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Pathophysiology of irritable bowel syndrome
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Despite the continued absence of a definitive biomarker for irritable bowel syndrome (IBS), research over the last
three decades has identified a wide range of underlying pathophysiological abnormalities. Peripheral mechanisms
include gastrointestinal infection, changes in the gut microbiome, visceral hypersensitivity, increased intestinal
permeability, low-grade mucosal inflammation and altered immune function, abnormal gastrointestinal motility,
and the role of serotonin, bile acid metabolism, and carbohydrate metabolism. Central mechanisms include
psychological health and altered central pain processing. These central and peripheral mechanisms can act in an
integrated way to cause IBS symptoms, via the gut-brain axis, supporting the concept of IBS as a disorder of
gut-brain interaction. Some mechanisms can be quantified using validated tests and questionnaires, including
abnormal bile acid metabolism, accelerated colonic transit, and psychological comorbidity. However, more work is
needed to translate most mechanisms into reliable tests able to identify specific targets for treatment. This Review
discusses the current understanding of the pathophysiology of IBS in terms of peripheral, central, and integrated

mechanisms.

Introduction

Irritable bowel syndrome (IBS) is a chronic disorder
affecting 5-10% of people worldwide with a female
predominance.! The condition has a substantial impact
on the individual, health services, and society. Annual
direct costs related to IBS are estimated at €1837
per person in Europe,? £557 in the UK, ¥12761in China,*
and US$13288 in the USA.S In one UK study of
467 adults with IBS in employment, 28% reported IBS-
related absenteeism from work and 86% reported
presenteeism—Dbeing physically present at work but not
fully functioning due to illness or other personal or
health-related factors.® People with IBS show impair-
ments in quality of life similar in magnitude to people
with leg ulcers, chronic obstructive pulmonary disease,
and stroke’ The characteristic symptoms of IBS are
abdominal pain or discomfort related to defecation
associated with either abnormal stool form or frequency.
These features have been distilled into symptom-based
diagnostic criteria, known as the Rome criteria, which
have had five iterations.* The purpose of such diagnostic
criteria is to facilitate a positive diagnosis of IBS based
on reporting typical symptoms, in conjunction with a
small number of investigations to exclude organic
gastrointestinal diseases that IBS can mimic,’ such as
coeliac disease and inflammatory bowel disease.”" The
use of these tests is necessary because no structural
abnormalities or validated biomarkers have been
identified to assist with IBS diagnosis. The absence of
generally available biomarkers for IBS, together with the
general lack of correlation between symptoms and
measurable physiological abnormalities,” can lead to
diagnostic uncertainty and might delegitimise the
condition in public opinion.

Currently, treatment of IBS aims to improve the
predominant or most troublesome symptom. However,
the same symptom, such as constipation or diarrhoea,
might have different underlying causes in different
individuals. This Review will discuss what is currently
known about the pathophysiology of IBS.

The gut-brain axis

IBS is postulated to arise from abnormal communication
between the gut and the brain,” through the gut-brain
axis. The gut-brain axis is a bi-directional communication
system consisting of the CNS, autonomic nervous
system, enteric nervous system, and the hypothalamic—
pituitary—adrenal ~(HPA) axis. Through neural,
endocrine, immune, and humoral mechanisms, the
manifestations of altered gut motility, secretion, and
sensation lead to the symptoms of IBS. As a result,
IBS is conceptualised as a disorder of gut-brain
interaction (DGBI)."*

This hypothesis is supported by epidemiological
studies showing that, during longitudinal follow-up of
individuals with symptoms of a DGBI at baseline, these
individuals were more likely to develop symptoms of
anxiety or depression at follow-up than were individuals
without symptoms compatible with a DGBI at base-
line.”* Similarly, among individuals with symptoms of
either anxiety or depression at baseline, later development
of symptoms compatible with a DGBI was significantly
more likely than among individuals without symptoms
of either anxiety or depression at baseline.* These
results suggest the existence of bi-directional gut-brain
axis effects.

However, although abnormal gut-brain axis
communication might explain the general principles
underlying the development of IBS and other DGBIs, it
does not account for specific mechanisms involved at the
level of either the gut or the brain. Some patients might
have a gut-to-brain trigger, in which an insult to the
gastrointestinal system, such as acute enteric infection,”
leads to abnormal gut-brain axis communication,
whereas others might have a brain-to-gut trigger, such
as early adverse life events.® Moreover, gut-brain
communication can be modified by other factors,
including environmental considerations, such as diet,
individual dietary constituents, medications, or stress,
and biological considerations, such as genetics and the
gastrointestinal microbiota.
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Peripheral mechanisms

Peripheral mechanisms implicated in the patho-
physiology of IBS are summarised in this section and in
figure 1.

Gastrointestinal infection

Approximately 10-15% of individuals with acute enteric
infection develop IBS subsequently, termed post-
infection IBS (PI-IBS).”® PI-IBS accounts for
approximately 9% of IBS cases overall in the USA.»
Prevalence increases with time from infection, from 11%
at 1year to 15-25% beyond 12 months.”” Rates of PI-IBS
are highest following parasitic or protozoal infections
(30-40%), followed by bacterial (14-18%) and then viral
infections (6-12%), including SARS-CoV-2.7# Risk of
PI-IBS declines over time following viral enteritis and
bacterial infections, but remains stable following
parasitic or protozoal infection.”” These differences
might reflect a propensity for heightened host immune
response and greater degree of mucosal inflammation in
response to protozoal or parasitic infectious organisms
compared with viruses and bacteria, although viral and
bacterial infections are more common.” The prevalence
of PI-IBS after bacterial infection is further influenced
by the specific infecting organism and regional
exposure patterns. 21% of individuals infected with
Campylobacter species, a leading cause of foodborne
illness in the USA, might develop PI-IBS,* whereas the
prevalence of PI-IBS following Clostridioides difficile
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infection could be up to 25%.” Vibrio cholerae is a
frequent cause of PI-IBS in tropical regions.” Overall,
rates of PI-IBS are highest in North America, followed
by Europe, the Middle East, and Asia.”

The mechanisms underlying the development of
PI-IBS are not fully understood, but current evidence
implicates immune activation, altered intestinal perme-
ability,” and sensitisation of visceral nociception.”
Infection-induced changes in the gut microbiota might
impair microbial regulation of host proteolytic activity,
leading to disruption of the intestinal barrier.” Increased
activity in proteases leading to epithelial-to-neuronal
signalling and pro-nociception have been shown in
preclinical models of IBS.*

Bacterial infections have also been linked to intestinal
IgE production, with mast cell activation and histamine-
mediated sensitisation of visceral afferents.” PI-IBS has
been associated with intestinal epithelial changes charac-
terised by altered microRNA hsa-mir-510 expression and
release of proinflammatory cytokines,” abnormalities
in serotonin metabolism,* and serotonin receptor-
dependent modulation of visceral hypersensitivity.*

Gut microbiome
Independent of enteric infection, alterations in the
structure and function of the gut microbiome might be
involved in IBS pathophysiology through effects on gut
sensorimotor function, epithelial secretion and perme-
ability, mucosal immune activation, and gut-brain
signalling.®

Observational studies of the gut microbiome in IBS
report heterogeneous results, ranging from reduced or
unchanged overall microbial diversity to shifts in specific
taxa, including increased Proteobacteria, Lactobacillaceae,
and Bacteroides, and decreased Clostridiales,
Faecalibacterium, and Bifidobacterium.** Most studies have
examined colonic or stool microbiota, but some have
assessed the small intestine.”” A study by Leite and
colleagues assessing small bowel cultures in people
undergoing upper endoscopy found reduced microbial
alpha diversity, and associations of specific Escherichia coli
strains and Klebsiella species with gastrointestinal
symptoms, such as abdominal pain and bloating, albeit
only 12% of patients in the study had functional
gastrointestinal ~disease (including, IBS, bloating,
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despite extensive literature describing the gut micro-
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biome in IBS, findings are inconsistent, associated with
temporal fluctuations in the gut microbiota,” and of
uncertain clinical relevance.

Recently, multiomics approaches, longitudinal
sampling, and preclinical models have shifted focus
towards microbially mediated mechanisms in IBS, rather
than purely correlative relationships.” The microbiome

Mast cell infiltration
and low grade inflammation

Figure 1: Peripheral mechanisms contributing to IBS
This figure was created using BioRender.com. IBS=irritable bowel syndrome.
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serves as a rich source of metabolites, such as short-chain
fatty acids, bile acids, unconjugated bilirubin, and
serotonin, which regulate multiple aspects of gastro-
intestinal physiology implicated in IBS.* For example,
loss of Alistipes putredinis and lower microbial
B-glucuronidase activity are associated with weakened
inhibition of host proteases, impaired intestinal perme-
ability, and visceral hypersensitivity in PI-IBS.”* Elevated
microbial purine degradation might underlie reduced
mucosal repair in constipation-predominant IBS
(IBS-C),” and bacterial histidine decarboxylase activity
has been linked to visceral hypersensitivity via increased
histamine production, mast cell activation, and increased
nerve density in animal studies.” In diarrhoea-pre-
dominant IBS (IBS-D), enrichment of Clostridia
suppresses intestinal FGF-19, and overgrowth of
biofilm-associated E coli and Ruminococcus gnavus alters
bile acid metabolism,* implicating the microbiome in
malabsorption of bile acids. Microbial modulation of
serotonin biosynthesis via bacterial phenethylamine and
tryptamine production,® or bacterial decarboxylation of
5-hydroxytryptophan,” further influences gastrointestinal
transit and secretion. Emerging evidence also suggests
that microbiome-host-gene interactions regulate
intestinal tissue homoeostasis and inflammation.®
Additionally, clinical studies highlight the microbiome’s
influence on dietary sensitivities and responses to
interventions such as a diet low in fermentable oligo-
saccharides, disaccharides, monosaccharides, and polyols
(FODMAPs).” Conversely, dietary modifications can alter
the gut microbiome.® Currently, translating microbiome
insights into diagnostic and therapeutic tools for IBS
remains in the early stages, emphasising the need for
continued efforts to bridge the translational gap.

Visceral hypersensitivity

Visceral hypersensitivity is one of the hallmarks of IBS
and has been described in 20-90% of patients in
observational studies of gastrointestinal physiology.”
It comprises hypersensitivity (a reduced threshold to
pain), hyperalgesia (an exaggerated response to painful
stimuli that can occur at a normal pain threshold),
and allodynia, where normally non-painful stimuli
(eg, normal colonic motility) evoke pain. Painful
sensation is transmitted from the gut to the brain by
nociceptors, or pain-sensitive neurones, the cell bodies
of which lie in the dorsal root ganglia and the peripheral
nerve terminals of which are found throughout the gut
wall layers. Nociceptors have central terminals in the
spinal cord, where they synapse with the ascending pain
pathway; these central terminals are, in turn, modulated
by descending pain pathways originating in the brain.”
Sensitisation, or a decrease in the stimulus threshold
combined with an increase in nociceptor firing to a given
stimulus,” is hypothesised to cause increased visceral
pain in IBS, with sensitisation resulting from increased
peripheral or central stimulation.* At the level of the

periphery, nociceptors express mechanosensitive and
chemosensitive receptors, including members of the
transient receptor potential (TRP) family, such as the
receptor for capsaicin, TrpV1.* These receptors can be
stimulated by microbial products, nutrients, growth
factors, neurotransmitters (such as the bioactive amines,
histamine and serotonin), and proinflammatory medi-
ators, including proteases, chemokines, and cytokines,
resulting in increased nociceptor excitability.” Both
increased TRP expression,” as well as TrpV1 sensit-
isation,”*® might contribute to visceral hypersensitivity
in IBS.

In patients, visceral hypersensitivity can be assessed by
evaluating the pain threshold for mechanical distention
of the rectum.” A meta-analysis showed that patients
with IBS, regardless of predominant bowel habit, had
lower pain thresholds for rectal distention compared
with healthy controls.” Although individual patients
might be either hypersensitive or normosensitive to
rectal distention,” the presence of visceral hypersensitivity
or hyperalgesia with normosensitivity—where pain is
experienced at a normal threshold but is of exaggerated
severity—indicates a more severe IBS subtype, as it is
associated with increased symptom severity and lower
quality of life.®

Intestinal permeability

The semipermeable gastrointestinal epithelium func-
tions as a barrier to separate the external environment of
the gut lumen from the interior milieu of the body. The
gut barrier has several components, including the mucus
layer, containing antimicrobial peptides and secretory
IgA, gut epithelial cells, and junctional complexes,
comprising both tight and adherens junctions between
epithelial cells.” Changes in gut barrier function are
implicated in the pathogenesis of IBS. A 2021 systematic
review concluded that up to 62% of patients with IBS-D
and up to 50% of patients with PI-IBS had evidence of
gut barrier dysfunction, compared with up to 25% of
patients with IBS-C.” Both animal models and patient
studies show a link between epithelial barrier dysfunction
and visceral hypersensitivity, with the translocation of
luminal products, such as food antigens and microbial
components, leading to mucosal immune activation and
nociceptor stimulation.**

Various techniques have been used to measure gut
barrier function in IBS, including evaluation of tight
junction protein mRNA expression from biopsy samples
of patients in vitro® and of urinary excretion of ingested
sugars in vivo, such as the monosaccharides 13C-mannitol
and rhamnose and the disaccharides lactulose and
sucralose.* In one study, real-time confocal endomicro-
scopy was used to evaluate epithelial leak of fluorescein,
intervillous space widening, and influx of intraepithelial
lymphocytes after the injection of food antigens into the
endoscopically accessible gastrointestinal mucosa in
individuals with IBS.** In this study, patients with
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functional changes after the antigen challenge were
placed on individualised diets excluding the reactive food
antigens and these patients had a mean reduction in
gastrointestinal symptom score of 74% from baseline to
6 months.®

Low-grade inflammation and immune function
Low-grade immune activation contributes to visceral
hypersensitivity, intestinal barrier dysfunction, and
inflammatory mediator sensitisation of nociceptors in
IBS.*2¢ PI-IBS is associated with infiltration of the rectal
mucosa by T-lymphocytes and mast cells.” Inflammatory
cell infiltration is also found in subsets of patients with
IBS without infectious triggers.” Colonic mucosal
biopsies from patients with IBS-D and IBS-C display
increased lamina propria infiltration by mast cells when
compared with healthy controls,®® with electron
microscopy showing degranulated mast cells near nerve
terminals, suggesting a functional signalling pathway.*
Multiple studies have corroborated an increase in mast
cells in the colonic biopsies of patients with IBS” and
shown elevated mast cell-derived mediators in biopsies
and stool, including prostaglandins, histamine, tryptase,
and proteases, ™" levels of which correlate with
symptom severity and pain scores.” %% Application of
samples enriched in mast cell inflammatory mediators
from patients with IBS results in nociceptor sensitis-
ation, visceral hypersensitivity, and increased intestinal
epithelial permeability in rodent models.”*”” Indeed,
mast cell stabilisers, including ketotifen,” as well as the
histamine H1 receptor antagonist ebastine,”* have been
shown to improve symptom severity in patients with
IBS. Together, these data suggest that mast cell-derived
mediators sensitise nociceptors and contribute to the
increased visceral hypersensitivity observed in patients
with IBS.

Mast cells are not the sole source of proteases and
histamine in patients with IBS. Both host-derived (mast
cell, epithelial) and microbial-derived proteases and
histamine are increased in mucosal and stool samples
from patients with IBS.*”” However, increased mast cell
infiltration and activation is not a universal finding in
IBS and differs depending on the biopsy site, clinical
subtype of IBS, and methodology used in sample
preparation.”¥

Gastrointestinal motility

In a study of 243 patients referred to a tertiary centre,
colonic motor dysfunction was shown using radio-
opaque markers in around a third of patients with either
predominant diarrhoea or constipation and no organic
explanation for their symptoms.” Scintigraphic measure-
ment of gut transit has shown a significant positive
correlation between proximal colon emptying and 24 h
stool weight in patients with IBS.” Among 122 patients
with IBS who underwent scintigraphy in one study,
colonic transit at 24 h was abnormal, either delayed or

accelerated, in 25 (20-5%).” Six (12%) of 49 patients with
IBS-C had delayed transit and 13 (30%) of 44 patients
with IBS-D had accelerated transit. Another similar study
in 286 patients with DGBIs found delayed transit at 24 h
in 21 (17-8%) of 118 patients with IBS-C or functional
constipation and in 11 (8%) of 138 patients with IBS-D or
functional diarrhoea. In contrast, accelerated transit
was found in five (4-2%) patients with IBS-C or
functional constipation and in 46 (33-3%) patients with
IBS-D or functional diarrhoea.

The colonic response to feeding, known as the
gastrocolic response, refers to a vagally mediated reflex
involving receptors that detect nutrients, activate vagal
afferents,” and lead to motor stimulation of the distal
small intestine and colon, resulting in propulsion of
colonic content.*” Meal ingestion can be associated
with the development of high-amplitude propagated
contractions in the colon in patients with diarrhoea
compared with healthy controls.® In one study of
752 patients with Rome IV IBS, 561 (75%) reported meal-
related abdominal pain or discomfort at least 50% of
the time.® Conversely, rectocolonic inhibition, usually
initiated by rectal retention, results in inhibition of motor
activity of the proximal colon, slowing transit.** Psycho-
logical stress and intraluminal distension can also induce
alterations in colonic contractility in IBS.** Overall,
alterations in gastrointestinal motility are an important
pathophysiological mechanism in IBS, but are also
affected by other factors, including serotonin and bile
acid metabolism.

Serotonin

Serotonin is a biogenic amine synthesised primarily by,
and stored in, mucosal gut enterochromaffin cells.* It is
released by mechanical and chemical stimulation and
acts on 22 receptor subtypes located on intrinsic and
extrinsic nerves to regulate peristalsis, enhance
secretion, and modulate sensory transmission between
the gut and CNS.¥ Circulating serotonin represents that
which does not undergo reuptake by the serotonin
transporter (SERT) in the cells of the epithelial lining.
SERT essentially inactivates serotonin at the site of
release. If SERT is deficient, it leads to higher tissue
levels of serotonin and its biological effects. Some
studies show that circulating postprandial serotonin
concentrations are increased in IBS-D* and PI-IBS,” but
are reduced or unchanged, reflecting impaired release in
response to a meal, in IBS-C.”** Given the complexity of
serotonin metabolism and the challenges of measuring
serotonin and its metabolites in the circulation or urine
instead of at the site of action, there is no consensus on
higher serotonin levels in IBS-D and lower levels in
IBS-C.

There is a relationship between circulating serotonin
and colonic transit and sensation. For example, a direct
positive correlation between platelet-depleted plasma
serotonin concentrations and sigmoid colon motility in
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patients with either IBS-C or IBS-D has been reported,”
as well as a positive correlation between colonic transit
time and serotonin concentrations in a cohort of
patients with PI-IBS with diarrhoea predominant
symptoms and IBS-C.* In another study, serotonin
concentrations correlated significantly and positively
with colonic sensations of pain and stool in patients
with IBS-C.”

Mucosal serotonin content studies are influenced by
differences in the 5-HTTLPR genotype, a degenerate
repeat polymorphic region of 44 base pairs in the
promoter region of the gene that codes for SERT,
SLC6A4. Patients with the L/L genotype show increased
SERT mRNA and protein in colonic mucosa, compared
with patients with the L/S or S/S genotypes, and the
L/L genotype therefore results in lower serotonin
concentrations, since it is reuptaken by the entero-
chromaffin cells more efficiently.” This principle has
been best illustrated by the evidence that the 5-HT3A
antagonist alosetron is more effective at slowing colonic
transit in patients who have IBS-D and are carriers of
the L/L genotype, compared with carriers of the L/S or
S/S genotype. This is because there is less synaptic
serotonin for alosetron to antagonise in carriers of the
L/L 5-HTTLR genotype.”

Bile acid metabolism

Bile acid diarrhoea can mimic IBS-D or functional
diarrhoea. Bile acid diarrhoea is characterised by
increased stool frequency, looser stool consistency, and
urgency, as well as fear of faecal incontinence.” In a
systematic review and meta-analysis, the prevalence of
bile acid diarrhoea among patients with IBS-D or
functional diarrhoea ranged from 25% to 50%.* Among
patients with symptoms of IBS-D, those with altered bile
acid metabolism (including abnormal synthesis or
excretion) had increased total faecal and percentage
faecal primary bile acids excreted, compared with those
without altered bile acid metabolism.” Patients with
altered bile acid metabolism also had significant
differences in microbiota: lower alpha diversity,
a different compositional profile based on beta diversity,
a higher ratio of Firmicutes to Bacteroidetes, and
26 decreased genera, including Alistipes, Clostridium, and
Bacteroides, compared with patients with IBS-D without
altered bile acid metabolism.” The percentage of primary
faecal bile acids in stool was significantly and positively
associated with alpha and beta diversity in patients with
IBS-D,” as well as with faster colonic transit in those
with evidence of bile acid diarrhoea.”

Diverse mechanisms of bile acid diarrhoea have been
reported, including rare loss of function mutations in the
bile acid transporter gene presenting in infancy”™ and
decreased FGF-19 mRNA and protein expression in
ileal biopsies, resulting in lower FGF-19 in the portal
circulation and reduced feedback inhibition of hepatic
bile acid synthesis."®

Effects of bile acids in the colon include induction of
water and electrolyte secretion, increased mucosal perme-
ability, and stimulation of colonic motility. Increased
colonic bile acids leads to the upregulation of genes in
the ascending colon that reflect increased mucosal
permeability to water, immune activation, and cellular
differentiation, consistent with the detergent effects of
bile acids.”

Insulin-like peptide-5 (INSLS) is an enteroendocrine
hormone expressed in distal colonic L cells, and admin-
istration of the bile acid taurocholate by rectal enema in
one study of healthy volunteers was associated with
elevated plasma INSLS5 compared with control enema."
The increase in INSL5 correlated negatively with time to,
and positively with desire to, defecate. It is proposed that
INSLS5 concentrations are associated with a pro-motility
colonic response and the pathophysiology of chronic
diarrhoea in a subset of patients with IBS-D."

Carbohydrate metabolism

Carbohydrate maldigestion or malabsorption might
contribute to symptoms in a subset of patients with IBS."
Incomplete digestion or failed absorption of carbohydrates
within the small intestine results in them reaching the
colon, where they cause osmotic effects and the
production of luminal gases via bacterial fermentation.
Malabsorption might occur as a result of defective
transport mechanisms,™ such as altered SLC2A5
(GLUTS; selective transporter for fructose) expression,
resulting in fructose malabsorption, or impaired brush
border enzymatic activity, such as lactase deficiency,
resulting in lactose malabsorption.” Alternatively,
ingestion of poorly absorbed substrates, such as
FODMAPs, could overwhelm the absorptive capacity of
the small intestine. More recently, sucrase-isomaltase
deficiency has gained recognition as a potential cause for
IBS-like symptoms. Previous work revealed an association
between loss-of-function gene variants commonly found
in sucrase-isomaltase deficiency and IBS."™ Hypomorphic
sucrase-isomaltase gene variants have been linked to
reduced efficacy of a low-FODMAP diet'” and a beneficial
symptom response to starch and sucrose-reduced diets in
patients with IBS-D."*

Although the clinical efficacy of a low-FODMAP diet
and starch and sucrose-reduced diets implies that
carbohydrate malabsorption contributes to IBS patho-
genesis,"” symptoms of carbohydrate intolerance often
correlate poorly with objective tests for malabsorption
or maldigestion," which suggests that intolerance is
mediated by mechanisms beyond malabsorption
alone.™ One study of 40 patients undergoing gastro-
scopy to investigate gastrointestinal symptoms identified
disaccharide deficiency in 13 (62%) of the 21 patients who
met criteria for Rome IV IBS."™ Another study of
31 patients with suspected Rome III IBS-D or IBS with
mixed bowel habits found that 11 (35%) had sucrase-
isomaltase deficiency based on duodenal biopsies.™
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However, assessing the prevalence of disaccharide
deficiency in IBS has been limited by the absence of
healthy controls of the same race or ethnicity in studies,
the potential for patchy distribution of brush border
enzymes affecting biopsy findings, and an inconsistent
relationship between disaccharidase deficiencies and
carbohydrate malabsorption tests, such as hydrogen
breath tests. Hence, the true prevalence of carbohydrate
malabsorption in IBS is unknown, and performance
characteristics of enzyme quantification in small bowel
biopsies, breath testing, and genetic testing require
further validation to support routine clinical use.

Central mechanisms

Central mechanisms implicated in the pathophysiology
of IBS are summarised in the following section and in
figure 2.

Psychological health

Up to a third of people with IBS have coexisting
symptoms of anxiety or depression.™ Furthermore, the
risk of anxiety and depression is approximately three-
times higher in patients with IBS than among healthy
individuals.™ Although mental health comorbidities
could arise as a result of living with chronic gastro-
intestinal symptoms,”" longitudinal follow-up studies
show that anxiety or depression at baseline are sig-
nificant predictors of subsequently developing IBS."*
Early life adverse events, such as trauma or abuse, are
also associated with developing IBS later.® These
epidemiological observations support the concept that

Psychological
health

.

HPA axis
dysregulation

Depression

N

Anxiety

Altered central
pain processing

&

adverse
events
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inhibition
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emotional
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Figure 2: Central mechanisms contributing to IBS

Central mechanisms, such as psychological health and altered pain processing, are equally as important as
peripheral mechanisms in current understanding of the pathophysiology of IBS. This figure was created using
BioRender.com. HPA=hypothalamic-pituitary-adrenal. IBS=irritable bowel syndrome.

IBS is a gut disorder that can be driven by psychological
illness.

The relationship between IBS and psychological health
suggests the presence of shared pathophysiological
mechanisms. A genome-wide case—control analysis of
53400 individuals with IBS identified six genetic
susceptibility loci associated with the condition." These
associations were validated in another large cohort, and
of note, four of these loci were associated with mood and
anxiety disorders or were expressed in the nervous
system."

The HPA axis, which influences metabolism,
autonomic function, and immunity, can become
dysregulated in IBS.™ This could be an important
mechanism mediating links between brain and gut
behaviour*  Corticotrophin-releasing factor (CRF),
released by the hypothalamus in response to stress,
influences gut motility and permeability,*"” which could
give rise to gastrointestinal symptoms. Moreover, physio-
logical and psychological resilience to stress is reduced in
IBS, which might lead to greater susceptibility of the gut
to the CRF stress response.® Polymorphisms in
CRF receptors 1 and 2, which regulate response to CRF,
are associated with both IBS and anxiety,"® and
HPA dysregulation has been identified as a mechanism
in depression.” All of these arguments provide a
plausible neurohumoral basis for links between IBS and
psychological comorbidity. This link might primarily be
the effect of stress on a subset of hypothalamic neurons,
rather than a more general dysregulation of the HPA axis,
since data in IBS mainly concern increased CRF and the
associated cortisol response.”

Central pain processing and brain function

Visceral hypersensitivity and peripheral nociception are
important mechanisms underpinning abdominal pain in
IBS. However, pain signals from peripheral neurones are
transmitted to the brain via the spinal cord.”> Modulation
of pain processing by the spinal cord is therefore
important, and patients with IBS show hyperexcitability
of spinal nociceptive pathways compared with healthy
controls.” This alteration in the modulation of spinal
cord processing, with reduced inhibition of spinal cord
reflexes and of pain sensation in response to noxious
stimuli, correlates with IBS symptom severity. Spinal
cord stimulators, which deliver electrical impulses to the
dorsal columns of the spinal cord to block pain signals
reaching the brain, can be helpful for treating chronic
visceral abdominal pain,” with some benefit in IBS
shown in a small pilot study.”

Studies also reveal differences in pain processing by
the brain in IBS, with greater activation of brain regions
associated with emotional arousal, such as the amygdala,
in response to visceral stimulation through rectal
distension compared with healthy controls,” accom-
panied by reduced inhibitory modulation of these
affective responses.” These processes could lead to
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central amplification of pain and altered gastrointestinal
function via the autonomic nervous system.” However,
changes in emotional arousal activity could also reflect
increased anticipation of visceral pain during the test,
rather than arising from the stimulation itself.”
Moreover, anxiety and depression might be responsible
for mediating alterations in central pain processing™ or
these changes might reflect lower thresholds of visceral
sensitivity in IBS," with signals being more likely to be
sent to the brain. Changes in brain function on
neuroimaging could, therefore, result from peripheral
processes, rather than indicating an independent central
mechanism. However, some studies identify specific
structural brain changes in grey matter density in
patients with IBS that are confirmed even after
controlling for anxiety and depression."*

Integrated mechanisms

As has been discussed, multiple peripheral and central
mechanisms, and their interplay, are important to our
understanding of the pathophysiology of IBS. However,
two recent animal studies show clearly how IBS
symptoms might arise through the same mechanism as
a common endpoint of either a peripheral or central
trigger (figure 3).

The first study showed how a peripheral insult can lead
to the development of IBS-like symptoms.* In a mouse
model, infectious enteritis caused increased epithelial
permeability measured using both transepithelial
electrical resistance and the passage of fluorescein, with
subsequent loss of oral tolerance to ovalbumin, a food
antigen. Repeat exposure to this antigen led to mast cell
degranulation, with tryptase and histamine secretion, as
well as visceral hypersensitivity to colorectal distention.*
The development of visceral hypersensitivity was
inhibited by ovalbumin antigen-specific IgE antibodies
and doxantrazole, a mast cell stabiliser. Colonic super-
natant of viscerally hypersensitive mice increased
excitability of dorsal root ganglia neurones compared
with the supernatant of normosensitive mice, and this
process was inhibited by incubation with the
histamine H1 receptor antagonist pyrilamine. In
humans, submucosal injection of food antigens, namely
soy, gluten, wheat, and milk, into the rectosigmoid
mucosa of patients with IBS led to mucosal oedema,
compared with healthy controls. After injection, there
was an associated increase in tryptase activity and
IgE-positive mast cells in proximity to nerve fibres, the
latter of which correlated with abdominal pain severity.”
These findings suggest that loss of oral tolerance to an
antigen and mast cell activation mediate food-related
visceral hypersensitivity in IBS. However, not all patients
with IBS will be exposed to an enteric infection.”

In a second study, the same investigators examined
whether psychological stress could induce the same loss
of oral tolerance to food antigens in mice.” Mice were
randomly assigned to water avoidance stress, during

which they were placed on a small, dry platform in the
middle of a bucket of water for 1 h, or sham water
avoidance stress, during which the mice were placed
under similar conditions but in the absence of water.
These stress tests were repeated daily for 10 days, and,
during this time, both sets of mice were also exposed to
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Figure 3: Integrated
mechanisms underlying
the pathogenesis of IBS
Two translational studies
show how IBS symptoms
can arise following either

a peripheral (A) or central (B)
trigger. (A) Infectious enteritis
in a mouse model caused
increased intestinal
permeability and loss of oral
tolerance to the antigen
ovalbumin. Subsequent
exposure to ovalbumin caused
mast cell infiltration

and degranulation, resulting
in histamine H1 receptor-
dependent visceral
hypersensitivity. (B) Mice were
exposed to ovalbumin and
apsychological stressor:

the water avoidance stress
test. Repeated exposure

to ovalbumin 5 weeks later
without additional water
stress increased visceral
hypersensitivity through
amast celland

histamine H1 receptor-
dependent mechanism.

This figure was created using
BioRender.com. IBS=irritable
bowel syndrome.
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ovalbumin. Re-exposure to ovalbumin after 5 weeks
resulted in increased colonic and small intestinal pain
responses, but only in the mice exposed to ovalbumin
initially during water avoidance stress. Allergy to
ovalbumin was excluded as a cause. This pain response
was mediated by IgE and increased mast cell activation,
and re-exposure to ovalbumin evoked visceral hyper-
sensitivity only in mice previously exposed to water
avoidance stress. Administration of doxantrazole
normalised visceral hypersensitivity responses to colonic
distention in these mice. Pyrilamine administration
decreased ileal afferent nerve firing in response to
colonic distension in mice in the water avoidance stress
group re-exposed to ovalbumin compared with mice
treated with a control.

Together, these studies show how both peripheral and
central triggers can induce the same type 2 immune
responses to food antigens and increase visceral hyper-
sensitivity in the gut, although replication of findings in
human studies is needed. Nevertheless, these findings
reinforce the integrated role of peripheral gut and central
brain interactions in IBS, supporting the concept of IBS
as a DGBI. Clinically, this concept is further substantiated
by studies showing that patients with IBS can be
separated into distinct subgroups using combinations of
gastrointestinal and psychological symptom profiles,
although further research is needed to assess these
subgroups’ clinical relevance."

Conclusions
Despite the current absence of a biomarker for IBS,
research over the past decade has identified a wide range
of underlying pathophysiological abnormalities that could
be actioned as biomarkers or diagnostic tools in the future.
Clinically actionable biomarkers could help to identify
which mechanisms are most relevant to any individual
patient and enable more personalised, targeted treatment.
For some pathophysiological changes, such as bile acid
diarrhoea, good quality clinical tests already exist,
including scans to measure 7-day bile acid retention™
and serological or stool markers of bile acid metabolism."*

Search strategy and selection criteria

References for this Review were identified through searches
of PubMed with the search terms: “irritable bowel syndrome”,

nou "o

“gastrointestinal infection”, “gut microbiome”, “visceral
o m m

hypersensitivity”, “intestinal permeability”, “immune

activation”, “serotonin”, “gastrointestinal motility”, “bile acid

metabolism”, “carbohydrate metabolism”, “psychological
health”, and “central nervous system” from database
inception until Dec 31, 2025. Articles were also identified
through searches of the authors’ own files. Only papers
published in English were reviewed. The final reference list
was generated on the basis of originality and relevance to the

broad scope of this Review.

Moreover, these tests are accompanied by evidence-based
treatments, such as bile acid sequestrants™ and the
newer GLP-1 receptor agonists.”” However, in other
instances, such as evaluating for carbohydrate
malabsorption, clinical tests perform poorly.’ Instead,
patients must rely on empirical trials of dietary exclusion
and subjective assessment of clinical response as a
diagnostic test. This approach can undermine confidence
in the diagnosis of IBS because patients might perceive
that carbohydrate malabsorption has not been properly
excluded as cause for their symptoms. Screening for
psychological comorbidity in IBS might seem challenging
for gastroenterologists, but is achievable using validated
questionnaires.” Treatment of comorbid anxiety or
depression is important,** and brain—gut behavioural
therapies, such as cognitive behavioural therapy, are
effective in IBS.*

Although visceral sensitivity could be assessed using a
rectal barostat,” this invasive test is unlikely to change
clinical management. Neuromodulators, such as
amitriptyline, are effective for treating both abdominal
pain and global symptoms in IBS* and can be prescribed
empirically,’ with mechanisms of action that are likely
independent of the modulation of visceral hyper-
sensitivity alone.*”  Similarly, simple tests of
gastrointestinal transit, such as colonic radio-opaque
marker studies, are available.® However, stool form,
assessed using the Bristol Stool Form Scale, generally
correlates with measurements of colonic transit time,
especially for extremes of the stool form scale,**' and
drugs that affect transit are, therefore, often utilised
based on clinical symptoms alone.’ Indeed, this is the
approach taken in trials of these therapies. Drugs that
antagonise 5-HT3 receptors, such as alosetron, are
effective for diarrhoea,” and secretagogues, such as
linaclotide, can treat constipation."

Tests assessing gut microbiome composition are
increasingly available to patients through commercial
providers. However, concerns have been raised regarding
the lack of appropriate regulation and oversight,”® and
there is currently scarce evidence that the results of these
tests can be used to tailor treatment, including dietary
manipulation.” Therapies such as probiotics and faecal
microbiota transplantation have been evaluated in
IBS,"** but whether any beneficial effects are mediated
via the gut microbiome is often unclear. Findings are
inconsistent and many trials provide only low-quality
evidence, due to methodological flaws. Similarly,
intestinal permeability has gained popular traction in
IBS, with the concept of a so-called leaky gut being widely
promoted. However, this concept is based largely on
extrapolated conclusions from preclinical studies and a
small number of in vivo studies requiring replication,
and there are currently no validated clinical tests
available.” Regarding immune function, our under-
standing of the possible role of mast cells in IBS has
led to clinical trials of promising agents, such as
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histamine H1 receptor antagonists, for
abdominal pain and diarrhoea.”

Overall, more research is required to translate what is
known about the pathophysiology of IBS into clinically
validated tests to identify specific abnormalities that can
be targeted for treatment. Given the heterogenous nature
of IBS as a biopsychosocial disorder, this translation is
likely to remain a challenging and multifaceted problem.
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