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ABSTRACT

Irritable bowel syndrome is a common functional gastrointestinal disorder, and it has been shown
that the etiology of irritable bowel syndrome is a multifactorial complex of neurological, inflam-
matory, and immunological changes. There is growing evidence of low-grade chronic inflamma-
tion in irritable bowel patients. The peripheral action response of their intestinal immune factors is
integrated into the central nervous system, while the microbiota interacts with the brain-gut axis
contributing to the development of low-grade chronic inflammation. The objective of this review is
to present a discussion about the impact of immune-brain-gut axis-inflammation interactions on
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irritable bowel syndrome, its clinical relevance in the course of irritable bowel syndrome disease,

and possible therapeutic modalities.

Introduction

Irritable bowel syndrome (IBS) as a widespread
functional gastrointestinal condition marked with
prolonged periods of chronic abdominal pain or
discomfort as well as bowel habit alterations.'
Currently, the basis for the designation of IBS is
the Rome Diagnostic Criteria IV, pertaining to
repeated episodes of abnormal abdominal pain
averaging a minimum of about 3 days/week in the
past month accompanied by one or both of the
above: 1) associated to defecation; 2) related to
changes of stool counts; and 3) linked to changes
in fecal material presentation.>® IBS affects
approximately 9-16% with a somewhat elevated
prevalence among females and impacts substan-
tially on healthcare affordability and overall life
outcomes.” Clinically, currently, four distinct IBS
types are identified: constipated IBS (IBS-C), diar-
rheal IBS (IBS-D), mixed pattern constipated and
diarrheal IBS (IBS-M), and unclassified IBS.*
Despite its relatively high incidence, the under-
lying pathogenesis of IBS remains incompletely
clear.” The etiology may be pleiotropic including
identification with mucosal immunity, neurologic,

endocrine, microbial, and intestinal permeability
abnormalities.® IBS is conventionally thought of
as a component of the spectrum of what is known
as “cerebral intestinal disorders”.” Recent findings
suggest that low-grade inflammation and gut
microbiota dysbiosis are important factors in the
normal function of the brain-gut axis.®

The aim for the present review is to discuss what
role immune-center-brain-gut axis interactions
play in the disease process of irritable bowel syn-
drome, as well as their impact and clinical rele-
vance in the development of irritable bowel
syndrome disease. An improved appreciation of
the roles of all three in irritable bowel syndrome
disease will assist in furthering current therapeutic
approaches and the improvement of therapeutic
clinical efficacy in this refractory disease.

IBS and intestinal immunity

Increased immunity in the lamina propria

Intestinal immune cells can sense multiple envir-
onmental changes and activate to make an immune
response when the intestinal environment changes
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in IBS patients. The immune system of the lamina
propria of the intestine includes a variety of
immune cells, including MCs, dendritic cells
(DC), etc. Some external or internal factors can
cause these immune cells to produce an allergic
reaction, which in turn leads to an inflammatory
response.” Increased cells in the lamina propria of
IBS patients were found by colonoscopic biopsy."*
Further studies have shown a significant increase in
intestinal chromophores'' and MCs'? in the colo-
nic mucosa of IBS patients. Spiller et al."> com-
pared the results of lamina propria biopsies in IBS
patients with an increased number of lymphocytes
in the lamina propria and intraepithelial among the
subject group versus the healthy group.

MC is known to be multifunctional cells capable
of releasing and producing various inflammatory
mediators upon activation and are usually present
near neurons.'* MC density was increased in the
lamina propria compared to healthy controls."
Increased numbers of MC were found in the term-
inal ileum and rectosigmoid mucosa of IBS
patients.'> mucosal biopsies from IBS patients
released mediators, of which MC secretory pro-
ducts 5-HT, histamine and trypsin-like levels were
higher than in controls.'® Whereas MC mediators
excite injurious visceral sensory nerves in rats, MC
infiltration may be associated with visceral hyper-
sensitivity in IBS."” MCs also promote the prolif-
eration and polarization from B lymphocytes to
IgA-producing Plasma cells."®

Intrinsic dendritic cells (LPDC) are important
antigen-presenting agents found within the lamina
propria of the intestines and are now considered
essential for innate and acquired immunity."”
Studies of LPDCs in patients with IBS or inflam-
matory bowel disease (IBD) have shown that
LPDCs significantly elevate TNF-a secretion,
expression of microbial recognition receptors is
upregulated, and DCs produce more pathologically
relevant cytokines.”® Instead, DCs appear to
become activated and participate in the immune
response via generation of IL-10 producing CD4
(+) T cell proliferation.21

Enterochromatffin cells (EC) are specialized cells
in the gut that are capable of synthesizing and
liberating 5-hydroxytryptamine (5-HT) and ATP.
These substances can activate or modulate intest-
inal nerve reflexes, which convey signals related to

visceral/pain sensations.”* 5-HT is one of the most
important neurotransmitters in the etiology of IBS
because it affects peristalsis, nociception, visceral
inflammation, immune response, and brain activ-
ity, all of which comprise the pathology of IBS.*
A recent study using an animal model of maternal
isolation simulating early life stress showed that
maternal isolation-induced intestinal stem cell
expansion and its differentiation toward the secre-
tory lineage resulted in the proliferation of ECs,
enhanced 5-HT generation, and sensitization to
visceral nociception. This indicates that early life
stress-induced irritable bowel syndrome could be
connected with enhanced ECs-5-HT modeling. In
addition, ECs are closely associated with CRH,
MCs, neuronal and neuronal growth factors,
together with bile acids, which have been impli-
cated in the pathogenesis of IBS.**Cecum biopsies
taken from IBS patients revealed increased MC
density® and T cells activation,”® which is also
consistent with the hypothesis of an underlying
level of immunologic activation during the course
of IBS illness.

Toll-like receptors (TLRs) are a family of
pathogen recognition receptors of the innate
immune system and a bridge between nonspeci-
fic and specific immunity.>” Visceral hypersensi-
tivity and compromised intestinal barrier have
a major role in the pathophysiology of IBS.
TLR4 is a key molecule in pattern recognition
of the innate immune system.”® In animal model
studies, these changes are known to be mediated
through the pro-adrenocorticotropic hormone-
releasing factor-TLR-pro-inflammatory cytokine
signaling pathway.”” Data indicate that periph-
eral cytokine levels and TLRs are elevated in IBS
sufferers, demonstrating that some immune dys-
regulation exists in IBS patients.” The IBS-M
subgroup showed significant upregulation by
TLR2 with TLR4 within the colonic mucosa.*
Brint and colleagues’’ studied TLR expression
from colonic biopsy samples acquired by 26 IBS
sufferers in comparison to 19 health subjects, and
the results supported the presence of immune
activation in the colon of IBS patients. The
study suggests that environmental alterations
lead to immune cell activation in the intestine
and cause inflammatory responses, but the direct
factors that ultimately lead to damage to the



intestinal immune system need to be further
explored.

Increased intestinal mucosal permeability

The intestinal epithelial barrier is one of the largest
interfaces between the environment and the body’s
internal environment. There is growing evidence
that ecological dysregulation, immune activation
and intestinal epithelial barrier dysfunction are
manifested in a variety of diseases. Disruption of
the epithelial barrier may also be involved in the
production of persistent abdominal pain and
discomfort.** Impaired intestinal epithelial barrier
function is a marker for a variety of pathological
conditions including inflammatory enteropathy
and IBS.”

Intestinal permeability can be increased by
physiological effects on luminal nutrients or
pathologically by a combination of immune cells
and cytokines in the mucosa, the enteric nervous
system, and disease-causing factors.>* MC dys-
function can lead to altered intestinal function
and soreness because it also disrupts epithelial
barrier function, thereby altering mucosal perme-
ability. Manufacturers of MCs can be involved in
hypersensitivity reactions and permeability
defects in IBS-D.>> Ewa and colleagues®® Studies
have shown low levels of E-calmodulin, which is
a closely linked component of the protein
involved in the regulation of paracellular perme-
ability, in the colonic mucosa of patients with
IBS, mainly in the form of diarrhea or alternating
symptoms. These findings correspond to the
symptoms of IBS-D and allow us to add to the
improved understanding of epithelial barrier
damage related to IBS. Increasing evidence sug-
gests that at least a proportion of patients with
IBS have an impaired epithelial barrier related to
low-level immune activation and intestinal
malfunction.”” Zhou et al.’® evaluated intestinal
membrane permeability in 54 IBS-D patients and
22 healthy controls. About 39% have elevated
permeability of the intestinal membrane in IBS-
D sufferers. In rectal biopsy experiments using
horseradish peroxidase to assess 16 IBS-D
patients and 7 normal subjects, the number of
mucosal MCs and permeability were significantly
increased in the IBS-D group compared to the
control group. It was shown that the number of
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mucosal MCs was positively correlated with
intestinal permeability and that mucosal MCs
play an important role in the increased intestinal
permeability in IBS-D patients.”” Mujagic et al.*’
experiment included 37 patients with distinct
characteristics of various types of IBS and differ-
ent parts of the gastrointestinal tract in terms of
intestinal permeability in otherwise healthy sub-
jects. Small bowel permeability was increased in
IBS-D patients compared to healthy subjects in
controls, independent of confounding factors.

Most patients with IBS have a visceral hypersen-
sitivity reaction that could lead to pain in the abdo-
men. MC malfunction may as well destroy the
epithelial barrier functionality, thus altering the
mucociliary permeability and possibly causing func-
tional and painful changes in the intestine.’
Clinical evaluation and jejunal biopsies were per-
formed in IBS-D patients and healthy subjects, and
jejunal mucosa in IBS-D patients showed MC acti-
vation and disruption of the integrity of the apical
junction complex associated with clinical manifesta-
tions, findings that provide evidence of intestinal
epithelial barrier damage in IBS-D.*! IBS-D is dis-
tinguished with the abdominal distress or diarrhea
and the change in defecation habits, associated with
excessive intestinal permeability.** MicroRNA
(miRNA) is implicated and involved in the modula-
tion for intestinal permeability of IBS-D. Eight
upregulated and 18 downregulated miRNAs were
identified in a rat model of IBS-D. Among them,
miR-144 was significantly upregulated, and upregu-
lation of miR-144 promotes intestinal hyperperme-
ability and impairs the protective effect of the
epithelial barrier, which may be a new target for
the treatment of IBS-D.*’ Xu et al.** had 28 patients
with IBS-D and 12 healthy controls. Patients exhib-
ited increased psychiatric symptoms, greater visc-
eral hypersensitivity and intestinal barrier
dysfunction. The data showed significant elevation
of nerve growth factor gene expressed, MC count as
well as sensory nerve fibers in the patients. Elevated
mucosal nerve growth factor might interplay
between MCs and sensory nerve fibers, leading to
visceral hypersensitivity responses in IBS-D patients
with compromised intestinal barrier function.
Interestingly, increased intestinal permeability con-
tributes to inflammation, and increased inflamma-
tion further enhances intestinal permeability.
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Dysbiosis of microbiome ecology
The gut microbiome represents a diverse ecosystem
that influences proper physiological function and
predisposition to disease by its metabolic activity
and collective effects on the host.*” The gut micro-
biome has a significant impact on antimicrobial,
immune and metabolic activities as an essential com-
ponent of the human body.* The intactness observed
for the intestinal barrier is primarily due to the exis-
tence of a well-established interaction among the gut
microbiome, mucosal lining, host cells, the immuno-
logical defense system as well as the intestinal vasal
barrier, which involves a complex network of two-
way interactions and the control of inflammatory
processes. It is essential for the maintenance of intest-
inal homeostasis.*’Systemic chronic inflammation
induced by the intestinal microbiota mainly refers to
excessive intestinal inflammation caused by immune
dysregulation of the intestinal mucosa, exacerbated
by the creation or disruption of the intestinal barrier
interface, which triggers various common chronic
diseases along its diffusion pathway.*®

Disturbances to the homeostasis of the enteric
microbiome compromise the intestinal mucosal
barrier from which immunity is reduced, and per-
turbations to the structure of complex commensal
communities can lead to inadequate education of
the host immune system and subsequent immune-
mediated disease.*” The overgrowth of small intest-
inal bacteria features unusually high numbers of
bacteria in the small intestine, which is considered
to be an important positive sign in patients with
IBS.”® The fecal microbiota of patients meeting the
Rome criteria were measured against control reci-
pients who were age and sex marked. Quantitative
alterations of the gastrointestinal microbiota in IBS
patients were found by assay comparison.”’
Bacterial commensals in the intestine, including
the cell surface lipopolysaccharides of the cell wall
components of Gram bacteria, can serve as poten-
tial ligands for TLRs, and the TLR5 receptor is able
to detect flagellin.,”* suggesting that changes in the
small intestinal microbiome of IBS patients can
affect immune activation. Altered immune activa-
tion in response to a dysregulated microbiota may
promote intestinal inflammation in a subset of IBS
patients.”®> During the development process in the
central nervous system, the production of neurons
is influenced from various environmental factors.

Intestinal microbiome has an essential part to reg-
ulate and guide the neural development of the
central nervous system.54

These changes could explain some of the symp-
toms of IBS, including visceral hypersensitivity,
effects of gut microbes on the host immune system
and intestinal barrier function, and the brain-gut
axis (Figure 1).

IBS and low-grade inflammation

Clinical observation

Recently, the issue of low-grade inflammation or
immune activation and the ecological dysregula-
tion that may trigger or exacerbate IBS has been
raised.”” The importance of low-grade inflamma-
tion for the progression of IBS is now supported
and confirmed by observations.

In a subgroup with IBS, elevated innate immune
activation was observed both in the intestinal
mucosa and the blood. The hallmark of the disease
is intestinal leakage, the pathology where the intest-
inal integrity of the intestinal blood barrier is
impaired, allowing intestinal fluids (such as the
immune cells and microbiota) into the circulation,
resulting in low-grade generalized systemic
inflammation.” Flagellin, a major structural com-
ponent of the bacterial flagellum, was shown to
activate innate and adaptive immunity in patients
with inflammatory bowel disease, with significantly
higher flagellin antibodies in the IBS group com-
pared to the normal healthy group in 112 IBS
sufferers and 43 healthy control experiments.”®
Guven et al.”” compared 107 IBS patients with
107 controls, the IBS group had higher platelet
and neutrophil counts were higher and lymphocyte
counts were lower in the IBS group. The results
suggest that patients with IBS have a higher index
of systemic immune inflammation.

The generation of pathophysiological mechan-
isms of IBS may be associated with abnormal acti-
vation and a disturbed state of intestinal immune
function.”® The results of the study showed an
association between patients with typical IBS
symptoms and increased immune cells in the
lamina propria of the colonic mucosa compared
to healthy controls.'” Interestingly, the persistence
of mucosal inflammation, increased recruitment of
enteroendocrine cells, increased mast cell(MC)
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Figure 1. The presence of intestinal immune activation in irritable bowel syndrome. In the intestinal tissues of the Irritable Bowel
Syndrome, impaired intestinal mucosal barrier due to dysbiosis may activate a pro-inflammatory dendritic cell phenotype that
stimulates an immune response by T-cell B cells and increases cell permeability. DC, dendritic cell; EC, enterophilic cell; IL-17A,
interleukin 17A; INF-y, tumor necrosis factor-y; IgA, immunoglobulin A; MC, mast cell; TNF-a, tumor necrosis factor-a; 5-HT,

5-hydroxytryptamine.

density, and intestinal activity in IBS patients high-
lighted in the experimental results may be asso-
ciated with symptoms of visceral hypersensitivity
reactions. In recent studies, there is increasing evi-
dence of T cell-mediated hypo-inflammation in the
intestinal mucosa of post-infectious irritable bowel
syndrome (PI-IBS).>® As demonstrated by the dis-
ease progression in patients with PI-IBS, the infec-
tion may lead to generalized inflammation and
alter the diversity of the microbiome, instead
potentially perpetuating a cycle of permanent, low-
grade, and subclinical infections.®® Also, the activa-
tion of immunity could account for the dominance
of women and fluctuating immunological activa-
tion, leading to changes in symptoms over time.®’

By analyzing the retrieved studies, patients
with IBS were observed to have a higher fre-
quency of activation of immunity compared to
healthy subjects, with increased numbers of
MCs in IBS patients and lymphocytes, altered
levels of cytokines, and increased permeability

of the intestine.®” An increase in intestinal
mucosal and blood-innate immune activity
was also observed in the IBS subgroup of
subjects.” Cermon et al.°> compared 48 IBS
patients, 12 patients with colitis, 20 patients
with ulcerative colitis, and 24 healthy controls
for intestinal immune cells, and IBS patients
had significantly increased mucosal immune
cells. Further analysis showed that increased
immune cells were present in 50% of IBS
patients. Immune cells such as T cells and
MCs were increased in IBS patients compared
to controls. Shulman et al.®* measured fecal B-
defensin-72 in children with IBS and healthy
controls, and children with IBS had higher (-
defensin-2 concentrations than the healthy
group. Elevated fecal P-defensin-2 values of
children with IBS suggest innate immune sys-
tem activation with increased intestinal perme-
ability in some patients, and these changes
appear to be associated with symptoms of IBS
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associated with abdominal distress. Together,
they suggest the presence of intestinal immune
system activation in IBS patients.

Inflammatory signals transmitted through the
brain-intestine axis

Clinical evidence suggests that mental disorders are
important factors in the development and progres-
sion of irritable bowel syndrome, a disease with
multiple causative factors.'"> Early life stress
( ELS) is one of the most common factors in
the deterioration of IBS patients.”* This stress
may come from family, work or other social envir-
onments, or it may be caused by individual person-
ality factors. The psychological and physical
development of children and adolescents exposed
to ELS can have serious consequences. The litera-
ture shows that important brain structures are
formed in early childhood and adolescence and
that the negative effects of traumatic events are
long-lasting and can persist throughout a child’s
life.>> A study of infants with social and family
problems found that their cortisol awakening
response was higher than that of infants without
social and family problems.®® A study of the effects
of early childhood trauma on HPA axis reactivity
in patients with IBS found that patients who had an
early adverse life event had significantly higher
levels of cortisol in their saliva. This suggests that
early childhood trauma can have an impact on IBS
patients, which also provides important informa-
tion for studying the relationship between early
childhood trauma and IBS, the researchers said.®”’
High levels of cortisol can cause damage to the
hippocampus, as demonstrated in those with
a history of emotional neglect at an early age.
Compared to patients without a history of emo-
tional neglect, white matter in the left hippocampus
is reduced.®® The hippocampus possesses more
glucocorticoid receptors than any other organ and
is now recognized as an important site for the
regulation of glucocorticoid synthesis. Stress in
childhood has been shown to cause irreversible
changes in hypothalamic axons that lead to anxiety
in adulthood; dysfunction of the HPA axis may be
due to an imbalance between glucocorticoid and
mineralocorticoid receptors. Studies on the HPA
axis in patients with IBS have shown decreased
plasma cortisol concentrations, decreased cortisol

responses to adrenocorticotropic hormone, and
increased vagal responses to rectal distention.®
The cell bodies of vagal afferent fibers are found
in the nodal ganglia and project to solitary bundle
nuclei in the brainstem, where they receive mes-
sages before sending them to higher-order cerebral
areas. The hypothalamic-pituitary-adrenal (HPA)
axis is activated and neuronal circuits involved in
abnormal behavior are activated when vagal affer-
ent fibers are stimulated by inflammation.”®
Through the vagal descending pathway of the dor-
sal motor nucleus of the vagus nerve, intestinal
inflammation is centrally regulated. Enteric neu-
rons are stimulated by cholinergic vagal efferent
fibers, which also prevent macrophages from
releasing inflammatory cytokines.”' Local activa-
tion of neurons due to inflammation leads to the
release of neuropeptides, which also play an impor-
tant immunomodulatory role by stimulating
immune cells.”” Despite the fact that mucosal
macrophages are close to vagal nerve terminals, it
is not apparent if vagal stimulation directly modi-
fies intestinal immune cells or whether messages
must first go indirectly through enteric neurons,
glial cells, or intestinal epithelial cells.
Inflammation leads to the local activation of
neurons resulting in the release of neuropeptides,
which also play an important immunomodulatory
role by stimulating immune cells. The intestinal
epithelial enteroendocrine cells located throughout
the intestinal epithelium are key regulators of coor-
dinated communicating agents operating alongside
the brain-gut-microbiome axis. Intestinal endo-
crine cells sense changes in luminal microorgan-
isms through microbial inclusions; at the same
time, the cells correspond to the host system
through neuroendocrine molecules.”> Neurons
and glial cells of the intestinal nervous system are
involved with immunity in the gut, and besides
providing support to intestinal neurons, the glial
protects the intestinal barrier through secretion of
RET receptor for ligands, which provoke type 3
natural lymphocyte-dependent production of
interleukin 2.”* There is growing evidence that
eosinophils are key neuroimmune players in the
regulation of gastrointestinal function and that
eosinophil-neuron interactions are facilitated by
chemotactic and adhesion molecules.”” The pre-
sence of mucosal eosinophilia and eosinophil



activation has been identified in IBS.”® When acti-
vated, eosinophils release a variety of cytotoxic
substances and immunomodulatory cytokines,
leading to local inflammation and tissue damage.””

Gut immune cells themselves directly regulate
the regulation of neuroimmunity and the brain’s
response to inflammation, in addition to the endo-
crine signaling of immune factors via the gut-brain
axis. To control the exchange of gut microbes, gut
antigens stimulate the differentiation of B cells into
immunoglobulin A (IgA)-secreting plasma cells. In
autoimmune neurological diseases, massive migra-
tion of gut IgA+ macrophages into the brain and
medulla attenuates neuroinflammation in an inter-
leukin-10 (IL-10)-dependent manner.”® These
tindings may open new avenues for the treatment
of neuroimmune diseases by using intestinal anti-
gens to promote IgA+ B cell production and facil-
itate neuroimmune suppression.79

The central nervous system can also regulate the
composition and homeostasis of the gut microbial
community (mainly Gram-negative bacteria)
through the stress system (autonomic nervous sys-
tem locus, HPA axis).®® Differences in the total
abundance of specific bacterial taxa were observed
in patients with PTSD compared to trauma-
exposed controls.®’ Evidence for the interactions
between the microbiota and the brain-gut axis in
clinical practice comes from the correlation
between ecological dysregulation and functional
gastrointestinal illnesses and central neurological
disorders, such as autism and anxiety-depressive
behaviors.*” The composition of the microbiota of
the human body changes dynamically during the
life cycle, forming a close relationship with organ-
isms from the earliest stages of life. Thus, the devel-
opment of the gut microbiota occurs in parallel
with the central nervous system, with rapid and
profound developmental changes during infancy,
childhood and adolescence. Disturbances in the gut
microbiota early in life can affect neurodevelop-
ment and may lead to unfavorable morbidity in
adulthood.®” For example, neonatal adversity
increases the likelihood of functional gastrointest-
inal disorders in adulthood.**

In recent years, brain-gut-brain interactions
have been recognized as a theoretical model for
the pathogenesis of functional gastrointestinal dis-
orders such as IBS and have become an important
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part of clinical research. Generally, the relationship
between the center and the small intestine is bidir-
ectional, especially when the balance in the body is
disrupted. Currently, national and international
studies agree that there are two main pathogenic
mechanisms of IBS: central (top-down) and per-
ipheral (bottom-up). Notably, much of the litera-
ture suggests that the brain-gut axis may be affected
by several stressors at the same time, i.e., the brain-
gut axis may be affected by both central (external
stress) and intestinal (internal stress), which leads
to the onset and exacerbation of IBS. However, the
question of which mechanism comes first is as
unanswered as the question of “which came first,
the chicken or the egg”, and needs to be explored in
the future.

Inflammatory susceptibility and HPA axis reactive
damage
IBS pathogenesis is often associated with negative
emotions, and stress is thought to be an underlying
process. Although the pathophysiological basis is
not fully understood, data consistently show that
inflammatory mediators and HPA axis activation
play a key role in stress-induced disease. An
enhanced stress response is considered an under-
lying cause in terms of the IBS pathophysiology,
mainly in terms of changes in the HPA axis and the
function of the sympathetic nervous system. These
two systems can regulate mucosal immunity.®
Stress triggers activation of the hypothalamic-
pituitary axis and the autonomic nervous system
with increased cortisol levels and pro-
inflammatory cytokines, while stress leads to
alterations in the HPA axis and systemic release
of gut-derived inflammatory factors can alter the
integrity of the blood-brain barrier and lead to
developmental defects in the brain, in addition,
inflammation-induced HPA axis activity can trig-
ger the systemic release of glucocorticoids, which
can alter gut function.®

The HPA axis activity represents by far the main
emanative body fluid axis recorded for the gut-
brain axis, where peripheral responses to environ-
mental stressors or gut Inflammation become con-
solidated within the central nervous system as well
as provoking the HPA axis, that mediates adrenal
glands to deliver glucocorticoids. This powerful
stress-inducing hormone can restore homeostasis
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or promote gastrointestinal dysfunction in vivo by
modulating intestinal immune cell activity, gut
function and microbial composition.®” Stress-
induced dysbiosis can in turn trigger intestinal
inflammation through helper T cell 17-dependent
release of IL-17A, which contributes to feedfor-
ward activation of the stress response.*® The gut
microbiome is also involved in the regulation of the
HPA axis during homeostasis, as microbiota defi-
ciency exacerbates the HPA axis in response to
moderate stress.®’”

Recently, experimental data have shown
a critical role of stress in damaging the blood-
brain barrier, thereby activating the HPA axis of
peripheral immune stimulation and inducing pro-
inflammatory cytokine gene expression in the
hypothalamus.®” Also, stress increases intestinal
permeability through pro-adrenocorticotropic hor-
mone-releasing hormone (CRH)-mediated MC
activation.”® CRH administration has been shown
to exacerbate visceral pain hypersensitivity in IBS
patients.”’ CRH receptor-1 antagonists signifi-
cantly prevented the increase in intestinal sensitiv-
ity in rats.”> De-inhibition of the hypothalamic

Table 1. Modern treatments for IBS.

paraventricular nucleus projecting GABAergic
neurons in the ventral anterior region of the bed
nucleus contributes to the excitation of CRH neu-
rons, which mediates visceral hypersensitivity
responses.”>”* Autonomic nervous system func-
tion and neuroimmune axis show specific features
among IBS sufferers.”® However, additional studies
are required to verify a variable relationship
between HPA axis reactive damage and IBS
inflammation.

Modern treatment progress

Currently there is a lack of effective treatment for
IBS, and the clinical approach is based on symptom
reduction.”> An international study found that
patients gave up 25% of their remaining life expec-
tancy (an average of 15 years) in order to receive
treatment to relieve their symptoms, and 14% had
a 1 in 1,000 chance of dying.”® Current treatments
for irritable bowel syndrome include lifestyle
changes, dietary modifications, probiotics, and
medications to improve sensation and homeostasis
in people with irritable bowel syndrome. This

Type of treatment Concrete method Effect References
Medicines rifaximin 2 weeks of treatment provides significant relief from IBS symptoms, bloating, 7
abdominal pain and loose or watery stools
loperamide For first-line treatment of IBS-D diarrhea %
Bile acid sequestrants Improves stool consistency and reduces bowel movement frequency %
antispasmodic It is very effective for abdominal pain in patients with IBS, but can lead to 100
more adverse effects such as dry mouth, vertigo, and constipation
peppermint oil Superior to placebo in the treatment of IBS, but adverse events are more 101
frequent and the quality of evidence is very low
antidepressant Antidepressant medications provide better relief for IBS. However, there are 102
limitations in the information, so estimates of efficacy may be
overestimated
pregabalin In patients with allergic IBS, it can significantly increase their rectal sensory 103
threshold to a dilated state
Diet FODMAP diet Effective for many patients, but not for all due to complexity of operation 104-106
Increased Dietary Fiber The clinical symptoms of IBS were only marginally improved and the beneficial 107
effects were limited to psyllium seeds, while bran had no significant effect on
them
Gluten-free Diet (GFD) GFD was associated with overall symptom improvement compared with 108
controls, but there was insufficient evidence to confirm that GFD improved
IBS symptoms
Gut microbiota probiotics Reduces pain and symptom severity scores 109,110
Synergistic combination of prebiotics  Beneficial for overall IBS symptoms and abdominal pain, but unable to draw ~ ''"''?
and probiotics (called synbiotics) definitive conclusions about its efficacy
Fecal microbiota transplantation Recommended for the treatment of recurrent C. difficile infections 113-116
accompanying IBD, but very time-consuming and labor-intensive
complementary hypnotherapy Applications are limited by considerable cost and long duration as well as 1718
alternative adverse patient and clinician restrictions
therapy acupuncture It may be possible to improve intestinal motility and visceral sensitivity to IBS 1197123

Psychotherapeutic
Approaches

cognitive behavioral therapy (CBT)

treatment by modulating brain gut peptide levels in the central nervous
system, intestines, and blood. However, the reasons for the effectiveness of
acupuncture treatment still need to be further explored

Patients with IBS develop positive clinical symptoms after treatment, which
may be related to their brain network function, altered structural
connectivity, and altered gut microbiome. However, there is a lack of
reference for evaluating microbiome persistence and neuroanatomical
alterations in CBT-responsive populations
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Figure 2. Inflammation, immunity and HPA axis in IBS. The inflammatory, immune and HAP axes interact with each other in IBS
disease. Peripheral responses to environmental stressors or intestinal inflammation are integrated in the central nervous system,
triggering the HPA axis. The HPA axis coordinates the release of glucocorticoids from the adrenal glands to promote gastrointestinal
dysfunction. Activation of intestinal immune cells may disrupt epithelial barrier function, thereby altering mucosal permeability and
potentially leading to intestinal inflammation. Intestinal inflammation in turn enhances intestinal mucosal permeability. Increased
intestinal immune response through CRH-mediated mast cell activation. Intestinal immunity drives neuroimmune activation.

article summarizes current treatments for irritable
bowel syndrome, focusing on medications, dietary
modifications, probiotics, and other alternative
therapies. (Table 1) Despite recent advances, cur-
rent treatments still do not respond well to all the
changes caused by irritable bowel syndrome. There
is a need to develop new therapies that can alleviate
the suffering of people with irritable bowel syn-
drome without causing deleterious central effects
or other adverse effects.

Conclusion

In the last few years, it has been demonstrated that
altered gastrointestinal environment, persistent
low-grade inflammation, and abnormal neuro-
immune interactions have a significant part to per-
form in the IBS pathophysiology. The research
focus has also gradually shifted toward immune
activation and gut ecological dysregulation. The
triad of altered immune cell activation in the intest-
inal environment, intestinal flora, and neuroim-
mune interactions contribute to the development
of low-grade chronic inflammation (Figure 2).

Although there is growing evidence of low-grade
chronic inflammation in patients with irritable
bowel, it remains uncertain which triggers ulti-
mately disrupt the intestinal immune system.
Many other mechanisms can also lead to immune
activation. The effects of stress on the HPA axis, as
well as alterations in intestinal permeability or
interactions with the immune system in response
to food intolerance, require further investigation.
The current clinical is the difficulty in identifying
and describing subgroups of patients with the same
pathophysiological mechanisms, leading to diffi-
culties in the design and improvement of therapeu-
tic regimens.

In summary, IBS is a multifactorial complex of
immunological, microbiota, and gut-brain axis sig-
naling changes, and the results of various experi-
ments provide compelling evidence that this is
indeed the case. This article provides a framework
for advancing the concept of IBS as an immune-
brain-gut axis-microbial disease to further our
understanding of this disorder. It is believed that
the shortcomings of current clinical treatment
options will be addressed in the future.
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