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Abstract

The gut microbiota, a complex community of trillions of microorganisms residing in the
gastrointestinal tract, plays a vital role in maintaining host health and regulating a wide
range of physiological functions. Advances in molecular biology have greatly expanded our
understanding of the dynamic interactions between the gut microbiome and the immune
system. Disruption of this microbial community, known as dysbiosis, can compromise
epithelial barrier integrity, trigger aberrant immune activation, and lead to the production
of proinflammatory metabolites. These changes are increasingly recognized as contributing
factors in the pathogenesis of chronic inflammatory diseases. Emerging research high-
lights the gut microbiota as a key modulator of immune homeostasis, influencing both
local and systemic inflammatory processes during the initiation and progression of these
diseases. Understanding the mechanisms underlying gut microbiota-immune interactions
will offer new avenues for therapeutic interventions. This review focuses on six representa-
tive chronic inflammatory diseases, including rheumatoid arthritis, inflammatory bowel
disease, psoriasis, systemic lupus erythematosus, asthma, and vasculitis, all of which are
characterized by dysregulated immune responses and persistent inflammation. Our goal
is to synthesize the recent research on the role of gut microbiome in the pathogenesis of
the diseases listed above and provide insights into the development of microbiota-based
therapies, particularly fecal microbiota transplant, dietary modifications, prebiotic and
probiotic interventions, for their treatment.

Keywords: gut microbiome; dysbiosis; chronic inflammation; pathogenesis; immune
response; rheumatoid arthritis; inflammatory bowel disease; psoriasis; systemic lupus
erythematosus; asthma; vasculitis

1. Introduction
Chronic inflammatory diseases, encompassing a wide range of conditions, are charac-

terized by persistent inflammation in various tissues and organs, resulting in tissue damage,
dysfunction, and severe clinical symptoms. Despite notable advances in molecular biology
and a deeper understanding of pathophysiology, these diseases remain a significant and
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unresolved problem. The gut microbiota has emerged as a central figure in the pathogene-
sis and progression of chronic inflammatory diseases. Research over recent decades has
uncovered the complex relationships between the alteration in the gut microbiota and both
the development and perpetuation of chronic inflammation. Dysbiosis, characterized by
alterations in the composition and function of the gut microbiota, has been implicated in
chronic inflammatory diseases [1] (Table 1).

Table 1. Glossary.

Terms Definition

MICROBIOTA Microorganisms, composed of bacteria, fungi, virus, protozoa and archaea, inhabiting a
defined environment.

MICROBIOME Generally, microbiota, its genes, gene products and activities in niches in a habitat.

DYSBIOSIS

There is no consensus that defines dysbiosis despite a high frequency of usage in microbiome
studies. It is often described as a state, in which alterations to the microbiota of hosts and its
functional components may be correlated with undermined host immunity and increasing
susceptibility to diseases. Dysbiosis usually features: (i) impaired microbial diversity; (ii) loss
of beneficial commensal bacteria; (iii) thriving of pathogens.

DISEASE DRIVER Causal factors that initiate or promote disease development or progression.

BIOMARKER A subset of markers that are objectively measurable and evaluated as indicators of biological
process, pathogenic processes, or responses to therapeutic interventions.

PATHWAY Biological mechanisms or networks through which disease processes unfold, often involving
multiple molecular interactions.

One of the primary mechanisms through which the gut microbiota contributes to
chronic inflammation is modulating mucosal immune responses. Immune cells and in-
testinal epithelial cells interact with gut microbes and their products, shaping immune
development, responsiveness, and tolerance [2]. Gut microbiome is also essential for main-
taining the intestinal barrier integrity thereby preventing the translocation of pathogens
and proinflammatory stimuli into systemic circulation. When dysbiosis occurs, this del-
icate balance between host and gut microbe is disrupted, triggering aberrant immune
activation, inflammation and tissue damage [3]. Emerging evidence suggests that the
gut microbiota communicates bidirectionally with distant organs and tissues via systemic
immune responses and neuroendocrine signaling pathways. This crosstalk influences the
pathogenesis of extraintestinal chronic inflammatory diseases, such as rheumatoid arthritis
(RA), psoriasis, and asthma, highlighting the intimate link between the gut microbiota,
systemic inflammation, and immune-mediated disorders [4]. Additionally, the gut micro-
biota produces a myriad of metabolites, including short-chain fatty acids (SCFAs), bile
acids, lipopolysaccharides (LPS), and microbial antigens, which are capable of modulating
immune cell function and inflammatory signaling pathways [5].

In light of these findings, there is growing interest in targeting the gut microbiota and
its metabolites as a therapeutic strategy for chronic inflammatory diseases. This article aims
to explore the intricate functions of the gut microbiome within the human body, with a
particular emphasis on its pivotal role in the onset and progression of several major chronic
inflammatory conditions. Specifically, we discuss RA, inflammatory bowel disease (IBD),
psoriasis, systemic lupus erythematosus (SLE), asthma, and vasculitis, diseases that collec-
tively affect millions of individuals worldwide and pose a substantial global health burden.
We also discuss the therapeutic potential of microbiota-targeted intervention, including
dietary modifications, probiotics, prebiotics, and fecal microbiota transplantation (FMT)
which were among the most frequently and prominently retrieved interventions when
searching with the keywords listed below. To ensure relevance and currency, we reviewed
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articles written in English from the past 15 years, identified through the PubMed database
using the keywords correlated to the topics of “microbiome”, “chronic inflammatory dis-
eases”, “host immune response and gut microbes”, “host immune response and microbial
metabolites” and the specific disease names listed above. Our goal is to synthesize current
knowledge of gut microbiome-related pathogenesis, highlight mechanistic insights, and
identify therapeutic opportunities across those major disease areas.

2. Overview of Gut Microbiome-Driven Immune and
Inflammatory Modulation

About 100 trillion microorganisms consisting of bacteria, fungi, archaea, protozoa, and
viruses, reside in the gastrointestinal (GI) tract, forming the complex community known
as the gut microbiome [6,7]. This ecosystem maintains a mutually beneficial relationship
with its host. The host supplies those microorganisms with nutrients and a protected
habitat, while the microbiota aids in digesting the dietary components, communicates with
the immune system, and shapes overall host immunity. When this symbiotic balance is
disturbed, often referred to as dysbiosis, various diseases may develop, including infections,
neurological disorders, chronic inflammation, and metabolic syndromes. For example,
following antibiotic treatment that depletes many commensals, the opportunistic pathogen
Clostridioides difficile can thrive to cause life-threatening colitis. We have defined terms
including “dysbiosis”, “microbiota”, “microbiome”, “disease driver”, “biomarker” and
“pathway” in Table 1 [8].

Dysbiosis alters the profile of gut-derived metabolites, which constitute another cru-
cial component of the microbiome. These small molecules interact with the intestinal
mucosal immune system, influencing antigen recognition, immune cell recruitment and
proliferation. Gut microbiota-derived metabolites are generally categorized into three main
groups: (1) direct microbial products of dietary compounds (e.g., SCFAs, tryptophan and its
indole derivatives); (2) host-derived molecules chemically modified by the microbiota (e.g.,
secondary bile acids); and (3) metabolites synthesized de novo by gut microbiota (e.g., LPS
and peptidoglycan) [9]. By modulation of immune-cell metabolism and signaling pathways,
these metabolites profoundly impact on inflammation and overall host health [10,11].

In this section, we briefly discuss the mechanisms by which the gut microbiota and its
metabolites modulate host inflammatory response (Figure 1).

Figure 1. Overview of Gut Microbiome-Driven Immune and Inflammatory Modulation.
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2.1. Gut Epithelial Barrier

Gut epithelium is the very first-line defense against invasive pathogens and their
virulent factors in the GI tract. A healthy gut barrier prevents the translocation of various
microbial antigens and inflammatory substances into the systemic circulation, thereby
reducing the risk of systemic inflammation and immune activation [12–14].

Normally, beneficial microbes and their metabolites play essential roles in protecting
and maintaining gut epithelial barrier functions. Reduced levels of key beneficial gut bacte-
ria, such as Bifidobacterium and Lactobacillus, which help strengthen the gut barrier, are often
linked to increased gut permeability [15,16]. Urolithin A (UroA), a direct microbial product
of dietary compounds, and its synthetic analogs enhance gut barrier function through
the nuclear factor erythroid 2-related factor 2 (Nrf2) pathway, leading to the inhibition of
unwarranted inflammation [17]. SCFAs contribute to maintenance of the integrity of the
intestinal epithelial barrier by upregulating the expression of tight junction proteins [18].
SCFAs also play a key role in modulating antitumor immune responses and reducing
inflammation-related side effects by supporting epithelial barrier function and preserving
intestinal homeostasis [19]. Specific secondary bile acids, such as ursodeoxycholic acid
(UDCA) and tauroursodeoxycholic acid (TUDCA), have shown promise in reducing colito-
genic dysbiosis and suppressing experimental colitis [20]. However, dysbiosis may lead
to the suppression of the beneficial microbes and the outgrowth of pathogens. In such
scenarios, pathogens and their virulence factors, such as C. difficile toxins, shiga toxins, and
enterotoxins, disrupt the barrier function and induce strong local inflammatory responses.
With increased epithelial permeability, the de novo microbial metabolites further contribute
to systemic inflammation. One of the classic systemic inflammation inducers is LPS. Gut
barrier dysfunction leads to increased permeability to bacterial LPS, which triggers immune
responses and subsequently contributes to chronic inflammation [21]. Emerging research
also reveals the role of microbiota-derived extracellular vesicles (BEVs) in modulating
immune and defense responses and potentially contributing to the development of diseases
through affecting the intestinal epithelial barrier [22,23].

2.2. Interactions with Immune Cells

The gut microbiota plays a pivotal role in modulating the host immune system by
directly interacting with various immune cells, such as dendritic cells (DCs), macrophages,
T cells and B cells, thereby influencing their development, differentiation, and function. As
primary antigen-presenting cells, DCs are essential for initiating and regulating immune
responses. Microbial metabolites, such as SCFAs and secondary bile acids, modulate DC
maturation and cytokine production, which in turn affect T cell differentiation and promote
immune tolerance. The gut microbiota also influences macrophages polarization, directing
them towards either the proinflammatory M1 phenotype or the anti-inflammatory M2
phenotype [24,25]. SCFAs, particularly butyrate, promote the M2 phenotype, which is
associated with tissue repair and anti-inflammatory functions [26]. Additionally, microbial
metabolites like butyrate have a significant impact on T cell differentiation and function [27].
Butyrate promotes the differentiation and expansion of regulatory T cells (Tregs) by in-
hibiting histone deacetylases (HDACs) [28,29], leading to increased acetylation of histone
proteins and the expression of genes involved in Treg differentiation. Tregs are essential
for maintaining immune tolerance and preventing excessive inflammation. Furthermore,
the gut microbiota modulates B cell function and antibody production [30]. Microbial
antigens can promote the production of immunoglobin A (IgA), which plays a crucial
role in mucosal immunity by neutralizing pathogens and preventing their adherence to
the intestinal epithelium [31]. However, deleterious interactions also occur. As we will
discuss in relation to specific diseases later, molecular mimicry of bacterial antigens may



Microorganisms 2025, 13, 2516 5 of 27

trigger the production of autoantibodies that mistakenly target host antigens, contributing
to autoimmune pathology.

2.2.1. Toll-Like Receptors

Pattern recognition receptors (PRRs) on immune cells, such as Toll-like receptors
(TLRs), play critical roles in recognizing microbial-associated molecular patterns (MAMPs)
and initiating immune responses [32]. The interaction between the gut microbiota and
TLRs serves as a key mechanism of immune modulation.

TLR4 recognizes LPS from Gram-negative bacteria [33]. LPS is a potent immune
modulator that can activate immune cells via TLR4 and induce massive inflammatory
responses or regulatory responses, depending on the context and balance of other signaling
molecules [34]. Chronic activation of TLR4 by the dysbiotic gut microbiome contributes
to systemic inflammation and autoimmune diseases [35]. TLR5 recognizes flagellin, a
component of bacterial flagella [36]. The interaction between TLR5 and flagellin can
promote the production of anti-inflammatory cytokines, such as IL-10, and support the
integrity of the gut barrier. TLR5 signaling is essential for maintaining a balanced immune
response and preventing excessive inflammation [37]. TLR2 recognizes peptidoglycan
and other components of the cell wall of Gram-positive bacteria [38]. TLR2 activation can
increase the production of antimicrobial peptides and promote mucosal immunity [39].
Additionally, TLR2 signaling can modulate the balance between T helper cell subsets,
influencing the overall immune response [40]. Hug et al. [41], have reviewed the expression
and localization of TLRs in the GI tract and highlights their role in maintaining gut barrier
function and the implications of disrupted signaling in inflammatory conditions such
as IBD.

2.2.2. Proinflammatory and Anti-Inflammatory Cytokines

The gut microbiome can not only modulate immune cell maturation but also induces
the production of cytokines, thereby directing immune responses [8]. For example, certain
beneficial bacteria such as Lactobacillus can promote the production of IL-10 by DCs, leading
to the induction of Tregs and the suppression of inflammatory responses [42]. SCFAs can
also influence cytokine production. Propionate and butyrate can suppress the production of
proinflammatory cytokines such as tumor necrosis factor-alpha (TNF-α), interleukin (IL)-6,
and IL-12 by inhibiting the activation of the nuclear factor kappa B (NF-κB) and mitogen-
activated protein kinase (MAPK) signaling pathways [43]. This modulation contributes to
reducing systemic inflammation and promotes immune homeostasis.

Overall, the gut microbiota and their metabolites exert a profound influence on the
host immune system, by affecting various immune cells and their functions. Understand-
ing these interactions provides valuable insights into maintaining immune balance and
developing novel therapeutic strategies for chronic inflammatory diseases.

3. Gut Microbiota and Chronic Inflammatory Diseases
3.1. Rheumatoid Arthritis (RA)
3.1.1. General Understanding of RA Pathogenesis

RA is a chronic autoimmune disorder characterized by inflammation of the synovial
joints, resulting in pain, swelling, stiffness, and progressive joint damage. RA impacts
approximately 0.5–1% of the adult population. While the exact cause of RA remains
elusive, it is widely believed to arise from a complex interplay of genetic, immunological,
and environmental factors. Genetic susceptibility plays a significant role, with certain
alleles within the human leukocyte antigen (HLA) region, particularly the HLA-DRB1
gene, strongly associated with increased risk (Table 2) [44]. The dysregulated immune
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system of RA patients leads to the extensive activation of immune cells, including T cells,
B cells, and macrophages. Meanwhile, autoantibodies, such as anti-rheumatoid factor and
anti-citrullinated protein antibodies (ACPAs) are significantly produced [45]. This immune
activation mistakenly attacks the patient’s own tissues and elicits chronic inflammation
and synovitis, consequently causing cartilage and bone destruction, joint deformity, and
disability if left untreated. Moreover, RA is not limited to joint involvement; it is frequently
associated with systemic manifestations such as fatigue, fever, weight loss, and an increased
risk of cardiovascular disease and osteoporosis [46].

Table 2. Representative features and current microbial therapies for the selected chronic inflammatory
diseases.

Disease Estimated Global
Prevalence

Primary
Etiology

Autoimmune
Features

Major Host
Susceptibility

Genes

Gut Microbiome-Targeted
Therapies Tested Clinically

Supporting
Literature

Rheumatoid
Arthritis (RA)

~17·6 million ([47]
Black, R. J.
et al., 2023)

Joint-targeted
autoantibodies Yes

HLA alleles, PTPN22,
PADI4, STAT4,

CTLA4, IL2RA, etc.

High-fiber diet; Probiotics (e.g.,
L. casei); FMT [45–50]

Inflammatory
Bowel Disease

(IBD)

~4.9 million ([51]
Wang, R. et al., 2023)

Aberrant
immune

response to gut
commensals

Yes NOD2, IL23R,
HLA, etc.

FMT; Probiotics (e.g.,
Bifidobacterium, Lactobacillus);

Prebiotics (e.g., FOS); Diet (e.g.,
low-FODMAP, EEN,
Mediterranean diet)

[51–55]

Psoriasis at least 100 million
([56] WHO, 2016)

Skin-targeted
inflammation Yes NFKB1, ZFYVE28,

IL23R, IL12B, etc.

Probiotics (e.g., B. infantis,
Bacillus genus, etc.); Prebiotics
(e.g., fructooligosaccharides,

SXRG84, etc.)

[56–58]

Systemic Lupus
Erythematosus

(SLE)

~3.41 million ([59]
Tian, J. et al., 2023)

Multi-organ
autoantibody
production

Yes TYK2, STAT1, IRF5,
STAT4, etc.

FMT; Probiotics (e.g., L.
helveticus, B. infantis, B. bifidum);

Diet (e.g., inulin and FOS)
[59–63]

Asthma ~260 million ([64]
Oh, J. et al., 2025)

Allergic/immune
dysregulation in
the respiratory

tract

No ORMDL3, IL33,
TSLP, etc.

Probiotics (e.g., L. salivarius, B.
brev, C. butyricum, etc.); Diet

(e.g., inulin)
[64,65]

Vasculitis

varies widely by
type; average < 50
cases per million

people for a single
type ([66] Watts, R.A.

et al., 2022)

Vessel-targeted
autoimmunity Yes

KD-associated
genes: ITPKC,

CASP3, ORAI1, BLK,
etc.

BD-associated genes
IL-10A, CPVL,

STAT4,
TNFAIP3, etc.

Dietary modulation [66–68]

3.1.2. Microbiome and RA Pathogenesis

Recent studies have revealed that microbial composition changes as RA progresses in
patients, which suggests that certain microbes may either protect against or contribute to the
pathogenesis of the disease [69]. The role of the gut microbiota in RA is a rapidly growing
area of research, reflecting increased recognition of the gut-joint axis in autoimmune
diseases. The interplay between the gut microbiota and host genetics, environmental
factors, and dietary habits further complicates the relationship between gut dysbiosis and
RA susceptibility. Environmental factors, smoking and dietary choices, have been shown
to influence the composition of the gut microbiota and its metabolites, further contributing
to the complexity of RA pathogenesis [70].

Although arguments persist about whether the observed microbial changes in RA
patients are a consequence of disease or a causative factor, substantial evidence has demon-
strated that microbiota actively participates in RA pathogenesis. Several studies have
highlighted specific bacterial species, such as Prevotella copri and Porphyromonas gingivalis,
in the onset and progression of RA [71]. P. copri, for example, has been linked to early
synovitis and increased disease severity [72], whereas P. gingivalis promotes the production
of autoantibodies, driving the autoimmune response. However, some research report
conflicting findings, indicating that P. copri levels might be influenced by external factors,
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such as diet or medication, which complicates their potential role of microbiota as a primary
driver of RA. In addition to P. copri, other microbial imbalances, such as an overabundance
of Clostridium perfringens and a reduction in Faecalibacterium prausnitzii, have been observed
in RA patients, further implicating specific bacterial species in disease pathogenesis [69].
Microbial infection is also considered as a crucial inducer of RA. Most recently, a strain
of Subdoligranuluma, isolated from both RA patients and patients at risk, has been demon-
strated to be capable of colonizing in healthy mice and reproducing this human disease in
a mouse model [73].

As we discussed in Section 2, the gut microbiome modulates intestinal epithelial barrier
function and immune responses, playing important roles in the development and progres-
sion of chronic inflammatory diseases. Specifically, three microbiome-related mechanisms
contribute to RA pathogenesis: (1) leaky gut epithelia mediated systemic inflammation,
(2) molecular mimicry and autoantibody production, and (3) immune cell modulation via
microbial metabolites. In RA patients, the integrity of the gut barrier has been shown to
be compromised and accompanied by increased levels of LPS in the bloodstream, which
is a potent stimulator of systemic inflammation [70]. However, questions about whether
elevated LPS levels are a primary cause or a consequence of RA have been raised since the
increased gut permeability might result from systemic inflammation rather than driving
it [74]. Certain dietary or lifestyle factors also potentially impact both microbiome and gut
barrier function, adding complexity to this relationship [75]. In addition, dysbiotic gut
microbiota can stimulate the production of autoantibodies against self-antigens, further
perpetuating autoimmune responses in RA [76]. Chriswell et al. [73], recently isolated a
strain of Subdoligranuluma (named S. didolesgii) from RA patients. Mice orally adminis-
tered this bacterium developed systemic autoantibodies and T cells that attacked the joints.
Interestingly, mice with B or CD4+ T cell depletion not only halted intestinal immune
responses but also eliminated detectable clinical disease [73]. The hypothesis is that the
bacteria may express certain proteins that closely resemble human joint antigens, thereby
confusing the immune system to attack both [77]. However, the role of molecular mimicry
in RA remains a topic of debate, with some researchers arguing that the evidence is still
inconclusive and that alternative mechanisms, such as direct microbial effects on immune
cells, may also be important. This phenomenon is further supported by findings that RA
patients exhibit increased levels of antibodies against bacterial antigens, indicating a direct
link between gut bacteria and the immune response in RA. Furthermore, reduced levels
of butyrate in RA patients have been linked to increased proinflammatory activity and
reduced regulatory T-cell populations, highlighting the importance of microbial metabolites
in disease modulation [78]. Nevertheless, the specific role of butyrate in RA remains under
investigation, with some studies suggesting that its effects might vary depending on the
context or patient population.

3.1.3. Therapeutics of RA Targeting Gut Microbiome: Current and Future

Therapeutic modulation of the gut microbiota through probiotics, prebiotics, and
dietary interventions has been proposed as a potential strategy for influencing RA-related
outcomes [48]. For example, a high-fiber diet has been shown to increase the produc-
tion of SCFAs, which enhance anti-inflammatory responses and potentially mitigate RA
severity [49]. Clinical trials involving the administration of specific probiotic strains, such
as Lactobacillus casei, have demonstrated improvements in disease activity scores and in-
flammatory markers in RA patients [79]. Another emerging approach is FMT, which has
shown early signals of restoring gut microbial balance and alleviating RA symptoms in
a preliminary study [50]. These approaches listed above aim to promote a healthy gut
microbiome, thereby reducing systemic inflammation and potentially supporting joint



Microorganisms 2025, 13, 2516 8 of 27

health. Nevertheless, current evidence should be interpreted cautiously, as most studies
are exploratory and lack large-scale validation.

The gut microbiome may also influence the response to RA therapies, as suggested by
a recent retrospective, observational cohort study of 32 patients. Samples were collected
at two timepoints (at least 6 months apart) during RA treatment. Upon analyzing the
microbiomes, the study identified microbial patterns associated with the clinical treatment
outcomes [80]. While these findings are intriguing, they remain preliminary and require val-
idation in larger, prospective cohorts before they can inform clinical practice. Nonetheless,
they highlight the potential importance of understanding the precise mechanisms by which
the gut microbiota influences RA and provide other opportunities for RA management.

Future research should focus on several specific areas to advance our understanding of
the role of the gut microbiota in disease mechanisms and therapeutic strategies. First, lon-
gitudinal studies are needed to track changes in the gut microbiota composition before and
after the onset of RA to identify potential microbial biomarkers for early diagnosis. Second,
detailed investigations into how specific gut bacteria or microbial metabolites influence
systemic inflammation and joint pathology in RA are crucial. Targeted interventions, such
as customized probiotic or prebiotic treatments based on individual microbiota profiles,
should be explored to assess their efficacy in reducing disease activity and improving
patient outcomes. Additionally, mechanistic studies elucidating the interactions between
the gut microbiota and autoreactive immune responses in RA will be pivotal in developing
novel microbiome-modulating therapies.

3.2. Inflammatory Bowel Disease (IBD)
3.2.1. Gut Microbiome and IBD Pathogenesis

IBD represents a group of chronic inflammatory disorders of the GI tract, predomi-
nantly comprising Crohn’s disease (CD) and ulcerative colitis (UC) [81]. These conditions
are characterized by dysregulated immune responses against the commensal gut microbiota
in genetically susceptible individuals [52] (Table 2). There were approximately 4.9 million
cases of IBD worldwide in 2019 [51]. The etiology of IBD is multifactorial, involving com-
plex interactions among genetic predispositions, environmental factors, and dysbiosis of
the gut microbiota [81]. Patients with IBD often exhibit increased bacterial translocation
from the gut lumen into mesenteric lymph nodes and systemic circulation. As discussed in
Section 2.1, this translocation is partly due to compromised intestinal barrier function and
can lead to systemic immune activation [82]. Unlike other chronic inflammatory diseases,
this phenomenon is particularly prominent in IBD, reflecting the severe disruption of gut
barrier integrity as a hallmark of IBD.

Recent research has highlighted the importance of host-microbe interactions in the
pathogenesis of IBD, suggesting that specific microbial patterns may serve as biomarkers
for disease prediction and progression. However, some researchers caution that despite
promising findings, the reliability of microbial signatures as consistent biomarkers remains
debated due to variability across studies. In individuals with IBD, alterations in the com-
position and function of the gut microbiome are commonly observed, characterized by
decreased microbial diversity, altered microbial composition and metabolites, and reduced
abundance of beneficial bacteria such as F. prausnitzii and Bifidobacterium species [83]. These
alterations are often accompanied by an increased presence of potentially pathogenic
bacteria, such as Escherichia coli and C. difficile, which can exacerbate intestinal inflamma-
tion [84,85]. Some research implies that pathogenic bacteria may be opportunistic rather
than primary drivers of inflammation, and their role in IBD pathogenesis may be secondary
to underlying dysbiosis [86]. We have highlighted several IBD featured bacterial strains in
Section 3.2.2.
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Moreover, dysbiosis of the gut microbiota may influence the efficacy of therapeutic
interventions for IBD and contribute to disease progression. Understanding the intricate
interplay between the gut microbiota and IBD pathogenesis is essential for the development
of novel therapeutic strategies that aim to restore microbial homeostasis and alleviate
intestinal inflammation in affected patients.

3.2.2. Certain Gut Microbes and IBD

In IBD, there is a notable increase in mucosa-associated bacteria, particularly in the
ileum of CD patients and the colon of UC patients. These bacteria, such as Ruminococcus
gnavus, can degrade the mucosal layer, exposing the epithelium to microbial antigens and
triggering inflammatory response [87]. The presence of these bacteria near the epithelial
surface is a distinctive feature contributing to the pathogenesis of IBD.

Adherent-invasive E. coli (AIEC) strains have been specifically associated with CD.
These bacteria can adhere to and invade intestinal epithelial cells, survive and replicate
within macrophages, and induce a strong proinflammatory response [88]. AIECs can form
biofilms on the intestinal mucosa, which protect them from host immune responses and
antibiotics, leading to the chronic inflammation characteristic of CD.

A decreased abundance of beneficial microbes such as F. prausnitzii, known for their
anti-inflammatory properties, result in the loss of regulatory signals that normally help
maintain immune homeostasis. Concurrently, the overgrowth of pathogenic bacteria such
as E. coli can stimulate proinflammatory pathways [89]. These pathogens can penetrate the
mucus layer, adhere to the intestinal epithelium, and induce the production of inflammatory
cytokines such as TNF-α, thereby exacerbating the inflammatory cascade [90]. Nonetheless,
the direct causative relationship between these pathogens and IBD-related inflammation
is still under scrutiny, as some studies suggesting that inflammation may also arise from
other aspects of microbial dysbiosis.

3.2.3. Current Microbiota-Targeted Interventions for IBD

Emerging therapeutic approaches targeting the gut microbiota are gaining momentum
in the management of IBD. Current microbiota-related interventions such as prebiotics,
probiotics, symbiotics, herbal medicines, and FMT, aim to reduce intestinal dysbiosis,
enhance mucosal barrier integrity, and mitigate inflammation. These strategies have shown
encouraging signals, particularly in the management of conditions like active UC, pouchitis,
and cases complicated by C. difficile infection. Here, we focus on discussing FMT, probiotics,
prebiotics and dietary interventions.

FMT involves the transfer of fecal material from a healthy donor to the GI tract of a
patient with IBD to restore gut microbial balance. Preliminary results from early clinical
trials indicate that FMT can induce remission in some patients with UC [53,54], although
its efficacy in patients with CD remains variable [55]. The long-term safety and optimal
protocols for FMT in IBD patients remain unresolved, underscoring the need for larger,
controlled studies.

Probiotics are live microorganisms intended to confer health benefits. They have
been investigated for their ability to enhance gut barrier function and modulate immune
responses. Prebiotics are nondigestible food components that promote the growth of ben-
eficial bacteria and are being explored as adjunctive treatments for IBD. By combining
prebiotic intake with dietary modifications, such as incorporating anti-inflammatory foods
and reducing processed foods, individuals can further support gut health and mitigate sys-
temic inflammation [91]. Specific probiotic strains, such as Bifidobacterium and Lactobacillus
species, have shown promise in reducing inflammation and maintaining remission, par-
ticularly in UC patients [92]. However, the effects of probiotics can be strain-specific and
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may not be universally effective for all patients. Prebiotics, such as inulin and fructo-
oligosaccharides (FOS), can increase the growth of beneficial bacteria and improve gut
health, potentially offering another avenue for modulating the microbiota in IBD [93,94].

Dietary interventions play a crucial role in shaping the gut microbiota and influencing
IBD progression. Diets, such as the low-FODMAP (standing for fermentable oligosaccha-
rides, disaccharides, monosaccharides, and polyols) diet, exclusive enteral nutrition (EEN),
and the Mediterranean diet, have been associated with reducing inflammation, promoting
microbial diversity, and supporting the growth of beneficial bacteria [95]. Personalized
dietary interventions based on individual microbiota profiles may represent a promising
area of research, aiming to optimize the therapeutic benefits in IBD patients.

The efficacy of biologic therapies, such as anti-TNF agents, is also influenced by the
gut microbiota composition. Some studies suggest that patients with a greater diversity
of gut microbiota and a greater abundance of specific beneficial bacteria respond better
to these therapies [96]. The mechanisms underlying these observations are not fully
understood but may involve the role of the microbiota in modulating immune responses
and drug metabolism. Personalized microbiota profiling may predict patient responses to
biologic treatments and eventually inform therapeutic strategies, but this concept requires
rigorous validation.

3.2.4. Future Directions for Microbial Therapies of IBD

In the realm of IBD, future research should focus on identifying specific microbial
signatures associated with disease onset and flare-ups through longitudinal studies. This
approach could facilitate the development of diagnostic tools that leverage microbial pro-
files for early diagnosis and ongoing monitoring of IBD. Additionally, understanding the
functional roles of key microbial species and their metabolites in modulating intestinal
inflammation, barrier function, and immune responses is essential. Such insights can drive
the development of targeted therapies, including personalized probiotics and dietary inter-
ventions. Clinical trials are needed to rigorously evaluate the efficacy of microbiota-targeted
treatments, such as FMT and tailored prebiotic and probiotic regimens, in improving pa-
tient outcomes and sustaining prebiotic remission. Exploring the interactions between
the gut microbiota and genetic or environmental factors related to IBD may also provide
novel insights into disease mechanisms and guide the development of individualized
treatment strategies.

3.3. Psoriasis
3.3.1. General Understanding of Psoriasis Pathogenesis

Psoriasis is a chronic, autoimmune inflammatory skin disorder characterized by the
rapid proliferation of keratinocytes, resulting in erythematous, scaly plaques primarily
on the elbows, knees, scalp, and lower back. Globally, it affects more than 100 million
people, with the prevalence ranging between 0.09 and 11.43% in countries [56]. A key
feature of psoriasis is the activation of DCs and T helper 17 (Th17) T cells in the skin,
accompanied by elevated levels of proinflammatory cytokines—particularly the IL-17/IL-
23 axis [97]. This complex and multifactorial condition involves a combination of genetic
predispositions, environmental triggers, and immune dysregulation (Table 2). Common
triggers include stress, infections, comorbid illness such as diabetes, and physiological
conditions like obesity.

3.3.2. Gut Microbiome and Psoriasis Pathogenesis

Although the relationship between gut microbiome and psoriasis remains under in-
vestigation, emerging research suggested that gut dysbiosis may contribute to the disease’s
onset and progression [98,99]. Clinical studies have consistently revealed that individu-
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als with psoriasis exhibit altered gut microbiota compared to healthy controls, including
reduced microbial diversity, shifts in specific taxa, and an imbalance between benefi-
cial and pathogenic species [100]. Specifically, reductions in beneficial genera such as
Bifidobacterium, Akkermansia and Lactobacillus, and increases in proinflammatory microbes
such as Ruminococcus torques and R. gnavus, have been observed [99,101,102]. However,
argument exists about whether these microbial alterations are a cause or consequence
of psoriasis. Two recent studies using human fecal samples showed that the changes in
microbiota observed in psoriasis patients do not meet the criteria for dysbiosis [103,104].
The authors proposed that these changes may reflect a microbial response to subclinical
intestinal inflammation, with uncertain implication for the host.

Despite ongoing debates, the existence of a gut-skin axis is increasingly supported
by growing evidence, highlighting its role in modulating inflammatory skin conditions
of psoriasis. Disruptions in gut microbiota have been associated with increased intestinal
permeability, allowing bacterial products to trigger systemic inflammation that worsens
skin lesions in psoriasis. For instance, a case–control study of dermatology patients indi-
cated that elevated levels of interleukin-1α in response to specific gut microbiota alterations
were associated with psoriasis [105]. In preclinical therapeutic models, the combination of
traditional psoriasis treatment such as methotrexate with probiotics Bifidobacterium longum
has demonstrated synergistic benefits, including the preservation of intestinal barrier
function, reduction in proinflammatory cytokines, and rebalancing of Th17/Treg cell popu-
lations [106]. Moreover, altered levels of gut-derived metabolites, particularly SCFAs, have
been found in psoriasis patients [107]. Supplementation of SCFAs in drinking water has
shown potential in alleviating the skin thickening, reducing IL-17 level, and restoring the
diversity of fecal microbiota in a preclinical animal model [108]. Altogether, understand-
ing the role of the gut microbiota in psoriasis may lead to new avenues for therapeutic
interventions aimed at restoring microbial balance and reducing inflammation.

3.3.3. Therapeutics of Psoriasis Targeting Gut Microbiome: Current and Future

Current research is exploring the potential of modulating the gut microenvironment
through microecological interventions, such as probiotics and FMT, as adjunctive strategies
for psoriasis management. Several small-scale clinic trials conducted globally have inves-
tigated the use of various probiotics as adjuvant therapies for psoriasis (Table 2). These
studies generally reported favorable outcomes, including improvements in skin condi-
tion, reductions in inflammatory responses, and shift in microbiome composition [109–112].
However, not all findings were positive. One study found no significant differences between
the control group and the group receiving Lactobacillus rhamnosus as adjuvant therapy [113],
implying the therapeutic efficacy of probiotics may vary depending on the specific strains
and disease manifestation. To date, no clinical trial involving FMT for psoriasis has been
reported in the PubMed database. The only available report is a case study published in
Chinese but with an English abstract, which described the improved skin condition of a
patient with comorbid irritable bowel syndrome (IBS) and psoriasis following two FMT
treatments [114]. In preclinical research, FMT from healthy human donors was shown to
protect against Treg/Th17 imbalance and to modulate both gut and skin microbiota in a
mouse model of psoriasis [115]. The therapeutic role of the gut microbiota in psoriasis has
also been highlighted in studies examining traditional Chinese medicine. Shenling Baizhu
powder (SLBZP) has been shown to alleviate psoriasis symptoms in mice by modulating
gut microbiota and lipid metabolism [116].

Future research on the role of the gut microbiota in psoriasis should aim to identify
specific microbial dysbiosis patterns that correlate with disease severity and response to
treatment. Longitudinal studies investigating changes in microbial composition before,
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during, and after flare-ups could help in understanding how the gut microbiota influences
psoriatic inflammation and skin barrier dysfunction. Additionally, research should focus
on elucidating the mechanisms by which specific bacterial strains and their metabolites
modulate systemic immune responses, particularly in relation to Th17 cell activation, which
is central to psoriasis pathogenesis. This knowledge could drive the development of
microbiota-based interventions, such as targeted probiotics or postbiotics, that specifically
reduce inflammatory pathways involved in psoriasis. Moreover, clinical trials are needed to
evaluate the efficacy of gut microbiota-targeted therapies, including dietary modifications
and FMT, in achieving sustained clinical remission in psoriasis patients. Finally, explor-
ing how gut-skin axis interactions are influenced by environmental factors and genetic
predispositions may provide deeper insights into individualized therapeutic approaches
for psoriasis.

3.4. Systemic Lupus Erythematosus (SLE)
3.4.1. Disease Pathogenesis

SLE is a chronic autoimmune disease characterized by widespread inflammation
and tissue damage affecting multiple organ systems, including the skin, joints, kidneys,
heart, lung and nervous system. About 3.41 million people worldwide are estimated to
have SLE [59]. The pathogenesis of SLE involves a complex interplay of genetic, envi-
ronmental, and hormonal factors that lead to immune system dysregulation. Multiple
genes are believed to be related to the susceptibility of individuals [117] (Table 2). Several
environmental factors like UV radiation, infection, and stress, can trigger the disease in sus-
ceptible individuals [118,119]. Key features of SLE include the production of a wide array
of autoantibodies, particularly antinuclear antibodies (ANAs) [120], and the formation of
immune complexes that deposit in tissues [121]. Thus, in SLE patients, the immune system
mistakenly attacks healthy tissues, resulting in chronic inflammation and damage [122].
Recent studies have identified specific autoantibodies, such as anti-Smith antibodies and
anti-dsDNA antibodies, which are highly specific to SLE and correlate with disease activity.
However, there is ongoing debate about whether these autoantibodies are direct drivers of
disease pathology or merely markers of underlying immune dysregulation.

3.4.2. Gut Microbiome and SLE

Studies have implied a potential link between the dysbiosis of gut microbiota and
the pathogenesis of SLE [123]. Significant alterations in the gut microbiome of patients
with SLE compared with healthy controls have been highlighted in recent research. These
alterations are characterized by a reduction in microbial diversity and changes in the rela-
tive abundance of specific bacterial taxa and microbial metabolites [124]. Notably, studies
have reported decreased levels of beneficial bacteria such as Firmicutes and Bifidobacterium,
alongside an increase in potentially pathogenic bacteria such as R. gnavus and Proteobacteria.
R. gnavus, which is associated with disease flares, can produce proinflammatory polysac-
charides that exacerbate systemic inflammation [125]. Conversely, some evidence suggests
that while R. gnavus is prevalent in SLE patients, its direct role in disease exacerbation
may be less clear, with other microbial or host factors potentially playing a more signifi-
cant role [126]. Additionally, the increase in Proteobacteria is concerning, as these bacteria
include various pathogenic species that can elicit strong immune responses, further ag-
gravating the autoimmune condition [127]. However, the specific pathogenic potential of
Proteobacteria and their precise role in SLE remain subjects of ongoing investigation, with
some researchers suggesting that these bacteria might act more as opportunistic pathogens
than as primary drivers of disease. The microbial changes in SLE are not consistent across
all studies, suggesting that the relationship between specific microbial taxa and SLE severity



Microorganisms 2025, 13, 2516 13 of 27

might be more complex or influenced by factors such as geographical location or diet [128].
Meanwhile, some researchers question the extent to which gut dysbiosis contributes to SLE,
arguing that other factors, such as genetic predisposition or environmental triggers, may
play more central roles.

Current research on the mechanisms by which gut dysbiosis contributes to the patho-
genesis and progression of SLE remains limited. Similarly to RA, gut dysbiosis in SLE may
trigger inflammation through three main pathways: (1) systemic inflammation mediated by
leaky gut epithelium, (2) molecular mimicry and autoantibody production, and (3) immune
cell modulation via microbes and their metabolites. Evidence of a leaky gut in SLE includes
elevated serum LPS levels in patients [129,130] and translocation of specific bacteria, such as
Enterococcus gallinarum [131] and Lactobacillus reuteri [132], to internal organs in both SLE an-
imal models and patients. These microbes can enhance plasmacytoid dendritic cells (pDCs)
activity and activate the interferon signaling pathway. Additionally, SLE patients exhibited
increased levels of serum antibodies against gut bacteria and autoantibodies [133,134],
indicating systemic immune activation likely driven by gut barrier dysfunction. Unlike RA,
which primarily affects the joints, SLE involves immune cell activation that targets multiple
organs throughout the body.

3.4.3. Microbial Therapeutic Strategies/Interventions and Future Directions

The emerging evidence suggests a potential link between gut dysbiosis and SLE,
promoting exploration of microbiota-targeted strategies primarily at the preclinical stage.
Approaches including FMT, probiotics, prebiotics, and dietary modifications have been
proposed to restore microbial balance and possibly influence disease outcomes [135]. The
first clinical trial to evaluate the safety of FMT in SLE patients was recently done in
China [60]. Patients responding to FMT showed reduced inflammatory responses and im-
proved Firmicutes: Bacteroidetes ratios. This exploratory trial provides positive evidence to
support FMT as a potential treatment for SLE in the future. However, given the small num-
ber of participants enrolled and the exploratory in nature, findings should be interpreted
cautiously and require confirmation in larger, controlled studies.

Probiotics have been investigated for their potential to enhance the gut barrier integrity,
reducing systemic inflammation, and modulating immune responses in various studies.
A clinical trial reported in Indonesia has explored the use of a specific probiotic mixture
(60% Lactobacillus helveticus, 20% Bifidobacterium infantis, and 20% Bifidobacterium bifidum)
to reduce systemic IL-6 level and SLE disease activity and alter the composition and
functions of gut microbiota [61]; yet, another trial conducted in Iran demonstrated that
the daily regimen of 200 g of probiotic yogurt containing L. rhamnosus and B. bifidum for
13 weeks did not improve SLE disease activity index compared to untreated control [136].
These contrasting results highlight strain-specific effects and underscore the need for more
rigorous trials. Adding prebiotics, such as inulin and FOS [62], into the diet may selectively
promote the growth of beneficial gut bacteria and potentially alleviate SLE symptoms, but
clinical evidence remains limited.

The primary goal in SLE management is preventing irreversible organ damage, which
requires identifying key molecular contributors to disease progression. Early diagnosis and
interventions alleviate disease symptoms, slow down disease progression and improve
patient outcomes. Omics technologies, including genomics, metabolomics, and interac-
tomics, have the potential to identify microbial biomarkers to assist in better understanding
SLE pathogenesis and progression [137]. Precise studies are still needed to reveal effective
microbiota-targeted therapies. Replenishment of beneficial microbes and metabolites into
the gut environment of SLE patients may also be evaluated as adjuvants to improve the
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efficacy of conventional treatments and maintain the balance of disease activity and host
immune responses.

3.5. Asthma
3.5.1. Evidence of Gut Microbiome Association

Asthma is a chronic inflammatory disorder of the airways characterized by recurrent
episodes of wheezing, dyspnea, chest tightness, and coughing. Affecting millions of people
globally, asthma imposes substantial healthcare burdens and reduces quality of life. Asthma
triggers are broadly categorized into allergic stimuli including pollen, dust mites, animal
dander, and non-allergic stimuli such as air pollutants, respiratory infections, medications,
and weather extremes.

While traditional research has focused on genetic predisposition, environmental trig-
gers, and immune dysregulation, emerging evidence underscores the gut microbiota as a
key modulator of immune responses and asthma development [138]. While adult-onset
asthma is often associated with severe phenotypes and irreversible lung function de-
cline, the role of microbiome alterations in adults remains poorly understood. In contrast,
childhood asthma has been strongly linked to disruptions in early-life gut microbiota
colonization. The first 100 days of life represent a period of heightened immune plasticity
and microbial colonization. Perturbations during this window, such as perinatal antibiotic
use, cesarean delivery, formula feeding, or prematurity, delay microbiota diversification
and deplete anti-inflammatory microbial metabolites (e.g., SCFAs), consequently elevating
asthma risk [139,140]

The low abundance of specific genera, for example, Lachnospiraceae, Faecalibacterium
and Lachnospira, have been reported in the gut microbiota of children with high risk.
Enrichment of beneficial strains, Bifidobacterium and Lactobacillus, via breast feeding play a
role in preventing asthma development [141]. It is possible that these strains are capable
of metabolizing human milk oligosaccharides (HMOs) into acetate and lactate which
are critical for Treg cell development and suppression of inflammation [142]. However,
colonization by C. difficile or fungal species (e.g., Candida albicans) in infancy is linked to
later asthma onset [143].

3.5.2. The Gut-Lung Axis in Asthma Pathogenesis

The gut-lung axis encompasses a bidirectional, immunologically mediated dialogue
between the gastrointestinal and respiratory systems. Both the gut and lung microbiome
are integral to maintaining immune homeostasis, and their dysregulation has been impli-
cated in chronic respiratory diseases, such as athsma and chronic obstructive pulmonary
disease (COPD) [144]. In asthma, this axis modulates pulmonary inflammation through
multiple interconnected mechanisms, with early-life gut dysbiosis emerging as a critical
driver of immune misprogramming and metabolic imbalance that elevates disease risk.
The key mechanisms of the gut-lung axis in asthma include anti-inflammatory metabolites
and immune regulation, gut dysbiosis and inflammation, and enhanced IgE production.
Gut microbiota-derived SCFAs, such as acetate, propionate, and butyrate, are significantly
reduced in the sera of asthma patients [145]. Metabolites originated from gut may enter
systemic circulation and modulate the migration of immune cells within the airway. SCFAs
can interact with the host G-protein coupled receptor GPR41 to inhibit NF-kB signaling and
allergic airway inflammation [146,147]. SCFAs have also been shown to shape immune cell
differentiation in the lungs, by promoting Treg differentiation and suppressing Th2-driven
responses, thereby restoring the Th1/Th2 balance [148,149]. Again, those metabolites can
enhance gut barrier integrity to prevent microbial translocation and systemic inflammation.
In contrast, gut dysbiosis is correlated with distinct inflammatory profiles. The composition
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of the gut microbiota has also been associated with different types of inflammation, such as
eosinophilic or neutrophilic inflammation, which could contribute to the development of
distinct asthma phenotypes [150]. Antibiotic administration has been shown to aggravate
asthma by disrupting the gut microbiota and intestinal barrier function in asthma mouse
models [151]. Specific bacteria, including Prevotella and Bacteroides, have been implicated in
activating mechanisms associated with inflammation, potentially linking disturbances in
the gut microbiota to asthma pathogenesis. Particular gut microbes also regulate the migra-
tion of immune cells. Proteobacteria in the gut microbiota have been shown to modulate
type 2 innate lymphoid cells (ILC2s) migration to the lung for host defense by regulat-
ing cytokines such as IL-33 [152]. Additionally, dysbiosis can drive type 2 inflammation
by induction of cytokines, such as IL-4 and IL-13, that enhance IgE class switching and
production, which contribute to the inflammatory cascade [153].

3.5.3. Gut Microbiome-Based Therapeutics

Microbial therapies, primarily probiotics, have been investigated in both pediatric and
adult asthma populations. But current evidence remains preliminary and heterogeneous. In
clinical trials, probiotics have been applied either as a primary or adjuvant therapy to man-
age asthma symptoms, or as prophylactic intervention to prevent asthma development in
high-risk infants. Over the past decade, the most frequently studied probiotic strains in clin-
ical trials have belonged to the Lactobacillaceae family [140,154–158], and the Bifidobacterium
genus [154,157,159,160]. However, the efficacy of these probiotics remains inconclusive
due to inconsistent outcomes across those studies. These discrepancies may be attributed
to variations in study design, including differences in specific probiotic strains, dosages,
treatment durations, and follow-up parameters. Additionally, many studies involved small
cohorts, which may have contributed to the variability in results.

Other specific strains such as Ligilactobacillus salivarius, Clostridium butyricum, Limosi-
lactobacillus reuteri and Saccharomyces boulardii have been explored in individual tri-
als [159,161–163]. Notably, L. salivarius plus Bifidobacterium breve were evaluated in a large
cohort of over 400 pediatric patients in Italy, where the probiotic treatment reduced asthma
exacerbations frequency by more than one third. Treatment with S. boulardii showed
partial improvement in pulmonary function and modulated IgE and IL-5 levels in pa-
tients. In preclinical study, S. boulardii was found to alleviate symptoms by upregulate
methyltransferase-like 3 in an N6-methyladenosine-dependent manner [162]. But these
findings should be interpreted as early signals rather than established efficacy.

Although FMT has not yet been applied in clinical asthma management, preclinical
models suggest it may effectively reduce respiratory inflammation and alter the gut mi-
crobial composition [164]. Furthermore, dietary interventions such as soluble fiber have
demonstrated potential in modulating gut microbiota and reducing airway inflammation
in asthma patients [154].

3.5.4. Future Directions

Future research should prioritize the identification of microbial signatures associated
with airway inflammation and bronchial hyperresponsiveness in asthma. Longitudinal
studies tracking the early-life gut microbiome are essential to clarifying its role in shaping
immune tolerance and disease susceptibility. Moreover, monitoring shifts in both gut and
airway microbiomes may reveal biomarkers to predict disease progression and dissect in-
depth microbiome correlated pathogenesis. Understanding the gut-lung axis, particularly
how gut dysbiosis contributes to Th2-skewed immune responses, remains a critical area
of exploration. Additionally, investigations of microbial metabolites and their capacity to
modulate airway immune responses may reveal novel therapeutic pathways. Both precision
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probiotics and prebiotic formulations have the potential to reduce disease severity and
prevent exacerbations and are worth further study in clinical trials. Assessing the efficacy
of microbiome-targeted therapies in clinical trials with larger cohorts is necessary. Lastly,
studies on the impact of environmental factors (such as antibiotic exposure and dietary
patterns) on gut microbiota and asthma phenotypes will be instrumental in developing
personalized prevention and treatment strategies.

3.6. Vasculitis
3.6.1. Gut Microbiome and Vasculitis Pathogenesis

Vasculitis is a rare autoimmune disease, encompassing a group of disorders, such as
Kawasaki disease (KD), giant cell arteritis, Behçet’s disease (BD), and Henoch–Schönlein
purpura (HSP) that are characterized by inflammation of the blood vessels. The prevalence
of vasculitis varies wildly by type, with an estimated incidence of fewer than 50 cases
per million people for a single type [66] (Table 2). This inflammation can lead to vessel
wall damage, impaired blood flow, and subsequent injury to organs and tissues. Vasculi-
tis may involve arteries, veins, and capillaries in various organ systems, including the
gastrointestinal tract, and presents with a wide array of symptoms. The specific etiology
of vasculitis remains incompletely understood, but it is generally believed to arise from
abnormal immune responses, where the body’s immune system mistakenly attacks its own
blood vessels.

In recent years, growing evidence has implicated the gut microbiome in the develop-
ment and progression of systemic vasculitis through its influence on host immune responses
and vascular inflammation. Numerous studies have reported correlations between gut
microbiota alterations and the onset of vasculitis [165,166]. For instance, transplantation of
fecal microbiota from HSP patients into germ-free rats induced heightened visceral sensitiv-
ity and increased intestinal motility, indicating that gut dysbiosis may occur and correlate to
the onset of the disease in HSP patients [167]. Other studies have also demonstrated that cer-
tain bacterial species within the gut microbiota, such as Clostridium and Bacteroides, regulate
systemic immune responses crucial in vasculitis [168]. Moreover, specific bacterial changes,
such as an increased abundance of Proteobacteria and reduced abundance of Actinobacteria,
have been linked to organ involvement in vasculitis, particularly in IgA vasculitis [169]. In
the context of KD, an immune-mediated vasculitis, prevalence of Fusobacteria, Shigella and
Streptococcus might contribute to KD pathogenesis [170]. The intestinal microbiota composi-
tion of KD patients has also been implicated in the development of cardiovascular lesions
associated with the disease. Research has identified specific intestinal commensals as
regulators in a mice model, suggesting that a gut microbiota-cardiovascular inflammation
axis is involved in KD pathogenesis [171]. Recent studies have also explored the association
of the gut microbiota between children with IgA vasculitis and their mothers, suggesting
a potential intergenerational influence of the maternal microbiota on the development or
progression of IgA vasculitis in children [172]. These findings emphasize the role of the gut
microbiota composition in immune-related vasculitis and highlight the potential transgen-
erational impact of the microbiota on disease susceptibility. Distinct patterns in microbial
composition may help differentiate between types of vasculitis, despite the presence of
shared flora, and may contribute to the pathogenesis of specific disease phenotypes [173].

The research about the correlation between gut microbiome and vasculitis was initiated
in the past decade. Therefore, the precise mechanisms of how gut microbiome alteration trig-
ger various phenotypes of vasculitis remain unclear. Generally, a gut dysbiosis-mediated
reduction in beneficial microorganisms and anti-inflammatory metabolites can compromise
the intestinal barrier, allowing bacterial components such as LPS to enter the bloodstream,
triggering the activation of systemic inflammatory pathways and contributing to vasculitis
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pathogenesis [174]. The interaction between bacterial metabolites and TLRs on immune
cells in blood vessels can lead to the activation of the NF-κB pathway, a key driver of in-
flammatory responses in vasculitis [175]. This sequence of events underscores the complex
relationships among gut dysbiosis, increased intestinal permeability, bacterial translocation,
and the development of vasculitis, highlighting the critical role of the gut microbiota in
maintaining overall health.

3.6.2. Microbial Interventions and Future Direction

While much of the existing literature has focused on correlations between gut dys-
biosis and vasculitis, relatively few studies have evaluated microbial interventions for
therapeutic purposes. Some progress has been made in preclinical models using dietary in-
terventions [176], probiotics [177,178], and bacterial metabolites [179], with limited clinical
validation. For example, administration of Eubacterium rectale in a BD mouse model reduced
frequencies of CD83+ cells, since the frequencies of CD83+ cells were also significantly
increased in patients with active BD. The E. rectale treatment significantly increased NK1.1+
cells populations with the improvement of symptoms [177]. Another study demonstrated
that the supplementation with C. butyricum improved gut barrier integrity, increased abun-
dance of the SCFAs-producing bacterial population and attenuated inflammation in a KD
mouse model [178]. These results are promising but remain confined to animal studies.

To date, only one randomized clinical trial has investigated dietary modulation of gut
microbiota to reduce inflammation in vasculitis patients. The study reached its endpoint in
2023, but results have not yet been published [180].

Metagenomic profiling studies have identified specific bacterial populations, such as
Gram-positive bacteria, as key drivers of gut microbiome shifts associated with autoim-
mune conditions such as IgA vasculitis (IgAV), offering insights into potential targets for
disease management [181]. Advances in sequencing and computational methods may
enable the discovery of additional bacterial strains that serve as predictive biomarkers for
disease onset and progression.

Further clinical trials are warranted to evaluate the potential efficacy of specific pro-
biotic strains and prebiotic compounds in alleviating symptoms of vasculitis with the
aim of reducing flare-ups and informing future therapeutic strategies. Certain strains of
Lactobacillus and Bifidobacterium have demonstrated immunomodulatory effects in experi-
mental settings, though evidence from human studies remains limited and variable. Tregs
play a pivotal role in maintaining immune tolerance and preventing the immune system
from attacking self-antigens [182], which is a fundamental problem in vasculitis. More
robust clinical data are needed to substantiate the therapeutic potential of probiotics in
vasculitis management.

Furthermore, emerging evidence supports the potential use of mesenchymal stem
cells (MSCs) to modulate gut microbiota-immune system interactions [183]. Understanding
the precise mechanisms by which the gut microbiota influences vascular inflammation and
immune regulation will be key to developing targeted microbiota-based therapies for vas-
culitis. Longitudinal studies are needed to monitor shifts in the gut microbiota composition
in vasculitis patients undergoing different treatments. By targeting the gut microbiota, it
may be possible to modulate the immune response, reduce vascular inflammation, and
mitigate the symptoms of vasculitis. This innovative approach highlights the importance
of the gut–immune axis in the pathogenesis of vasculitis and offers a promising strategy
for managing the disease beyond conventional immunosuppressive therapies.
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4. Conclusions
Patients with chronic inflammatory diseases often exhibit dysregulated immune re-

sponses despite the inflammation manifesting in different parts of the body. Both genetic
predisposition and environmental factors are believed to contribute to disease develop-
ment. In recent decades, technological advances have uncovered the pivotal role of the
gut microbiome in the onset and progression of various chronic inflammatory conditions.
Although each disease presents its own unique characteristics, dysbiosis is a common
feature among patients, even though the specific gut microbiota patterns may differ across
diseases. While it remains unclear whether alterations in gut microbiome composition
are a driving force or a consequence of the disease, it is evident that the gut microbiota
interacts closely with immune cells residing in the intestinal epithelium. These interactions
are essential for immune system development, immune modulation through microbial
metabolites, and the maintenance of gut epithelial barrier integrity. Deciphering the intri-
cate relationship between the gut microbiota and the immune system is fundamental to
understanding the pathogenesis of chronic inflammatory diseases. This knowledge has
also opened new therapeutic avenues for preventing and managing chronic inflammatory
diseases by leveraging the ability of gut microbiota to influence systemic inflammation and
restore immune balance.

While significant progress has been made, several challenges persist. Establishing
causality, standardizing methodologies, and conducting longitudinal studies are crucial
for better elucidating the temporal dynamics of changes in the gut microbiota. As the field
has evolved, the integration of multiomic approaches and the exploration of microbial
indicators such as short-chain fatty acids (e.g., butyrate) and specific bacterial species
will provide deeper insights into the role of the gut microbes in disease modulation.
Moreover, cross-disease analyses and/or studies on the comorbidity of two or more chronic
inflammatory diseases are needed to identify both unique and shared microbial profiles
among different chronic inflammatory conditions. While FMT may be broadly applied
to restore a healthy gut microbiome, discovering specific common microbial strains or
metabolites that are either positively or negatively associated with inflammation could lead
to the development of microbial adjuvants or engineered strains to enhance conventional
therapies. Although probiotic interventions have been most frequently investigated in
chronic inflammatory diseases and may have shown some potential in alleviating disease
symptoms as adjuvant therapies, varied regimen designs (e.g., dose, probiotic strains,
duration, etc.) may lead to discrepancies in results even with same strains. Thus, large-
scale clinical trials, with more precise regimen design are still needed to evaluate their
long-term efficacy in specific diseases. At the same time, given the complexity of both
disease mechanisms and the gut environment, personalized microbiota-based therapies
may offer a promising strategy to restore microbial balance and reduce inflammation.

In summary, unraveling the complexities of gut-immune interactions hold great
promise for advancing precision medicine. Continued research in this area aims to improve
therapeutic outcomes and enhance the quality of life for individuals affected by these
pervasive conditions.
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Abbreviations

ANAs antinuclear antibodies
BEVs microbiota-derived extracellular vesicles
CD Crohn’s disease
COPD chronic obstructive pulmonary disease
DCs dendritic cells
FMT fecal microbiota transplantation
FOS fructo-oligosaccharides
GI gastrointestinal
HDACs histone deacetylases
HLA human leukocyte antigen
IBD inflammatory bowel disease
IgA immunoglobulin A
IgAV immunoglobulin A vasculitis
IL interleukin
ILC2 innate lymphoid cells type 2
KD Kawasaki disease
LPS lipopolysaccharides
MAMPs microbial-associated molecular patterns
MAPK mitogen-activated protein kinase
NF-κB nuclear factor kappa B
pDCs plasmacytoid dendritic cells
PRRs pattern recognition receptors
RA rheumatoid arthritis
SCFAs short-chain fatty acids
SLE systemic lupus erythematosus
Th17 T helper 17
TLR toll-like receptor
TNF-α tumor necrosis factor-alpha
Tregs regulatory T cells
TUDCA tauroursodeoxycholic acid
UC ulcerative colitis
UDCA ursodeoxycholic acid
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44. Wysocki, T.; Olesińska, M.; Paradowska-Gorycka, A. Current Understanding of an Emerging Role of HLA-DRB1 Gene in
Rheumatoid Arthritis-From Research to Clinical Practice. Cells 2020, 9, 1127. [CrossRef]

45. Snir, O.; Widhe, M.; von Spee, C.; Lindberg, J.; Padyukov, L.; Lundberg, K.; Engström, Å.; Venables, P.J.; Lundeberg, J.; Holmdahl,
R.; et al. Multiple antibody reactivities to citrullinated antigens in sera from patients with rheumatoid arthritis: Association with
HLA-DRB1 alleles. Ann. Rheum. Dis. 2009, 68, 736–743. [CrossRef]

46. Dedmon, L.E. The genetics of rheumatoid arthritis. Rheumatolog 2020, 59, 2661–2670. [CrossRef]
47. Black, R.J.; Cross, M.; Haile, L.M.; Culbreth, G.T.; Steinmetz, J.D.; Hagins, H.; Kopec, J.A.; Brooks, P.M.; Woolf, A.D.; Ong, K.L.;

et al. Global, regional, and national burden of rheumatoid arthritis, 1990–2020, and projections to 2050: A systematic analysis of
the Global Burden of Disease Study 2021. Lancet Rheumatol. 2023, 5, e594–e610. [CrossRef]

48. Ferro, M.; Charneca, S.; Dourado, E.; Guerreiro, C.S.; Fonseca, J.E. Probiotic Supplementation for Rheumatoid Arthritis: A
Promising Adjuvant Therapy in the Gut Microbiome Era. Front. Pharmacol. 2021, 12, 711788. [CrossRef]

49. Liu, L.; Xie, S. Dietary fiber intake associated with risk of rheumatoid arthritis among U.S. adults: NHANES 2010–2020. Medicine
2023, 102, e33357. [CrossRef]

50. Zeng, J.; Peng, L.; Zheng, W.; Huang, F.; Zhang, N.; Wu, D.; Yang, Y. Fecal microbiota transplantation for rheumatoid arthritis: A
case report. Clin. Case Rep. 2021, 9, 906–909. [CrossRef]

51. Wang, R.; Li, Z.; Liu, S.; Zhang, D. Global, regional and national burden of inflammatory bowel disease in 204 countries and
territories from 1990 to 2019: A systematic analysis based on the Global Burden of Disease Study 2019. BMJ Open 2023, 13,
e065186. [CrossRef]

52. El Hadad, J.; Schreiner, P.; Vavricka, S.R.; Greuter, T. The Genetics of Inflammatory Bowel Disease. Mol. Diagn. Ther. 2024, 28,
27–35. [CrossRef]

53. Moayyedi, P.; Surette, M.G.; Kim, P.T.; Libertucci, J.; Wolfe, M.; Onischi, C.; Armstrong, D.; Marshall, J.K.; Kassam, Z.; Reinisch, W.;
et al. Fecal Microbiota Transplantation Induces Remission in Patients with Active Ulcerative Colitis in a Randomized Controlled
Trial. Gastroenterology 2015, 149, 102–109. [CrossRef]

54. Jacob, V.; Crawford, C.; Cohen-Mekelburg, S.; Viladomiu, M.; Putzel, G.G.; Schneider, Y.; Chabouni, F.; O’neil, S.; Bosworth, B.;
Woo, V.; et al. Single Delivery of High-Diversity Fecal Microbiota Preparation by Colonoscopy Is Safe and Effective in Increasing
Microbial Diversity in Active Ulcerative Colitis. Inflamm. Bowel Dis. 2017, 23, 903–911. [CrossRef] [PubMed]

55. Lu, G.; Zhang, S.; Wang, R.; Wu, X.; Chen, Y.; Wen, Q.; Cui, B.; Zhang, F.; Li, P. Fecal microbiota transplantation improves bile acid
malabsorption in patients with inflammatory bowel disease: Results of microbiota and metabolites from two cohort studies. BMC
Med. 2025, 23, 511. [CrossRef] [PubMed]

56. World Health Organization. Global Report on Psoriasis. World Health Organization. 2016. Available online:
https://iris.who.int/handle/10665/204417 (accessed on 28 October 2025).

https://doi.org/10.1038/mi.2013.13
https://doi.org/10.1038/emm.2013.97
https://doi.org/10.1186/s12964-025-02149-4
https://doi.org/10.1155/2015/527696
https://www.ncbi.nlm.nih.gov/pubmed/25802876
https://doi.org/10.1128/IAI.01506-06
https://doi.org/10.2147/JIR.S407521
https://doi.org/10.3389/fimmu.2012.00079
https://www.ncbi.nlm.nih.gov/pubmed/22566960
https://doi.org/10.3389/fimmu.2014.00386
https://www.ncbi.nlm.nih.gov/pubmed/25161655
https://doi.org/10.4110/in.2021.21.e18
https://doi.org/10.3390/nu10020203
https://doi.org/10.1016/j.jaci.2005.03.036
https://www.ncbi.nlm.nih.gov/pubmed/15940144
https://doi.org/10.1016/j.ejphar.2018.05.003
https://www.ncbi.nlm.nih.gov/pubmed/29750914
https://doi.org/10.3390/cells9051127
https://doi.org/10.1136/ard.2008.091355
https://doi.org/10.1093/rheumatology/keaa232
https://doi.org/10.1016/S2665-9913(23)00211-4
https://doi.org/10.3389/fphar.2021.711788
https://doi.org/10.1097/MD.0000000000033357
https://doi.org/10.1002/ccr3.3677
https://doi.org/10.1136/bmjopen-2022-065186
https://doi.org/10.1007/s40291-023-00678-7
https://doi.org/10.1053/j.gastro.2015.04.001
https://doi.org/10.1097/MIB.0000000000001132
https://www.ncbi.nlm.nih.gov/pubmed/28445246
https://doi.org/10.1186/s12916-025-04353-y
https://www.ncbi.nlm.nih.gov/pubmed/40890737
https://iris.who.int/handle/10665/204417


Microorganisms 2025, 13, 2516 22 of 27

57. Yan, F.; Tao, J.; Liu, J.; Chen, Y.; Huang, Z. Cross-tissue transcriptome-wide association study reveals novel psoriasis susceptibility
genes. J. Transl. Autoimmun. 2025, 10, 100286. [CrossRef]

58. Patel, H.A.; Revankar, R.R.; Pedroza, S.T.; Graham, S.; Feldman, S.R. The Genetic Susceptibility to Psoriasis and the Relationship
of Linked Genes to Our Treatment Options. Int. J. Mol. Sci. 2023, 24, 12310. [CrossRef]

59. Tian, J.; Zhang, D.; Yao, X.; Huang, Y.; Lu, Q. Global epidemiology of systemic lupus erythematosus: A comprehensive systematic
analysis and modelling study. Ann. Rheum. Dis. 2023, 82, 351–356. [CrossRef] [PubMed]

60. Huang, C.; Yi, P.; Zhu, M.; Zhou, W.; Zhang, B.; Yi, X.; Long, H.; Zhang, G.; Wu, H.; Tsokos, G.C.; et al. Safety and efficacy of fecal
microbiota transplantation for treatment of systemic lupus erythematosus: An EXPLORER trial. J. Autoimmun. 2022, 130, 102844,
Erratum in J. Autoimmun. 2022, 131, 102862. [CrossRef]

61. Widhani, A.; Djauzi, S.; Suyatna, F.D.; Dewi, B.E. Changes in Gut Microbiota and Systemic Inflammation after Synbiotic
Supplementation in Patients with Systemic Lupus Erythematosus: A Randomized, Double-Blind, Placebo-Controlled Trial. Cells
2022, 11, 3419. [CrossRef]

62. Guarino, M.P.L.; Altomare, A.; Emerenziani, S.; Di Rosa, C.; Ribolsi, M.; Balestrieri, P.; Iovino, P.; Rocchi, G.; Cicala, M. Mechanisms
of Action of Prebiotics and Their Effects on Gastro-Intestinal Disorders in Adults. Nutrients 2020, 12, 1037. [CrossRef]

63. Liu, M.; Wang, S.; Liang, Y.; Fan, Y.; Wang, W. Genetic polymorphisms in genes involved in the type I interferon system (STAT4
and IRF5): Association with Asian SLE patients. Clin. Rheumatol. 2024, 43, 2403–2416. [CrossRef]

64. Oh, J.; Kim, S.; Kim, M.S.; Abate, Y.H.; ElHafeez, S.A.; Abdelkader, A.; Abdi, P.; Abdulah, D.M.; Aboagye, R.G.; Abolhassani, H.;
et al. Global, regional, and national burden of asthma and atopic dermatitis, 1990–2021, and projections to 2050: A systematic
analysis of the Global Burden of Disease Study 2021. Lancet Respir. Med. 2025, 13, 425–446. [CrossRef]

65. Ntontsi, P.; Photiades, A.; Zervas, E.; Xanthou, G.; Samitas, K. Genetics and Epigenetics in Asthma. Int. J. Mol. Sci. 2021, 22, 2412.
[CrossRef]

66. Watts, R.A.; Hatemi, G.; Burns, J.C.; Mohammad, A.J. Global epidemiology of vasculitis. Nat. Rev. Rheumatol. 2022, 18, 22–34.
[CrossRef]

67. Onouchi, Y. The genetics of Kawasaki disease. Int. J. Rheum. Dis. 2018, 21, 26–30. [CrossRef]
68. Salmaninejad, A.; Zamani, M.R.; Shabgah, A.G.; Hosseini, S.; Mollaei, F.; Hosseini, N.; Sahebkar, A. Behçet’s disease: An

immunogenetic perspective. J. Cell. Physiol. 2019, 234, 8055–8074. [CrossRef]
69. Chen, J.; Wright, K.; Davis, J.M.; Jeraldo, P.; Marietta, E.V.; Murray, J.; Nelson, H.; Matteson, E.L.; Taneja, V. An expansion of rare

lineage intestinal microbes characterizes rheumatoid arthritis. Genome Med. 2016, 8, 43. [CrossRef]
70. Romero-Figueroa, M.D.S.; Ramírez-Durán, N.; Montiel-Jarquín, A.J.; Horta-Baas, G. Gut-joint axis: Gut dysbiosis can contribute

to the onset of rheumatoid arthritis via multiple pathways. Front. Cell. Infect. Microbiol. 2023, 13, 1092118. [CrossRef]
71. Maresz, K.J.; Hellvard, A.; Sroka, A.; Adamowicz, K.; Bielecka, E.; Koziel, J.; Gawron, K.; Mizgalska, D.; A Marcinska, K.; Benedyk,

M.; et al. Porphyromonas gingivalis facilitates the development and progression of destructive arthritis through its unique
bacterial peptidylarginine deiminase (PAD). PLoS Pathog. 2013, 9, e1003627. [CrossRef]

72. Scher, J.U.; Sczesnak, A.; Longman, R.S.; Segata, N.; Ubeda, C.; Bielski, C.; Rostron, T.; Cerundolo, V.; Pamer, E.G.; Abramson, S.B.;
et al. Expansion of intestinal Prevotella copri correlates with enhanced susceptibility to arthritis. eLife 2013, 2, e01202. [CrossRef]

73. Chriswell, M.E.; Lefferts, A.R.; Clay, M.R.; Hsu, A.R.; Seifert, J.; Feser, M.L.; Rims, C.; Bloom, M.S.; Bemis, E.A.; Liu, S.; et al. Clonal
IgA and IgG autoantibodies from individuals at risk for rheumatoid arthritis identify an arthritogenic strain of Subdoligranulum.
Sci. Transl. Med. 2022, 14, eabn5166. [CrossRef]

74. Page, M.J.; Kell, D.B.; Pretorius, E. The Role of Lipopolysaccharide-Induced Cell Signalling in Chronic Inflammation. Chronic
Stress 2022, 6, 24705470221076390. [CrossRef]

75. Conlon, M.A.; Bird, A.R. The impact of diet and lifestyle on gut microbiota and human health. Nutrients 2014, 7, 17–44. [CrossRef]
76. Xu, H.; Liu, M.; Cao, J.; Li, X.; Fan, D.; Xia, Y.; Lu, X.; Li, J.; Ju, D.; Zhao, H. The Dynamic Interplay between the Gut Microbiota

and Autoimmune Diseases. J. Immunol. Res. 2019, 2019, 7546047. [CrossRef]
77. Kriegel, M.A. Subdoligranulum chews up joints: How a gut pathobiont can instigate arthritis. Trends Immunol. 2023, 44, 4–6.

[CrossRef]
78. Takahashi, D.; Hoshina, N.; Kabumoto, Y.; Maeda, Y.; Suzuki, A.; Tanabe, H.; Isobe, J.; Yamada, T.; Muroi, K.; Yanagisawa, Y.; et al.

Microbiota-derived butyrate limits the autoimmune response by promoting the differentiation of follicular regulatory T cells.
EBioMedicine 2020, 58, 102913. [CrossRef]

79. Alipour, B.; Homayouni-Rad, A.; Vaghef-Mehrabany, E.; Sharif, S.K.; Vaghef-Mehrabany, L.; Asghari-Jafarabadi, M.; Nakhjavani,
M.R.; Mohtadi-Nia, J. Effects of Lactobacillus casei supplementation on disease activity and inflammatory cytokines in rheumatoid
arthritis patients: A randomized double-blind clinical trial. Int. J. Rheum. Dis. 2014, 17, 519–527. [CrossRef]

80. Gupta, V.K.; Cunningham, K.Y.; Hur, B.; Bakshi, U.; Huang, H.; Warrington, K.J.; Taneja, V.; Myasoedova, E.; Davis, J.M.; Sung, J.
Gut microbial determinants of clinically important improvement in patients with rheumatoid arthritis. Genome Med. 2021, 13, 149.
[CrossRef]

81. Kaser, A.; Zeissig, S.; Blumberg, R.S. Inflammatory bowel disease. Annu. Rev. Immunol. 2010, 28, 573–621. [CrossRef]

https://doi.org/10.1016/j.jtauto.2025.100286
https://doi.org/10.3390/ijms241512310
https://doi.org/10.1136/ard-2022-223035
https://www.ncbi.nlm.nih.gov/pubmed/36241363
https://doi.org/10.1016/j.jaut.2022.102844
https://doi.org/10.3390/cells11213419
https://doi.org/10.3390/nu12041037
https://doi.org/10.1007/s10067-024-07046-8
https://doi.org/10.1016/S2213-2600(25)00003-7
https://doi.org/10.3390/ijms22052412
https://doi.org/10.1038/s41584-021-00718-8
https://doi.org/10.1111/1756-185X.13218
https://doi.org/10.1002/jcp.27576
https://doi.org/10.1186/s13073-016-0299-7
https://doi.org/10.3389/fcimb.2023.1092118
https://doi.org/10.1371/journal.ppat.1003627
https://doi.org/10.7554/eLife.01202
https://doi.org/10.1126/scitranslmed.abn5166
https://doi.org/10.1177/24705470221076390
https://doi.org/10.3390/nu7010017
https://doi.org/10.1155/2019/7546047
https://doi.org/10.1016/j.it.2022.11.006
https://doi.org/10.1016/j.ebiom.2020.102913
https://doi.org/10.1111/1756-185X.12333
https://doi.org/10.1186/s13073-021-00957-0
https://doi.org/10.1146/annurev-immunol-030409-101225


Microorganisms 2025, 13, 2516 23 of 27

82. Salim, S.Y.; Soderholm, J.D. Importance of disrupted intestinal barrier in inflammatory bowel diseases. Inflamm. Bowel Dis. 2011,
17, 362–381. [CrossRef]

83. Matsuoka, K.; Kanai, T. The gut microbiota and inflammatory bowel disease. Semin. Immunopathol. 2015, 37, 47–55. [CrossRef]
84. Kittana, H.; Gomes-Neto, J.C.; Heck, K.; Geis, A.L.; Muñoz, R.R.S.; Cody, L.A.; Schmaltz, R.J.; Bindels, L.B.; Sinha, R.; Hostetter,

J.M.; et al. Commensal Escherichia coli strains can promote intestinal inflammation via differential interleukin-6 production. Front.
Immunol. 2018, 9, 2318. [CrossRef]

85. Chandrasekaran, R.; Lacy, D.B. The role of toxins in Clostridium difficile infection. FEMS Microbiol. Rev. 2017, 41, 723–750.
[CrossRef]

86. DeGruttola, A.K.; Low, D.; Mizoguchi, A.; Mizoguchi, E. Current Understanding of Dysbiosis in Disease in Human and Animal
Models. Inflamm. Bowel Dis. 2016, 22, 1137–1150. [CrossRef]

87. Lloyd-Price, J.; Arze, C.; Ananthakrishnan, A.N.; Schirmer, M.; Avila-Pacheco, J.; Poon, T.W.; Andrews, E.; Ajami, N.J.; Bonham,
K.S.; Brislawn, C.J.; et al. Multi-omics of the gut microbial ecosystem in inflammatory bowel diseases. Nature 2019, 569, 655–662.
[CrossRef]

88. Bretin, A.; Lucas, C.; Larabi, A.; Dalmasso, G.; Billard, E.; Barnich, N.; Bonnet, R.; Nguyen, H.T.T. AIEC infection triggers
modification of gut microbiota composition in genetically predisposed mice, contributing to intestinal inflammation. Sci. Rep.
2018, 8, 12301. [CrossRef]

89. Martinez-Medina, M.; Garcia-Gil, L.J. Escherichia coli in chronic inflammatory bowel diseases: An update on adherent invasive
Escherichia coli pathogenicity. World J. Gastrointest. Pathophysiol. 2014, 5, 213–227. [CrossRef]

90. Fava, F.; Danese, S. Intestinal microbiota in inflammatory bowel disease: Friend of foe? World J. Gastroenterol. 2011, 17, 557–566.
[CrossRef]

91. Dolan, K.T.; Chang, E.B. Diet, gut microbes, and the pathogenesis of inflammatory bowel diseases. Mol. Nutr. Food Res. 2017, 61,
1600129. [CrossRef]

92. Kaur, L.; Gordon, M.; Baines, P.A.; Iheozor-Ejiofor, Z.; Sinopoulou, V.; Akobeng, A.K. Probiotics for induction of remission in
ulcerative colitis. Cochrane Database Syst. Rev. 2020, 3, CD005573. [CrossRef]

93. Cao, X.; Tao, S.; Wang, W.; Wu, S.; Hong, Y.; Wang, X.; Ma, Y.; Qian, H.; Zha, Z. Ternary inulin hydrogel with long-term intestinal
retention for simultaneously reversing IBD and its fibrotic complication. Nat. Commun. 2024, 15, 8428. [CrossRef]

94. Liu, N.; Wang, H.; Yang, Z.; Zhao, K.; Li, S.; He, N. The role of functional oligosaccharides as prebiotics in ulcerative colitis. Food
Funct. 2022, 13, 6875–6893. [CrossRef]

95. Bueno-Hernandez, N.; Yamamoto-Furusho, J.K.; Mendoza-Martínez, V.M. Nutrition in Inflammatory Bowel Disease: Strategies to
Improve Prognosis and New Therapeutic Approaches. Diseases 2025, 13, 139. [CrossRef]

96. Wang, C.; Gu, Y.; Chu, Q.; Wang, X.; Ding, Y.; Qin, X.; Liu, T.; Wang, S.; Liu, X.; Wang, B.; et al. Gut microbiota and metabolites as
predictors of biologics response in inflammatory bowel disease: A comprehensive systematic review. Microbiol. Res. 2024, 282,
127660. [CrossRef]

97. Tokuyama, M.; Mabuchi, T. New Treatment Addressing the Pathogenesis of Psoriasis. Int. J. Mol. Sci. 2020, 21, 7488. [CrossRef]
98. Li, Y.; Chen, G.; Hu, X.; Bao, Y.; Wu, C.; Zeng, N.; Jiang, F. Assessing causal relationships between gut microbiota and psoriasis:

Evidence from two sample Mendelian randomization analysis. Sci. Rep. 2024, 14, 8831. [CrossRef]
99. Lee, S.Y.; Lee, E.; Park, Y.M.; Hong, S.J. Microbiome in the Gut-Skin Axis in Atopic Dermatitis. Allergy Asthma Immunol Res. 2018,

10, 354–362. [CrossRef]
100. Polak, K.; Bergler-Czop, B.; Szczepanek, M.; Wojciechowska, K.; Frątczak, A.; Kiss, N. Psoriasis and Gut Microbiome-Current
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