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Abstract

The human gut microbiome makes up a highly diverse microbial ecosystem
that is crucial for host metabolism, immunological modulation, and intestinal
barrier integrity. The bacteria phyla Firmicutes, Bacteroidetes, Proteobacteria, and
Actinobacteria dominate the intestinal microbiota, contributing to metabolic
processes such as dietary polysaccharide fermentation and the synthesis of
bioactive microbial metabolites. Dysbiosis, or disruptions in microbial composition
and function, has been linked to the development of autoimmune disorders.
Microbial mechanisms that relate dysbiosis to disease include the growth of pro-
inflammatory microbial taxa, decreased synthesis of short-chain fatty acids (SCFAs),
altered microbial metabolic pathways, and loss of epithelial barrier integrity. Among
autoimmune disorders, inflammatory bowel disease (IBD), which encompasses
Crohn’s disease and ulcerative colitis, is one of the best-studied cases of microbiome-
associated pathology. In this review, we focus on the role of gut microbiome
alterations in the pathogenesis of IBD, highlighting microbial dysbiosis, changes
in microbial metabolites, and host-microbiome interactions that contribute to
intestinal inflammation. This review also examines microbiome-targeted therapeutic
strategies, including probiotics, prebiotics, fecal microbiota transplantation,
and postbiotics, alongside emerging artificial intelligence-based approaches to
personalized treatment, and consider how comorbid systemic conditions may shape
microbial homeostasis in IBD patients. Understanding these microbial pathways
may open new possibilities for microbiome-based diagnostics and therapeutic
approaches in IBD.

Keywords: Gut microbiome; Dysbiosis; Inflammatory bowel disease; Autoimmune
disease

1. Introduction

The history of inflammatory bowel disease (IBD) has evolved from a rare disease
with prevalence in early industrialized regions during the twentieth century to its
current status as a global health challenge with millions affected worldwide. Through
a population-based study published from 1920 to 2024, IBD epidemiology has evolved
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through distinct phases, starting with an emergence
phase with low incidence (0.1-1.2 per 100,000), followed
by accelerating incidence and compounding prevalence
(362.9- 660.1 per 100,000). Prevalence in North American
and European populations is projected to reach 1.0%-1.6%
by the 2040s, while rapid rises in incidence are now being
reported in newly industrialized regions in Asia and Latin
America.'

This global epidemiological change has highlighted the
importance of environmental factors in the pathogenesis of
IBD, and among which, the gut microbiome has emerged
as a key mediator. The human gastrointestinal system hosts
trillions of microorganisms known as the gut microbiome.
These microbial communities contribute to one of the
most densely populated microbial ecosystems in the
human body, with a gene pool that vastly exceeds that of
the human genome. Microbial colonization starts early in
infancy and progresses through dynamic interactions with
host physiology, nutrition, and environmental exposure.
The bacterial phyla Firmicutes and Bacteroidetes dominate
the gut microbiota of healthy people, with Actinobacteria
and Proteobacteria contributing as well. These microbial
populations play important roles in a variety of
physiological processes, including food metabolism,
vitamin production, and immune response modulation.>*

The study of the gut microbiome has been transformed
by developments in high-throughput sequencing
methods like 16S rRNA sequencing, metagenomics,
and metatranscriptomics. These methods provide
unprecedented levels of detail for characterizing the
composition of microbial communities and functional
metabolic pathways. Numerous studies have shown that
while the makeup of microbial species varies between
individuals, the fundamental metabolic processes
of microorganisms involved in the fermentation of
carbohydrates and the creation of metabolites are
mostly maintained throughout populations. Beyond
immunological development, pathogen resistance, and
epithelial barrier integrity, the gut microbiota maintains
a symbiotic relationship with the host. However, dysbiosis
can result from disruptions in the organization of microbial
communities, which are often marked by a decrease
in microbial diversity and an increase in opportunistic
species. Numerous inflammatory and autoimmune
disorders have been linked to dysbiosis, suggesting that
complex host-microbe interactions underlie microbial
imbalance in disease pathogenesis.**

Thus, understanding the microbial mechanisms that
lead to dysbiosis and, subsequently, intestinal inflammation
is important for developing novel therapies. The objective

of this review is to synthesize current evidence on the
gut microbiome-immune axis in IBD, with a specific
focus on three areas: (i) the compositional and functional
alterations of the gut microbiome observed in Crohn’s
disease and ulcerative colitis; (ii) the mechanistic pathways,
including epithelial barrier disruption, altered metabolite
signaling, and innate and adaptive immune dysregulation,
through which dysbiosis contributes to chronic intestinal
inflammation; and (iii) emerging microbiome-targeted
therapeutic strategies, including probiotics, prebiotics,
fecal microbiota transplantation, and precision microbial
interventions, along with their current clinical evidence and
limitations. By integrating mechanistic and translational
perspectives, this review aims to clarify how microbiome
research can inform future diagnostic and therapeutic
approaches in IBD.

2. Methodology

2.1. Search strategy

A narrative literature search was conducted across
PubMed/MEDLINE, Scopus, Web of Science, and Google
Scholar for articles published between 2000 and 2026. The
search combined keywords and Medical Subject Headings
(MeSH) terms including “inflammatory bowel disease,”
“Crohn’s disease,” “ulcerative colitis,” “gut microbiome,’
“dysbiosis,”  “microbiota” “16S rRNA sequencing,’
“metagenomics,” “gut-immune axis,” and “microbiome-
targeted therapy, combined using Boolean operators
(AND/OR). Reference lists of relevant articles and prior
reviews were also manually screened to identify additional
eligible studies.

2.2. Inclusion and exclusion criteria

Studies were included if they reported original data or
synthesized findings on gut microbiome composition,
function, or microbiome-immune interactions in the
context of Crohn’s disease, ulcerative colitis, or unclassified
IBD. Eligible study designs included human clinical and
cohort studies, animal models of intestinal inflammation,
in vitro and ex vivo mechanistic studies, and bioinformatic
or computational analyses of microbiome datasets,
provided they employed high-throughput sequencing
methods (16S rRNA sequencing, shotgun metagenomics,
or metatranscriptomics) or other well-characterized
experimental approaches. Studies were required to be
published in peer-reviewed, English-language journals.
Studies were excluded if they were case reports, conference
abstracts without full-text availability, non-English
publications, or focused exclusively on non-microbial
etiologic factors without reference to microbiome
involvement.
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3. Gut microbiome composition and
immune homeostasis

The maintenance of intestinal immune homeostasis is a
complex process governed by the continuous interaction
between commensal microorganisms and the host’s innate
and adaptive immune systems.® Central to this interaction
are short-chain fatty acids (SCFAs), primarily acetate,
propionate, and butyrate, which are produced through
the fermentation of non-digestible dietary fibers by
specific bacterial taxa.” These metabolites serve as primary
signaling molecules that influence host gene expression
and cellular function through both receptor-mediated and
epigenetic mechanisms.® The specific composition of the
gut microbiota, particularly the abundance of butyrate-
producing guilds, serves as a predictive marker for the
stability of the host’s immune tone.’

Butyrate, in particular, has been identified as a
cornerstone of gut health due to its dual role as a metabolic
fuel for colonocytes and a potent immunomodulator.'®!!
At the metabolic level, evidence from colonocyte culture
and murine models indicates that butyrate oxidation
provides the primary energy source for intestinal epithelial
cells, supporting the maintenance of the physical barrier
by upregulating tight junction proteins such as occludin
and zonula occludens-1."""> Beyond its role in barrier
integrity, in vitro and murine studies show that butyrate
exerts profound epigenetic effects by acting as a histone
deacetylase (HDAC) inhibitor.® This inhibition results in the
remodeling of host transcriptional programs, favoring the
expression of anti-inflammatory factors like interleukin-10
(IL-10) and promoting the differentiation of regulatory T
cells (Tregs) through the acetylation of the Foxp3 locus, a
mechanism established primarily in murine colitis models
and human cell-culture systems rather than confirmed in
human clinical trials.”® This epigenetic reprogramming
is essential for the induction of oral tolerance and the
prevention of inappropriate immune responses to dietary
antigens, though extrapolation of these findings to human
physiology remains an active area of investigation.'*

The signaling capacity of SCFAs is further mediated
by G protein-coupled receptors (GPCRs), specifically
G protein-coupled receptor 41 (GPR41), also known as
free fatty acid receptor 3 (FFAR3), G protein-coupled
receptor 43 (GPR43), also known as free fatty acid
receptor 2 (FFAR2), and G protein-coupled receptor
109A (GPR109A), also known as hydroxycarboxylic acid
receptor 2 (HCAZ2), which are highly expressed on various
immune cells, including macrophages, dendritic cells,
and neutrophils.”® Activation of GPR43 by acetate and
propionate has been shown to suppress the nuclear factor
kappa B (NF-kB) signaling pathway, thereby dampening

the production of pro-inflammatory cytokines such as
tumor necrosis factor alpha (TNF-a) and interleukin-6
(IL-6)."” Additionally, in vivo murine and human tissue
co-culture data indicate that the binding of butyrate
to GPR109A induces the production of antimicrobial
peptides (AMPs) and interleukin-22 (IL-22)." A recent
mouse model of radiation proctopathy, corroborated by
correlative human fecal and serum sampling, identified
3-hydroxybutyrate (3HB) as a ligand that blocks GPR43-
mediated pro-inflammatory IL-6 signaling to maintain
mucosal health, though this mechanism has not yet been
tested in a controlled human intervention.'® Research has
also highlighted the regulatory role of the microbiome in
modulating pattern recognition receptors (PRRs).> For
instance, a piglet model demonstrated that probiotics like
Lactiplantibacillus argentoratensis induce the expression
of host defense peptides through TLR2 recognition,
alleviating inflammatory stress'; whether this extends
to the human gut-immune axis remains untested.
Furthermore, in vitro experiments using isolated human
macrophages have shown that, under concurrent TLR
stimulation, butyrate and propionate can activate the
NLRP3 inflammasome through a caspase-8-dependent
mechanism, leading to IL-1p release.’® This finding, while
mechanistically well-characterized at the cellular level, has
not yet been validated in vivo or in human patients with
active inflammation, and should be interpreted as proof-
of-concept rather than established clinical pathology. It is
important to note that much of the mechanistic evidence
discussed above is derived from murine models or in vitro
human cell systems rather than controlled human clinical
studies; where human data exist, they are frequently
correlative rather than causal, and this distinction should
inform the interpretation of the proposed pathways.

Microbial homeostasis is not established in isolation,
and its interpretation is often complicated by comorbid
conditions that are highly prevalent among IBD patients
and independently reshape the gut ecosystem. Type 2
diabetes mellitus (T2DM), which co-occurs with IBD at
elevated rates, is associated with depletion of butyrate-
producing genera such as Faecalibacterium and expansion
of pro-inflammatory taxa, a compositional shift that
compounds the SCFA deficits already characteristic of IBD
and further impairs glucose-immune crosstalk.'® Colorectal
malignancy, a recognized long-term complication of
chronic IBD, is itself driven in part by dysbiotic enrichment
of genotoxic pathobionts such as Fusobacterium nucleatum
and polyketide synthase-positive Escherichia coli, which
promote epithelial DNA damage and immune evasion
independently of the inflammatory mechanisms discussed
above.””®  Cardiovascular comorbidity, increasingly
recognized in IBD populations due to chronic systemic

Volume X Issue X (2026)

doi: 10.36922/MI1026120027


https://doi.org/10.36922/MI026120027

Microbes & Immunity

Microbiome-immune interactions in IBD

inflammation, is linked to microbial production of
trimethylamine-N-oxide (TMAO), a metabolite that
antagonizes the protective effects of SCFAs and promotes
atherogenesis through pathways distinct from the epithelial
and epigenetic mechanisms detailed in this review.*"*
Pulmonary comorbidities, particularly chronic obstructive
pulmonary disease (COPD), have a bidirectional
relationship with intestinal dysbiosis termed the “gut-lung
axis,” in which reduced circulating SCFAs correlate with
impaired regulatory T-cell output in the airway mucosa,
mirroring but mechanistically distinct from the Treg
dysregulation observed in the intestinal compartment.>**
Taken together, these comorbidities indicate that microbial
homeostasis in IBD patients must be interpreted within a
broader systemic context, as extra intestinal disease burden
can independently alter the microbial and metabolic
landscape under study.

4. Microbial dysbiosis and mechanisms of
autoimmune activation

Microbial dysbiosis, defined as a disruption in the
composition and function of the gut microbiota, is a
primary driver of immune dysregulation and autoimmune
activation.! This state is typically characterized by
the depletion of beneficial, SCFA-producing taxa and
the simultaneous expansion of pro-inflammatory
pathobionts.”® Taxa such as Faecalibacterium prausnitzii
and Akkermansia muciniphila are frequently reduced in
autoimmune contexts, leading to a significant decrease
in the availability of immunomodulatory metabolites like
butyrate and its derivatives.> The reduction in these taxa is
often accompanied by an increase in Proteobacteria, which
are known to contribute to systemic inflammation through
the release of potent endotoxins.?

The loss of these beneficial species compromises the
intestinal barrier, allowing translocation of microbial
products into the systemic circulation, a phenomenon often
referred to as “leaky gut,” into the systemic circulation.?*?
For instance, the expansion of Proteobacteria leads to
elevated levels of lipopolysaccharide (LPS), which activates
the TLR4/MyD88/NF-kB pathway, triggering chronic
low-grade inflammation.” This persistent inflammatory
environment can facilitate the activation of autoreactive
T cells through mechanisms such as molecular mimicry
or bystander activation.! Molecular mimicry occurs when
microbial antigens share structural similarities with host
proteins, leading to cross-reactive immune responses that
target the host’s tissues.? Alternatively, bystander activation
involves the non-specific stimulation of autoreactive cells due
to the high concentration of cytokines and co-stimulatory
signals present during a state of microbial imbalance.!

Furthermore, human cohort data link dysregulated
SCFA levels with heightened susceptibility to autoimmune
disorders.® Murine and in vitro evidence suggests that in
the absence of sufficient butyrate to inhibit HDAC activity,
Treg differentiation is impaired while Th17 differentiation
is enhanced.” This shift in T-cell balance is observed as
a correlative hallmark in various human autoimmune
conditions, including systemic lupus erythematosus and
rheumatoid arthritis, though causal direction (whether
dysbiosis drives disease or results from it) has not been
established in longitudinal human studies’ Figure
1 summarizes the characteristics and mechanism of
microbial dysbiosis.

5. Microbial alterations in inflammatory
bowel disease

Inflammatory bowel disease (IBD), including Crohn’s
disease and ulcerative colitis, is characterized by a profound
and systemic dysregulation of the gut microenvironment.”
Metagenomic and metabolomic analyses have revealed
consistent microbial signatures in IBD patients, most
notably a marked reduction in the diversity of the
Firmicutes phylum and an overrepresentation of adherent-
invasive Escherichia coli (AIEC).>* These alterations
lead to a significant shift in the gut’s metabolic profile,
characterized by reduced concentrations of SCFAs and an
accumulation of detrimental metabolites that damage the
epithelial lining and promote fibrosis.*=*

The reduction of Faecalibacterium prausnitzii, a major
butyrate producer, is particularly strongly associated with
IBD activity and relapse.” The resulting deficit in butyrate
impairs colonocyte health and barrier function, facilitating
the entry of pathobionts like AIEC that directly stimulate
pro-inflammatory responses through the activation
of TLR and NLR pathways.”>* Interestingly, in vitro
evidence using human macrophages suggests that the poor
tolerance to fiber-rich diets observed in some IBD patients
may be linked to the paradoxical activation of the NLRP3
inflammasome by SCFAs under conditions simulating
chronic inflammation.” In this cellular model, butyrate
and propionate triggered IL-1p release from macrophages
via epigenetic suppression of cellular FLICE-like inhibitory
protein (cFLIP) and IL-10, potentially exacerbating
intestinal inflammation rather than resolving it.'® It is
important to note that this represents an isolated in vitro
mechanism and has not been directly demonstrated in
IBD patient tissue or animal colitis models, so the clinical
relevance of this pathway to human fiber intolerance in IBD
remains inferential. The neuroimmune interactions within
the gut also play a significant role in IBD pathogenesis.™
Dysbiosis-induced changes in the gut microbiota can
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Figure 1. Illustration showing the characteristics and mechanisms of dysbiosis. Image created by the authors.

alter the production of neurotransmitters and neuroactive
metabolites, which in turn modulate intestinal motility
and immune cell activity via the enteric nervous system.?
For instance, the activation of the host-microbiota-
immune axis can influence the secretion of neuropeptides
that regulate the permeability of the intestinal barrier and
the recruitment of inflammatory cells into the lamina
propria.****7 Beyond local neuroimmune signaling, this
gut-brain crosstalk operates bidirectionally at a systemic
level: circulating pro-inflammatory cytokines, dysbiosis-
altered microbial metabolites (e.g., SCFAs, tryptophan-
kynurenine derivatives), vagal/sympathetic signaling, and
HPA-axis dysregulation together form a self-reinforcing
inflammatory cycle linking intestinal disease activity to
comorbid anxiety and depression.”® Furthermore, IBD
involves altered intestinal immune responses in which
SCFAs are critical modulators, and therapeutic strategies
now aim to restore SCFA-producing bacteria to recalibrate
the immune response.'® Together, these findings emphasize
that IBD is not merely a consequence of microbial
presence but rather a result of a multifaceted collapse in the
signaling networks encompassing metabolic, epigenetic,
and neuroimmune axes that normally support the host-
microbe symbiosis."

6. Molecular mimicry and microbial
antigen-cross reactivity

A significant proposed mechanism by which microbial
antigens contribute to inflammatory and autoimmune
disorders is molecular mimicry, a largely theoretical
and structurally inferred framework in which microbial
antigens or proteins are hypothesized to closely resemble

host proteins, potentially resulting in cross-reactive
immune responses.** This mechanism is supported
chiefly by in silico structural homology analyses and
observational associations between specific microbial
taxa and autoimmune phenotypes, rather than by direct
experimental demonstration of causality in humans.**
Antigen-presenting cells, such as dendritic cells, process
bacterial antigens and deliver them to T lymphocytes
during an infection or microbial dysbiosis. Activated
immune cells may mistakenly attack host tissues if these
microbial antigens mimic the host molecules, which leads
to inflammation and persistent immune activation.**

The pathophysiology of IBD has been increasingly
linked to this mechanism. When the intestinal barrier is
disrupted in these patients, microbial antigens gain greater
access to the mucosal immune system. Cross-reactive
antibody production and autoreactive T-cell responses can
be triggered by structural similarities between microbial
and host intestinal proteins. Consequently, the immune
system may target intestinal epithelial components as well
as microbial antigens, causing tissue damage and persistent
intestinal inflammation.*#*' However, direct evidence
that this process drives rather than merely accompanies
tissue damage in IBD patients is still lacking, and the
current literature relies on correlative and bioinformatic
evidence.”!

7. Therapeutic approaches targeting the
gut microbiome
Microbiome-targeted therapeutic approaches are gaining

popularity as the role of gut microbial dysbiosis in
autoimmune diseases becomes better understood. By
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enhancing intestinal barrier integrity, these treatments
seek to regulate immunological responses and restore
microbial balance. Probiotics, prebiotics, fecal microbiota
transplantation, and postbiotics are some of the potential
methods for altering the gut microbiome and affecting the
course of disease.*>*

7.1. Probiotics

Probiotics are live microorganisms that, when
administered in adequate amounts, provide health benefits
to individuals.* In the context of IBD, probiotics are
speculated to restore the disrupted microbial equilibrium
characteristic of dysbiosis by re-establishing colonization
resistance, reinforcing epithelial barrier integrity, and
rebalancing mucosal immune responses.* However, it
should be noted at the outset that the clinical evidence for
probiotics is markedly disease specific: the most robust
data exist for ulcerative colitis, whereas evidence for
Crohn’s disease remains largely inconclusive.**"

The immunomodulatory effects of probiotics are
exerted through several well-characterized cellular and
molecular pathways. Firstly, they enhance innate immunity
and modulate pathogen-induced inflammation via Toll-
like receptors (TLR) and downstream signaling pathways,
which include NF-«B, mitogen-activated protein kinases
(MAPKs), and Akt.* Secondly, probiotics promote the
differentiation of regulatory T cells and increase the
production of anti-inflammatory cytokines such as IL-10,
while simultaneously suppressing pro-inflammatory
mediators, including TNF-a, IL-6, and IL-1p.2*%
Furthermore, probiotics strengthen the intestinal epithelial
barrier by upregulating tight junction proteins, particularly
Z0-1, Z0-2, and claudin-14, and by downregulating
claudin-2, which is pore-forming.

Beyond these direct effects, probiotics produce
antimicrobial substances including bacteriocins, lactic
acid, hydrogen peroxide, and acetic acid; these substances
exclude pathogenic organisms by competing for adhesion
sites and nutrients on the intestinal epithelium.***” Through
a cross-feeding relationship with the symbiotic bacteria,
such as butyrate-producing species, certain probiotic
strains can also indirectly increase SCFA synthesis, which
promotes anti-inflammatory pathways and epithelial
energy homeostasis.**** These mechanisms are strain-
specific; different probiotic organisms operate through
distinct, sometimes non-overlapping, molecular pathways,
which partly explains the clinical outcomes observed
across studies.*>*

7.1.1. Clinical evidence in ulcerative colitis and
Crohn’s disease

According to clinical evidence, probiotics are more

effective in treating ulcerative colitis than Crohn’s disease.
While the multispecies VSL#3 (which has eight bacterial
strains from the genera Lactobacillus, Bifidobacterium, and
Streptococcus) has shown advantages in both producing and
sustaining remission in patients with mild-to-moderate
illness, E. coli Nissle 1917 (EcN) has shown effectiveness in
ulcerative colitis that is equivalent to mesalazine (5-ASA)
for inducing or maintaining remission.******** Probiotics
significantly increased the likelihood of achieving clinical
remission in ulcerative colitis (OR 2.00; 95% CI 1.28-3.11),
according to a recent meta-analysis that corroborated
these findings.** Combination therapy using probiotics
and 5-ASA showed additional benefits in certain
patients, although heterogeneity among studies remains
significant.*®

Additionally, probiotics have shown significant
effectiveness in avoiding pouchitis recurrence after
ileal pouch-anal anastomosis; the most researched
formulation is VSL#3.45°0% Conversely, there is still little
data to support the use of probiotics in Crohn’s disease.
Meta-analyses have not found a substantial decrease in
disease recurrence, including after ileocecal resection,
and randomized controlled studies have typically failed
to show significant advantages in inducing or sustaining
remission.*** While Crohn’s disease is characterized
by transmural inflammation, frequent small intestinal
involvement, and more significant changes in gut microbial
diversity, ulcerative colitis is limited to the colonic mucosa,
where probiotic organisms can directly interact with
inflamed tissue. These differences may reflect the distinct
pathophysiology of the two conditions.**>* Although
Saccharomyces boulardii has shown limited adjunctive
benefit in maintaining remission, current evidence remains
insufficient to recommend routine probiotic therapy for
Crohn’s disease.”

7.1.2. Safety considerations

Although probiotics are considered generally safe in
general populations, with mild gastrointestinal side effects
(bloating, diarrhea, flatulence) reported in approximately
3%-5% of users, this perception requires important
qualifications in immunocompromised individuals,
particularly within the IBD population.”* Several lines of
key evidence raise safety concerns:

A systematic review of case reports and case series
documented 93 cases of infectious complications associated
with probiotic use, including fungemia (37.6%), sepsis
(31.2%), bacteremia (20.4%), endocarditis, and abscess
formation, with an overall mortality rate of 19.6%.” The
species involved in most cases were Saccharomyces species,
and most affected patients were immunocompromised,
critically ill, or had central venous catheters.”** IBD
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patients frequently receive immunosuppressive therapies
(corticosteroids, anti-TNF biologics), which places them
in the higher-risk category for opportunistic infections
from probiotic organisms.* Cases involving Lactobacillus
bacteremia have been reported in patients with underlying
immunosuppressive conditions, and genome-level analysis
has confirmed clonal transmission of ingested probiotic
strains into the bloodstream. The World Gastroenterology
Organization recommends that immunocompromised
individuals restrict probiotic use to strains and indications
with proven eflicacy. Another species, Saccharomyces
boulardii, while effective in antibiotic-associated diarrhea,
has been linked to fungemia in critically ill IBD patients
with rare fatal outcomes reported.”” This is particularly
relevant because S. boulardii is often co-prescribed with
antibiotics in IBD patients during infectious complications.

7.1.3. Patient heterogeneity and limitations of current
evidence

Several factors contribute to the considerable heterogeneity
in probiotic treatment outcomes across clinical settings:

Strain-specificity: Not all probiotics possess identical
therapeutic effects. Different strains of the same species
can exert vastly different immunomodulatory and barrier-
protective functions.**® Clinical trials that use poorly
characterized or inconsistently formulated products make
cross-study comparisons difficult and may explain some
contradictory findings.*®

Dose and formulation variability: Effective doses range
widely across studies, from 10%to 10! colony-forming
units (CFU) per day, and both single and multi-strain
formulations have been used. The meta-analysis found
that only multi-strain formulations achieved statistically
significant results in ulcerative colitis, suggesting that
synergistic interactions between multiple species may be
necessary for clinical efficacy.® A key limitation is that
negative Crohn’s disease data may reflect the wrong strain
or dose rather than true lack of effect, since trial designs
rarely incorporate strain selection based on mechanistic or
microbiome data.

Methodological limitations: Many existing trials are
characterized by small sample size, short follow-up
durations, insufficient reporting of adverse effects, and
lack of standardization in outcome measures. The overall
certainty of evidence, as assessed using the GRADE
framework, remains low for most outcomes in probiotic
IBD research.* Publication bias cannot be excluded,
particularly for maintenance of remission studies.

However, the favorable safety profile of probiotics
observed in controlled trials must be interpreted cautiously
given the elevated infection risk in immunosuppressed

IBD patients.®*S" Future research should prioritize well-
designed, adequately powered randomized controlled
trials with standardized probiotic formulations, strain-
specific dosing protocols, and predefined subgroup
analyses based on disease phenotype, baseline microbiome
composition, and concurrent immunosuppressive therapy.
The integration of multi-omics approaches to identify
biomarkers of probiotic responsiveness represents a
promising avenue toward personalized probiotic therapy
in IBD'48,50,55

7.2. Prebiotics

Prebiotics are non-digestible components of food that
stimulate the growth and activity of beneficial microbes
in the gut. Examples of prebiotics include inulin,
fructooligosaccharides, and resistant starch, which are
dietary fibers fermented by beneficial microbes to produce
SCFAs. SCFAs include acetate, propionate, and butyrate.
SCFAs help maintain intestinal epithelium integrity,
modulate inflammatory and immune responses, and
reduce susceptibility to autoimmune diseases.>*62

The therapeutic rationale for prebiotics in IBD centers
on restoring SCFAs production, which is frequently
compromised in patients with active disease.’*** IBD
patients demonstrate reduced abundance of SCFA-
producing bacteria, particularly butyrate-producing
Firmicutes, leading to diminished availability of butyrate
and impaired epithelial barrier function. Prebiotics
counteract this deficiency by promoting the proliferation
of beneficial commensals, thereby enhancing in IBD,
where barrier failure permits translocation of luminal
antigens and microbial metabolites, driving persistent
immune activation.®*

7.2.1. Clinical evidence, differential efficacy between
ulcerative colitis and Crohn’s disease

A critical distinction emerges when evaluating prebiotic
efficacy across IBD subtypes. The pathophysiology of
Crohn’s disease and ulcerative colitis differs fundamentally:
Crohn’s disease typically involves transmural inflammation
affecting any part of the gastrointestinal tract with a Th1/
Th17-dominant immune response, whereas ulcerative
colitisis restricted to the colonic mucosa with Th2-mediated
inflammation. These differences influence therapeutic
responses to microbiota-based interventions.*¢®

Clinical evidence demonstrates that prebiotics show
greater promise in ulcerative colitis than in Crohn’s disease.
Studies utilizing oligofructose-enriched inulin, germinated
barley foodstuff, and psyllium have reported modest benefits
in patients with active ulcerative colitis or ulcerative colitis
in remission. A randomized controlled trial of synbiotic
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therapy combining Bifidobacterium longum with Synergy 1
(inulin-oligofructose) demonstrated significant reduction in
sigmoidoscopy scores, TNF-a, and IL-1a in active ulcerative
colitis patients, alongside downregulation of human
B-defensins 2, 3, and 4.% Conversely, clinical trials in Crohn’s
disease have yielded disappointing results. A Cochrane
review found insufficient evidence to support probiotics or
prebiotics for inducing remission in Crohns disease, with
only one small study meeting inclusion criteria.”” Similarly,
prebiotic supplementation studies in Crohn’s disease have
not consistently demonstrated improvements in bacterial
modulation or inflammatory response.”

7.2.2. Safety and tolerability considerations

Prebiotics are generally regarded as safe, with a favorable
side effect profile compared to immunosuppressive
therapies. However, gastrointestinal symptoms including
bloating, flatulence, and abdominal discomfort are
common, particularly at higher doses. A randomized
controlled trial investigating FODMAP (Fermentable
Oligosaccharides,  Disaccharides, =~ Monosaccgarides,
and Polyols) intake (which includes naturally occurring
prebiotics) in quiescent Crohn’s disease found that while
increasing FODMAPs enhanced butyrate-producing
Clostridium cluster XIVa and Akkermansia muciniphila
abundance, symptom severity doubled compared to low
FODMAP intake.* This finding underscores a critical
paradox: prebiotic-induced microbiological improvements
may come at the cost of exacerbating functional
gastrointestinal symptoms, necessitating individualized
dose titration.**

7.2.3. Patient heterogeneity and response variability

The heterogeneity of prebiotic responses reflects multiple
factors including baseline microbiota composition,
disease severity, genetic background, and concomitant
medications. Patients with distinct microbial signatures
may respond differently to identical prebiotic interventions,
as the capacity for SCFA production depends on the
presence of specific fermentative taxa.®® Furthermore,
the severity of dysbiosis at treatment initiation likely
influences therapeutic outcomes, with patients exhibiting
more profound microbial depletion potentially requiring
adjunctive strategies to establish engraftment of prebiotic-
responsive communities.

7.2.4. Inmune modulation and mechanistic insights

Beyond microbial composition changes, prebiotics
exert immunomodulatory effects on the gut mucosa.
Fermentation metabolites inhibit pro-inflammatory
signaling pathways and reduce production of cytokines

central to IBD pathogenesis, including IL-6 and TNF-
a.® Additionally, prebiotics may promote regulatory T
cell differentiation, enhance immunological tolerance,
and attenuate excessive inflammatory responses.®® SCFAs
mediate these effects through multiple mechanisms
including histone deacetylase inhibition, activation of
G-protein coupled receptors (GPR43, GPR109a), and
stabilization of hypoxia-inducible factors, collectively
suppressing NF-kB activation and pro-inflammatory
cytokine production.®

7.2.5. Microbial diversity and clinical outcomes

Prebiotic treatment has been associated with increases
in gut microbial diversity, which is characteristically
reduced in IBD patients. Greater microbial diversity
enhances ecosystem resilience and may reduce the
likelihood of disease flare-ups. However, clinical outcomes
remain inconsistent because prebiotic efficacy depends
on variables including illness severity, dietary habits,
and baseline microbiota composition.®® A systematic
review of 23 randomized controlled trials examining
fiber supplementation in IBD found limited evidence for
efficacy in ulcerative colitis (3/10 studies showing benefit)
and no evidence in Crohn’s disease (0/12 studies), though
favorable physiological outcomes including fecal butyrate
and calprotectin were observed.*”

7.2.6. Limitations of current evidence

Despite compelling mechanistic rationale, several
limitations constrain definitive conclusions regarding
prebiotic efficacy in IBD. The prebiotic literature is the
weakest methodologically. A systematic review of 23
randomized trials found that fiber improved disease
outcomes in only 3 of 10 ulcerative colitis trials, none of
12 Crohn’s disease trials, and the single pouchitis trial,
with benefit confined largely to physiological surrogates
such as fecal butyrate and calprotectin rather than disease
activity.” The most cited positive trial was a small pilot
(n = 18) using a synbiotic in active ulcerative colitis, in
which sigmoidoscopy scores improved only marginally
(p = 0.06) but inflammatory markers including TNEF-
a, IL-la, and P-defensins 2-4 fell significantly.® The
Crohn’s disease crossover trial adds a further caution:
increasing fermentable fiber shifted the microbiota
toward butyrate producers but doubled symptom severity,
underscoring tolerability limits and the overlap with
FODMAP sensitivity.* Heterogeneity in fiber type, dose,
and fermentation capacity, together with the absence
of adequately powered trials, keeps the level of evidence
low.5*%° Well-designed, adequately powered randomized
controlled trials with standardized endpoints are essential
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to establish the role of prebiotics as adjunctive therapy in
IBD management.*

7.3. Fecal microbiota transplantation

Fecal microbiota transplantation (FMT) is the transfer
of microbiota from the feces of a healthy donor into
the gastrointestinal tract of a patient, aiming to restore
a balanced microbiota composition. This therapeutic
option has shown promising results in treating recurrent
Clostridioides  difficile  infections, a gram-positive,
anaerobic and spore-forming bacterium. FMT is also
being investigated as a potential therapeutic option for
autoimmune and inflammatory disorders. This therapeutic
option has the potential to restore the balance of the
microbiota, leading to the re-establishment of immune
tolerance, thereby alleviating the symptoms of these
disorders.>®"*”!

7.3.1. Efficacy in ulcerative colitis versus Crohn’s
disease

FMT has been investigated as a strategy to restore
microbial diversity and correct dysbiosis in IBD. However,
efficacy differs substantially between ulcerative colitis
and Crohn’s disease.”” Ulcerative colitis is characterized
by continuous mucosal inflammation restricted to the
colon with Th2-mediated immune responses, whereas
Crohn’s disease involves transmural, skip lesions affecting
any gastrointestinal segment with Th1/Th17-dominant
inflammation. These pathophysiological distinctions
influence therapeutic responses to FMT.? Multiple
randomized controlled trials have evaluated FMT in
ulcerative colitis.”> A landmark multicenter, double-blind
trial demonstrated that anaerobically prepared donor FMT
achieved steroid-free remission in 32% of ulcerative colitis
patients compared to 9% receiving autologous transplant
at 8 weeks (p = 0.03), with 42% of responders maintaining
remission at 12 months. Similarly, a study reported that
donor FMT induced remission in 25% of ulcerative
colitis patients versus 5% receiving autologous feces in a
randomized, double-blind trial.”*> These findings establish
moderate but consistent efficacy for FMT in ulcerative
colitis. Conversely, evidence for FMT in Crohns disease
remains limited and less encouraging.”>”*

A pilot randomized controlled trial found that while
FMT was safe and improved endoscopic scores, none of
the Crohn’s disease patients achieved donor microbiota
engraftment as the primary endpoint, though steroid-free
remission rates were numerically higher in the FMT group
(50% vs. 33%).7 A systematic review, similarly, reported no
significant improvement among Crohn’s disease patients
following FMT, with only transient remission observed
in a minority.”® The transmural nature of Crohn’s disease,

its segmental distribution, and fibrotic complications may
reduce FMT efficacy compared to the mucosal-limited
inflammation of ulcerative colitis.

7.3.2. Mechanisms of therapeutic action

The therapeutic effect of FMT is attributed to restoration of
a diverse microbial community capable of re-establishing
metabolic processes, including SCFA production, while
inhibiting pro-inflammatory bacterial taxa.”®” Specifically,
successful FMT engraftment increases Firmicutes
abundance, particularly butyrate-producing species such
as Faecalibacterium prausnitzii and Roseburia intestinalis,
which are characteristically depleted in IBD.”””
Concurrently, FMT reduces the relative abundance of
Proteobacteria and pathobionts including AIEC.

7.3.3. Inmunomodulatory effects

FMT may facilitate immune regulation by reducing mucosal
inflammation and promoting regulatory immunological
pathways. Restoration of healthy microbiota diminishes
activation of pro-inflammatory signaling pathways,
including NF-kB and mitogen-activated protein kinase
cascades, while reducing gut immune system exposure
to pathogenic microbial antigens.”® Additionally, FMT
enhances regulatory T cell differentiation and increases
production of anti-inflammatory cytokines such as IL-10,
contributing to restoration of immunological tolerance in
the gut environment.”

7.3.4. Donor factors and engraftment

A critical determinant of FMT success is donor microbiota
quality. A study demonstrated that donor species
richness and the number of transferred phylotypes were
significantly associated with treatment success, identifying
persistently elevated C-reactive protein at two weeks post-
transplant as predictive of response failure.”® These findings
suggest that standardized donor screening and selection
of donors with high microbial diversity may optimize
outcomes. Furthermore, a study reported that absence of
donor microbiota engraftment was associated with disease
flare, underscoring the importance of successful microbial
transplantation for therapeutic benefit.”

7.3.5. Clinical evidence, safety concerns and adverse
events

FMT carries the strongest evidence of the four approaches.
Two randomized trials in ulcerative colitis, Costello et
al.”™ (anaerobically prepared pooled donor stool, n = 73)
and Rossen et al.”? (n = 50), reported higher steroid-free
remission with donor FMT, with the difference reaching
statistical significance only in the larger trial (32% vs 9% at
week 8, OR 5.0). Even here, heterogeneity is considerable:
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donor selection, aerobic versus anaerobic stool processing,
delivery route, number of infusions, and outcome
definitions all differ, and donor microbial richness appears
to predict success.”*”® In Crohn’s disease, the evidence is
far weaker: the only sham-controlled pilot (n = 17) failed
its primary engraftment endpoint, although endoscopic
severity improved after FMT and absence of engraftment
predicted flare."! An uncontrolled cohort found no benefit
in Crohn’s disease and endoscopic remission in only 2
of 8 ulcerative colitis patients’, while a step-up strategy
in steroid-dependent ulcerative colitis achieved clinical
improvement in 57% of patients.”® Safety data remain
limited to short follow-up, with serious adverse events
reported sporadically; overall, the level of evidence is
moderate for ulcerative colitis and very low for Crohn’s
disease.

Despite its promise, FMT faces safety considerations
that limit widespread clinical adoption. Serious adverse
events, including bacteremia and aspiration pneumonia,
have been reported in immunocompromised patients,
though incidence remains low.”> Transmission of
multidrug-resistant organisms and unknown pathogens
represents a significant concern, particularly with long-
term follow-up data limited. Donor screening protocols
have become increasingly rigorous, yet cannot eliminate
all infectious risks. Additionally, gastrointestinal side
effects including abdominal pain, bloating, diarrhea, and
transient fever are common but typically self-limiting.”

7.3.6. Patient heterogeneity and response predictors

Heterogeneity in FMT response reflects multiple factors
including baseline microbiome composition, disease
severity, —concomitant immunosuppressive therapy,
and genetic background. Patients with more severe
dysbiosis may require repeated FMT procedures or
combined therapeutic approaches.”® A step-up FMT
strategy, involving escalating treatment intensity for non-
responders, demonstrated that 57% of steroid-dependent
ulcerative colitis patients achieved clinical improvement,
though only 29% maintained long-term remission.”
This variability underscores the need for personalized
approaches to patient selection and treatment protocols.

7.3.7. Standardization challenges and future
directions

Several barriers impede FMT standardization: variability
in donor microbiota composition between stool banks, lack
of uniform preparation and administration protocols, and
insufficient long-term safety data.”® The optimal FMT dose,
frequency, and delivery route remains undefined, with
studies utilizing colonoscopic infusion, nasojejunal tubes,
enemas, and oral capsules with variable success.”® Well-

designed, adequately powered randomized controlled trials
with standardized endpoints, longer follow-up periods,
and defined patient stratification criteria are essential to
establish FMT’s role in IBD management. Development of
defined microbial consortia as alternatives to crude fecal
preparations may address standardization challenges while
maintaining efficacy.”>”*

7.4. Postbiotics

The term postbiotics describes the beneficial physiological
effects exerted by bioactive metabolites or cell components,
such as SCFAs, or cell wall components, produced during
bacterial metabolism. Unlike probiotics, postbiotics do
not require the administration of live microbes, offering
a potential advantage given the safety and stability
concerns associated with live formulations.”*”* Recent
studies have shown that postbiotics have the potential to
modulate the immune system, strengthen the intestinal
barrier, and downregulate the inflammatory response. As
understanding of postbiotics’ role grows, they have the
potential to become a targeted therapeutic option with
fewer side effects.”®®

7.4.1. Mechanisms of action in intestinal homeostasis

Postbiotics may provide a targeted strategy for restoring
intestinal homeostasis in IBD by directly supplying
bioactive  substances frequently depleted during
dysbiosis. Short-chain fatty acids, particularly butyrate,
are essential for preserving epithelial integrity through
multiple mechanisms: they serve as primary energy
substrates for colonocytes, enhance mitochondrial
respiration and biogenesis, and increase production of
tight junction proteins including occludin, claudins, and
zonula occludens.” Additionally, butyrate modulates
mucosal immune responses through histone deacetylase
inhibition, epigenetic regulation of gene expression,
and activation of G-protein coupled receptors (GPR43,
GPR109a), collectively promoting regulatory T cell
differentiation and inhibiting pro-inflammatory cytokine
production.® Tryptophan-derived postbiotics, including
indole derivatives and kynurenine metabolites, activate
the aryl hydrocarbon receptor on innate lymphoid cells,
stimulating IL-22 secretion that enhances mucosal barrier
function and antimicrobial peptide production.®

7.4.2. Differential effects in Crohn’s disease versus
ulcerative colitis

The immunological heterogeneity between Crohn’s disease
and ulcerative colitis influences postbiotic therapeutic
potential. Crohn’s disease is characterized by Thl/
Th17-dominant immune responses with transmural
inflammation, whereas ulcerative colitis exhibits Th2-
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mediated mucosal inflammation restricted to the colon.®!
These pathophysiological differences suggest that
postbiotic interventions may have distinct efficacy profiles
across IBD subtypes.

Emerging evidence indicates that butyrate-producing
bacteria, particularly Faecalibacterium prausnitzii and
Roseburia intestinalis, are preferentially depleted in Crohn’s
disease, contributing to reduced butyrate availability and
impaired epithelial barrier function.® This metabolic
deficit may be particularly amenable to postbiotic
supplementation in Crohn’s disease patients. Conversely,
ulcerative colitis—associated dysbiosis involves broader
microbial perturbations affecting multiple metabolite
pathways, including tryptophan catabolism and bile acid
metabolism.® A comparative study demonstrated that
postbiotics derived from Bifidobacterium adolescentis
exhibited stronger modulatory effects on gut microbiota
composition and metagenomic  potential  than
corresponding probiotics in a colitis model, suggesting
that postbiotics may offer distinct therapeutic advantages
irrespective of IBD subtype.®

7.4.3. Safety profile and advantages over probiotics

Postbiotics offer several safety advantages over live
microbial therapies. They eliminate risks of bacteremia,
fungemia, and systemic infection that occasionally
complicate probiotic administration, particularly in
immunocompromised IBD patients.®® The well-defined
chemical composition of postbiotics enables precise
dosing, standardization, and quality control, addressing
the inherent batch-to-batch variability observed with
probiotic  preparations.®  Additionally, postbiotics
demonstrate superior stability under diverse storage
conditions and gastrointestinal environments, potentially
improving bioavailability and therapeutic consistency.

However, postbiotics are not devoid of safety
considerations. High-dose butyrate supplementation may
paradoxically promote inflammation in specific contexts,
particularly when administered to damaged epithelium
with compromised barrier function where high local
concentrations may recruit neutrophils.®® Tryptophan
catabolites, while generally anti-inflammatory, may exert
context-dependent effects depending on the balance
between protective indole derivatives and potentially
toxic kynurenine pathway metabolites.®> These findings
underscore the importance of formulation optimization
and dose-response characterization.

7.4.4. Clinical evidence and limitations

Despite compelling preclinical data, clinical evidence for
postbiotic efficacy in IBD remains limited. Postbiotics are
mechanistically attractive because they address the safety

and standardization problems of live biotherapeutics, but
human data are scarce.®®” The only clinical signals are
small and largely negative: a phase 2 randomized trial
of a GPR43 antagonist in mild-to-moderate ulcerative
colitis showed no clinical benefit despite in vitro anti-
inflammatory activity, and butyrate enemas produced only
minor effects in ulcerative colitis patients in remission.*
Supportive evidence comes from ex vivo organ culture,
where a postbiotic downregulated inflammation in IBD
tissue, and from a mouse colitis model in which postbiotics
modulated the microbiota more strongly than the parent
probiotic strain.®**®' The level of evidence is therefore
preclinical, and the key design questions for future trials
are which metabolite class, what dose and formulation,
which delivery route, and how to stratify patients, for
example, by baseline butyrate-producing capacity.®”

7.4.5. Patient heterogeneity and response variability

Response to postbiotic interventions varies considerably
among IBD patients, reflecting differences in baseline
microbiome composition, disease severity, genetic
background, and concomitant medications.®®*®' Patients
with profound depletion of SCFA-producing bacteria
may require higher doses or combination approaches to
achieve therapeutic benefit, whereas those with preserved
metabolic function may derive minimal additional
effect.®® Furthermore, the interplay between host genetics
(including polymorphisms in NOD2, CARDSY, and IL23R)
and postbiotic metabolism remains poorly characterized,
limiting the ability to predict therapeutic responses.®®

7.4.6. Future directions and precision therapeutics

Postbiotics represent a promising frontier in precision
microbiome-based therapeutics for IBD.** Development
of next-generation postbiotic formulations incorporating
defined metabolite combinations, targeted delivery
systems, and personalized dosing algorithms may
address current limitations.*® Integration of metabolomic
profiling with host genetic analysis could enable patient
stratification and identification of individuals most
likely to benefit from specific postbiotic interventions.”
Additionally, combination strategies pairing postbiotics
with prebiotics or conventional immunosuppressive
agents may enhance therapeutic efficacy while reducing
adverse effects. Continued investment in well-designed,
adequately powered clinical trials with standardized
endpoints is essential to establish postbiotics’ role in IBD
management.”*¢®

7.5. Comparative clinical and therapuetic implications

The clinical evidence supporting microbiota-directed
therapies in IBD varies considerably across the four
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therapeutic approaches and between ulcerative colitis and
Crohn’s disease. Probiotics have been investigated most
extensively, with selected formulations demonstrating
greater clinical benefit in ulcerative colitis than Crohn’s
disease. Although substantial heterogeneity in strains,
doses, formulations, and treatment outcomes limits direct
comparisons. Evidence for prebiotics remains limited and
inconsistent, while FMT has demonstrated more promising
results in ulcerative colitis but remains insufficiently

studied in Crohn’s disease. In contrast, postbiotics are at an
earlier stage of clinical development, with most evidence
derived from preclinical or small exploratory studies.
These differences highlight the importance of considering
disease phenotype, treatment formulations, patient
characteristics, and study design when interpreting the
therapeutic potential of microbiota-directed interventions.
A summary of the current clinical evidence and major
limitations is presented in Table 1.

Table 1. Summary of clinical evidence, key findings, and limitations of microbiota-directed therapeutic approaches in

inflammatory bowel disease

Approach Key studies Populations Main findings Key limitations
Strain, dose, formulations,
Probiotics Butterworth et al. (2008)%; UC and CD More consistent benefit in UC; CD trials  treatment duration, and
EcN/VSL#3 trials*>* largely negative/inconclusive outcome heterogeneity: many
small trials
Halmos ef al. (2016)%; Benefit observed in some UC studies,
Prebiotics Furrie f al ( 2005)%; ’ UC and CD but not CD; inflammatory/microbiome Small studies; variable fiber
’ ’ changes do not consistently translate to types/doses; tolerability
lake . (2014)%
Wedlake et al. (2014) clinical benefit
Rossen et al. (2015)7%
Costello et al. (2019)% . - . I .
EMT Sc?lzo? e(t) ael a(l ) 0(2 0)75') Mainly UC: limited CD Promising remission outcomes in UC; Donor variability, processing,
Vermeire e;t al. (20 1)6)7‘“ YV evidence in CD remains very limited delivery, engraftment and safety
Cui et al. (2015)®
few clinical trials; small
Mainly UC; insufficient Preliminary evidence for effects on z;erily l::, schlonrltc ?oltll(d)ljv—susfna
Postbiotics ~ Butyrate studies®® it intestinal inflammation; clinical efficacy ples; . P
CD data . . formulation/delivery
remains uncertain )
uncertainty

Abbreviations: CD: Crohn’s disease; UC: Ulcerative colitis.

8. Future directions

Precision medicine techniques, which seek to tailor
treatment plans according to the unique microbial
profiles, are being made possible by developments in
microbiome research. Metagenomics, metabolomics,
and transcriptomics are high-throughput sequencing-
based technologies that have greatly advanced our
understanding of the relationships between the gut
microbiota and host immune responses, though further
cohort studies are needed to expand the omics analysis.
Complementing this, emerging computational platforms
that integrate metagenomic, metatranscriptomic, and
metabolomic data with enzyme-focused bioinformatics
and machine learning are increasingly able to link specific
gut microbial genes and enzymes to therapeutic outcomes,
offering a more mechanistic route toward precision
microbiome medicine. In autoimmune diseases, these
multi-omics techniques may make it possible to identify

disease-specific microbial signatures that might function
as biomarkers for early diagnosis, disease tracking, and
therapy response prediction.** Al and machine learning
approaches, including supervised classifiers and deep
learning architectures, have further demonstrated the
ability to identify disease-associated microbial signatures
and predict host immune and treatment-related
outcomes from high-dimensional microbiome datasets,
suggesting similar frameworks could be adapted to
stratify dysbiosis-driven inflammatory conditions such
as IBD.** Additionally, a new approach including targeted
nutritional treatments, microbiomes derived metabolites
therapeutics, and engineered probiotics may offer more
accurate and customized ways to modify immune function.
Even with these encouraging findings and advancements,
there are still several obstacles that have to be overcome,
such as the necessity for standardized procedures, inter-
individual heterogeneity in microbiome composition, and
differentiation of causative linkages from correlations.
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9, Conclusion

In conclusion, there is mounting evidence that the gut
microbiota plays a significant role in controlling immune
responses and causing IBD. Through processes including
decreased microbial metabolite synthesis, increased gut
permeability, and immunological activation, microbial
dysbiosis can disrupt intestinal immune homeostasis.
Molecular mimicry and microbial antigen cross-reactivity
are two further processes that show how gut bacteria might
affect chronic intestinal inflammation. These insights
support a move towards personalised medicine: depending
on the composition of their gut microbiota, each can
benefit from a specific treatment that improves health while
minimizing adverse effects, an approach made possible
by innovations in genomics, artificial intelligence (AI)-
powered data analysis, and biomedical technologies. Unlike
the stability of the human genome, the gut microbiome is
highly dynamic, shaped by external factors such as diet,
antibiotics, lifestyle, and environmental exposures, so it
both reflects an individual’s health status and serves as a
target for therapeutic intervention. Microbiological analysis
of the gut microbiome remains a complex undertaking
whose reliability varies across cohorts due to geographical
and dietary differences in microbial signatures, and the
current lack of standardized analysis workflows and
sequencing methods still limits its clinical applicability. In
IBD, specifically, microbial alterations reported in Crohn’s
disease and ulcerative colitis stem mainly from cross-
sectional observational studies showing association rather
than causation; longitudinal animal studies have offered
mechanistic insight but require confirmation through
large-scale randomized clinical trials, and microbiome-
based diagnosis will require “multi-omics” data, Al tools,
and standardized analyses. Given this current level of
uncertainty, microbiome-targeted treatments—whether
probiotics, dietary changes, or FMT—remain promising
but highly unpredictable, and further study is required to
fully comprehend host-microbiome interactions and to
create safe, effective microbiome-based therapies for IBD.
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