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Abstract: Rheumatoid arthritis (RA) is a chronic, systemic, immune-mediated inflammatory disease characterized by persistent
synovitis, progressive joint destruction, functional disability, and a wide spectrum of extra-articular manifestations. Despite
substantial advances in disease-modifying therapies, RA continues to impose a significant global health burden, with rising
prevalence and substantial socioeconomic costs. In recent years, growing attention has been directed toward the gut-immune
axis, revealing the gut microbiota as a central regulator of immune homeostasis and a potential driver of autoimmune diseases,
including RA. Accumulating evidence from animal models, human cohort studies, and translational research indicates that
alterations in gut microbial composition and function—collectively referred to as dysbiosis—may precede clinical disease onset,
influence immune tolerance, and modulate disease severity and therapeutic response. This comprehensive review integrates
current knowledge on the epidemiology, etiology, immunopathogenesis, and systemic manifestations of RA, with a particular
emphasis on the mechanistic and translational role of the gut microbiome. We discuss microbial-host interactions, immune
pathways, emerging microbiome-derived biomarkers, and evolving microbiota-targeted therapeutic strategies, highlighting
their potential to reshape the future of personalized RA management.
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I INTRODUCTION Clinically, RA is characterized by symmetric polyarthritis
predominantly involving the small joints of the hands and feet,

Rheumatoid arthritis (RA) is one of the most prevalent and
debilitating autoimmune rheumatic diseases, affecting millions
of individuals worldwide and representing a major cause of
chronic pain, disability, and reduced quality of life. According
to global estimates from 2020, approximately 17.6 million
people were living with RA, with projections suggesting that
this number may increase to over 31 million by 2050 due to
population aging, urbanization, and changing environmental
exposures [1]. In India, epidemiological data indicate an annual
incidence of 20-40 cases per 100,000 individuals, underscoring
the growing public health relevance of RA in both developed
and developing nations [2].
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accompanied by hallmark features such as joint swelling,
tenderness, and prolonged morning stiffness. As the disease
progresses, persistent synovial inflammation leads to cartilage
degradation, bone erosion, joint deformity, and irreversible
functional impairment. In addition to musculoskeletal
involvement, RA is increasingly recognized as a systemic
disease with extra-articular manifestations affecting the lungs,
cardiovascular system, skin, eyes, nervous system, and
hematopoietic organs. These systemic features significantly
contribute to increased morbidity, premature mortality, and
healthcare utilization [3].
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RA can affect individuals across the lifespan, including
children and adolescents (juvenile rheumatoid arthritis),
although it most commonly presents between the ages of 35 and
60 years. The disease exhibits a strong female predominance,
with women affected approximately two to three times more
frequently than men, suggesting a role for hormonal and sex-
specific immunological factors. Despite extensive research, the
precise etiology of RA remains incompletely understood, and
no definitive cure currently exists. Contemporary therapeutic
strategies primarily focus on symptom control, suppression of
inflammation, and prevention of structural damage, with
variable efficacy among individuals [4].

Over the past two decades, a paradigm shift has occurred
in our understanding of autoimmune diseases, driven by
insights into the complex interplay between host genetics,
environmental exposures, immune regulation, and the
microbiome. The human gastrointestinal tract harbors trillions
of microorganisms—collectively referred to as the gut
microbiota—that form a dynamic and metabolically active
ecosystem. This microbial community plays a critical role in
shaping immune development, maintaining mucosal tolerance,
and regulating systemic inflammatory responses. Disruption of
this delicate balance, termed dysbiosis, has been increasingly
linked to the initiation and progression of autoimmune and
inflammatory diseases, including inflammatory bowel disease,
multiple sclerosis, type 1 diabetes, and RA [3].

Emerging evidence suggests that alterations in gut
microbiota composition and function may precede the clinical
onset of RA, acting as environmental triggers that influence
immune tolerance, intestinal barrier integrity, and systemic
inflammation. Specific microbial taxa and microbial-derived
metabolites have been implicated in modulating T-cell
differentiation, promoting pro-inflammatory pathways, and
contributing to the immune dysregulation characteristic of RA.
These findings have fueled interest in the gut microbiome not
only as a mechanistic contributor to RA pathogenesis but also
as a potential source of diagnostic biomarkers and therapeutic
targets.

This review aims to provide an in-depth and integrative
analysis of the current literature examining the role of gut
microbiota in RA. We explore the epidemiology, etiology,
immunopathogenesis, and systemic manifestations of RA, with
a particular focus on microbial-host interactions and their
translational implications. By synthesizing evidence from basic
science, clinical research, and emerging therapeutic
approaches, this review seeks to illuminate new avenues for
personalized and microbiome-informed management of RA [3].
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1. OBJECTIVES OF THE REVIEW

Given the complexity and heterogeneity of RA, a
comprehensive and multidisciplinary approach is essential for
advancing understanding and improving patient outcomes. The
primary objectives of this review are as follows:

e To celucidate the multifactorial etiology and
immunopathological mechanisms underlying RA, with
particular emphasis on the emerging role of the gut
microbiota and its interaction with host genetics and
immune pathways.

e To critically examine the contribution of environmental,
microbial, and lifestyle factors to RA susceptibility, disease
onset, and progression.

e To identify and synthesize evidence on extra-articular
manifestations and co-morbidities associated with RA,
highlighting their impact on prognosis, quality of life, and
mortality.

e To evaluate current and emerging diagnostic biomarkers,
including microbiome-based signatures that may facilitate
early detection and disease stratification.

e Toreview existing and novel therapeutic strategies for RA,
with a focus on microbiota-modulating interventions and
their potential integration into personalized treatment
paradigms.

e To underscore the importance of inter professional and
multidisciplinary care in the holistic management of RA,
encompassing rheumatology, immunology, microbiology,
cardiology, pulmonology, and patient-centered care.

By addressing these objectives, this review aims to deepen
current understanding of RA pathogenesis and management
while identifying gaps in knowledge and opportunities for
future research.

GLOBAL BURDEN AND EPIDEMIOLOGY OF
RHEUMATOID ARTHRITIS

Recent analyses from the Global Burden of Disease Study
underscore the growing public health impact of RA [5].
Between 1990 and 2021, the global prevalence and years lived
with disability (YLDs) attributable to RA increased
substantially, driven by population growth, aging, and
improved survival [6]. Black et al. and Ma et al. demonstrated
significant regional variation, with the highest age-standardized
prevalence rates observed in North America and Western
Europe, while South Asia and sub-Saharan Africa showed
rapidly rising trends.

In India, RA incidence is estimated at 20-40 cases per
100,000 individuals annually, translating into a considerable
socioeconomic burden due to disability during peak working
years. Women consistently exhibit higher prevalence rates than
men, a disparity attributed to hormonal, genetic, and
immunological factors [7]. Importantly, seropositive RA—
defined by the presence of rheumatoid factor (RF) and/or anti-
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citrullinated protein antibodies (ACPAs)—is associated with
more severe disease and higher heritability [8].

The increasing global burden of RA highlights the urgent
need for improved strategies for early diagnosis, prevention,
and personalized treatment. Understanding environmental
contributors such as the gut microbiota may be pivotal in
addressing these challenges [9].

» Etiology of Rheumatoid Arthritis

The etiology of RA is multifactorial and involves a
complex interplay between genetic  predisposition,
environmental exposures, immune dysregulation, and
microbial influences. No single factor is sufficient to cause RA;
rather, the disease emerges from the convergence of multiple
risk determinants that collectively disrupt immune tolerance
and promote chronic inflammation.

» Genetic Factors

Genetic susceptibility plays a pivotal role in RA
development, with heritability estimates ranging from 40% to
65% for seropositive disease [10]. The strongest genetic
associations have been identified within the major
histocompatibility complex (MHC), particularly HLA-DRB1
alleles. Specific alleles such as HLA-DRB104, HLA-DRB101,
and HLA-DRB1*10 share a conserved amino acid motif known
as the “shared epitope,” which is thought to influence antigen
presentation and promote the activation of autoreactive T cells
[11].

Beyond HLA genes, numerous non-HLA loci have been
implicated in RA susceptibility through genome-wide
association studies (GWAS). These include genes involved in
immune regulation and signaling pathways, such as PTPN22,
CTLA-4, STAT4, IL2RA, TRAF1, CCR6, and IRF5. Variants
in these genes can alter T-cell activation, cytokine production,
and immune tolerance, thereby increasing the risk of
autoimmunity [12].

Epigenetic mechanisms also contribute to RA
pathogenesis by modulating gene expression without altering
the underlying DNA sequence [13]. Aberrant DNA methylation
patterns, histone modifications, and dysregulated non-coding
RNAs have been observed in synovial fibroblasts, immune
cells, and peripheral blood mononuclear cells of RA patients.
These epigenetic changes may interact with genetic and
environmental factors to perpetuate chronic inflammation and
joint destruction.

» Genetic Susceptibility and Host Factors

Genetic factors contribute substantially to RA risk, with
heritability estimates ranging from 40% to 65% for seropositive
disease. The strongest genetic association resides within the
major histocompatibility complex (MHC) class Il region,
particularly HLA-DRBL1 alleles encoding the so-called "shared
epitope." These alleles influence antigen presentation and
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promote autoreactive T-cell responses against citrullinated
peptides [14].

Beyond HLA genes, numerous non-HLA loci have been
implicated in RA susceptibility, including PTPN22, CTLAA4,
STAT4, TRAF1, IL2RA, CCRG6, and IRF5. These genes are
involved in T-cell activation, immune checkpoint regulation,
cytokine signaling, and innate immune responses. Recent
reviews by Kurk6 et al., Karami et al., and Terao et al.
emphasize that genetic variants not only shape immune
responses but may also influence gut microbiota composition,
thereby linking host genetics to microbial dysbiosis [15].

Epigenetic mechanisms, such as DNA methylation,
histone modifications, and non-coding RNAs, further modulate
gene expression in RA. Environmental exposures—including
smoking, infections, and diet—can induce epigenetic changes
that interact with genetic susceptibility to promote
autoimmunity.

» Environmental Triggers and Lifestyle Factors

Environmental exposures play a crucial role in triggering
RA, particularly in genetically susceptible individuals.
Cigarette smoking is the most well-established environmental
risk factor and is strongly associated with anti-citrullinated
protein antibodies (ACPAS)-positive RA [16]. Smoking
induces oxidative stress, promotes protein citrullination, and
enhances antigen presentation, thereby amplifying autoimmune
responses. The interaction between smoking and the HLA-
DRB1 shared epitope exemplifies a classic gene—environment
interaction in RA [17].

Occupational exposures to silica, ashestos, and textile dust
have also been linked to increased RA risk, particularly in
seropositive patients. Periodontal disease, especially infection
with Porphyromonas gingivalis, has garnered significant
attention due to its unique ability to express peptidyl arginine
deiminase enzymes capable of citrullinating host proteins.
Dietary factors, including high-calorie, low-fiber Western diets,
may promote inflammation and dysbiosis, whereas omega-3
fatty acids appear to exert protective effects. Obesity, hormonal
changes, air pollution, and psychosocial stress further
contribute to RA susceptibility and disease severity [18].

Dietary patterns influence both systemic inflammation
and gut microbiota composition. Western diets rich in saturated
fats and low in fiber are associated with increased inflammatory
markers, whereas diets enriched in omega-3 polyunsaturated
fatty acids, fruits, vegetables, and whole grains may confer
protective effects. Obesity, another modifiable risk factor, is
associated with chronic low-grade inflammation and altered gut
microbiota profiles, further implicating metabolic—microbial
interactions in RA [19].
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» Immunological Factors

RA is characterized by a breakdown of immune tolerance
and the emergence of autoreactive immune responses. Central
to this process is the generation of autoantibodies, particularly
rheumatoid factor (RF) and anti-citrullinated protein antibodies
(ACPAs). RF is typically an IgM antibody directed against the
Fc portion of 1gG, forming immune complexes that deposit in
synovial tissues and activate complement pathways. ACPAS
target citrullinated proteins generated through post-
translational modification of arginine residues by peptidyl
arginine deiminase enzymes [20].

The formation of immune complexes and activation of
innate immune pathways lead to sustained production of pro-
inflammatory cytokines, including tumor necrosis factor-alpha
(TNF-a), interleukin (IL)-1, IL-6, and IL-17. These cytokines
drive synovial hyperplasia, recruitment of inflammatory cells,
activation of osteoclasts, and degradation of cartilage and bone.
The adaptive immune system, particularly CD4+ T-helper cells
and B cells, plays a central role in perpetuating chronic
inflammation and tissue damage. These cytokines drive
synovial inflammation, fibroblast-like synoviocyte (FLS)
activation, and osteoclast-mediated bone resorption [21]. B
cells differentiate into plasma cells producing RF and ACPAs,
which form immune complexes that activate complement
pathways and amplify inflammation. The result is pannus
formation, cartilage destruction, and irreversible joint damage.
Emerging evidence suggests that immune dysregulation in RA
may originate, at least in part, in mucosal sites such as the gut,
lung, and oral cavity. Among these, the gut microbiota has
emerged as a central player in shaping systemic immune
responses [22].

(AVA PATHOGENIC PARTNERSHIPS: THE ROLE
OF GUT MICROBIOTA IN RHEUMATOID
ARTHRITIS

The human gut microbiota represents one of the most
complex microbial ecosystems on the planet, comprising
bacteria, archaea, viruses, and fungi that collectively influence
host physiology and immunity. Approximately 70-80% of the
immune system resides within the gastrointestinal tract,
highlighting the central role of gut-associated lymphoid tissue
in immune surveillance and tolerance. Under physiological
conditions, a symbiotic relationship exists between the host and
its microbiota, characterized by mutual benefit and immune
homeostasis [23].

» Dysbiosis and Immune Dysregulation

Dysbiosis, defined as an imbalance in microbial
composition and function, has been increasingly implicated in
RA pathogenesis. Studies in both animal models and human
cohorts have demonstrated reduced microbial diversity and
altered relative abundance of specific bacterial taxa in RA
patients. Dysbiosis can disrupt intestinal barrier integrity by
loosening epithelial tight junctions, often mediated by increased
zonulin release [24]. This increased permeability allows
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translocation of microbial components and metabolites into the
systemic circulation, where they can activate innate immune
cells such as dendritic cells and macrophages [25].

Bacterial components, including peptidoglycans and
lipopolysaccharides, have been detected in the synovial tissues
of RA patients, suggesting a direct link between gut-derived
microbial products and joint inflammation. These microbial
signals stimulate pattern recognition receptors, leading to
activation of inflammatory pathways and cytokine production
[25].

» Microbiota-Mediated T-Cell Differentiation

Specific gut microbes exert profound effects on T-cell
differentiation and immune balance. Segmented filamentous
bacteria promote the accumulation of Th17 cells in the
intestinal lamina propria, whereas Bacteroides fragilis has been
shown to enhance regulatory T-cell (Treg) responses through
polysaccharide A-mediated mechanisms. An imbalance
between pro-inflammatory Th17 cells and immunosuppressive
Tregs is a hallmark of RA and is strongly influenced by
microbial composition and microbial-derived metabolites such
as short-chain fatty acids [26].

Aberrant activation of adaptive immune responses in the
gut mucosa can lead to systemic immune dysregulation.
Microbial antigens presented by antigen-presenting cells
activate CD4+ T cells, driving differentiation into Thl, Th17,
and Th2 subsets. These cells migrate to synovial tissues, where
they secrete cytokines that perpetuate inflammation and tissue
destruction [27].

» Evidence from Human and Animal Studies

Multiple studies have demonstrated altered gut microbiota
composition in RA. Reduced abundance of beneficial
commensals such as  Faecalibacterium  prausnitzii,
Bifidobacterium, and Eubacterium rectale has been
consistently reported [28]. These bacteria are known to exert
anti-inflammatory effects, maintain intestinal barrier function,
and promote immune tolerance. Conversely, increased
abundance of potentially pro-inflammatory taxa such as
Prevotella copri, Collinsella aerofaciens, and Lactobacillus
species has been observed, particularly in early and untreated
RA [29].

The phenomenon of molecular mimicry provides a
mechanistic link between gut microbes and autoimmunity.
Microbial peptides that share structural similarity with host
proteins may activate autoreactive T and B cells, leading to
cross-reactivity and tissue damage [30]. Prevotella copri—
derived peptides, for example, have been proposed to mimic
joint-associated proteins, triggering immune responses that
target synovial tissues.
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V. GUT MICROBIOTA AS BIOMARKERS FOR
RA

The identification of reliable biomarkers for early
diagnosis and disease monitoring remains a major challenge in
RA. Alterations in gut microbiota composition and function
have emerged as promising candidates for biomarker
development [31]. Studies have shown that changes in specific
bacterial taxa correlate with disease onset, activity, and
severity. Increased abundance of Prevotella copri and
Lactobacillus salivarius, along with depletion of Haemophilus
species, has been associated with early RA and more severe
disease.

In addition to microbial composition, microbial
metabolites and functional pathways may serve as informative
biomarkers. Integration of microbiome data with serological
markers such as RF, ACPAs, anti-mutated citrullinated
vimentin (anti-MCV), anti-carbamylated protein (anti-CarP)
antibodies, and novel proteins such as 14-3-3n may enhance
diagnostic accuracy and prognostic stratification [32].
Advanced imaging modalities, including ultrasonography and
magnetic resonance imaging, further complement biomarker-
based approaches.

VI. EXTRA-ARTICULAR MANIFESTATIONS OF
RHEUMATOID ARTHRITIS

RA is increasingly recognized as a systemic disease with
diverse extra-articular manifestations that significantly impact
morbidity and mortality [33]. Interstitial lung disease affects
approximately 10% of RA patients and may precede articular
symptoms. Cardiovascular disease represents a major cause of
premature mortality in RA, with chronic systemic inflammation
accelerating atherosclerosis and increasing the risk of
myocardial infarction and stroke [34].

Other extra-articular manifestations include ocular
involvement (keratoconjunctivitis sicca, scleritis, episcleritis),
hematologic  abnormalities (Felty’s syndrome), renal
complications  (secondary  amyloidosis),  neurological
involvement (peripheral neuropathy, cervical spine instability),
and cutaneous vasculitis. These manifestations often indicate
severe disease and require coordinated multidisciplinary
management [35].

IJISRT26JAN387

International Journal of Innovative Science and Research Technology

https://doi.org/10.38124/ijisrt/26jan387

VILI. MICROBIAL MEDICINE: THERAPEUTIC
IMPLICATIONS

The recognition of the gut microbiome as a modifiable
factor in RA pathogenesis has opened new avenues for
therapeutic intervention. Dietary modification, omega-3 fatty
acid supplementation, probiotics, prebiotics, antibiotics, and
fecal microbiota transplantation are among the strategies being
explored to restore microbial balance and immune homeostasis
[36].

Disease-modifying antirheumatic drugs (DMARDS)
themselves  influence gut microbiota  composition.
Methotrexate, sulfasalazine, and hydroxychloroquine have
been shown to alter specific bacterial populations, potentially
contributing to their therapeutic effects. However, non-steroidal
anti-inflammatory drugs and antibiotics may disrupt gut
integrity and microbial balance, highlighting the need for
careful consideration of unintended effects [37].

Recent studies have demonstrated the therapeutic
potential of specific commensal bacteria, such as Prevotella
histicola, which has been shown to suppress inflammatory
cytokine production and promote regulatory immune responses
in experimental models of arthritis. These findings underscore
the heterogeneity within microbial species and the potential for
precision microbiome-based therapies [38].

VIIL. CONCLUSION AND FUTURE PERSPECTIVES

The intricate interplay between gut microbiota and the
immune system has fundamentally transformed our
understanding of rheumatoid arthritis [39]. Accumulating
evidence suggests that dysbiosis is not merely a consequence of
chronic inflammation but may actively contribute to disease
initiation, progression, and therapeutic response [40]. While
significant advances have been made, many questions remain
regarding causality, temporal relationships, and the optimal
strategies for microbiome modulation [41].

Future research should focus on longitudinal studies to
clarify causal pathways, mechanistic investigations to elucidate
microbial-immune interactions, and well-designed clinical
trials to evaluate microbiome-targeted therapies [42].
Integrating microbiome data with genetic, immunological, and
clinical parameters holds promise for the development of
personalized and preventive strategies in RA [43]. Ultimately,
a deeper understanding of the gut—joint axis may redefine the
prevention, diagnosis, and treatment of rheumatoid arthritis,
improving outcomes for millions of patients worldwide [44].
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GUT BACTERIA AND
RHEUMATOID ARTHRITIS
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Fig 1: Dysbiosis of the Gut Microbiome Influences Both Local Andemic Immune Mechanisms, Contributing to Rheumatoid Arthritis.
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