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Introduction

Abstract

Functional gastrointestinal disorders (FGIDs), currently known as disorders of gut—
brain interaction, are emerging microbiota—gut-brain abnormalities that are prevalent
worldwide. The pathogenesis of FGIDs is heterogeneous and is intertwined with gut
microbiota and its derived molecule-modulated mechanisms, including gut
dysmotility, visceral hypersensitivity, gut immune abnormalities, abnormal secretion,
and impaired barrier function. There has been phenomenal progress in understanding
the role of gut microbiota in FGIDs by underpinning the species alternations between
healthy and pathological conditions such as FGIDs. However, the precise gut micro-
biota-directed cellular and molecular pathogeneses of FGIDs are yet enigmatic. Deter-
mining the mechanistic link between the gut microbiota and gastrointestinal
(GI) diseases has been difficult due to (i) the lack of robust animal models imitating
the various aspects of human FGID pathophysiology; (ii) the absence of longitudinal
human and/or animal studies to unveil the interaction of the gut microbiota with
FGID-relevant pathogenesis; (iii) uncertainty about connections between human and
animal studies; and (iv) insufficient data supporting a holistic view of disease-specific
pathophysiological changes in FGID patients. These unidentified gaps open possibili-
ties to explore pathological mechanisms directed through gut microbiota dysbiosis in
FGIDs. The current treatment options for dysbiotic gut microbiota are limited; dietary
interventions, antibiotics, probiotics, and fecal microbiota transplantation are the
front-line clinical options. Here, we review the contribution of gut microbiota and its
derived molecules in gut homeostasis and explore the possible pathophysiological
mechanisms involved in FGIDs leading to potential therapeutics options.

FGIDs would be a holistic view of the patients’ genetic predispo-
sition, epigenetics, brain connectome, enteric nervous system

Functional gastrointestinal disorders (FGIDs), currently known
as disorders of gut-brain interaction, including irritable bowel
syndrome (IBS) and functional dyspepsia (FD), are common con-
ditions in clinical practice and community.! The prevalence of
FGIDs is approximately 40% in the world based on a recent sur-
vey using the Rome IV diagnostic criteria.> The spectrum of
FGID symptoms includes abdominal pain/burning, bloating, nau-
sea, fullness, vomiting, and altered bowel habit.® The pathophysi-
ology of FGIDs is complex, but mounting studies indicate that
gut microbiota plays a central role in the development of FGID
and modulation of the symptoms.* Understanding of the patho-
genesis of FGIDs is evolving with the elucidation of pathophysi-
ological mechanisms at the cellular and molecular levels.>® Not
long ago, “functional” conditions, such as FGIDs, were
explained as idiopathic, and the patients were suspected by phy-
sicians and researchers to be neurotic and/or healthy subjects
with an imaginary illness.” By far, with enhanced pathophysio-
logical knowledge, the best approach to examining patients with

(ENS), lifestyle and environmental factors, and their interface
with gut microbiota.®°

Gut microbiota changes quite rapidly in humans because
of variations in diets, medication, mode of birth, age, gender, and
psychological state.'® The pathogenic potentials of gut micro-
biota have been well documented as up to 10% of IBS patients
had gastroenteritis followed by gut microbiota dysbiosis,
resulting in the development of IBS (postinfection IBS)."" The
advent of modern technology broadened our understanding of
the gut microbiome.'? Next-generation sequencing has expanded
our knowledge of characterizing gut microbial alternations using
culture-independent techniques and functional changes in patients
with FGID, although the findings between studies are
inconsistent.’*™'> Notably, the most convincing evidence of the
role of microbiota comes from the findings of alterations in gut
transit, intestinal barrier function, and visceral sensation observed
in germ-free (GF) mice after fecal microbiota transplantation
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(FMT) from patients with FGIDs.!>!* Extensive research iden-
tifies a knowledge gap regarding whether gut microbiota
dysbiosis is a cause or consequence of gut diseases. However, to
ensure significant progress and to effectively incorporate gut
microbiome science in the clinic, robust longitudinal studies in
humans and animal models are warranted to underpin the precise
functional roles of microbiota and its derived molecules that link
to the specific pathophysiological mechanisms of FGIDs.

This review aims to assess the impacts of gut microbiota
and its derived molecules on the pathophysiological mechanisms
of FGIDs, including gastrointestinal (GI) dysmotility, impaired
barrier dysfunction, GI immune dysfunction, and visceral hyper-
sensitivity. Besides, we summarize the potential therapeutic strat-
egies for gut microbiota dysbiosis in FGIDs, highlighting the
gaps and areas for further explorations.

Pathophysiological mechanisms of
FGIDs with special emphasis on gut
microbiota dysbiosis

The human gut is home to a heterogeneous microbial system ter-
med the gut microbiome, mediating a wide array of biochemical
transformations that modulate host physiology and pathophysiol-
ogy (Fig. 1).” Disruption of gut microbial equilibrium can trigger
mucosal immune activation, leading to breach in the epithelial
barrier, which further results in visceral hypersensitivity and gut
motility abnormalities, which are the hallmarks of FGIDs, rein-
forcing intestinal barrier dysfunction as the core pathophysiol-
ogy.!'® Currently, the majority of gut microbiota-mediated
mechanistic studies related to FGIDs have been performed using
animal models.'>'” The implications of the animal studies enable
us to extend the understanding of the crosstalk between the gut
microbiota and the underlying pathogenies implicated in FGIDs.

Gut microbiota dysbiosis is an emerging patho-
physiology of FGIDs. Gut microbiota alterations in the
small bowel and colon have been evidenced extensively in
patients with FGIDs (Fig. 2).'* Several studies showed that the
gut microbiota profile of IBS patients significantly differs from
that of healthy subjects. A recent meta-analysis showed that IBS
patients presented higher levels of pathogenic bacteria of the gen-
era Enterobacter and lower commensal bacteria of the genera
Bifidobacterium and Lactobacillus compared with the healthy
controls.'® A microbiome signature from patients with IBS was
found to be decrease in microbial diversity, and the severity of
the symptoms was associated with Clostridiales species and/or
methanogenic microbes.'® Another study demonstrated the over-
representation of Methanobravibacter smithii in fecal samples
from patients with functional constipation, and constipation-pre-
dominant IBS (IBS-C).!*?° One study showed an increased ratio
of Firmicutes to Bacteroidetes, increased Streptococcus and
Ruminococcus, and decreased Lactobacillus and Bifidobacterium
species in patients with IBS.?!

Gut microbiota alterations in the small bowel include an
increase in small intestinal bacteria on quantitative culture (2105
colony-forming units/mL of jejunal aspirate), defined as small
intestinal bacterial overgrowth (SIBO), and low-grade SIBO
(=10° but <10’ colony-forming units/mL of jejunal aspirate),
which have clinical significance.””* Several studies found a
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strong association between the IBS and SIBO. A meta-analysis
showed a higher relative risk of the SIBO among IBS patients
compared with controls.>> A recent study on patients presenting
with bloating, abdominal pain, or diarrhea, thought to be suffer-
ing from SIBO, found alterations in small intestinal microbial
composition.?® Another study showed a significant reduction of
the anaerobic genera Veillonella, Prevotella, and Actinomyces in
the duodenal mucosal biopsies from patients with FD compared
with healthy controls.?” One study demonstrated the absence of
Acidobacteria and an increased ratio of Bacteroidetes to Prote-
obacteria in gastric fluid samples from FD patients.”®> However,
skepticism about gut microbiota dysbiosis causing IBS still con-
tinues, partly because what constitutes a healthy microbiome is
unclear. Taken together, this breakthrough evidence indicates that
gut microbiota alteration is a common finding in FGIDs and has
provided the impetus to whether reforming the gut microbiota
composition might be a potential treatment for FGIDs.

Gut microbiota alterations modulating gut motil-
ity. Abnormal GI muscular movements driving fast or delayed
gut transit is a major pathophysiological mechanism of FGIDs.'?
Alterations in gut microbiota due to GI hypomotility can further
perpetuate GI dysmotility resulting from gut dysbiosis.16 Gut
microbes could alter gut transit; similarly, an irregular gut transit
could modify the spatial organization and proportion of the
microbiome by creating a luminal microenvironment for the
growth of specific bacterial taxa or by affecting bacterial coloni-
zation.'? Patients with IBS-C tend to present slow gut motility,
while patients with diarrhea-predominant IBS (IBS-D) have rela-
tively faster motility.'> One proof-of-concept study demonstrated
that GF mice colonized with the fecal samples from IBS-D
patients had accelerated gut transit, impaired intestinal barrier
function, gut immune dysfunction, and increased anxiety levels
compared to those colonized with fecal samples from healthy
controls.'* Another proof-of-concept study showed that GF mice
colonized with the fecal samples from patients with IBS-C had
slowed gut transit, upregulated 5-HT transporter, and reduced
serotonin (5-hydroxytryptamine, 5-HT) levels in the colonic
biopsy, which were supported by decreased relative abundance
of gut microbiota such as Firmicutes and increased
Bacteroidetes.**' These findings support the potential regula-
tory functions of gut microbiota dysbiosis in gut motility.

Gut microbiota-derived molecules and gut motility. In
addition, several studies showed that gut microbiota-derived mol-
ecules directly regulate gut motility (Fig. 1). These molecules
relay signals modulating the function of targeted host cells and
subsequently alter the GI functions (Table 1).

Short-chain fatty acids. Short-chain fatty acids (SCFAs) are
primary metabolites produced from gut microbial dietary fiber
fermentation. SCFAs, particularly butyrate, acetate, and propio-
nate, are versatile molecules modulating host physiology through
various mechanisms, including interactions via specific G-pro-
tein-coupled receptors.*> SCFAs affect GI physiology, including
contractility, visceral sensation, secretion, and intestinal barrier
integrity (Figs 1,2).*> These effects suggest considering the
dynamic functions in FGIDs based on microbial activity.***
One study demonstrated that antibiotic-treated mice colonized
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with fecal samples of patients with slow-transit constipation had
altered SCFAs profiles and delayed gut transit.*® The authors fur-
ther showed that butyrate supplementation reversed the delayed
gut motility in mice colonized with fecal samples of patients with
slow-transit constipation (Table 1).% A recent meta-analysis
compared the differences in SCFAs in patients with IBS and
found that butyrate and propionate were decreased in patients
with IBS-C, whereas butyrate was increased in patients with
IBS-D compared to healthy controls.>*> One study showed
increased gene expression of tryptophan hydroxylase 1 (Tphl)
and serotonin production in colon biopsy through stimulation of
enterochromaffin (EC) cells, a specialized subtype of enter-
oendocrine cells, via butyrate.*” Taken together, these findings
support the fact that SCFAs regulate gut motility.

Serotonin and tryptamine. A study reported that indigenous
spore-forming bacteria from human and mouse promote biosyn-
thesis of serotonin from colonic mucosal EC cells.*® The host as
well as the microbes appear benefit from serotonin signaling. A
state-of-the-art study suggested that increased levels of gut

luminal serotonin increased the relative abundance of spore-for-
ming members of the gut microbiota. For instance, Turicibacter
sanguinis expresses a eukaryotic neurotransmitter sodium
symporter-related protein-sharing sequence and structure with the
mammalian serotonin transporter.*> Another group of researchers
detected the mechanism of crosstalk between enteric neurons and
the gut microbiota as the stimulus signal for serotonin release
and the subsequently activated serotonin type 4 (5-HT4) receptor,
which regulates smooth muscle contraction and relaxation.”® This
study demonstrates direct crosstalk between the microbiota and
the ENS mediated via serotonin and indicates a potential mecha-
nism linking microbial dysbiosis to FGIDs.

Tryptamine is produced by gut bacteria, particularly Clos-
tridium sporogenes and Ruminococcus gnavus from typtophan.®
One study examined whether tryptamine in the gut can function
by facilitating the 5-HT4 receptor.'” The authors showed that
tryptamine increased the ionic flux across the colonic epithelium,
as well as fluid secretions in colonoids from GF and humanized
mice, validating the physiological function of tryptamine for gut
secretion. Furthermore, improved gut motility was observed in

978 JGH Open: An open access journal of gastroenterology and hepatology 5 (2021) 976-987
© 2021 The Authors. JGH Open published by Journal of Gastroenterology and Hepatology Foundation and John Wiley & Sons Australia, Ltd.



L Wei et al.

Small intestine

Streptococcaceae, Lactobacillaceae,

Clostridiaceae, Bacteroidaceae,

Gut microbial dysbiosis in gut-brain axis

Colon FGIDs

Gut microbiota

Lactobacillaceae, Enterobacteriaceae, B T i —— dysbiosis
Erysipelotrichaceae ’
t H, IBS-D
H,, CO. H,, CO,, CH,, H,S
272 _ aTTmRTE 1 CH,IBS-C
Fermentation
SCFAs | | Butyrate IBS-C
SCFAs
.. BAs ¢ 4 Propionate IBS-C
o %
° € BAS  gigfim : ~ 1 Butyrate IBS-D
S 4 . Mucus
. 3 e § BAs IBS-C
°® ) -
* ° S 1t BAs IBS-D
0 v Mucus IBS-C
® [ O~-;Goblet cell 9 \\./ Goblet cell A
) —ra o ° f Mucus IBS-D
® °® ® = |
® ) \ o '. M cell 4 EC cell IBS-C
< (® 2 EC cell (¢
© ECecel = el & . § Goblet cell IBS-C
LGRS stem cell (@ ~ .\ ®) ° 1 M cell IBS
(@ ' N [ )
Paneth cell | LGR5*stem cell | § Paneth cell IBS
Bacterial density <1045 103-104 103-108 109-1012
(Microbial cells per mL) Duodenum Jejunum lleum Colon

Figure 2 Pathophysiological mechanisms of functional gastrointestinal disorders (FGIDs), currently known as disorders of gut-brain interaction.
BAs, bile acids; CH,4, methane; EC cell, enterochromaffin cell; H,, hydrogen; H,S, hydrogen sulfide; IBS-C, constipation-predominant irritable bowel
syndrome; IBS-D; diarrhea-predominant irritable bowel syndrome; LGR5™", leucine-rich repeat-containing G-protein coupled receptor 5; M cell,

microfold cell; SCFAs, short-chain fatty acids.

GF mice that were colonized with Bacteroides thetaiotaomicron
microbes, which were genetically engineered to produce
tryptamine.'”

Bile acids. Bile acid (BA) pool alternations induced by micro-
bial dysbiosis have been proposed in FGID pathogenesis
(Fig. 2).3152 In humans, the primary BAs cholic acid (CA) and
chenodeoxycholic acid (CDCA) are deconjugated from their gly-
cine or taurine conjugate by microbial bile salt hydrolases
through the microbial biotransformation process. Microbiota-
mediated effects on intestinal fluid secretion are the conse-
quences of differential BA biotransformation.'" BA malabsorp-
tion is known to be involved in IBS-D.” BA malabsorption is
observed more in patients with IBS-D than those with IBS-C.>*
A meta-analysis demonstrated that approximately 10% patients
were IBS-D had severe BAs malabsorption (425 patients in 5
studies, SeHCAT retention <5% of baseline), 32% patients pres-
ented moderate BA malabsorption (1,073 patients in 17 studies,
SeHCAT retention <10%), and 26% patients showed mild BA
malabsorption (618 patients in 7 studies, SeHCAT retention
<15%).>° One study showed that the quantity of BAs (CDCA
and CA) were noticeably higher in stool samples from IBS-D
patients compared to IBS-C patients.>* The authors observed var-
iation in BA signature associated with IBS, with a significantly
elevated level of unconjugated primary BAs in stool samples

JGH Open: An open access journal of gastroenterology and hepatology 5 (2021) 976-987

from IBS-D patients and lower amounts in IBS-C patients.
Another study showed that patients with IBS-D had elevated BA
levels, and it correlated with bowel movements, colonic transit,
and visceral pain.*> One study on patients with FD showed
reduced duodenal BA concentrations, which was associated with
the impaired intestinal barrier function.>*>°

Gut microbiota alterations modulate intestinal gas pro-
file. Carbohydrate fermentation leads to the formation of hydro-
gen (H,) and carbon dioxide (CO,), which constitute intestinal
gases produced by gut microbiota (Fig. 2).**2° Variations in the
intestinal gas profile have been consistently associated with
FGIDs.”” A few studies, using computed tomography scans,
showed increased luminal gas in patients with FGIDs during a
flare of abdominal distension that might or might not result from
consumption of a “high-flatulence” diet.”® Numerous studies
highlighted the contribution of gut microbiota to the alterations
of intestinal gases.*'">’

Gut microbiota dysbiosis, which includes a quantitative
alteration called SIBO and qualitative variations, is common
among FGID patients and is known to be associated with abdom-
inal distension, flatulence and bloating.®® Dysbiotic gut micro-
biota may cause these symptoms due to carbohydrate
fermentation followed by substantial gas production.®® The intes-
tinal gases diffuse into the systemic circulation and are exhaled
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in the breath, such as H, and methane (CH,) (Table 1).”*° An
increase of >20 parts per million (PPM) of H, or >10 PPM of
CH, above the baseline after glucose and within 90 min after
lactulose ingestion on breath tests suggest the presence of SIBO,
are associated with GI symptoms, for instance, abdominal
bloating and/or distension.”! A few studies showed an associa-
tion between high breath CH4 and constipation.*® Methanogenic
microbes in the colon produce CH,, which depletes serotonin,
resulting in slowed gut transit and constipation.*® Another study
showed the association of H, gas mainly with IBS-D.*” Some
gut microbes such as Escherichia coli, Salmonella enterica,
Clostridia, and Enterobacter aerogenes produce hydrogen sulfide
(H,S) in the colon.®? H,S is quickly absorbed in the colonocytes
and forms sulfuric acid, which is highly toxic to the cells,
resulting in altered gut motility, abnormal secretion, visceral
hypersensitivity, and gut immune dysfunction (Table 1).***° One
recent study showed that there was “brain fogginess” due to D-
lactic acidosis in patients with SIBO.”® Another study showed
that gut bacteria such as Klebsiella pneumonia produces alcohol,
which might modulate brain and intestinal barrier functions.*'

Thus, the aforementioned findings suggested that gut
microbes and their derived molecules are essential to maintain
proper GI function. These signaling molecules further enlighten
the understanding of host and gut microbiota crosstalk, alluding
to potential therapeutic options for FGIDs.

Gut microbiota alterations modulating gut
immune function. Gut immune dysregulation has been
implicated in the pathogenesis of subsets of patients with
FGIDs.> A few studies showed an increased number of gut
immune cells such as macrophages, mast cells, eosinophils, and
T cells in patients with FGIDs.>® Mast cells, upon activation,
release tryptase, histamine, cytokines, and prostaglandins, which
have been implicated in altering nociceptive pathways and intes-
tinal barrier functions in FGIDs.** A breach of the intestinal bar-
rier allows infiltration of luminal antigens, activating the immune
response, and contributes to the severity of the symptom in
FGIDs through neuroimmune dysregulation.®®

There is a plethora of evidence supporting gut immune
system activation triggered by the gut microbiota.!' Several stud-
ies showed increased expression of proinflammatory cytokines
following interactions between bacterial components and pattern
recognition receptors, including toll-like receptors (TLRs), which
play essential roles in the innate immune system’s ability to rec-
ognize structurally conserved molecules derived from
microbes.®® One study on patients with IBS showed that the
expression levels of proinflammatory cytokine IL-6, TLR4,
TLRS, C-X-C motif chemokine ligand-11, and CXC-3 receptor
(CXCR) were elevated in colonic biopsies of patients compared
to controls; on the contrary, the expression levels of anti-
inflammatory cytokine IL-10 were downregulated.®’ The authors
confirmed a positive correlation between the number of gene
copies of the commensal bacteria such as Bifidobacteria, Lacto-
bacillus, and IL-10.%" This study further demonstrated a positive
correlation between weekly stool frequency and the expression
levels of TLR4 and CXCR-3; in contrast, it was negatively corre-
lated with IL-10.°” Another study showed that IBS patients with
SIBO presented higher mucosal IL-1 o and B levels than those
without SIBO, and the elevated IL-1 B levels were associated

Gut microbial dysbiosis in gut-brain axis

with abdominal bloating and loose stool.%® Studies on mucosal T

cell alterations in FGIDs are scant. One study showed reduced
expression of lymphocyte marker, Fas cell surface death receptor
(FAS), and human leukocyte antigen-DR isotype (HLA-DR) in
patients with FD, while duodenal eosinophilia has been impli-
cated in dyspeptic symptom generation.®® Another study showed
increased small bowel-homing CCR9 T lymphocytes and o4p7
integrin, which correlated with the symptom severity in patients
with FD.”® This evidence strongly suggests that patients with
FGIDs experience gut immune activation influenced by micro-
biota alternations, reinforcing low-grade inflammation as a poten-
tial mechanism of FGIDs.

Gut microbiota alterations modulating intestinal
barrier function. The gut luminal-mucosal interface repre-
sents the place where food particles, immunogenic and toxic
molecules, and gut bacteria and their molecules challenge the
scrutiny of the gut mucosa-associated immune system.” As a core
pathophysiological mechanism, intestinal barrier dysfunction
leads to mucosal immune response activation, which modulates
GI motility in relation to the severity of symptoms of FGIDs.®*
The gut epithelium is a single layer of cells that acts as a selec-
tive barrier with astonishing dynamics, preventing the passage of
detrimental luminal contents while allowing the absorption of
water, electrolytes, and dietary nutrients.””

The mucus layer overlaying the gut epithelial cells serves
as a primary factor in protecting the host by providing a strong
immunologic and physical barrier against pathogens.”' The
mucus layer is a reservoir of antimicrobial immunoglobulins and
peptides and is enriched in polysaccharides, a major nutrient
source for different populations of bacteria.”” Furthermore, the
intestinal barrier is protected by the epithelial tight junction pro-
teins, which are multifunctional complexes that form a seal
between adjacent intestinal epithelial cells near the apical surface
and seal the paracellular space, thus preventing gut luminal con-
tents from entering the subepithelial space.”’ The starvation of
microbiota, for instance, with decreased fiber consumption might
increase the reliance of microbiota on the mucus polysaccharides,
leading to mucus layer degradation and increasing pathogen sus-
ceptibility, which further leads to immune activation.”> A few
studies showed that alterations in mucosa-associated bacteria, for
instance, Ruminococcus gnavus, Akkermansia muciniphila, and
Ruminococcus torques, were associated with mucus integrity and
intestinal secretion.”” Furthermore, in susceptible conditions, a
harmful pathogen or the consumption of certain foods impairs
intestinal barrier function by altering tight junctions, resulting
from proteasome-mediated degradation triggered by inflamma-
tory mediators including proteases, eicosanoids, and histamine.”
Several studies showed that the expression of adhesion proteins,
zonula occludens-1 and occludin, was significantly lower in duo-
denal biopsy samples with decreased transepithelial resistance
and impaired intestinal barrier function in FGID patients com-
pared to controls.”®”” Recently, a new endoscopic technology,
confocal laser endomicroscopy and endocytoscopy, enables us to
carry out a high-resolution assessment of GI mucosal histology
at cellular and subcellular levels and obtain “optical biopsies” of
the endoluminal surface.”® Exploiting the endomicroscopy, one
study reported duodenal mucosal epithelial breaks and increased
intervillous spaces when the mucosa was challenged with foods
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in patients with IBS.”® In the setting of impaired barrier function,
the pathogens or food antigens cross the intestinal barrier and
trigger a T helper 2 (TH2) immune response that results in the
activation of immune responses mediated via eosinophils and
mast cells.** Mast cells and eosinophils act as antigen-presenting
cells to TH2 lymphocytes, which leads to eosinophil and mast
cell degranulation close to nerve fibers, which is responsible for
muscle contraction and abdominal pain.®® TH2 cells also trigger
immunoglobulin (Ig) class switching in B cells and elevate IgE
antibody expression, suggesting an increased number of IgE* B
cells in conditions associated with leaky gut, including FGIDs.®'
A recent study showed an increased number of IgE™ mast cells in
colonic tissue positively correlated with visceral hypersensitivity
and intestinal barrier dysfunction in IBS patients.’® Thus, a
healthy gut barrier function may play a fundamental role in gut
homeostasis, microbial colonization resistance, community resil-
ience, host defense, drug modifications, and food digestion.

Gut microbiota alterations modulating visceral
sensation. The “taste” and “smell” of food particles, the gut
bacteria, and their derived molecules could be sensed and trans-
duced through the enteroendocrine cells and intrinsic nerves via
specific receptors.®> Abnormal activation of a mucosal immune
response affects visceral sensitivity in relation to the degree of
inflammatory response accompanied by the proximity of immune
cells and sensory neurons.®® Visceral hypersensitivity is a critical
contributor to the occurrence and severity of symptoms in
FGIDs.> It manifests as an amplified perception of mechano-
chemical stimuli applied to the gut, which results in the exagger-
ated sensation of pain and burning.” The modulators of visceral
sensation include transient receptor potential vanilloid subtype
1 (TRPV1) and the transient receptor potential ankyrin 1 channel
(TRPA1), serotonin, histamine, tachykinin, cannabinoid, acid-
sensing ion channel, protease activated receptors, and voltage-
gated calcium and sodium channels.®*®> Activation of TRPV1
by capsaicin, acidic pH, thermal stimulus, nerve growth factor
(NGF), prostaglandins, inflammatory mediators, and microbes
triggers the release of neuropeptides, such as substance P and
calcitonin gene-related peptide-1.3

Several studies showed that the upregulated expression of
TRPV1 in colonic biopsies was positively correlated with
abdominal pain in IBS-D patients.?®®” One recent study showed
a positive correlation between an increase in Escherichia coli
abundance and visceral hypersensitivity followed by induction of
hypersensitivity in response to Escherichia coli gavage in Paneth
cell-defect mice.®® One state-of-the-art study showed that EC
cells were activated via the stimuli through TRPA1 and led to
voltage-gated calcium channel-dependent serotonin release,
which might be a potential target for the management of
FGIDs.®® The gut epithelial cells are observed to provide a bar-
rier between the nerve fibers and lumen, suggesting that TRPA1
serves as the primary detector of luminal irritants in the EC cells
prior to direct submucosal damage. Further studies explored a
mechanistic link contributing to visceral hypersensitivity by dem-
onstrating the induction of epithelial cannabinoid and p-opioid
receptors after administration of Lactobacillus strains; regulation
of peripheral and central neuronal pathways and antinociceptive
effects through the inhibition of TRPV1 after treatment with Lac-
tobacillus reuteri have been shown 5%
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Gut microbiota modulates neuroimmuno-
endocrine interface. The neuron, immune, and endocrine
regulations are anatomically and physiologically interconnected in
the gut.”' Microbiota-derived molecules could be detected by TLRs
and expressed in host cells, particularly neurons, glial cells, macro-
phages and dendritic cells, and enteroendocrine cells, which specifi-
cally recognize microbe-associated molecular patterns.®® For
instance, TLR4 recognizes the lipopolysaccharide of Gram-
negative bacteria regulating ENS integrity, as well as neuromuscu-
lar function.”> TLR2 detects lipoteichoic acid from Gram-positive
bacteria and promoted neurogenesis after antibiotic treatment.

A recent study demonstrated that gut microbiota poten-
tially affects embryonic neuronal development. This study
showed that GF mice display an altered prenatal transcriptomic
profile and activation of brain microglial cells, which are critical
for neuronal development.”® Patients with FGIDs showed
increased numbers of mast cells and lamina propria T lympho-
cytes in close proximity to submucosal neuronal plexus, with
decreased responsiveness of the neurons.”* Mast cell infiltration
in the colonic mucosa in IBS patients triggers neuronal sprouting,
resulting in the release of NGF, which promotes topical
neoinnervation and angiogenesis.”**> Duodenal fine nerve fibers
were observed more often in IBS patients compared to healthy
controls, and the degree of mast cell activation positively corre-
lated with the grade of nerve fiber sprouting.”

Microfold (M) cells are presented in the epithelial lining
of mucosa-associated lymphoid tissues, for instance, Peyer’s pat-
ches (PPs) of the gut. Luminal antigens are actively transported
through M cells to the underlying lymphoid follicles to propagate
an immune response.’® This study demonstrated that TRPV1™
neurons promoted gut immune regulation against the pathogenic
bacteria Salmonella typhimurium. Another study suggested that
the TRPV 1" nociceptors regulated the density of M cells in ileum
PP follicle-associated epithelia to limit entry points for patho-
genic bacteria.”®

Enteroendocrine cells represent less than 1% of the gut
epithelium, and they are critical to maintain gut hemostasis.”’
Accumulating evidence shows that interplay between enter-
oendocrine cells and enteric neurons modulate gut physiology
via an extended axon-like structure termed “neuropod” that
directly crosstalks with neurons through modified synapses.”® EC
cells secrete serotonin in response to a wide variety of
microbiota-derived molecules in the lumen.®® EC cells were
found to be significantly increased in rectal biopsies from
patients with IBS.”” One recent study showed that TLR9 col-
ocalized with the satiety hormone cholecystokinin (CCK) in the
enteroendocrine cells of the small intestine.'°® The authors found
that pathogenic bacteria, such as Shigella flexneri, Escherichia
coli, and Salmonella typhimurium, evoke CCK secretion in
TLR9-expressing enteroendocrine cells.'®

Gut microbiota modulates gut-brain axis.
Dysregulation of the gut-brain axis is one of the primary patho-
physiological mechanisms in a subset of patients with
FGIDs.*'°" Gut microbiota-regulated alterations in epithelial bar-
rier function triggered by immune system activation resulting in
abnormal gut-brain communications.'*> Stress-related
corticotropin-releasing hormones have an important role in intes-
tinal barrier function.'®® In addition, eosinophils release
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corticotropin-releasing hormone and substance P, which might
result in the activation of mast cells and, subsequently, dysfunc-
tion of the intestinal epithelial barrier.®* Magnetic resonance
imaging studies on FGIDs patients demonstrated that abnormal
structural and functional connectivity in the brain were responsi-
ble for processing visceral afferent transduction.®°* Gut micro-
bial alterations could modulate the function of neurotransmitters,
such as dopamine, serotonin, y-aminobutyric acid, and acetylcho-
line, either by synthesis or consumption, resulting in changes in
emotional state and behavior.'® Furthermore, BAs and their
receptors have been identified in the brain, reinforcing a potential
mechanistic role in the gut—brain axis.'*®

Psychological comorbid conditions, including stress, anxi-
ety, or depression, are associated with FGIDs and contribute to
the pathophysiology as part of an integrated biopsychosocial
model.'”” Within this construct, the bidirectional communication
of the gut-brain axis is critical in FGIDs. The brain alters gut
physiology, such as visceral sensitivity and motility, mediating
symptoms of FGIDs.'”® Meanwhile, changes in the gut provide
feedback to the brain, influencing psychological well-being.'® A
meta-analysis showed high prevalence of both depressive disor-
ders and anxiety (23%), anxiety (39%), and depressive (29%)
symptoms in IBS patients.'” Psychological comorbidity could
be a consequence of chronic GI disease burden and reduced qual-
ity of life, and its role in the pathophysiology of FGIDs is still
unequivocally broader.

Microbiota-directed therapeutic
interventions for FGIDs

The current treatment strategies to manipulate gut microbiota
dysbiosis include probiotics, antibiotics, fecal microbiota trans-
plantation (FMT), and dietary interventions.

Probiotics and antibiotics. The efficacy of probiotic
treatment for FGIDs symptoms has been documented but lacks
consistency in symptom improvement. Numerous studies
suggested the benefit of specific probiotic strains, such as
Bifidobacterium animalis DN-173010154, Bifidobacterium lactis
DN-173, and multispecies probiotics in patients with IBS.'"
One study showed that treatment with Lactobacillus gasseri
OLL2716 shifted the microbial community composition in gas-
tric fluid as found in healthy subjects.'!’ Other studies demon-
strated that treatment with a probiotic containing Bifidobacterium
lactis accelerated gut transit and improved symptoms in IBS-C
patients."'°

Interventional studies reported a decrease in breath CHy4
through treatment with either rifaximin and neomycin or
rifaximin alone, which led to improvement in constipation in
IBS-C and functional constipation patients.''>!'® Randomized
controlled trials on FD patients showed that rifaximin treatment
was associated with improvements in dyspeptic symptoms,
including abdominal bloating/fullness and belching.''* Further-
more, systematic reviews and meta-analysis of rifaximin and
other antibiotics showed improvement in SIBO.?>''> These stud-
ies reinforce the fundamental role of gut microbiota in FGIDs.

Fecal microbiota transplantation. FMT is considered
to be beneficial in managing microbial dysbiosis due to its ability

Gut microbial dysbiosis in gut-brain axis

to restore “healthy” microbes in patients.''® However, whether
FMT as a treatment for FGIDs is a panacea or placebo is still
controversial and warrants a precise definition of gut microbial
dysbiosis and the constitution of healthy microbes.''”''® A
recent meta-analysis of randomized controlled trials showed no
significant symptom improvement in IBS patients after FMT
compared to placebo.''® In contrast, a double-blind controlled
trial in IBS patients showed improvement in symptom severity
after FMT compared to placebo.'?® However, more rigorous and
multicentric larger trials are warranted on this issue.

Dietary intervention. The safest treatment intended to
resume the healthy gut microbiota would be dietary interven-
tion.'*"'?* A few randomized controlled trials showed that diets
low in fermentable oligosaccharides, disaccharides, monosaccha-
rides, and polyols (FODMAP) are helpful to treat IBS.'?*'** A
few studies showed that vegetarian diets rich in fiber would
increase SCFA production, which further inhibits pathogenic
bacterial colonization in the gut.'?>'26

Future treatment strategies. As the field moves toward
modern science utilizing a rigorous, robust design, large and
multicentric longitudinal human studies might be exploited to
integrate multiomic data including physiology and pathophysio-
logical mechanisms to explore unique features of symptom
response for individual treatment. Such insight would lead to bet-
ter stratification of therapeutic approaches, leading to the targeted
restoration of altered physiological functions in a subgroup of
patients with FGIDs. Gut microbiota and its derived molecules
might be key drivers of the FGID pathogenesis. Through the elu-
cidation of the steps involved in the synthesis, the release and
consumption of these molecules might explore novel therapeutics
avenues. The therapeutic intervention of the gut microbiome
might include (i) interventions of replacing an entire gut micro-
bial community with an optimized healthy community'?’;
(ii) introducing single specific microbes that might restore normal
gut functions by producing critical gut microbiota-derived mole-
cules for specific pathophysiology, such as genetically
engineered bacteria Bacteroides thetaiotaomicron that produce
tryptamine, which results in increased intestinal secretion and
accelerate gut transit'’; and (iii) inhibiting and/or removing spe-
cific microbes or microbial processes through inhibitors of enzy-
matic pathways that are specific to the gut microbiota.'?®
Furthermore, the prior screening for SIBO/gut microbiota
dysbiosis in FGID patients before antibiotic treatment may lead
to better therapeutic response. Unselected patients with IBS
treated with antibiotics showed a response rate of 40%.'” In
contrast, according to a novel Indian study, IBS patients with
SIBO on upper gut aspirate culture selected for antibiotics treat-
ment showed a response rate as high as 87%.'*° These improved
antibiotics responses were able to be reproduced in subsequent
studies from China and the United States using the lactulose H,
breath test, although studies with a larger sample size are needed
on this issue.'?!!3

Conclusion and further directions

State-of-the-art studies showed the importance of gut microbiota
and its derived molecules in the modulation of major
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pathophysiological mechanisms in FGIDs. There is substantial
progress in characterizing the gut microbiota species in healthy
and patients with FGIDs. However, the translational approach of
gut microbiome research warrants robust and multicentric longitu-
dinal studies in animals and humans to elucidate the precise role
of gut microbes that can be therapeutically targeted to underpin
each pathophysiology in FGIDs.'> Restoring healthy gut micro-
biota would maintain the microbiota—gut-brain axis in homeosta-
sis from motility to mood, but it is important to keep in mind that
clinical outcomes are more important compared to mechanistic
parameters alone.'!”

Furthermore, the biggest challenge for gut microbiome-
based treatment is the use of broad-spectrum antibiotics, leading
to the scorched earth effect on the gut microbiome, which has
faced challenges due to skepticism related to antibiotic resistance,
though, hitherto unproven.'*® Therefore, alternative interventions
for antibiotics might be considered, such as optimized healthy gut
microbiota and/or its metabolites, which may benefit the patients
by hampering the pathogenic bacteria. Traditional approaches to
treat patients with FGIDs have beneficial effects in general. Due
to the enormous heterogeneous nature of FGIDs, without consid-
eration of the focus on the underlying pathophysiological mecha-
nisms mediated through gut microbiota alterations, it would likely
dilute the impact of current therapeutic strategies. The current
knowledge gaps warrant a modern approach for a holistic view to
characterize patients based on the multiomics data from the gut
microbiome, metabolome, transcriptome, host epigenome, and
dietary profiles based on longitudinal studies. The integration of
these factors with physiological changes will enable us to develop
targeted approaches to treat the patients, not only relieving symp-
toms but also restoring gut homeostasis.
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