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Crosstalk at the mucosal border: importance
of the gut microenvironment in IBS
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Abstract | The aetiology and pathology of IBS, a functional bowel disorder thought to lack an organic cause,

is largely unknown. However, studies suggest that various features, such as altered composition of the gut
microbiota, together with increased intestinal permeability, a changed balance in the enteroendocrine system
and a dysregulated immune system in the gut, most likely have an important role in IBS. Exactly how these
entities act together and give rise to symptoms is still unknown, but/an altered gut microbiota composition
could lead to dysregulation of the intestinal barrier as well as the enteroendocrine and the immune systems,
which (through interactions with the nervous system) might generate symptoms. This Review highlights

the crosstalk between the gut microbiota, the enteroendocrine system, the immune system and the role

of intestinal permeability in patients with IBS.

Ohman, L. et al. Nat. Rev. Gastroenterol. Hepatol. 12, 36-49 (2015); published online 2 December 2014; doi:10.1038/nrgastro.2014.200

Introduction

The key symptoms of IBS—that is, abdominal pain or
discomfort in combination with an abnormal bowel
habit that are of long-standing character'—are common
worldwide.? Our lack of understanding regarding mecha-
nisms of importance for the generation of IBS symptoms
has hampered the development of efficient treatments.
Most researchers agree that there will probably not be
a unifying factor that explains the development of this
disorder, rather a number of different factors interact-
ing with varying effects upon individuals living in highly
variable psychological and physical milieus.

Early observations put emphasis upon psychological
features of patients with IBS, such as neuroticism and
anxiety, but at the same time diagnostic labels involv-
ing “colitis” were used implying that some kind of local
irritation or inflammation might be of importance
despite seemingly normal findings at examination.?
Even if social and psychological events are still regarded
as important factors involved in the pathophysiology
of IBS,* an increasing number of observations that a
physical insult (such as a severe bout of gastroenteritis)
is associated with an increased risk of developing long-
standing symptoms compatible with IBS® indicate that
psychological and somatic factors might interact in the
development of functional gastrointestinal symptoms.
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The ability to measure gastrointestinal physiology
has resulted in some pathophysiological insights. For
instance, gastrointestinal dysmotility seems to be a wide-
spread, nonconsistent and noncharacteristic feature of
IBS;® that is, a huge overlap exists between individuals
with IBS and those without gastrointestinal complaints
regarding the motility patterns observed. Moreover,
the association between disturbed motor function and
symptoms in IBS are weak at best and mainly associated
with the abnormal bowel habit present in these patients.”
Another pathophysiological abnormality considered to
be of central importance in IBS is visceral hypersensi-
tivity,®® a mechanism that involves decreased sensory
thresholds when stimulating the gastrointestinal tract
at different anatomical levels. However, the association
between visceral hypersensitivity and symptoms in IBS is
modest.'’ Potential mechanisms to induce this phenom-
enon are peripheral sensitization in the gut, amplifica-
tion of sensory signalling along its transmission to the
central nervous system (CNS) or a central amplification.®
Moreover, insights into CNS function gained by func-
tional brain imaging have rapidly expanded our under-
standing of central and peripheral sensory processing,
how psychological factors can affect these processes and,
ultimately, how CNS factors might be of importance in
the pathophysiology of IBS."!

Our rapidly growing ability to characterize gut micro-
biota composition, intestinal barrier function, entero-
endocrine and immune function, as well as nervous
signalling have put the intraluminal milieu of the intes-
tine itself in focus in the latest pathophysiological studies
in IBS."** The potential of multiple and complex local
interactions as major pathogenetic factors are there-
fore gaining more interest and several lines of evidence
now suggest that local abnormalities occur in the gut in
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Key points

= Altered gut microbiota composition, aberrant expression pattern and function
of enterochromaffin cells, abnormal gut permeability and dysregulated immune
activity have been found in at least subgroups of patients with IBS

= The complex interaction between these systems has been demonstrated in
different animal models of IBS

= The association between these abnormalities and the symptom profile in
patients with IBS has been demonstrated

= Targeting these alterations in the development of new therapies for IBS
seems promising

patients with IBS. Moreover, ample experimental evi-
dence also indicates bidirectional crosstalk between the
gut and its microenvironment, and the CNS, which has
been covered in detail elsewhere.>'® This topic will there-
fore only be briefly mentioned in this Review, despite it
being widely accepted that the biopsychosocial model
of IBS highlighting brain-gut interactions is of major
importance for symptom generation in IBS."” This Review
therefore concentrates on the presentation of the current
knowledge regarding the crosstalk locally at the gut
mucosal border, and how abnormalities can contribute
to symptom generation in IBS.

Crosstalk at the mucosal border
The gastrointestinal mucosa represents the most impor-
tant barrier between the inner and outer environment
at which cells from the nervous, enteroendocrine and
immune systems are strategically placed to maintain
its integrity (Figure 1). A single layer of epithelial cells
separates the luminal contents, including approximately
1 x 10" bacteria, from the underlying tissue. The gut
microbiota has a crucial role in the development and
functionality of innate and adaptive immune responses,
but also in regulating gut motility and intestinal barrier
homeostasis.?>?! This microbiota normally has a bal-
anced composition that confers health, and disruption
of this balance (dysbiosis) confers disease susceptibil-
ity.?> Moreover, several animal models,”*~*® as well as
clinical observations,”-*? have demonstrated that altered
immune function and inflammation in the gastro-
intestinal tract (as well as gastrointestinal infections and
gastrointestinal dysbiosis) affect motility and sensitivity
of the gut, two of the key pathophysiological factors in
IBS.*=32 Intestinal endocrine cells regulate gut motility
and secretion and also modulate activity of immune cells
by secreting bioactive molecules.”*** Because of the criti-
cal role of the immune system in the maintenance of gut
homeostasis, the interactions between enteroendocrine
cells and immune cells probably play a key part in the
maintenance of the integrity of the gut mucosal barrier.
Bearing in mind the complexity of the gastrointestinal
tract, diseases such as IBS are probably multifactorial con-
ditions and not caused by one single mechanism, which
might explain why little progress has been made in reveal-
ing the aetiology and pathology of this disease and the
development of therapeutic options for IBS despite major
efforts. Thus, to deepen the understanding of the underly-
ing mechanisms of IBS we need a multifactorial research
approach, addressing and correlating different aspects of
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this disease in a large number of patients. Therefore, it
is of great importance to define how the gut microbiota,
enteroendocrine system, immune system and the epithe-
lial barrier act together and potentially contribute to the
development of functional gastrointestinal disorders in
general and IBS in particular.

Gut microbiota in IBS

In the human body a complex community of microbes is
present (collectively referred to as the microbiota), and
the vast majority of these can be found in the gastro-
intestinal tract.®?¢ The concentration of microbes
increases continuously along the gut, ranging from
1x10'-1x 10 cells per gram content in the upper parts
to 1x10"-1 x 10" bacteria per gram content distally.’>*’
The composition also differs, with predominantly Gram-
positive bacteria in the upper gastrointestinal tract and
mainly Gram-negative microorganisms and anaerobes
in the colon, where the microbiota composition is totally
dominated by three phyla (Firmicutes, Bacteroidetes and
Actinobacteria).’®** Moreover, major differences exist
between the microbiota present in the gut lumen and the
microbiota attached to and embedded in the mucus layer
of the gastrointestinal tract.* A problem for research has
been that the majority of the diversity of the microbiota
cannot be demonstrated by using standard culturing
techniques. Culture-independent techniques have now
dramatically increased the possibilities to study the role
of the gut microbiota in health and disease.***

Several lines of evidence suggest an important role
of bacteria in the pathogenesis and pathophysiology of
functional gastrointestinal disorders in general and IBS
in particular.!**** Perhaps the strongest evidence arises
from epidemiological and clinical observations that a sub-
stantial number of patients with IBS report onset of their
chronic gastrointestinal symptoms after a bout of gastro-
enteritis.* In fact, meta-analyses demonstrated a sixfold to
sevenfold increased risk of developing IBS after a gastro-
enteritis episode, which makes gastrointestinal infections
the best-characterized and probably strongest known risk
factor for development of IBS.***” Moreover, a study pub-
lished in 2014 suggested that having gastroenteritis owing
to Salmonella infection during childhood was an impor-
tant risk factor for the development of long-standing IBS
symptoms in adulthood.*® Perhaps more controversial is
the suggestion that small intestinal bacterial overgrowth
explains IBS symptoms in a sizeable proportion of patients
with IBS; however, studies with positive and negative find-
ings exist.*->2 Moreover, indirect evidence from treatment
studies demonstrates that different ways of modulating the
gut microbiota, such as prebiotics, probiotics and anti-
biotics, as well as dietary changes, can improve symptoms
in patients with IBS.14%-5

By using modern culture-independent techniques,
several research groups have demonstrated alterations in
the gut microbiota composition in faecal samples from
patients with IBS compared with healthy individuals as
controls!**¢-8! (Table 1). A small number of studies have
demonstrated differences in composition of mucosa-
adherent gut microbiota between patients with IBS and
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Figure 1 | Peripheral factors involved in the pathophysiology of IBS. Various factors, such as altered gut microbiota
composition, together with increased intestinal permeability, a changed balance in the enteroendocrine system, and a
dysregulated immune system, in the gut probably have important roles in the development of IBS. Exactly how these
entities act together and give rise to symptoms is still unknown, but an altered gut microbiota composition could lead

to dysregulation of the intestinal barrier as well as the enteroendocrine and the immune systems, which—through
interactions with the nervous system—might lead to the generation of symptoms. Abbreviations: 5-HIAA, 5-hydroxyindole
acetic acid; 5-HT, 5-hydroxytryptamine; Ag, antigen; AMP; antimicrobial peptide; APC, antigen presenting cell; IgA,
immunoglobulin A; JAM-A, junctional adhesion molecule-A; SERT; 5-hydroxytryptamine transporter; TCR, T-cell receptor;

TPHZ1, tryptophan hydroxylase 1; ZO, zonula occludens.

healthy controls.#636>677982 However, the link to symptoms
and other pathogenetic and pathophysiological factors is
unclear in the majority of these studies (although some
of the latest studies have demonstrated associations)
(Table 1). Moreover, whether these alterations are linked to
disease per se, or are merely consequences of other factors
with known effects on gut microbiota composition, such
as diet,*-% use of drugs or changes in gastrointestinal
transit (reflecting abnormalities in gastrointestinal motil-
ity),%-% is still poorly defined and needs to be addressed
in future studies.

A study by Rajilic-Stojanovic et al.®* demonstrated
clear differences in the intestinal microbiota composition
between patients with IBS and healthy controls, whereby
the microbiotas from patients were characterized by a
twofold increased ratio of Firmicutes:Bacteroidetes, and
the authors also noted an association between microbial
groups and IBS symptom scores. In line with this finding,
Jeffery et al.®* also found an increase in Firmicutes-
associated taxa and a decrease in Bacterioidetes-associated
taxa in a subgroup of patients with IBS, whereas one group
of patients with IBS demonstrated a microbiota composi-
tion similar to healthy controls./An association between
the microbial signature and the clinical phenotype in
a subset of patients with IBS was also demonstrated,
with depression being more common in the patients with
normal gut microbiota composition. This finding might
indicate that there could be subgroups of patients with

IBS who have a predominantly peripheral cause of their
symptoms, such as microbe-host immune interactions, as
opposed to those with a stronger CNS basis for their symp-
toms.® This theory has gained support in findings from
a study investigating patients with IBS with and without
onset of their symptoms after a gastroenteritis episode.”
However, these findings are not in line with evidence
from animal studies, in which a bidirectional association
between gut dysbiosis and behavioural changes and/or
mood disorders has been suggested,”®' or with a clini-
cal study of patients with depression that demonstrated
an association between certain bacterial taxa and depres-
sion.”” More studies are therefore needed to clarify the role
of alterations in the gut microbiota for psychological, as
well as other symptoms, in IBS and other diseases. In the
previously mentioned study investigating patients with
postinfectious IBS, a microbial profile of 27 genus-like
groups provided an Index of Microbial Dysbiosis (IMD)
that could separate patients with IBS from controls.”
Moreover, this IMD was associated with the expression of
several host gene pathways, including amino acid synthe-
sis, cell junction integrity and inflammatory response, sug-
gesting an impaired epithelial barrier function in IBS, and
the IMD was associated with the gastrointestinal symptom
profile, but not with psychological symptoms.
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Table 1 | Summary of gut microbiota studies in IBS
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Study Study participants* Sample Method Main finding
Balsari et al. IBS (n=20) Faeces Culture IBS: ¥ Coliform bacteria; ¥ Lactobacillus spp.;
(1982)78 Controls (n=20) ¥ Bifidobacterium spp.
Sietal. IBS (n=25) Faeces Culture IBS: ¥ Bifidobacterium; * Enterobacteriaceae;
(20043t Controls (n=25) ¥ Clostridium perfringens
Malinen et al. IBS (n=27) Faeces qPCR IBS: ¥ B. catenulatum; ¥ C. coccoides group
(2005)%° Controls (n=22) IBS-D: ¥ Lactobacillus spp.
IBS-C: t Veillonella spp.; t Lactobacillus spp.
Métto et al. IBS (n=26) Faeces Culture; PCR-DGGE  IBS: * Coliform bacteria; t aerobe:anaerobe ratio;
(2005)°7 Controls (n=25) ¥+ temporal stability
Maukonen IBS (n=24) Faeces PCR-DGGE; IBS: ¥ temporal stability
et al. (2006)%®  Controls (n=16) Affinity capture IBS-C: ¥ C. coccoides group
Kassinen IBS (n=24) Faeces G+C-profiling + IBS: ¥ Collinsella aerofaciens; ¥ C. cocleatum;
et al. (2007)%®  Controls (n=23) sequencing of 16S ¥ Coprococcus eutactus
rRNA genes; gPCR  Subgroup differences (IBS-D,IBS-C, IBS-M)
Kerckhoffs IBS (n=41) Faeces; FISH; qPCR IBS: ¥ Bifidobacterium spp.; ¥ B. catenulatum
et al. (2009)°”  Controls (n=26) duodenal
mucosa
Krogius- IBS-D (n=10) Faeces G+C-profiling + IBS-D: t Proteobacteria; t Firmicutes;
Kurikka et al. Controls (n=23) sequencing of 16S V¥ Actinobacteria; ¥ Bacteroidetes
(2009)°7 rRNA genes
Lyra et al. IBS (n=20) Faeces gPCR IBS-D: t Ruminococcus torques 94%;
(2009)%° Controls (n=15) ¥ C. thermosuccinogenes 85%
IBS-C: t R. bromii-like
IBS-A: ¥ R. torques 93%; 4 C. thermosuccinogenes (85%)
Tana et al. IBS (n=26) Faeces Culture; gPCR IBS: * Veillonella spp.; * Lactobacillus spp.
(2010)7? Controls (n=26)
Codling et al. IBS (n=41) Faeces; PCR-DGGE IBS: t temporal stability; no significant difference
(2010)%° Controls (n=33) colonic between findings for faecal and mucosal microbiota
mucosa
Carroll et al. IBS-D (n=10) Faeces; Culture; gPCR IBS-D: ¥ aerobic bacteria; * Lactobacillus spp.
(2010)%3 Controls (n=10) colonic
biopsies
Noor et al. IBS (n=11) Faeces PCR-DGGE + IBS: ¥ bacterial species; ¥ biodiversity; * biological
(2010)7 Controls (n=22) sequencing of 16S  variability of predominant bacteria
Ulcerative colitis (n=13) rRNA genes
Malinen et al. IBS (n=44) Faeces qPCR R. torques 94% associated symptom severity
(2010)%° Other phylotypes had negative association
Ponnusamy IBS (n=11) Faeces DGGE + IBS: * diversity in Bacteroidetes and lactobacilli;
etal. (2011)"  Controls (n=8) gPCR of 16S rRNA 1 |evels of alanine and pyroglutamic acid and
genes phenolic compounds
Rinttila et al. IBS (n=96) Faeces gPCR IBS: Staphylococcus aureus (17%)
(2011)%° Controls (n=23)
Saulnier et al. IBS (n=22) Faeces 16S metagenomic IBS: * Gammaproteobacteria
(2011)™ Controls (n=22) sequencing; DNA Classified IBS subtypes using sets of discriminant
(Children) microarray bacterial species
Rajilic- IBS (n=62) Faeces Phylogenetic 16S IBS: * Proteobacteria and specific Firmicutes;
Stojanovic Controls (n=42) rRNA microarray; ¥ other Firmicutes, Bacteroidetes and
et al. (2011)%* qPCR bifidobacteria; association with symptom profile
Carroll et al. IBS-D (n=16) Faeces; T-RFLP IBS-D: diminished microbial biodiversity in
(2011)%® Controls (n=21) colonic fingerprinting of faecal samples
mucosa 16S rRNA; PCR
Parkes et al. IBS-D (n=27) Colonic FISH; confocal IBS: expansion of mucosa-associated microbiota;
(2012)%2 IBS-C (n=26) mucosa microscopy mainly Bacteroides and Clostridium; association
Controls (n=26) with IBS subgroups and symptoms
Jeffery et al. IBS (n=37) Faeces Pyrosequencing Clustering of patients with IBS with normal-like vs
(2012)%2 Controls (n=20) 16S rRNA abnormal microbiota composition (increased ratio
of Firmicutes to Bacteroidetes); association with
symptom profile
Carroll et al. IBS-D (n=23) Faeces 16S rRNA; PCR IBS-D: t Enterobacteriaceae; ¥ Faecalibacterium
(2012)%4 Controls (n=23) genera; ¥ microbial richness
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Table 1 (Cont.) | Summary of gut microbiota studies in IBS

Study Study participants* Sample  Method Main finding
Rigsbee et al. IBS (n=22) Faeces 16S rRNA; gPCR; IBS: t Veillonella, Prevotella, Lactobacillus and
(2012)" Controls (n=22) FISH Parasporobacterium; ¥ members of Bifidobacterium
Adolescents and Verrucomicrobium
Durban et al. IBS (n=16) Faeces; Sequencing of 16S | diversity in IBS; more differences between
(2012)° Controls (n=9) colonic rRNA faecal and mucosal samples than between IBS
biopsies and controls
Durban et al. IBS-D (n=2) Faeces 16S rRNA; IBS and fluctuating symptoms (diarrhoea):
(2013)7" Control (n=1) metagenomics; t instability in the fraction of active microbiota
Serial samples over metatranscriptomics
6-8 weeks
Carroll et al. IBS (n=30) Faeces 16S rRNA,; faecal Associations between specific intestinal bacterial
(2013)7® Controls (n=24) protease activity groups and faecal protease activity
Jalanka- Postinfectious IBS (n=11) Faeces 16S rRNA, A bacterial profile of 27 genus-like groups
Tuovinen et al. IBS-D (n=12) phylogenetic (providing an IMD) separated patient groups
(2014)7 Postinfectious bowel microarray; qPCR and controls

dysfunction (n=11)
Postinfectious non-bowel
dysfunction (n=12)
Controls (n=11)

Correlations between the IMD and expression
of several host gene pathways, including amino
acid synthesis, cell junction integrity and
inflammatory response

*Healthy individuals as controls. Abbreviations: DGGE, denaturing gradient gel electrophoresis; FISH, fluorescence in situ hybridization; G+C, guanosine plus
cytosine; IBS-A, alternating-type IBS; IBS-C, IBS with constipation; IBS-D, IBS with diarrhoea; IBS-M, mixed-type IBS; IMD, index of microbial dysbiosis; qPCR,
quantitative PCR; T-RFLP, terminal restriction fragment length polymorphism. Adapted and modified from Simrén et al. Gut 62, 159-176 (2013)** with permission

from BMJ Publishing Group Ltd ©.

Additionally, from a theoretical point of view,
luminal and mucosal colonic microbiota might gen-
erate symptoms through different mechanisms. The
luminal microbiota has the potential to affect symptoms
through carbohydrate fermentation and gas production,
whereas the mucosa-associated microbiota might affect
symptoms through interaction with immune and nerve
cells in the gut wall.”* Even though bacteria per se could
affect gut function, accumulating evidence suggests that
it is not which bacteria that are there that is of impor-
tance, but rather what they do. Patients with IBS have,
for instance, abnormal levels of faecal short-chain fatty
acids, the major end product of bacterial fermentation,
and these levels seem to be associated with the symptom
profile of the patients.”” This observation and other
studies support the importance of microbial metabolites
for symptom generation in IBS.

Enteroendocrine system in IBS
Physiology of the enteroendocrine system
Enteroendocrine cells, identified using immunohisto-
chemistry by their intracellular protein content, are dis-
persed throughout the gastrointestinal tract. These cells
produce hormones that are stored in secretory granules
and are released on the luminal or basal side of the cell in
response to mechanical, chemical or neural interactions.
Atleast 15 subtypes of enteroendocrine cells exist, secret-
ing multiple peptide hormones that control physiological
and homeostatic functions,” in particular postprandial
secretion and motility, and also having local and systemic
effects on the enteric nervous system and on the immune
system of the gastrointestinal tract.

Enterochromaffin cells (EC cells) are the most abundant
enteroendocrine cell subtype of the colon and rectum.”
They are the main producers of 5-hydroxytryptamine

(5-HT), the most explored hormone in IBS, as well as
chromogranin (Cg) A. The most potent stimulus for EC
cell degranulation seems to be shear forces induced by
gut contractions as exemplified by the in vitro effects of
mucosal stroking in strips of human jejunum.”” An inter-
action with the mucosal immune system also occurs; sub-
populations of T cells that can increase the number of EC
cells and levels of IL-13 have been suggested to mediate
this effect.” Chemical stimulants are probably of regional
importance as exemplified by the ability of short-chain
fatty acids (products of colonic microbiota in humans) to
stimulate 5-HT release.” Locally released 5-HT acts on
specific receptors, and the development of agonists and
antagonists has revealed some of the complex physiologi-
cal effects in humans in terms of motility, secretion and
sensory function.'” Stimulation of both 5-HT, and 5-HT,
receptors'®"'%> has been shown to shorten the gastro-
intestinal transit time mediated by neuronal acetylcholine
release, whereas blockage of 5-HT, receptors prolongs
gastrointestinal transit'*!** as well as having antiemetic
effects.'” Locally released 5-HT is recycled into the intra-
cellular compartments again by the 5-hydroxytryptamine
transporter (SERT) situated on neurons, enterocytes, vas-
cular endothelial cells and platelets.'* Intracellular catabo-
lism of 5-HT by monoamine oxidase to 5-hydroxyindole
acetic acid (5-HIAA) follows without any extracellular
catabolic steps involved. As the majority of 5-HT in human
peripheral blood originates from the gut, platelet-depleted
plasma is supposed to reflect the gastrointestinal release.'*’

Enteroendocrine system—studies in IBS

In IBS, the first report of 5-HT abnormalities originates
from 1998 when Bearcroft et al.'®® showed increased
postprandial platelet-depleted plasma levels of 5-HT in
a small number of patients with diarrhoea-predominant
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IBS (IBS-D). This finding was later confirmed to be of
relevance both in the specific situation of postinfectious
IBS'” and in patients with IBS-D.!'® On the contrary,
patients with constipation-predominant IBS (IBS-C)
were shown to have a low concentration of platelet-
depleted plasma 5-HT after meal intake, which was also
reported in patients with functional constipation, without
any notable difference compared with IBS-C.""! When
analysing the 5-HIAA:5-HT ratio in mucosal biopsy
samples as a measurement of 5-HT turnover, it seems
that this value is reduced in IBS-D'® and increased in
IBS-C.110112113 A plausible explanation for this finding
could be impaired local 5-HT uptake in patients with
IBS-D and impaired 5-HT release in patients with con-
stipation regardless of whether their clinical diagnosis is
IBS-C or functional constipation. Delayed transit time in
itself does not seem to be the factor causing these abnor-
malities in mucosal 5-HT content as opiate-induced
constipation does not affect 5-HT release.'"*

A possible interaction between the enteroendocrine
system and the local immune system in IBS was first
highlighted in studies of postinfectious IBS in which the
development of long-standing gastrointestinal symptoms
compatible with an IBS diagnosis was associated with
an increased number of rectal EC cells and T cells.'*
Moreover, indirect evidence supporting these interactions
stems from a study demonstrating that IBS-D also shares
some features with IBD regarding mucosal 5-HT turnover,
at least in the context of ulcerative colitis."'® Paediatric
studies did not find evidence of alterations in 5-HT signal-
ling in functional dyspepsia, but confirmed such abnor-
malities in IBS when analysing colonic or gastric mucosal
specimens for 5-HT content, SERT mRNA and levels of
tryptophan hydroxylase-1 (the rate-limiting enzyme in
5-HT synthesis).'"”

A potential surrogate marker for EC cell activity is to
use measurement of chromogranins and secretogranins
(Sg). Cromogranins and secretogranins are a group of
acidic proteins present in the secretory granules of a wide
variety of endocrine, neuronal and neuroendocrine cells
and are used as a surrogate marker for EC cell activity
in other disease conditions. The number of cells with
CgA content has been reported to be reduced in the duo-
denum, ileum and colon of patients with IBS, whereas the
number of CgA-positive cells in the rectum of patients
with IBS seems to be intact.!’*'** Other chromogranins
and secretogranins (such as CgB, SgI and SgII) are co-
produced in many EC cells, and these proteins might be
complementary. Patients with IBS have been suggested to
have increased levels of faecal CgA and SglI, which was
associated with colonic transit time and gastrointestinal
symptoms.'? Follow-up studies confirming these findings
are needed. Abnormalities in other enteroendocrine cell
types, such as those producing cholecystokinin, somato-
statin, or peptide YY have been reported in both the small
and large intestine of patients with IBS.'?

Interestingly, research within the field of so-called
microbial endocrinology suggests that bidirectional com-
munication between the gut microbiota and the entero-
endocrine system takes place. The gut microbiota might
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be responsible for regulating enteroendocrine activity
and immune activity of the host.!”® Moreover, stress
hormones can affect microbial expression of colonisa-
tion and virulence factors.’** Thus, it could be hypoth-
esized that altered enteroendocrine activity in patients
with IBS can be related to the chronic disease condition
per se, or the microbiota composition alone, or a com-
bination of these. Furthermore, associations between
5-HT and inflammation and immune activity within
the gastrointestinal tract have been demonstrated,"
with different inflammatory conditions being associ-
ated with altered levels of 5-HT, both in humans!®!25126
and animal studies.’?”'?® An intriguing proinflammatory
effect of 5-HT has also been demonstrated in various
animal models of colitis,'**!*® and data also suggest
involvement of chromogranins in immune activation
and inflammation,"*~'** augmenting the importance
of the enteroendocrine system in inflammatory events
in the gastrointestinal tract.** EC cells are also important
bidirectional transducers that regulate communication
between the gut lumen and the enteric nervous system
and thereby the CNS as well.**

In conclusion, a role for the enteroendocrine system
as a pathogenetic factor in IBS has been highlighted
during the past decade. 5-HT has been the main focus
with the most robust data linked to IBS-D or IBS-C.
Pharmacological interventions with 5-HT receptor
agonists and antagonists in IBS have been promising,
but numbers needed to treat to have one patient with
satisfactory symptom relief have been too high to expect
this mechanism to have more than a partial role in the
generation of IBS symptoms. Markers of EC cell activity
to identify subgroups of patients for whom the entero-
endocrine system is of pathogenetic importance, as well
as to provide further understanding of the interaction
with microbiota, might provide further insights into the
complex pathophysiology of IBS.

Intestinal permeability in IBS

Barrier function

The inherent property of the gut to act as a semipermeable
barrier is crucial for the maintenance of health. The most
obvious part of the barrier consists of a single layer of
mucosal epithelial cells that are interconnected by tight
junctions that allows passage of small particles. Apart
from this last line of defence, the mucus layer covering the
intestinal mucosa as well as the gut microbiota and prod-
ucts from the immune system (such as defensins and
secreted antibodies) have important roles in maintaining
gut integrity.*>

and both postinfectious IBS as well as non-
selected groups of patients with IBS have been investi-
ated.

This phenome-
non seems to be highly persistent in patients who develop
postinfectious IBS,"*"!*? but altered intestinal permeability
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does not seem to be confined to postinfectious IBS alone,
as the different subtypes of IBS all seem to have a pro-
portion of patients with increased gut permeability.'*
As an example, both patients with IBS-D who had post-
infectious IBS as well as those with onset unrelated to
an infectious event have been reported to have increased
small intestinal permeability."*>'** However, a somewhat

The mechanisms underlying increased permeability
in IBS have not been fully established, but the impaired
expression of epithelial tight junctions and adherence-
junction-associated proteins is probably involved. For
example, studies demonstrating low expression of the
tight junction protein zonula occludens 1,'*7'*” junc-
tional adhesion molecule-A (JAM-A) and E-cadherin'’
in IBS imply a dysfunctional mucosal epithelium in these
individuals. However, whether the alteration in perme-
ability precedes onset of IBS, maybe as a result of luminal
or host factors, or whether it merely reflects alterations
associated with the disorder is unknown. In favour of
the former hypothesis is that patients with IBD who
are in long-standing remission also have increased gut
permeability,'*® although it cannot be ruled out that this
phenomenon is a result of previous inflammatory reac-
tions. Interestingly, increased intestinal permeability in
patients with IBD in remission is associated with IBS-like
symptoms.'* Furthermore, in patients with IBS, increased
permeability has also been linked to more-severe IBS
symptoms in general,'*®!** as well as with more-intense
abdominal pain,'*® which suggests that structural and
functional abnormalities of the mucosal barrier might be
involved in symptom generation in IBS and IBD.

Putative causes of altered gut permeability
The identification of triggers that precede increased
intestinal permeability could be a key factor for the
development of effective therapies and could perhaps
even prevent the development of IBS in certain clinical
situations. For the moment, several candidate triggers are
highly relevant, such as factors in the luminal content,
factors within the mucosa itself, exposure to stress and
infectious agents, as well as genetic susceptibility.
Faecal supernatants from patients with IBS are able
to increase colonic paracellular permeability in mice,
possibly mediated by the protease content that has been
shown to be increased in IBS."*"'* Different proteases
seems to be of importance in different clinical situa-
tions: serine proteases have been found to be elevated in
IBS-D,"*? and cysteine proteases in patients with IBS-C.'!
Cysteine proteases have a degrading effect on occludin
in mice and also in the human colonic epithelial T84 cell
line, and this pathogenetic mechanism can be supported
by the finding of decreased occludin levels in mucosal
biopsy samples from patients with IBS-C.**!

Experiments
in colon explants from mice have shown that the inter-
action between TNF and neuropeptide Y results in
increased intestinal permeability.’* Proinflammatory
cytokines such as TNF and IFN-y increase intestinal
permeability by downregulation of claudin and zonula
occludens proteins, probably via regulation of the trans-
cription factor complex nuclear factor x B.'>> Several
reports indicate that mast cell activity, and thus the release
of mast cell mediators, might also be a central factor for
altered gut permeability. For instance, increased numbers
of mucosal mast cells have been associated with increased
rectal permeability in patients with IBS-D,'*® and mast
cell tryptase was demonstrated to reduce expression of
JAM-A, leading to altered caecal epithelial permeabil-
ity."”” In addition, jejunal mast cell activation correlates
with intestinal permeability, for which regulation of the
expression of zonula occludens proteins and intercellular
apical junction complex is central.'**!5® The effects of
corticoliberin (also known as corticotropin-releasing
factor) on permeability also involves an induction of the
release of mast cell proteases and TNF in animal models.'*®
Moreover, corticoliberin has been shown to mediate trans-
cellular transport via subepithelial mast cells in the human
colonic mucosa.'® From this point of view, the associa-
tion between stress and gut permeability could also be
explained by factors involving corticoliberin and mast cell
activation. Acute psychological stress, as well as adminis-
tration of corticoliberin to mimic the stress response, have
both been shown to result in increased intestinal perme-
ability in healthy volunteers.'® The observation that the
use of the mast cell stabilizer disodium cromoglycate can
antagonize this effect further supports the central role this
cell type might have. On the basis of experiments in rats,
another potential mediator of the mast cell stress effects on
permeability is vasoactive intestinal peptide.'*?

As not all patients with IBS have signs of altered gut
permeability, it might be suggested that the subgroup of
patients with IBS in whom altered gut permeability is
found might have a genetic predisposition. Investigation
of functional variants of genes with products involved in
intestinal epithelial barrier function has demonstrated
that CDHI, which encodes the tight junction protein
E-cadherin, was associated with postinfectous IBS, and
persisted as an independent risk factor for postinfectious
IBS when controlling for previously identified clinical
risk factors.'s*

Immunity in IBS
Evidence is accumulating that IBS symptoms might, in
at least certain subgroups of patients, be the result of an
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exogenous or endogenous trigger that leads to increased
immune activity. In general, immune activity in IBS is
often reported to involve mast cell activation as well as
increased activity of innate and adaptive immunity.

Innate immunity

Increased numbers of mucosal mast cells in close proxim-
ity to nerves in the colonic mucosa is one of the most fre-
quently reported features of immune activity in IBS.'*>166
Also, levels of mast cell mediators secreted by activated
mast cells, such as tryptase and histamine, are increased
in the colon of patients with IBS.'® The mucosal expres-
sion of mast cells and their mediators is especially
interesting in the context of maintaining homeostasis
at the mucosal barrier. As described earlier, mast cell
tryptase reduces the expression of JAM-A expression
in the human Caco2 intestinal epithelial cell line, which
results in increased epithelial permeability."” Further-
more, increased mucosal permeability (induced by acute
stress) was blocked by mast cell inhibitors, suggesting that
mast cell mediators mediate stress-evoked changes in gut
permeability in healthy individuals.'*!

Several reports have focused on Toll-like receptors
(TLR),'™'% which are immune-cell receptors that rec-
ognize microbial ‘danger’ signals. To summarize, the
RNA levels of TLR2, TLR4 and TLR5 have been found
to be increased, whereas TLR7 and TLRS are reduced in
the colonic mucosa of patients with IBS, and these find-
ings have also been confirmed at the protein level using
immunohistochemistry.””*”! Increased expression of
TLR2 in blood monocytes from patients with IBS has also
been reported.'”> The expression of TLRs is upregulated
by exposure to structures of bacteria and viruses, which
means that these findings in IBS fit with the hypothesis
of an altered microbiota composition or exposure in this
patient group.

Another often reported immune-related feature in
patients with IBS is increased levels of circulating pro-
inflammatory cytokines such as IL-6, IL-8, TNF and
IL-1B,'7*7* although a large overlap exists in cytokine
levels between patients and healthy individuals. By con-
trast, circulating levels of the anti-inflammatory cytokine
IL-10 are reported to be similar in patients with IBS and
healthy individuals.'”>"”7 A meta-analysis published
in 2014 reported an imbalance in serum levels of pro-
inflammatory TNF and anti-inflammatory IL-10 in
IBS.'”® Moreover, the proinflammatory cytokines IL-6,
IL-1B, and TNF'” are increased in nonstimulated or
lipopolysaccharide-stimulated peripheral blood mono-
nuclear cell cultures from patients with IBS. Fewer
data on the mucosal cytokine pattern in IBS are avail-
able, but RNA levels of IL-10 are reported to be lower
in female patients with IBS as compared to healthy
women, whereas the levels of several other cytokines did
not differ between patients and healthy individuals.'”*
Furthermore, increased protein levels of the proinflam-
matory cytokines IL-8 and IL-1p have been recorded
in ex vivo biopsy explants from patients with IBS com-
pared with samples from healthy individuals.'”" Also,
individuals who developed IBS after an acute episode of
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infectious gastroenteritis had higher expression of IL-1p
mRNA than individuals who did not develop IBS after
the infection.'®

How might the increased local and systemic levels of
proinflammatory cytokines contribute to IBS? As previ-
ously mentioned, proinflammatory cytokines might have
an effect on epithelial barrier function. For example, it
has been demonstrated in animal models that anti-TNF
antibodies inhibit corticoliberin-mediated intestinal
barrier dysfunction,' and permeability and colonic
transepithelial ion transport can be modulated by IL-6."8!
Thus, even a fairly small increase in levels of proinflam-
matory cytokines at the epithelial barrier might lead to
increased intestinal permeability, and thereby altered
homeostasis at the mucosal border.

Given that altered gastrointestinal motility is of rele-
vance for the disturbance of bowel habit in patients with
IBS,’ the well-established interaction between the nervous
and immune system during inflammation'®* is therefore
of potential interest for IBS, as is the crosstalk between
luminal microbiota and the intestinal immune system
that influences gastrointestinal motility (as demonstrated
in animal models). For instance, lack of TLR4—a receptor
commonly expressed on innate immune cells that recog-
nizes lipopolysaccharide from Gram-negative bacteria—
results in substantial reduction in gastrointestinal motility
in mouse models.'** Moreover, intestinal macrophages
regulate peristaltic activity of the colon by changing the
pattern of smooth muscle cell contractions in the presence
of luminal microbiota.'®'%>

Adaptive immunity

Increased numbers of T cells within the epithelial layer,
lamina propria or in the myenteric plexus of full-thick-
ness or mucosal biopsy samples from the small and large
intestine of patients with IBS have been reported in a
number of publications.'"'%1% An immune response
induced by type 1 T helper (T,1) cells with increased
IFN-y and reduced IL-10 levels has been reported in
postinfectious IBS,"° whereas evidence of increased type 2
T helper (T ;2) cell activity has been reported in several
functional gastrointestinal disorders."”” The finding of
normal frequencies of apparently functional blood and
colonic CD25* regulatory T cells, with the ability to sup-
press effector T-cell proliferation,’' indicates that IBS
is not associated with defective regulation of activated
mucosal T cells. Increased numbers of T cells have also
been linked to increased density of endocrine cells and
gut permeability in postinfectious IBS.*!

Furthermore, B cells isolated from the blood of patients
with IBS display an amplified activation level as demon-
strated by increased cell surface expression of IgG and the
co-stimulatory molecules CD80 and CD86, indicating
that B cells in the blood of patients with IBS have a more-
activated phenotype.'”> A higher number and activation
of jejunal mucosal B cells and plasma cells and increased
mucosal immunoglobulin production'? than normal
have also been reported. Along the same lines, increased
levels of serum antibodies against flagellin, a bacterial-
derived structure, have been observed in patients with
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Figure 2 | Different structural abnormalities can interact with each other and
contribute to the generation of symptoms in IBS. An altered composition of the

gut microbiota (1), or the mediators produced by these gut microbiota, might
influence epithelial permeability, possibly by degrading epithelial tight junction
proteins such as occludin (2). Also, the gut microbiota can influence the activity of
enteroendocrine cells, especially EC cells dispersed between the epithelial cells,
inducing altered secretion or re-uptake of 5-hydroxytryptamine (3). Additionally, gut
microbiota, or their metabolites, can directly affect the cells of the immune system,
inducing increased immune activity (4). However, increased immune activity caused
by triggers other than the gut microbiota could potentially directly influence epithelial
permeability, endocrine activity and stimulate sensory nerve fibres in the mucosa
such as TRPV-1 (5). Cytokines and other mediators secreted by immune cells, as
well as mediators secreted by the gut microbiota and enteroendocrine cells, can
leave the mucosa via the blood stream and have systemic effects (6). Abbreviations:
AMR antimicrobial peptide; EC cell, enterochromaffin cell; IgA, immunoglobulin A;
TRPV-1, transient receptor potential cation channel subfamily V. member 1.

postinfectious IBS."* Collectively, these findings support
the notion that specific T cells and B cells of the adap-
tive immune system are activated and produce cytokines
and antibodies, although at discrete (as in, low) levels, in
response to antigens. Although our understanding of the
origin of these antigens is limited, they might well derive
from the gut. Furthermore, how these changes lead to
gastrointestinal symptoms in IBS is not known, but animal
studies suggest that crosstalk between the motility appa-
ratus of the gastrointestinal tract and altered adaptive
immune function could be relevant. In the postinfectious
Trichinella spiralis model, smooth muscle hyperactivity
has been demonstrated to be mediated by T, 2 cytokines,
such as IL-4 and IL-13.% Additionally, another report sug-
gests that the cytokine IL-17A also induces gastrointestinal
hypermotility, as demonstrated in a T-cell-mediated
mouse model of enteritis.'”> By contrast, T;1-related

cytokines have been shown to cause hypocontractility of
inflamed intestinal smooth muscle in humans.'

Genetic evidence of altered immunity

During the past few years, several studies have reported
immune-related alterations in patients with IBS based on
gene associations, that is, polymorphisms of immune-
associated genes. A meta-analysis indicated a role for ILI10
polymorphisms in IBS in general, and that TNF polymor-
phisms might be important in Asian populations with
IBS."7 Also, the genotype combination of high-producer
TNF and low-producer IL-10 gene expression has been
demonstrated to be more prevalent in patients with IBS
than healthy individuals,"® as well as polymorphisms of
the gene encoding the proinflammatory cytokine IL-8.%
Two independent studies have reported that IBS is asso-
ciated with genetic polymorphisms of TNFSF15, which
encodes the inflammation-related protein TNF ligand
superfamily member 15, supporting a role for immune
activation in IBS.?°**! In 2014, it was also demonstrated,
using next-generation pair-end sequencing, that patients
with IBS-D had decreased mRNA expression of TNFSF15,
further confirming the importance of altered expression
of this gene in IBS.>*

Neuroimmune interactions in IBS

Exactly how altered immune function might lead to
symptoms in patients with IBS is not altogether under-
stood, but several studies now support the relevance of
neuroimmune interactions for symptom generation in
IBS and other functional gastrointestinal disorders.'” An
anatomical basis for this theory stems from studies that
have demonstrated that patients with IBS have increased
numbers of sensory nerve fibres in the rectosigmoid area
that express the capsaicin receptor TRPV1,%” a greater
number of mast cells in close vicinity to nerves in the
colon’® and an increased density of intestinal mucosal
nerve fibres appearing in clusters surrounding mast
cells.** Moreover, in these studies, positive associations
between the severity of abdominal pain and the number
of nerves fibres expressing the TRPV 1 receptor,?” as well
as with the number of mast cells in close vicinity to colonic
nerves,'®> were noted. The anatomical basis for an inter-
action between mast cells and nerves at different intesti-
nal sites was also demonstrated in a paediatric IBS cohort
and, again, the number of mast cells in close vicinity
to nerves was related to the intensity and frequency of
abdominal pain,*®* further highlighting the relevance
of neuroimmune interactions for symptom generation
in IBS.

Other studies have used supernatants from colonic
biopsy samples from patients with IBS and healthy con-
trols to perform functional studies using different nerve
preparations to investigate neuroimmune interactions
(reviewed by Nasser et al.?°¢). Taken together, these
studies collectively and strongly support the relevance
of neuroimmune interactions in IBS through different
mechanisms, including release of histamine, proteases
and 5-HT.?"2 Moreover, the effects of supernatants
from peripheral blood mononuclear cells from patients
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with IBS and controls on sensory nerves have been inves-
tigated. This study showed distinct patterns of immune
dysfunction and interaction with sensory pathways
through different intracellular pathways that was differ-
ent not only between patients with IBS and controls, but
also between different IBS subgroups.?'* Furthermore,
besides the above-mentioned evidence suggesting that
interactions between the immune system and nerves in
the gut might be of relevance for symptom generation
in IBS, bidirectional brain-visceral interactions could also
be of importance as interoceptive input is encoded by a
network of transducers in the gut and conveyed to the
brain via vagal and spinal afferents, immune mediators
and endocrine signals, as reviewed elsewhere.!”

Conclusions

(Figure 2).
However, understanding the relative importance of
each of these factors and their interactions is needed to
better comprehend the complex pathophysiology of IBS.

Moreover, the gut microbiota might also influence the
activity of enteroendocrine cells, resulting in an altered
hormonal milieu in the gut and affecting immune cells,
causing increased immune activity. However, increased
activity of immune cells, caused by triggers other than
gut microbiota, could potentially harm epithelial integ-
rity and the endocrine activity of the gut, and thereby
facilitate microbiota adherence to the gut mucosa.
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Furthermore, cytokines and other mediators secreted
by immune cells, as well as mediators secreted by the gut
microbiota and enteroendocrine cells, could have effects
beyond the gut, giving rise to extraintestinal symptoms
and events. Finally, to determine factors linking the pro-
posed pathogenetic events to symptoms compatible with
functional gastrointestinal disorders, probably through
interactions with the enteric nervous system and CNS,
is a major challenge.

Our increasing knowledge of the prominence of the
communication and homeostasis at the mucosal border
has the potential to lead to new treatment strategies,

hus, improved understanding of the
complex crosstalk at the mucosal borders will provide
improved health and quality of life for a large patient
group, for whom treatment options are limited today.
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