that potentiates
the development of colonic inflammation.119 It also
promotes breach of intestinal barrier by pathogenic
bacteria and hence can possibly lead to dysbiosis.93

Colon of DRA KO mice also exhibit a striking feature
of “conjoined crypts” (crypts with merged crypt orifi-
ces) with a substantially elevated proliferation rate.105

In comparison to the wild type mice where cell prolifer-
ation is zoned to crypt bottom, the proliferation zone
occupied 30–50% of the crypt axis in DRA KO mice. It
is compelling to note that a similar pattern is character-
ized in colitis patients.120 Thus, DRA deficiency primar-
ily causing decreased colonic absorptive efficiency
eventually leads to altered proliferative homeostasis of
the colonic crypts, flawed mucus layer formation,
aggravated inflammation besides diarrhea associated
with IBD.

So far, it is clear that DRA loss plays an integral part in
IBD associated pathology and diarrhea. Mechanistically,
it is highly probable that inflammatory mediators and
events in IBD could directly affect DRA protein and
mRNA expression. In vitro studies conducted utilizing
human intestinal cell lines and mouse enteroids have
yielded valuable information on regulation of DRA
expression under inflammatory conditions such as those
prevailing in IBD. Most pro-inflammatory cytokines
abundant in IBD arrest DRA expression at transcriptional
level.109,121,122 For instance, treatment of Caco-2 cells with
IL-1b109 or IFN-g 121 inhibit DRA expression transcrip-
tionally. IFN-g can downregulate DRA promoter activity
via JAK/STAT1 pathway.121 Specifically, IFN-g respon-
sive region located in the -933 to -925 bp region harbors a
GAS (g-activated site) cis element. This can be themecha-
nism operating in colonic mucosa of UC patients, where
elevated STAT1 and diminished DRA function and
expression have been reported. Similarly, we have shown
a decrease in DRA mRNA and protein expression in
response to TNFa treatment, in vitro and in cultured
mouse enteroids.122 TNF-a mediates its action through
NF-kB pathway. Specifically, binding of p65 subunit of
NF-kB at the regions of -935 to -629 and -375 to -84 of
DRA promoter, downregulates its transcription.122

Besides massive inflammation, oxidative stress is
another potentially harmful event in IBD. In both

human and animal models of IBD, elevated reactive
oxygen and nitrogen species (ROS/RNS) contribute to
IBD pathophysiology.123-125 As a matter of fact, pro-
duction of ROS/RNS is part of inflammatory reactions
and the booster as well. Characterizing the effects of
these reactive species on DRA, we have found that
both H2O2

126 and nitric oxide (NO)127 suppress api-
cal Cl¡/OH¡ exchange activity. Surprisingly, the sur-
face expression of DRA remained unaltered in
presence of H2O2. This suggests involvement of other
post-translational modifications such as phosphoryla-
tion, lipid-raft dependent pathways or of accessory
proteins such as NHERFs as a possible cause in the
reduction of Cl¡/OH¡ exchange activity by H2O2. On
the other hand, cGMP-PKG and PKC pathways medi-
ated the inhibitory effect of NO on apical Cl¡/OH¡

exchange activity.127 Though the direct involvement
of DRA in this study127 was not elucidated, it can be
speculated that DRA being one of the key chloride
bicarbonate exchangers could be affected.

Taken together, the above discussion highlights the
correlation between loss of DRA function and/or
expression in IBD, dampened chloride absorption and
development of IBD associated diarrhea. Causality of
this correlation is not completely known but can be
attributed (a) primarily to pro-inflammatory media-
tors and oxidative stress prevalent in IBD that can
affect DRA transcriptionally and post-translationally,
respectively and (b) secondarily to lost or reduced
DRA function resulting in aberrant mucus barrier.

DRA appears to be critical in the development of
IBD associated diarrhea. Ongoing research in DRA
knockout mice, its imperative translation to diseased
and normal human intestinal enteroids and extrapola-
tion to clinical studies should further highlight the
role of DRA in IBD associated diarrhea.

IBD and Compromised Intestinal Epithelial
Barriers

Components of intestinal barrier

Intestinal barrier serves as a protective layer and con-
trols the unrestrained movement of pathogens and
toxins from the lumen to the underlying tissue. How-
ever, it is selectively permeable and permits the
absorption of solutes, ions and water. The term intesti-
nal barrier represents a composite of variety of com-
ponents that can be broadly categorized into a) the
biochemical barriers comprising of the antimicrobial

e1463897-10 A. N. ANBAZHAGAN ET AL.



peptides and various elements of the mucosal immune
system and b) the physical barriers constituted by the
secreted mucus layer and the underlying single layer
of intestinal epithelial cells.128-130 This epithelial layer
is not impervious and has extensively developed
mechanisms for both transcellular e.g. electrolyte and
solute absorption, discussed in previous section of this
review and paracellular transport. The paracellular
transport is regulated by a complex network of intra-
cellular junctions that stretch from the apical to the
basolateral membrane of the neighboring intestinal
epithelial cells. These include the apically located tight
junctions (TJs) followed by sub-apically present adhe-
rens junctions (AJs) and the desmosomes present at
the basolateral side.

TJs are the key components that serve as a seal
between the adjacent cells and govern the passage of
molecules; ions and water via ‘size and charge-selec-
tive’ pore (for passage of solutes »5-10 A

�
in diameter)

and leak (for passage of solutes »125 A
�
in diameter)

pathways.131,132 The TJs are composed of transmem-
brane-spanning proteins including claudins, tight
junction associated MARVEL proteins (TAMPs-
occludin, MARVEL and tricellulin), junctional adhe-
sion molecule (JAM)-A and the coxsackie adenovirus
receptor (CAR). The intracellular domains of the TJs
are anchored to the actin cytoskeleton via scaffold of
zonula occludens (ZO)-1, ZO-2, ZO-3 and cingu-
lin.133-135 The paracellular trafficking and intestinal
permeability are essentially controlled by the
TJs.130,132,133,135-137 On the other hand, AJs (consisting
of cadherins and nectins) and desmosomes also play a
role in regulating paracellular permeability but are
more important for cell-cell adhesion, stabilization of
TJ assembly, epithelial restitution and integ-
rity.129,131,132 Detailed anatomy, molecular composi-
tion, sub-types, location and function of TJs, AJs and
desmosomes have been recently reviewed.131,134,138

Here, we focus primarily on the modulation in func-
tion and expression of TJ components during intesti-
nal inflammation, contributing to diarrhea in IBD.
Additionally, inflammation induced alterations in AJs
will also be discussed in brief.

Aberrant epithelial barrier and leak-flux diarrhea

Enhanced intestinal permeability associated with dis-
rupted paracellular barrier is observed in both CD and
UC patients. Two major consequences of compromised

epithelial barrier in IBD are a) increased translocation
of luminal antigens resulting in activation of mucosal
immune system and perpetuation of inflammation and
b) back flow of absorbed solutes and water via the para-
cellular pathway into the luminal compartment leading
to “leak-flux” diarrhea.128,129,139 A positive association
between increased intestinal permeability and severity
of diarrhea has been recently demonstrated in IBD
patients.140 However, it is interesting to note that defi-
ciency of apical junctional complexes alone does not
lead to diarrhea. Diminished electrolyte absorption in
presence of compromised barrier integrity appears to
aggravate diarrhea observed in IBD.14,130

Data obtained from IBD patients, genetically modi-
fied mouse models, mouse models of IBD and in vitro
models of inflammation support the critical role of TJs
and AJs in regulating paracellular barrier integrity. The
mechanisms involved in their regulation during intesti-
nal inflammation are reviewed in the following section.

Mechanisms of TJs and AJs regulation in intestinal
inflammation

Emerging evidence suggests that intestinal barrier
defects can either predispose or enhance IBD progres-
sion.9,128,133-137,141 For example, it has been reported
that CD patients in remission with increased intestinal
permeability are at a higher risk of disease reactiva-
tion.132 Parallel to this, a significant decrease in the epi-
thelial resistance (indicative of leakiness of the
paracellular barrier) in the colonic biopsies from UC
(85%) and CD (60%) patients as compared to the con-
trols is also observed (utilizing one-path impedance
spectroscopy).134,136 However, whether altered gut bar-
rier is the primary cause of the disease or is the conse-
quence of prevailing inflammation during the course of
CD and UC is yet unsettled. It has been noticed that
the first-degree relatives of CD patients demonstrate
increased intestinal permeability and are at increased
risk for developing IBD.129,132,142 This suggests that
genetic and environmental factors can lead to IBD asso-
ciated barrier loss, which in turn serves as a contribut-
ing factor for enhanced mucosal permeability and
disease pathogenesis. Taken together, these observa-
tions emphasize the clinical relevance of the permeabil-
ity defects and altered paracellular junctions (especially
TJs) in IBD.

Intestinal permeability primarily reflects the state of
the epithelial TJs.129,143 Disturbances in the ultrastructure
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and protein composition of TJs are identified as mor-
phological correlate for increased gut permeability and
decreased epithelial resistance in IBD patients. Reduction
in depth of TJ meshwork, number of TJ strands together
with strand breaks and discontinuous strand architecture
are identified as possible causes of barrier dysfunction in
both CD and UC.133,136,144 These perturbations in the
gross morphology of the TJs are mainly due to a) altera-
tions in protein expression, b) altered membrane traf-
ficking and localization and c) changes in actomyosin
cytoskeleton.134 In this regard, investigations in patients
with CD revealed unaltered expression for claudins-1
and 4, decrease in protein expression of occludin, clau-
dins- 3, 5, 7, 8 and JAM-A.129,131,133,134,136 Claudin 5 and
8 also exhibited a shift from the TJ domain towards the
lateral plasma membrane in CD biopsies as compared to
the control. Of note, protein level of claudin-2 was found
to be significantly elevated in CD (Table 2). Comparable
changes in TJs were also seen in UC patients with con-
tradictory reports for claudins-1, 4 and elevation in clau-
din-2 protein levels129,132-134,136,144-147 (Table 2). It is
worth noting that claudin-2 expression in active UC
patients is significantly higher to that observed in CD
patients.144 Interestingly, reduced claudin-3 protein
expression in colonic biopsies of UC patients was found
to be associated with a concomitant increase in urinary
concentration of claudin-3. Therefore, measurement of
urinary claudin-3 was proposed as a non-invasive
marker to assess tight junction impairment.129,133 The
above discussion implies that in IBD there is a decrease
and/or redistribution in the expression of a subset of
claudins that seal the tight junctions (e.g. claudins-1, 3,

4, 5, 7, 8) with a concomitant increase in pore forming
claudin-2. This phenomenon of “claudin switching”
together with the alterations in other TJ proteins result
in an increase in the paracellular permeability and may
underlie leak-flux associated diarrhea observed in
IBD.12,131-134,144

The focus of the research on barrier dysfunction in
IBD centers mainly on TJ impairment and the studies
focusing on dysregulation in AJs are quite limited. A
dampened cell-cell adhesion observed in UC and CD
patients is attributed to downregulation of E-cadherin
protein expression measured in tissue biopsies of the
IBD patients. Additionally, inflammation induced
reduction in the levels of p120-catenin and b-catenin,
binding partners for E-cadherin, have also been shown
to further decrease the junctional integrity.134 Notably,
E-cadherin polymorphism has been shown to be asso-
ciated with IBD.131,134

Similar to the evidence obtained from IBD patients,
the data from mouse models of experimental colitis
support the hypothesis that decrease/redistribution of
TJ complexes results in enhanced intestinal permeabil-
ity and promote IBD pathogenesis. A substantial
decrease in protein expression of claudins-3, 4, 5, 7, 8,
occludin, JAM-A and ZO-1 has been reported in DSS
treated mice with a parallel increase in intestinal per-
meability.142 Similar pattern of change in expression
for claudins-3 and 8, occludin, JAM-A and ZO-1 were
reported in TNBS colitis model.142 Contrary to the
patient data, expression of claudin-2 in both these
models of colitis was inconsistent and showed a vary-
ing pattern in different studies.142 However, this could
be attributed to differences in mouse strain, experi-
mental conditions at the facility and the influence of
the host microbiome. These factors play a definitive
role in the development of colitis in experimental
models.

Furthermore, studies using genetically modified
mice with mucosal barrier dysfunction recapitulated
IBD phenotype. For example, intestine specific
knockdown of pore-sealing claudin-7 in mice dem-
onstrated increased intestinal permeability and
developed spontaneous inflammation.131,134,142 On
the other hand, JAM-A KO mice do not develop
spontaneous colitis but exhibit impaired intestinal
permeability accompanied by elevated inflammatory
responses.134 Furthermore, overexpression of domi-
nant-negative N-cadherin mutant in mice resulted in
functional disruption of E-cadherin associated with

Table 2. Alterations in Tight junction proteins in IBD Patients.

CD UC

Claudin-1 ,
(129, 131, 133, 134, 136)

*,,
(129, 132–134, 136, 144)

Claudin-2 *
(129, 131, 133, 134, 136)

*
(129, 132–134, 136, 144)

Claudin-3 +
(129,133,134)

+
(129, 132–134, 136, 144)

Claudin-4 ,
(131, 133, 134, 136)

+
(129, 132–134, 136, 144)

Claudin-5 +
(129,133,136)

NA

Claudin-7 +
(133,134)

+
(134)

Claudin-8 +
(129, 131, 133, 134, 136)

NA

Occludin +
(129, 131, 133, 134, 136)

+
(145, 146)

JAM-A +
(134)

+
(147)

* increase, + decrease,, no effect, NA-not applicable, Number in parenthe-
sis indicate citation number
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development of spontaneous inflammation, crypt
hyperproliferation and development of adeno-
mas.131,134,142 Along similar lines, intestine specific
knockdown of E-cadherin in mice resulted in
increased paracellular permeability, bloody diarrhea,
deranged mucosal architecture, compromised paneth
and goblet cell maturation.131,134,142 These findings
provided evidence that apart from junctional integ-
rity, E-cadherin plays an essential role in intestinal
homeostasis and differentiation of secretory cell line-
ages. Interestingly, intestine specific knockdown of
p-120 catenin (cytoplasmic binding partner of E-cad-
herin) has also been reported to have loss of cell-cell
adhesion, significant inflammatory response, intesti-
nal bleeding and mucosal damage.142 Antigen leakage
across the defective barrier in these KO mice results
in spontaneous inflammation and exacerbated
immune response, characteristic of what is observed
in IBD patients. Taken together, barrier defects exac-
erbate inflammation in IBD (triggered by antigen
leakage), which together with defective ion transport
processes contribute to the pathogenesis of IBD asso-
ciated diarrhea.

It is well accepted that expression of claudin-2 is
highly upregulated in both UC and CD. As it is a pore
forming claudin, increase in its expression is corre-
lated with enhanced paracellular flux, diarrhea and
augmented inflammatory responses. Interestingly, vil-
lin-claudin-2 transgenic mice (with intestine specific
overexpression of claudin 2) show increased barrier
permeability but are resistant to experimentally
induced colitis and develop compensatory adaptive
immune responses. In stark contrast, claudin-2 knock-
down in mice was not protective. Instead, claudin-2
KO mice are more susceptible to DSS induced coli-
tis.133,134,142 This hints towards the possibility that
increase in claudin-2 expression in IBD could be an
adaptive mechanism for maintaining mucosal homeo-
stasis. However, the exact explanation for these clau-
din-2 related changes remains to be established.
Although the expression of occludin was downregu-
lated in IBD, occludin KO mice had normal gut per-
meability and TJ architecture. In fact, rather than the
paracellular pathway, occludin deficiency in mice
resulted in dysregulated epithelial and immune
homeostasis.134,142 It is important to appreciate that
junctional proteins like occludin and E-cadherin
impact not only the permeability related issues in the
gut but are also relevant in maintenance of overall

homeostasis in the intestine. This is further attested by
the fact that ZO-1 KO mice are embryonically
lethal.131

Apart from the targeted deletion of TJ or AJ protein
in mice, the gut permeability is also affected by the
alterations in cytoskeletal proteins. One such example
is regulation of myosin II phosphorylation by MLCK
(myosin light chain kinase). The active enzyme phos-
phorylates myosin II leading to contraction of actomy-
osin ring thereby upregulating TJ permeability.142

Studies have shown that MLCK is upregulated in IBD
and in models of experimental colitis.143 The transgenic
model of mice with constitutively active MLCK, show
increased gut permeability and susceptibility to experi-
mentally induced colitis regardless of preserved occlu-
din, ZO-1, claudin1 and JAM expression and absence
of spontaneous inflammation. Taken together, studies
using genetically modified mice with targeted disrup-
tion of TJ or AJ proteins highlighted the facts that defi-
ciency of barrier associated proteins i) impairs
paracellular permeability ii) perturbs immune homeo-
stasis and intensifies mucosal inflammatory responses
and iii) affects epithelial restitution, proliferation and
apoptosis and thus can contribute to the pathogenesis
of IBD associated diarrhea. These models also eluci-
dated the non-barrier roles of these junctional proteins
in the intestine.

Several lines of evidence implicate pro-inflamma-
tory cytokines as key contributors for TJ dysregulation
in IBD. Detailed discussion of molecular pathways
regulating tight and adherens junction during inflam-
mation is beyond the scope of the present review. In
general, pro-inflammatory cytokines such as IFN-g,
TNF-a, IL-1b, IL-6, IL-13 and IL-23 impact barrier
integrity and gut permeability via a) expressional reg-
ulation of the junctional complex (including upregula-
tion of endocytosis, decreased exocytosis and altered
transcription), b) redistribution of TJs causing junc-
tional destabilization, c) activation of MLCK and
other signaling pathways such as PI3Kinase/Akt, NF-
kB, JNK etc. and d) apoptosis dependent mechanism
which lead to erosion and ulceration of the epithelial
surface and increased mucosal penetration of the anti-
gens.128,129,131,134,135,143,148 Additionally, the role of
microRNAs (miR) in regulating the expression of tight
junction proteins has also surfaced. Down regulation
of claudins-1, 3 and 8 by miR 29, 93 and 223 respec-
tively and that of occludin by TNF-a induced miR
122a has been demonstrated.18,134 Interestingly,
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aberrant microRNA profiles observed in UC and CD
patients149 raise the possibility of utilizing microRNAs
as marker for permeability defects.

From above, it is clear that sustained inflammation
and breach of barrier integrity promotes “leakiness” in
the gut, which together with defective ion transport
processes contribute to pathogenesis of IBD associated
diarrhea.

Conclusion

The incidence for chronic inflammatory disorders of the
intestine such as ulcerative colitis and Crohn’s disease
has significantly increased in the past years. The etiology
for both UC and CD is complex with diarrhea as the
most debilitating symptom. As summarized in the
review, ample evidence indicates that defects in absorp-
tive ion transport accompanied with barrier dysregula-
tion in the intestine are major contributors for diarrhea.
Inflammation induced decrease in function and/or
expression of major sodium and chloride transporters
and channels such as NHE3, ENaC, NaC/KC ATPase
andDRA severely perturbs the hydroelectrolytic balance
leading to diarrhea. Of note, chloride secretion does not
appear to be affected in IBD and hence its role in diar-
rheal pathogenesis is negligible. While the drift from
normal physiological functions of these transporter pro-
teins is well described, it is interesting to note that stud-
ies in the knockout mousemodels (especially NHE3 and
DRA KO) have highlighted their other important and
novel roles such as effects on gut barrier, immunomodu-
lation and dysbiosis. These data are fascinating, as tar-
geting NHE3 and possibly DRA could restore normal
microbiota under conditions other than IBD as well.
However, further validation using animal models and
translation to humans will be important. Also, fecal
microbiota transfer studies from IBD (UC and CD)
patients and healthy individuals to knockout mice will
be crucial to define the role of microbiota to altered
expression profiles of NHE3 and DRA in IBD. Further-
more, utilizing cultured enteroids/colonoids prepared
from diseased and normal individual’s tissue biopsies
should provide mechanistic insights into changes in
intestinal ion transporters in response to inflammation.
Human data (from UC and CD patients) corroborated
with several murine models of IBD combined with
observations made using knockout or transgenic mice
have revealed crucial but complex role of TJ and AJ in
IBD associated diarrhea via leak-flux mechanism.

Aberrant expression and/or localization of tight and
adherens junction during inflammation leads to
enhanced intestinal permeability, ease of penetration for
the pathogens and perpetuation of inflammation. How-
ever, whether the loss of barrier integrity is the “cause or
the consequence” in IBD has to be delineated. Investi-
gating the mechanisms responsible for changes in intes-
tinal ion transporters and tight/adherens junctions offer
potential therapeutic targets formore efficient treatment
of IBD and associated diarrhea.
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