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Abstract

Diarrhea is one of the common symptoms that significantly affects quality of life in patients with
inflammatory bowel disease (IBD). The clinical manifestation of diarrhea is mainly dependant on
the type of IBD and the location, extent and severity of intestinal inflammation. Understanding the
pathophysiologic mechanisms of diarrhea in patients with IBD will be beneficial to developing
effective treatments for IBD-associated diarrhea. In recent years, modern molecular techniques
have been used intensively to dissect the role of the intestinal microbiota, epithelial barrier and the
host immune system in the mechanisms of IBD-induced diarrhea. These studies have significantly
advanced our knowledge of the mechanisms of IBD-induced diarrhea. In this article, we focus on
the new and critical molecular insights into the contributions of the intestinal microbiota, epithelial
tight junctions, proinflammatory cytokines and microRNA as potential mechanisms underlying to
IBD-induced diarrhea.
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Inflammatory bowel diseases (IBDs) are common, chronic inflammatory disorders of the gut
with unknown etiology. The incidence of IBDs have greatly increased in developed, as well
as developing countries, in recent years [1]. IBD patients have many symptoms, such as
abdominal pain, vomiting, diarrhea, rectal bleeding and weight loss, that can result in
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significant disability, loss of work, poor quality of life and sometimes even surgery and
death.

Diarrhea is one of the common symptoms in patients with IBD [2,3]. Approximately 50% of
acute flare-ups of Crohn’s disease (CD) and almost 100% of ulcerative colitis (UC) patients
experience diarrhea [4]. The clinical manifestations of diarrhea are diverse in individual
patients. It is dependent on the type of IBD and the location, extent and severity of
inflammation [5,6]. To effectively treat diarrhea in patients with IBD, it is important to
define the pathophysiologic mechanisms in individual patients.

The underlying mechanisms of diarrhea associated with IBD are complex [7,8]. The
contributions of inflammation and epithelial tight junction permeability to diarrhea in IBD
have recently been studied [9-11]. In this article we focus on recent progress and new
molecular insights relevant to the mechanisms of diarrhea in IBD.

General pathophysiology of diarrheain IBD

To maintain the normal physiological function of the Gl tract, the intestinal epithelium has
finely tuned mechanisms to maintain ionic balance, fluid absorption and secretion [4,7,8].
The various ionic transport proteins/complexes in the apical, basal or basolateral membranes
of intestinal epithelial cells are important for maintaining intestinal homeostasis. Na*, K*,
H* and CI~ ion transport proteins are regulated by endogenous mediators (CAMP, cGMP,
PGE,, free radicals, histamine, cytokines and Ca?*) and dietary-related factors (bile acids,
short-chain fatty acids through different molecular mechanisms [4,7,8]. In certain
pathophysiologic conditions, the balance of ionic and fluid exchange is disrupted and fails to
maintain the homeostasis required to compensate for the pro-absorptive/antisecretary
mechanisms [4,7,8]. This dysfunctional homeostasis results in excessive secretion of Na*
and CI™ ions followed by the release of a large amount of water into the colonic lumen; this
phenomenon is manifested as diarrhea which is a common symptom in patients with IBD
[4,71.

The overall fluid absorption in the small and large intestines was described in a recent
review [7]. The fluid load to the small intestine is about 8 | per day. The small intestine
absorbs about 6 | of fluid per day with ileocecal flow being approximately 2 I per day. The
large intestine absorbs about 1.8 | of fluid per day. The maximal absorptive capacity of the
colon is approximately 4.5-5.0 I. The fluid in the stool is normally less than 0.2 | per day.
The net water absorption is directly proportional to net Na* and CI~ absorption and is driven
by osmotic gradients [4,7,8]. Active Na* and CI~ secretion/absorption is the driving force
for the fluid absorption. Thus, it is critical to understand the role of active Na* absorption
and active CI™ secretion in cellular and molecular mechanisms associated with the diarrhea
in IBD. It has been reported that there are at least five different Na* absorptive processes

[7]:

»  Nutrient-stimulated Na* absorption is the primary mechanism for either glucose- or
amino acid-stimulated post-prandial fluid absorption in the small intestine;

» Na*-H* exchange is responsible for the absorption of large derived from biliary
and pancreatic secretion amounts of HCO3 in the duodenum and proximal jejunum.
This Na*—H* exchange is inhibited by increased cAMP levels;

»  Coupled Na*-ClI~ absorption in the distal small intestine and proximal colon is the
primary pathway for fluid absorption in the interdigestive period, inhibited by
increased CAMP levels and intracellular Ca2*;
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e Short-chain fatty acid-stimulated Na* absorption is observed in the colon. Short-
chain fatty acids are synthesized by colonic bacteria from nonabsorbed
carbohydrates;

«  Aldosterone-sensitive Na* absorption via the Na* channel in the distal colon
represents a scavenger mechanism for fluid and Na* retention.

The homeostasis status of ionic balance, fluid absorption and secretion was studied in
patients with UC using perfusion and dialysis technology [12-14]. The molecular
mechanisms of disturbed electrolyte transport in intestinal inflammation were reviewed by
others [4]. The net Na*, CI~ and water absorption was reduced in UC patients without any
evidence of net fluid, Na* or CI~ secretion [12-14]. Further studies using an in vitro flux
chamber to measure the net ionic absorption and short-circuit current in colonic mucosa
from UC patients also confirmed the above observations [15,16]. The function of the Na*
channel which is responsible for aldosterone-induced Na* absorption in the epithelial apical
membrane in the distal colon of UC patients was impaired [17]. Other studies indicated that
both protein and mRNA levels of down-regulated in adenoma (DRA), which is the apical
membrane transporter responsible for colonic CI"—HCO3;~ exchange, were reduced in the
colonic mucosa of patients with UC [18]. These studies suggest that the impairment of
apical membrane transport proteins, Na* channel for Na* absorption and DRA for CI~
absorption, results in reduced active Na* and CI~ absorption and diarrhea in UC [18]. These
dysfunctions in ion transport were also observed in the colonic mucosa of patients with
active CD [13,15].

The importance of the host immune system, intestinal microorganisms (microbiota) and the
intestinal barrier in the mechanisms of diarrhea have been investigated in a large number of
studies [7,9-11,19,20]. The interactions between microbiota, intestinal barrier and host
immune system are complicated during normal physiological status or under inflammatory
stimulation [7,9-11,19,20]. These studies indicate that there are many molecular
mechanisms responsible for the generation of diarrhea with a wide range of clinical
presentation. Thus, understanding the molecular mechanisms of diarrhea is important in
identifying novel molecular targets for the successful treatment of patients with IBD.

The intestinal epithelial barrier plays an important role in host defense by serving as a
critical fence between invading pathogens and the host immune system. The integrity of the
intestinal barrier depends on both healthy epithelial cells and on an intact paracellular
pathway, which appears to be the main route for permeation of macromolecules such as
endotoxins [21]. This pathway is a complex array of structures that includes tight junctions
between gut epithelial cells. Tight junctions function as gates that regulate intestinal
permeability [22-25]. These dynamic tight junctions are highly regulated and are able to
change their size under various physiological and pathological conditions [26]. During
intestinal inflammation, the intestinal barrier is disrupted. This inflammation-induced
intestinal barrier dysfunction results in ions and water passively diffusing from the
circulation to the intestinal lumen and causes leak flux diarrhea [8,10,11]. Under normal
physiological conditions, only a very limited amount of bacterial antigens and
macromolecules cross the epithelial fence [10]. However, during inflammation, the intestinal
barrier is disturbed and the passage of antigens is increased [10]. On the luminal side,
invading pathogens can disrupt the epithelial barrier and increase intestinal permeability
through releasing a variety of agents including pore-forming toxin, cytoskeleton-modifying
proteins and bacterial lipopolysaccharide [9]. Thus, some pathogens can cross the epithelial
barrier into the basal side to interact with the host immune system. On the basal side, the
pathogen-activated immune cells also disrupt the intestinal barrier to increase intestinal
permeability and facilitate the pathogen invasion through secreting proinflammatory
cytokines such as IFN-y, TNF-o and IL-1f [9]. The contribution of the microbiota, intestinal
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barrier and host immune system to the mechanisms of diarrhea are discussed in the
following section.

Diarrhea & the intestinal microbiota

There are a vast range of microorganisms that colonize the mammalian Gl tract. These
microorganisms are known as intestinal microbiota, that are required for intestinal
homeostasis and function and appear to play a role in the pathogenesis of IBD [19,20,27,28].
Host innate and adaptive immune systems respond to intestinal microbiota through different
pathways. One of the pathways is that of Toll-like receptors (TLRS), which can recognize
conserved microbial molecules. Another pathway is that of Tregs that can maintain tolerance
and immune homeostasis to prevent chronic inflammation [20,27,28]. However, the specific
contribution of the intestinal mircobiota to the pathogenesis of IBD and the role of the
microbiota in mechanisms for IBD-associated diarrhea has not been systematically
investigated. The colonization of the intestinal microbiota plays an important role in the host
physiological processes, such as nutrient uptake and exchange, the formation and
stabilization of the intestinal barrier and the development of the intestinal immune system
[19,20,27,28].

The microbial community in the gut is complex. Owing to methodological limitations, the
diversity of intestinal microbiota is still incompletely characterized and the role of the
microbiota in IBD mechanisms remains poorly defined [19,20]. Modern molecular
techniques are rapidly advancing our research progress and knowledge of the intestinal
microbiota [19,20,29]. Previous microbiology studies of the intestinal microbiota were
mainly dependent on culture techniques. Such cultivation has only been able to characterize
a very small fraction of the microbial diversity in the gut. The recent molecular ecological
studies based on 16S ribosomal RNA sequences have revealed the characterization and
quantification of the gut microbiota [19,20,27-29]. The composition of the mucosa and
luminal microbiota has been investigated in humans and mice using large-scale analyses of
16S rDNA genes and metagenomics, which are culture-independent methods [20,30]. The
number of species constituting the human gastrointestinal microbiota may be as high as
15,000 species as detected by 16S deep sequencing analyses [20,31]. Recent studies have
shown that the intestinal microbiota vary not only between individuals [20,30], but also with
anatomical location [20,30], inflammatory status of IBD [32], diet [19,20,33] and alcohol
consumption [34]. The impact of gut microbiota on the pathogenesis of mouse IBD models
has been extensively reviewed [20]. The gut microbiota of patients with IBD has been
studied by several groups [35-38]. Their studies show that there is a compositional shift in
the IBD-associated microbiota [32,37], including depletion of specific types of commensal
bacteria (Lachnospiraceae and Bacteroidetes) and enrichment in Proteobacteria, using
phylogenetic comparisons of the mucosa and luminal microbiota of patients with IBDs and
non-1BDs controls [32]. However, the specific species associated with intestinal
inflammation or a specific pathogenic pattern of microbiota has not been identified in
samples from patients with IBDs [35-38]. In murine intestinal inflammation models,
including induction by bacterial infection (Citrobacter rodentium, Salmonella enterica) [39—
41], dextran sulfate sodium-induced colitis [40,42] or a genetic deficiency IL-10~/~ mouse
model [40], the intestinal micro-biota was changed. The major alteration of the microbiota in
the inflammatory model was the reduction in both the total number of resident bacteria and
the diversity of microbiota [39-41]. Garrett et al. reported that Enterobacteriaceae act in
concert with the gut microbiota to induce spontaneous and maternally transmitted colitis
[43]. The alteration of the murine gut microbiota during infection with the parasitic helminth
Heligmosomoides polygyrus was reported by Walk et al. [44]. A pyrosequencing study in
twins showed that the profiles of gut microbiota varied with IBD phenotypes [45]. One
recent study demonstrated that the probiotic VLS#3 alters the composition of gut microbiota
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and these changes correlate with VVSL#3-induced disease protection in a 2,4,6-trini-
trobenzenesulfonic acid-induced colitis mouse model [46]. Rose et al. reported that starch-
entrapped microspheres show a beneficial fermentation profile and decrease in potentially
harmful bacterial during in vitro fermentation in fecal microbiota obtained from patients
with IBDs [47]. Recently, another study showed that new prebiotics from rice bran
ameliorate inflammation in murine colitis models through the modulation of the intestinal
mircobiota and the mucosal immune system [48].

In humans, one recent study reported that Escherichia coli phylogenetic group B2 was
associated with IBD patients with distal disease activity [49]. Under different environmental
or inflammatory conditions, the expressions of some specific bacterial species increased or
decreased and the overall compositions of the intestinal microbiota also changed [20,50,51].
These observed changes in intestinal microbiota are termed dysbiosis [20,50,51]. It remains
unclear whether the dysbiosis is a causative factor or a side effect in the mechanisms of
human IBDs [20]. Thus, the effects of different environmental factors or inflammatory
conditions on the intestinal microbiota need to be further investigated.

The dysbiosis in infectious colitis is characterized by a decrease of Faecalibacterium
prausnitzii [52]. The metabolites from F. prausnitzii can block NF-«B activation and reduce
IL-8 secretion from Caco-2 cells and increase anti-inflammatory IL-10 and reduce
proinflammatory IL-12 release from peripheral blood monocytes [53]. In the healthy Gl
tract, E. coli is the most numerically dominant Gram negative species [19]. One important
study reported that the numbers of E. coli in the mucosa of CD patients were increased [54].
These E. coli isolated from the mucosa showed an increased ability to adhere to intestinal
epithelial cells and to disrupt the intestinal barrier by producing an a hemolysin [54]. This is
a new pathotype of E. coli termed *adhesive and invasive E. coli’, which stimulates the
release of the proinflammatory cytokine IL-8 [55]. The microfold (M) cells make up
approximately 5% of the epithelial cells that overlie Peyer’s patches in the intestine and
lyphoid follicles in the colon [56,57]. Recent studies indicate that the M cell is a portal of
entry for pathogens, such as the adhesive and invasive E. coli that were found in CD lesions
where M cells were located [19,56,57]. M cells have the unique ability to sample antigens
from the gut microbiota [19]. They play an important role in mucosal immunity by
presenting antigens from a wide range of microorganisms, including bacteria, viruses and
parasites, from the gut lumen to dendritic cells and lymphocytes [19,58].

Several studies have indicated that intestinal bacteria such as Campylobacter jejuni RM1221
are able to disrupt the epithelial barrier and increase paracellular permeability to allow
noninvasive organisms to translocate through the epithelial layer [19,59]. When the mucosal
barrier has been weakened, the TLR5 located on the basolateral aspect of epithelial cells
may become accessible to bacterial flagellin [60]. The repositioning of TLRs increases the
interaction between epithelial cells and gut microbiota, leading to activation of NF-xB and
induction of inflammation [60]. It has been reported that soluble fiber from edible plantains
prevents adherence to the epithelium by E. coli isolated from IBD patients [19,61,62].

The host—-microbe interaction in the GI tract has been reviewed and summarized by other
groups [20,27,40,51,63]. These studies indicated that there are many pathways by which
intestinal bacteria can attenuate or aggravate the development of intestinal inflammation
[63,64]. These pathways include:

» Influencing the inflammatory process and modulating oxidative stress via TLR
signaling and NF-kB activation;

» Influencing intestinal permeability through regulation of tight junction proteins
expression and translocation;
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* Influencing the composition of the mucus layer. The gut microbiota not only
interferes with the expression of MUC genes, but also affects the expression and/or
activity of cell glycosyl-transferases, which can induce changes in the carbohydrate
repertoire of mucins [64];

» Influencing resistance to harmful stimuli and epithelial repair through TLR4 and
NF-«xB signaling;

» Influencing the production and release of immune effective molecules, such as IgA.

More mechanisms for the host—-microbe interaction in the Gl tract will be revealed in the
future as our methods to investigate these interactions become more sophisticated.

In conclusion, recent advances in the molecular technology and microbiology provide us
with a much more robust knowledge of the role of the mucosal and fecal microbiota in IBD.
The role of the gut microbiota in the mechanisms of IBD and IBD associated diarrhea have
been investigated by several groups [35-38]. However, the specific contribution of the
intestinal mircobiota to the pathogenesis of IBD and the role of the microbiota in
mechanisms for IBD associated diarrhea have not been systematically investigated. One
recent study showed that the invasion of bacteria resulted in an increase in the interaction
between bacterial components, such as flagellin, with basolateral receptors (e.g., TLR5),
leading to activation of NF-xB and inflammation as a consequence [60].

Diarrhea & intestinal barrier function

The intestinal barrier consists of epithelial cells and the tight junctions between the cells
[7,9,10,65]. Reduction or disruption of tight junctions results in an increase in intestinal
permeability. The role of permeability or tight junctions in mechanisms of IBD have been
studied [7,9,10,65]. Disruption and dysfunction of the intestinal barrier in IBD contributes to
diarrhea by the leak flux mechanism and also increases the uptake of luminal antigens,
which interact with immune cells to induce intestinal inflammation.

It is well accepted that mucosal inflammation causes an increase of intestinal epithelial
permeability [9]. The inflammation-induced hyperpermeability plays an important role in
the pathophysiology of IBD [9,66]. Intestinal barrier dysfunction in CD has been shown in
previous studies using in vivo permeability tests [11]. The intestinal barrier dysfunction is
positively correlated with the degree of inflammation in IBD patients [67]. Intestinal
permeability can predict the clinical relapse of CD [68]. However, the underlying molecular
mechanisms for the barrier dysfunction have only recently been elucidated [9,11]. One study
reported that occludin, claudin-5 and claudin-8 were downregulated in CD, while the pore
forming claudin-2 was upregulated [69]. These changes in expression and distribution of
claudins-2, —5 and —8 lead to discontinuous tight junctions and barrier dysfunction in active
CD [69]. Epithelial cell apoptosis also increased two to threefold in patients with active CD
[69]. Since inflammatory cytokine-induced epithelial cell apoptosis can contribute to
intestinal barrier dysfunction [10], it is reasonable to conclude that the epithelial apoptosis
contributes to the leakiness and diarrhea in IBDs. NOD?2 is the gene product of CARD15,
which is expressed in human intestinal epithelial cells and is upregulated synergistically by
TNF-a and IFN-y [70]. CARD15 mutations were found in patients with CD and their first-
degree relatives [71,72]. Furthermore, these CARD15 mutations were correlated with barrier
dysfunction and increased intestinal permeability in CD patients [71,72]. In clinical studies,
diarrhea in IBD patients was significantly improved after treatment with TNF-a antibodies
through downregulation of epithelial apoptosis and upregulation of epithelial barrier repair
to normalize the elevated intestinal permeability (leakiness) [7]. These studies support the
importance of the intestinal barrier in the mechanism of IBD-induced diarrhea. The above
observations both in patients with IBD and in animal models of IBD indicate that
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proinflammatory cytokines can increase intestinal permeability. On the other hand, there is
another possibility that the increase of permeability (disruption of intestinal barrier) may be
responsible for the initiation of IBD by increasing the translocation of bacteria and bacterial
components to the lamina propria and thus increasing the exposure of lamina propria
immune cells to bacteria antigens. This possibility is supported by the fact that mucosal
permeability was increased in asymptomatic IBD patients and their relatives [7]. Thus, it is
still unclear whether the intestinal barrier dysfunction is ‘the chicken or the egg’ for IBD-
associated diarrhea.

Taken together, epithelial barrier dysfunction contributes to diarrhea in IBD by a leak flux
mechanism and causes an increase of luminal antigen uptake, thus, resulting in mucosal
inflammation. Tight junctions are important components of the intestinal epithelial barrier.
The detailed molecular pathways for regulation of tight junctions and the cell cytoskeleton
in the epithelial barrier during intestinal inflammation have been reviewed in other papers
[9,66]. The epithelial tight junctions are regulated by cytokines and other inflammatory
factors in the mechanisms of IBD-induced diarrhea. The immune regulation of the epithelial
barrier, intestinal permeability and ion transport in IBDs will be discussed in the next
section.

Diarrhea & immune dysfunction (T-cell activation, inflammation &

cytokines)

There is significant and persistent inflammation in the colonic mucosa of patients with IBD.
The ongoing inflammation might induce diarrhea through triggering the release of
proinflammatory cytokines from immune cells. These cytokines not only affect electrolyte
transport but also affect the tight junctions in the intestinal epithelium (Figure 1). The
cytokine-induced abnormal ion transport and disruption of tight junctions contribute to the
inflammation-induced gut leakiness and the mechanisms of IBD-associated diarrhea.

The effects of proinflammatory cytokines on colonic ion transport have been studied by
several groups [4,7,8]. Their studies focused on the effects of TNF-a, IFN-y and IL-1p on
the alteration of Na*/H* exchange, CI"/HCO3~ exchange, Na channels and Na*/K*-ATPase
[4,7,8]. These investigations show that these three cytokines downregulate all of the
transporters but do not increase CI™ secretion [4,7,8]. These results indicate that
proinflammatory cytokines, mainly act on the absorptive processes without inducing
secretory processes. These proinflammatory cytokines present in the colonic mucosa of
patients with IBD, play an important role in the regulation of intestinal permeability and
inflammation. This suggests that the proinflammatory cytokine-induced alteration of ion
transport in the colonic mucosa is a principal mechanism responsible for diarrhea in patients
with IBDs. Most of the diarrhea occurring in patients with IBDs is characterized by a
decrease in the fluid and solute absorption, but not net fluid and solute secretion [7]. The
fact that clinical use of monoclonal antibodies to TNF-a (infliximab) can effectively control
the diarrhea in patients with IBDs also supports the fact that cytokine-induced changes of
ion transport play an important role in the diarrhea mechanism of IBDs [7]. Since only 35—
40% of the patients treated with infliximab have a significant remission, it is likely that
additional factors may be responsible for the diarrhea in these patients [7]. The tight
junctions in the gut epithelium may be one of these additional pathways that
proinflammatory cytokines may affect to induce gut leakiness during intestinal inflammation

[71.

Mucosal T-cell activation is associated with diarrhea in patients with IBDs [73]. Musch et
al. reported that T-cell activation with anti-CD3 monoclonal antibodies induces profound
diarrhea in mice, quantified by intestinal weight-to-length ratios [73]. T-cell activation
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significantly increased permeability to mannitol at 1 h and decreases in electroneutral Na*
absorption, Na*-dependent glucose absorption and cAMP-stimulated anion secretion at 3 h.
Furthermore, enteral fluid accumulation was observed in CFTR 7~ mice, indicating a minor
role of active anion secretion in T-cell activation induced diarrhea. Their studies suggest that
diarrhea in IBD is due to TNF-a-mediated abnormal absorption rather than to secretory
processes. T-cell activation induces luminal fluid accumulation by increasing mucosal
permeability and reducing epithelial Na*/K*-ATPase activity leading to decreased intestinal
Na* and water absorption [73].

Disruption of the intestinal epithelial barrier occurs in IBDs, but neither the mechanisms nor
the contribution of the barrier dysfunction to the diarrhea mechanisms have been clearly
defined. Clayburgh et al. reported that epithelial barrier dysfunction is required for the
development of diarrhea, using a murine model of T-cell-mediated acute diarrhea to
investigate the role of the epithelial barrier in diarrheal disease, such as IBD [74]. The T-cell
activation-induced diarrhea is characterized by the reversal of net water flux, from
absorption to secretion; increased leakage of serum proteins into the intestinal lumen; and
altered tight junction structure [74]. T-cell activation was associated with increased
phosphorylation of epithelial myosin Il regulatory light chain, which is correlated with tight
junction regulation and the development of diarrhea [74]. T-cell activation-induced
epithelial myosin Il regulatory light chain phosphorylation, tight junction disruption, protein
leak and diarrhea are prevented in genetic knockout mice of long myosin light chain kinase
(MLCK) or treatment of wild-type mice with a highly specific peptide MLCK inhibitor [74].
These studies indicate that barrier dysfunction is critical to the pathogenesis of diarrheal
disease in this IBD model and that inhibition of epithelial MLCK may be an effective non-
immunosuppressive therapy for treatment of immune-mediated intestinal disease.

Using the same T-cell activation model, Clayburgh et al. demonstrated that although TNF-a-
neutralizing antibodies completely restore water absorption after systemic T-cell activation,
barrier function is only partially corrected [75]. This suggests that, while barrier dysfunction
is critical, other processes must be involved in T-cell-mediated diarrhea. To study the
mechanism during these processes in vivo, this group designed a series of experiments to
investigate the role of TNF-o and LIGHT [76], a new member of the TNF-a superfamily, in
the regulation of barrier function and the mechanisms of T-cell activation-induced diarrhea.
Their studies show that both TNF-a and LIGHT caused MLCK-dependent barrier
dysfunction [75]. However, while TNF-o caused diarrhea, LIGHT enhanced intestinal water
absorption. Moreover, TNF-q, but not LIGHT, inhibited Na* absorption due to TNF-a-
induced internalization of the brush border Na*/H* exchanger Na*/H* exchanger (NHE)3
[75]. LIGHT did not cause NHE3 internalization. PKCa, activation by TNF-a was
responsible for NHE3 internalization and pharmacological or genetic PKCa inhibition
prevented NHE3 internalization, Na* absorption and diarrhea despite continued barrier
dysfunction [75]. The studies also indicated that cytokine-induced barrier dysfunction may
be an important mechanism in the genesis of diarrhea. However, barrier dysfunction does
not appear to be the only cause responsible for IBD-associated diarrhea, other pathways may
also be involved as mechanisms promoting IBD diarrhea.

Although these studies provide molecular insight into mechanisms of intestinal water
transport by coordinating Na* absorption and barrier dysfunction in TNF-a-induced
diarrhea, there are some contradictory data regarding the critical role of barrier dysfunction
and diarrhea. In addition, these studies have some limitations in that all the studies were
performed in mice with anti-CD3 monoclonal antibodies and not in patients with IBDs.

Aberrant activation of innate and adaptive immune responses increase mucosal permeability
in IBD, although the mechanisms are not completely understood [77]. To examine the role
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of epithelial NF-kB in IBD-induced enhanced permeability, Tang et al. generated epithelial-
specific IkBa mutant (NF-«xB super repressor) transgenic (TG) mice [77]. Their studies
show that NF-kB activation was inhibited in TG mice following T-cell-mediated immune
cell activation using an anti-CD3 monoclonal antibody [77]. Furthermore, T-cell activation-
induced diarrhea was inhibited in TG mice. Meanwhile, T-cell activation-induced changes in
transepithelial resistance and transmucosal flux of alexa350 (0.35 kDa) and dextran3000 (3
kDa) were blocked in TG mice [77]. They also demonstrate that T-cell activation-induced
net water secretion was reversed and T-cell activation-induced luminal flux of different
molecular probes (bovine serum albumin, alexa350 and dextran3000) was reduced, using in
vivo perfusion loop studies in TG mice [77]. Their studies also confirmed that tight junction
proteins (occludin, claudin-1 and zonula occludens-1) are internalized through an NF-xB-
dependent pathway [77]. Taken together, these studies suggest that IBD-associated diarrhea
results from NF-xB-mediated tight junction protein internalization and increased
paracellular permeability [77]. Since epithelial NF-kB activation induced by mucosal T cells
occurs in patients with IBDs and actively plays a role in opening paracellular spaces to
promote transmucosal fluid effux into the intestinal lumen, NF-xB may be a molecular
target for effective therapy of IBD [77]. Reduction of epithelial NF-«xB activation in IBDs
might thus repair defects in the epithelial barrier and reduce diarrhea.

Although epithelial NF-xB plays an important role in regulation of intestinal barrier function
and inflammation in IBD, whether NF-xB directly affects the NHE and/or other epithelial
transport function is unclear. Recently, Amin et al. reported that TNF-a represses the
expression of NHE2 through NF-xB activation in an intestinal epithelial cell model [78].
TNF-a levels are increased in IBD patients. To study the effect of TNF-o on the expression
and activity of NHE2, which is involved in transepithelial Na* absorption in intestinal
epithelial cells and plays an important role in diarrhea mechanism of IBD, they used TNF-a-
treated Caco-2 cells. The NHE2 regulations were measured by reverse transcription-PCR,
reporter gene assays and Western blot analysis. Their studies showed that the human NHE2
isoform is a direct target of the transcription factor NF-xB. TNF-a-mediated activation of
NF-kB decreases the expression and activity of NHE2 in the intestinal epithelial cell line.
Their findings indicated that NF-«xB plays an important role in the modulation of Na*
absorption during intestinal inflammatory conditions such as IBD where a high level of
TNF-a is detected [78].

Diarrhea & microRNA

MicroRNAs (miRNAs) are highly conserved regulatory molecules expressed in eukaryotic
cells. They are short noncoding RNAs that regulate gene expression by binding to target
mRNAs, which leads to reduced protein synthesis and sometimes decreased steady-state
MRNA levels [79]. Although hundreds of miRNAs have been identified, much less is known
about their biological function [80-82]. There is evidence that miRNAs affect pathways
fundamental to metabolic control in higher organisms such as adipocyte and skeletal muscle
differentiation. Furthermore, some miRNAs are implicated in lipid, amino acid and glucose
homeostasis [83]. Thus, miRNA abnormalities may contribute to common metabolic
diseases and there may be novel therapeutic opportunities based on miRNA targeting [81].
Recently, the profiles of miRNA in IBDs were identified in the mucosa of patients with IBD
[84-86]. The role of miRNA in the development of intestinal inflammation was
investigated. These studies suggest that miR-NAs are critical regulators for immune
response in IBDs and may be novel molecular targets for pharmacological modulation of
mucosa inflammation [84-86]. However, the role of miRNA in the mechanisms of IBD-
induced diarrhea has not been defined.
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In a recent study we showed the possibility that miRNAs are involved in the disruption of
tight junction proteins such as tight junction protein zonula occludens-1 (ZO-1) [87]. Thus,
inflammation-induced gut leakiness could be owign to the effects of proinflammatory
cytokines on the expression of miRNAS that target tight junction genes in intestinal
epithelial cells.

We studied the role of miR-212 in alcohol-induced ZO-1 disruption in intestinal epithelial
cells because ZO-1 is predicted, in an established miRNA database, to be one of miR-212’s
target genes [88,89]. We were the first to show that miR-212 is highly expressed in intestinal
tissues using a TagMan® miRNA realtime PCR assay [87]. We also showed that miR-212
overexpression is accompanied by reductions in ZO-1 protein expression, disruption of
Z0-1 and increased permeability of monolayers of Caco-2 cells. miR-212 overexpression
correlated with alcohol-induced disruption of monolayer integrity. Most importantly, we
found that miR-212 levels in colon biopsy samples in IBD patients were higher than in
healthy controls. To see if miR-212 regulates ZO-1 levels, we conducted both
overexpression studies using miR-212 precursors and inhibition studies using miR-212-
specific antisense oligonucleotide inhibitors (anti-miR-212). The data showed that miR-212
overexpression significantly inhibited ZO-1 protein expression and knocking down of
miR-212 expression in Caco-2 cells using anti-miR-212 inhibited alcohol-induced
hyperpermeability by 50% (p < 0.05) [87].

The potential importance of miRNAs in intestinal inflammation has recently been
demonstrated [84-86]. Wu et al. measured miRNA expression in the intestinal mucosa of
patients with active UC, inactive UC, CD, irritable bowel syndrome, infectious colitis and
microscopic colitis, as well as in healthy subjects by microarray and reverse transcription-
PCR [86]. Their results showed that 11 miRNAs were differentially expressed in active UC
(eight increased and three decreased significantly). miR-192 expression was decreased in
colonic epithelial cells in active UC [86]. Macrophage inflammatory peptide-2 was
identified as a target of miR-192. In colonic epithelial cells, TNF-a, a proinflammatory
cytokine that is present in high levels in the inflamed intestine, induced miR-192 reduction
and macrophage inflammatory peptide-2 overexpression [86]. miRNAs not only appear to
be involved in gut inflammation, but they may also be involved in the regulation of
intestinal functions such as fluid secretion. For example, Kapeller et al. reported an
association between a functional variant of miR-510, the target site of the serotonin
receptor-type 3E gene (HTR3E) and diarrhea predominant irritable bowel syndrome [90].
Their studies indicated that miRNA-510 regulated HTR3E expression and when a cis-
regulatory variant was present in the HTR3E gene, the regulation of miR-510 ceased to be
effective. This variant of the miRNA target site is associated with female diarrhea
predominant irritable bowel syndrome. It remains to be seen whether miRNAs that target
genes that are key in regulation of intestinal inflammation also play a role in IBD-associated
diarrhea mechanisms.

In summary, recent studies provide compelling evidence for the role of miRNAs in the
mechanisms underlying IBD-induced diarrhea. Therefore, miRNAs represent new
therapeutic targets for the prevention and/or treatment of inflammation-induced diarrhea in
patients with IBD.

Diarrhea & other mechanisms

In the above sections we discuss how the intestinal microbiota, epithelial barrier, host
immunity and miRNAs contribute to IBD-induced diarrhea through regulating the alteration
of ion transport and barrier function during intestinal inflammation. Other mechanisms may
also be involved in the diarrhea of patients with IBD [7]. These mechanisms include: ileal
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dysfunction and bile-acid diarrhea, steatorrhea (fatty acid-induced diarrhea), bacterial
overgrowth syndromes, lactose intolerance and short bowel syndrome [7]. These
mechanisms were previously briefly reviewed [7]. In order to focus our article on the new
and critical molecular insights for IBD-induced diarrhea, other molecules, such as the
putative anion transport 1, DRA, cystic fibrosis transmembrane regulator, cAMP, cGMP,
Ca?*, INOS, free radicals, prostaglandins, histamine from mast cells, kinins from neurons,
platelet factors and complement cascade components, are not included in this article, even
though they may also contribute to the diarrheal mechanisms in IBD [4].

Genetic risk factors of IBD may also be important for the molecular mechanism of diarrhea
in IBD patients. Recent studies have indicated some genetic deficiencies associated with the
mechanisms of IBD. The genetic susceptibility of IBD has been well reviewed [91].
However, the contribution of genetic risk factors to IBD-induced diarrhea is unknown. To
date, no study directly addresses the role of genetic deficiency in the mechanism of diarrhea
in IBD. We believe that the genetic deficiency may contribute to the diarrhea mechanism
through affects on intestinal microbiota and/or barrier function and/or immune function
which are discussed in this article.

Successful treatment of IBD-associated diarrhea is dependant on defining the
pathophysiologic mechanism in each individual patient. Diarrhea continues to be a major
prevalent symptom in patients with IBD. Physicians should properly evaluate the complaints
of diarrhea in IBD patients by assessing both patient symptoms and potential physiologic
impacts on fluid and electrolyte status [2,3]. When treating diarrhea, physicians should pay
attention to the following conditions: the location, extent and severity of inflammation;
malabsorption; altered motility; and iatrogenic causes such as medications, diet and
antibiotic-associated colitis (e.g., Clostridium difficile). Therapies for IBD-associated
diarrhea include aminosalicylates, corticosteroids, immune modifiers and, most recently,
biologic treatment [2,3]. Other medications, including loperamide, diphenoxylate, codeine
sulfate and tinctures of opium slow motility and an increase in the absorption of fluids and
nutrients [2,3]. The mechanisms of diarrhea in different individual IBD patients are not the
same; thus, it is important to select an individual therapy strategy for each patient according
to the specific mechanisms that appear to predominate in that patient. Algorithms for
selection of antidiarrheal agents have been well reviewed by other studies [2,3].

Conclusion

The molecular mechanisms for IBD-induced diarrhea are summarized in Figure 1. The
specific mechanism(s) for individual patients are different. One or more mechanisms may be
involved in the pathogenesis of IBDs and IBD-associated diarrhea. Thus, it is important to
select therapies for each individual IBD patient according to the specific mechanisms. The
roles of the intestinal microbiota, epithelial barrier and host immune system in the
mechanisms of IBD-induced diarrhea have been extensively studied. Substantial progress
has been achieved recently in understanding the interactions between the microbiota,
intestinal barrier and the host immune system during normal physiology or under
inflammatory conditions. These studies have significantly improved our knowledge of the
mechanisms of IBD-induced diarrhea. Modern molecular techniques provide us with a very
useful tool to investigate the role of the mucosal and fecal microbiota in the mechanisms of
IBD-induced diarrhea. Intestinal epithelial barrier dysfunctions contribute to the diarrhea in
IBD by a leak flux mechanism. The dysfunction of the epithelial barrier results in an
increase of intestinal permeability, increase of luminal antigens uptake and initiation of
mucosal inflammation. The epithelial tight junctions are regulated by cytokines and other
inflammatory factors in the mechanisms of IBD-induced diarrhea. Recent studies show that
IBD-associated diarrhea results from NF-kB-mediated tight junction protein internalization
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and increased paracellular permeability. Epithelial NF-«xB activation plays a role in opening
paracellular spaces to promote transmucosal fluid effux into the intestinal lumen in patients
with IBD. Thus, NF-xB may be a molecular target for effective therapy of IBD. Recent
studies also provide new evidence that miRNAs may play a critical role in the regulation of
intestinal inflammation and intestinal permeability in the mechanisms underlying IBD-
induced diarrhea.

Expert commentary & five-year view

More new molecular techniques, such as mutitag pyrosequencing combined with
bioinformatics and network-based modeling, will be used to identify the specific microbiota
responsible for IBD-induced diarrhea. The specific pathogenic microorganisms in the human
gut as a cause of IBD may be identified soon. Treatment based on the modulation of gut
microbiota using specific diets or antibiotics or probiotic bacteria may be developed into
clinical trials.

The mechanisms of inflammation induced epithelial barrier dysfunction will be further
investigated. The effect of therapeutic agents [92], such as TGF-B, zinc and quercetin, on the
intestinal barrier function will be studied. Therapeutic agents will be developed to modulate
or repair the epithelial barrier defects in patients with IBD.

Mucosal inflammation-induced increase of epithelial permeability is a common
phenomenon in many diseases. The increase of intestinal permeability results in
endotoxemia and multi-organ dysfunction. Understanding the mechanisms would be helpful
in the development of new therapeutic approaches to prevent and treat these diseases
through preserving integrity of the epithelial barrier. To effectively prevent or treat the
diarrhea or hyperpermeability in IBD, the molecular mechanism for proinflammatory
cytokines to disrupt the tight junctions has to be investigated in patients with IBDs as well as
in IBD animal models.
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Key issues

Diarrhea is common in patients with inflammatory bowel diseases (IBDs) and
significantly affects the quality of a patient’s life. IBD-induced diarrhea is
characterized by a decrease in the fluid and solute absorption, but not net fluid
and solute secretion. Understanding the molecular mechanisms of diarrhea is
important in identifying novel molecular targets for the successful treatment of
patients with IBD.

There are many molecular mechanisms responsible for the generation of
diarrhea with a wide range of clinical presentations. The interactions between
intestinal microbiota, epithelial barrier and host immune system are complex
during normal physiology and become more complex under inflammatory
conditions but it is important that we identify how these factors may intereact
and play important roles in IBD-induced diarrhea.

Recently, the role of the gut microbiota in the mechanisms of IBDs and IBD-
associated diarrhea have been extensively investigated. Modern molecular
techniques are rapidly advancing our research progress and knowledge of the
intestinal microbiota. The invasion of bacteria results in disruption of the
intestinal barrier and in an increase in the interaction between bacterial
components and immune cells, leading to activation of NF-xB and inflammation
as a consequence.

Intestinal barrier dysfunction (leaky gut) contributes to the diarrhea in IBDs by a
leak flux mechanism and causes an increase of luminal antigen uptake, thus,
resulting in mucosal inflammation. Tight junctions are important components of
the intestinal epithelial barrier. The epithelial tight junctions are regulated by
cytokines and other inflammatory factors in the mechanisms of IBD-induced
diarrhea.

Epithelial inflammation in IBDs might induce diarrhea through triggering the
release of proinflammatory cytokines from immune cells in patients with IBD.
These proinflammatory (TNF-a and interferons) cytokines induce abnormal ion
transport and disruption of tight junctions that contribute to the inflammation-
induced gut leakiness and the mechanisms of IBD-associated diarrhea.

Recent studies indicate that microRNA regulate intestinal permeability and may
play an important role in the mechanisms underlying IBD-induced diarrhea.
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Figure 1. Model for the pathogenesis of irritable bowel disease-induced diarrhea

DSS: Dextran sulfate sodium; IFN: Interferon; iNOS: Inducible nitric oxide synthase;
miRNA: MicroRNA; PAF: Platelet activating factor; ROS: Reactive oxygen species; TJ:
Tight junction; TLR: Toll-like receptor; TNBS: 2,4,6-Trinitrobenzenesulfonic acid.
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