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  Autoimmune diseases (AIDs) are characterized by the immune system’s 
maladaptive response against self-antigens, culminating in chronic inflammation 
and progressive tissue damage. Although genetic predisposition establishes baseline 
susceptibility, environmental pollutants—such as heavy metals, pesticides, fine 
particulate matter (PM2.5), and industrial chemicals—are increasingly recognized 
as pivotal triggers of immune dysregulation. These xenobiotics induce oxidative 
stress, disrupt immune tolerance by impairing regulatory T-cell function, and 
modulate critical signaling pathways including NF-κB, MAPK, and JAK-STAT. 
Epidemiological studies corroborate associations between pollutant exposure and 
heightened incidence or severity of conditions such as rheumatoid arthritis, systemic 
lupus erythematosus, multiple sclerosis, and type 1 diabetes. This review synthesizes 
molecular, cellular, and population-based evidence to elucidate the mechanisms by 
which environmental pollution contributes to the onset and progression of AIDs.
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ARTICLE INFO ABSTRACT

INTRODUCTION
Autoimmune diseases (AIDs) encompass a 

diverse group of disorders in which the immune 
system mistakenly attacks the body’s own cells and 
tissues, leading to chronic inflammation, functional 
impairment, and often irreversible damage (1, 2). The 
clinical manifestations vary widely from organ-specific 
conditions like Hashimoto’s thyroiditis to systemic 
diseases such as systemic lupus erythematosus (3), 
rheumatoid arthritis (RA), multiple sclerosis (4), 
and type 1 diabetes (T1D) (5). Collectively, these 
diseases affect millions of individuals worldwide, and 
their prevalence is rising across both developed and 
developing nations (6).

Although genetic predisposition particularly 
involving human leukocyte antigen (HLA) genes and 

other immune-regulatory loci plays a foundational role 
in determining individual susceptibility, it does not fully 
account for disease onset. Increasingly, environmental 
exposures are recognized as necessary cofactors that 
trigger autoimmunity in genetically susceptible hosts 
(7).

Among these environmental factors, pollution has 
emerged as a major contributor. Industrial expansion, 
urbanization, and modern agricultural practices have 
led to elevated levels of airborne and waterborne 
toxins, including heavy metals (e.g., lead, mercury, 
cadmium), fine particulate matter (PM₂.₅), gaseous 
pollutants (NO₂, O₃, SO₂), and synthetic pesticides 
(8). These pollutants are capable of disrupting immune 
homeostasis by inducing oxidative stress, damaging 
cellular components, impairing regulatory T-cell (Treg) 
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function, and modulating key signaling pathways 
involved in inflammation and immune surveillance—
such as nuclear factor kappa-light-chain-enhancer of 
activated B cells (NF-κB), mitogen-activated protein 
kinase (MAPK), and Janus kinase/signal transducer 
and activator of transcription (JAK-STAT) pathways 
(9).

This dysregulation compromises immune tolerance, 
leading to aberrant immune responses and loss of 
self-recognition. The ensuing proinflammatory 
state not only increases the likelihood of developing 
autoimmune diseases but also exacerbates allergic 
responses and susceptibility to infections (10).

As the interplay between genetic and environmental 
risk factors becomes more evident, it emphasizes the 
need for integrated prevention strategies. This includes 
both personalized medicine approaches—taking 
into account individual genetic profiles—and public 
health policies aimed at reducing environmental toxin 
exposure. Raising public awareness, enhancing early 
detection, and implementing regulatory interventions 
are essential steps toward reducing the global burden 
of autoimmune diseases (11).

Environmental Pollutants and Their Impact on 
Immune System Function

Environmental pollutants exert profound effects 
on immune system function through multiple 
interconnected mechanisms. Various toxicants 
including heavy metals (e.g., lead, mercury, cadmium, 
arsenic), pesticides, industrial chemicals, and airborne 
particulate matter can modulate both innate and 
adaptive immune responses (12). These contaminants 
influence the activity and behavior of immune cells 
such as dendritic cells, macrophages, T lymphocytes, 
and B lymphocytes, all of which are essential for 
maintaining immune homeostasis and orchestrating 
effective responses to pathogens (13).

One of the primary ways pollutants impact immune 
regulation is through the alteration of cytokine 
production. Cytokines are pivotal signaling molecules 
that mediate immune cell communication and 
coordinate inflammation, immune activation, and 
resolution processes. Exposure to environmental toxins 
can lead to aberrant cytokine profiles, characterized 
by either exaggerated proinflammatory responses 
or impaired anti-inflammatory signaling, thereby 
contributing to immune dysregulation (14).

Moreover, many pollutants induce oxidative stress by 
generating excessive reactive oxygen species (ROS), 
which overwhelm the body’s endogenous antioxidant 
defense systems. This redox imbalance compromises 
the integrity of immune cells and tissues, leading to 
chronic inflammation, DNA damage, and impaired 
immunoregulation (15). Persistent oxidative stress not 
only weakens host defenses against infections but also 

promotes the development of autoimmunity through 
mechanisms such as antigen modification, loss of 
tolerance, and sustained immune activation (16).

At the molecular level, several key signaling 
pathways are implicated in pollutant-induced immune 
dysfunction. These include
•Nuclear factor kappa B (NF-κB): A central regulator 
of inflammation and immune responses, frequently 
activated by environmental stressors.
•Mitogen-activated protein kinases (MAPKs): 
Involved in cellular responses to oxidative stress, 
cytokine production, and apoptosis.
•Janus kinase/signal transducer and activator of 
transcription (JAK-STAT): Modulates cytokine 
signaling and immune cell differentiation.
•Nuclear factor erythroid 2–related factor 2 (Nrf2): 
A master regulator of antioxidant defense mechanisms.

Among these, Nrf2 plays a particularly vital role in 
cellular defense by regulating the expression of genes 
involved in antioxidant production and detoxification. 
Activation of the Nrf2 pathway has emerged as a 
promising therapeutic strategy to counteract pollutant-
induced oxidative damage. Enhancing Nrf2 signaling 
may bolster immune resilience by attenuating oxidative 
stress and reducing chronic inflammation (17).

Understanding the interaction between environmental 
pollutants and these signaling pathways is critical for the 
development of targeted therapeutic interventions. By 
modulating these pathways, researchers aim to create 
innovative strategies that mitigate the immunotoxic 
effects of environmental exposures and restore immune 
balance (18). For instance, pharmacologic Nrf2 
activators, anti-inflammatory agents, and immune-
modulating compounds are being investigated for their 
potential to enhance immune defense mechanisms in 
polluted environments (1).

Pollutants also exert epigenetic effects by altering 
gene expression through DNA methylation, histone 
modification, and microRNA regulation. These changes 
may dysregulate immune function and contribute 
to the development of autoimmune diseases such as 
multiple sclerosis, systemic lupus erythematosus, and 
rheumatoid arthritis (19). Identifying pollutant-induced 
epigenetic markers and immune biomarkers may 
facilitate early diagnosis and personalized treatment 
strategies tailored to individuals with environmental 
exposure histories (20).

Immune Activation and the Role of Inflammation in 
Autoimmune Diseases

Chronic inflammation is a central hallmark of 
autoimmune diseases, stemming from the immune 
system’s inability to distinguish self-antigens from 
foreign pathogens. This loss of immunological 
tolerance leads to sustained activation of both innate and 
adaptive immune responses, resulting in localized or 
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systemic tissue damage (21). Environmental pollutants 
such as airborne particulates, heavy metals, and 
agricultural chemicals—have been shown to intensify 
these immune processes by stimulating the production 
of key pro-inflammatory cytokines, including tumor 
necrosis factor-alpha (TNF-α), interleukin-1 beta (IL-
1β), interleukin-6 (IL-6), and interleukin-17 (IL-17). 
These cytokines are critical mediators of inflammatory 
cascades and play pivotal roles in the pathogenesis of 
various autoimmune disorders (22).

Pollutant-induced immune activation occurs through 
several mechanisms. Environmental toxins stimulate 
antigen-presenting cells, such as dendritic cells and 
macrophages, which in turn promote the differentiation 
of pro-inflammatory T helper (Th) cell subsets 
particularly Th1, Th17, and T follicular helper (Tfh) 
cells. These cells secrete cytokines that perpetuate 
the inflammatory milieu, recruit additional effector 
immune cells to target tissues, and exacerbate tissue 
injury (22). For example, IL-17 produced by Th17 cells 
enhances neutrophil recruitment, disrupts epithelial and 
endothelial barriers, and increases tissue permeability, 
contributing to the pathophysiology of diseases such as 
multiple sclerosis (4). Similarly, Th1 cells, through the 
release of interferon-gamma (IFN-γ) and TNF-α, are 
implicated in the destruction of pancreatic β-cells in 
type 1 diabetes (T1D) (23).

This aberrant immune activity often establishes a self-
perpetuating inflammatory cycle: tissue damage leads 
to the release of self-antigens, which further activate 
immune responses and sustain chronic inflammation. 
This cycle not only drives disease progression but also 
contributes to increased severity, comorbidities, and 
treatment resistance in autoimmune conditions (23).

Given the central role of inflammatory cytokines in 
disease pathogenesis, they have become prime targets 
for therapeutic intervention. Biologic agents that block 
TNF-α, IL-6, IL-17, or their receptors have shown 
significant clinical efficacy in managing autoimmune 
diseases such as rheumatoid arthritis, psoriasis, 
ankylosing spondylitis, and MS (24). These targeted 
therapies help modulate the immune response, reduce 
inflammation, and minimize tissue destruction, thereby 
improving patient outcomes and quality of life (25).

Nonetheless, pharmacologic therapy alone may 
not suffice for optimal disease control. An integrative 
approach that combines immunomodulatory treatments 
with lifestyle modifications such as adopting anti-
inflammatory diets, reducing environmental toxin 
exposure, managing stress, and engaging in regular 
physical activity can significantly improve therapeutic 
outcomes. Psychological support and patient education 
are also critical, as psychosocial stressors are known to 
influence immune regulation and disease activity (26).

Emerging advances in precision medicine hold 
promise for individualized therapeutic strategies. 

By profiling patients’ cytokine signatures, genetic 
susceptibilities, environmental exposures, and immune 
cell phenotypes, clinicians can tailor interventions 
that specifically target dysregulated pathways. Such 
personalized approaches may not only enhance efficacy 
but also reduce the risk of adverse effects and improve 
long-term disease management (27).

Pollution and Immune Tolerance: Disrupting the 
Balance

Maintaining immune tolerance that is, avoiding the 
immune system from attacking its cells and tissues is a 
fundamental component of immune system operation. 
Environmental pollution can disturb this delicate 
balance by triggering immune system malfunction. 
Immune tolerance is preserved by Tregs; thus, their 
absence or malfunction has been linked to the beginning 
of autoimmune diseases (28). A Treg imbalance causes 
an improper immune response that might see the 
body’s tissues as foreign invaders. Knowing the causes 
of Treg loss will help one to develop new approaches 
for the management of autoimmune diseases. Knowing 
the mechanisms behind Treg loss will help to find new 
therapeutic approaches for autoimmune diseases (29). 
By looking at the environmental elements causing 
Treg issues, researchers will be able to design tailored 
treatments meant to restore the balance of the immune 
system and increase the body’s ability to distinguish 
it from foreign invaders. Reducing the consequences 
of autoimmune diseases depends on this immune 
balance restoration, which also may generate creative 
treatments enhancing the body’s natural regulating 
systems (30).

 Ultimately, a more profound understanding of 
Treg dynamics could offer the tools for personalized 
therapeutic approaches that meet the specific needs of 
individual patients. This knowledge helps one control 
autoimmune diseases. Good control of autoimmune 
diseases helps medical systems to lower their load and 
significantly raise patients’ quality of life (31). By means 
of targeted treatments and Treg cells, researchers hope 
to generate more exact interventions, so mitigating 
symptoms and addressing the fundamental causes of 
these difficult disorders. These developments provide 
improved therapy results and long-term remission 
for those suffering from autoimmune diseases (32). 
Including these novel concepts into clinical practice 
as research develops could transform patient treatment 
in this demanding sector. By matching treatments 
to individual patient profiles, customized medicine 
approaches arising from this revolution may improve 
safety and efficacy. Giving Treg cell modulation top 
attention will help doctors to identify fresh approaches 
to restore immune balance and enhance the quality of 
life for patients with these terrible diseases (33). 

By including lifestyle, environmental, and genetic 
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elements into treatment plans, doctors can maximize 
therapeutic results and improve patients quality of 
life. Treg function is interfered interfered with by 
environmental toxins, including heavy metals and 
pesticides, so compromising immune control and 
raising sensitivity to autoimmune reactions (34). 
Furthermore, compromising immune tolerance is 
epigenetic modifications induced by environmental 
toxins. Environmental toxins change how DNA is 
marked, how proteins around DNA are modified, 
and how certain small RNA molecules are expressed, 
which affects how immune cells work and how genes 
are expressed, making people more likely to develop 
autoimmune diseases (35). This complex interaction 
of environmental elements with genetic inclination 
emphasizes the need to understand how toxins affect 
immune system control. By addressing environmental 
triggers, treatment and prevention of autoimmune 
diseases may find new pathways and so support 
better health outcomes. Better health outcomes can be 
achieved through a multifaceted approach that includes 
reducing exposure to harmful substances, promoting 
a healthy lifestyle, and tailoring interventions based 
on an individual’s genetic predisposition (36). This 
holistic perspective enhances our understanding of 
autoimmune diseases and paves the way for innovative 
therapeutic strategies. These strategies not only aim 
to mitigate the effects of toxins but also empower 
individuals to take charge of their health through 
education and awareness. By fostering a collaborative 
approach among healthcare providers, researchers, and 
patients, we can drive advancements in the management 
and treatment of autoimmune conditions (37).

Environmental Factors in Autoimmune Disease 
Susceptibility: A Genetic Perspective

While environmental pollution is mostly responsible 
for the start of autoimmune diseases, genetic 
inclination is rather crucial. Some people may have 
hereditary variations that increase their sensitivity to 
environmental toxins. Environmental toxins can alter 
genes that influence the immune system’s performance, 
including those related to cytokine generation, immune 
receptor signaling, and responses to oxidative stress, 
thereby increasing an individual’s risk of developing 
autoimmune diseases (38). Therefore, awareness of 
how genes and the surroundings interact determines 
better strategies to avoid and treat autoimmune 
diseases. In autoimmune diseases, effective preventive 
and therapeutic interventions are quite essential. 
Furthermore, by means of tailored medicine and 
focused treatments derived from the analysis of the 
particular genetic markers linked to these diseases, 
patient outcomes can be improved and the effects of 
these diseases on individuals and healthcare systems 
can be minimized (39). Researchers can identify new 

therapeutic targets and improve present treatment 
plans by using developments in biotechnology and 
genetics, thus improving patient quality of life. 
Furthermore, including environmental strategies and 
lifestyle modifications in therapy plans helps reduce 
the effects of autoimmune diseases and enhances 
general health (40). This data guides public health 
campaigns meant to lower exposure to hazardous 
pollutants and helps to identify vulnerable populations. 
By means of an analysis of the interactions between 
genes and environmental elements, scientists can 
better plan treatments and direct society toward 
reduced risks related to environmental pollutants (41). 
This proactive approach helps people to control their 
health and advance general society. Individuals who 
combine more environmental pollution exposure with 
a genetic inclination are likely to have autoimmune 
issues since the interaction between genetic elements 
and environmental exposure is complex (42).

Environmental Pollutants and Their Immunotoxicity
Heavy Metals and Autoimmune Disease Development

Over time, highly toxic heavy metals, including lead 
(Pb), cadmium (Cd), mercury (Hg), and arsenic (As), 
can accumulate in the body and fundamentally alter 
immune systems. Since these metals interfere with the 
normal immune system and might raise susceptibility 
to diseases and infections, this accumulation can 
cause several health problems. Long-term exposure 
thus clearly jeopardizes general health and well-
being (43). These metals reduce immune tolerance, 
cause inflammation, and alter immune cell behavior, 
thus raising a person’s susceptibility to autoimmune 
diseases. Lead: Pb; lead exposures compromise immune 
system performance via many routes. Pb disrupts the 
operation of T cells, B cells, and natural killer (NK) 
cells all of which are important components of immune 
surveillance and response (44). Studies reveal that Pb 
exposure can upset the equilibrium between Th1 and 
Th2 immune responses, thus aggravating Th2-related 
inflammation. Pb also causes reactive oxygen species 
(ROS) generation and oxidative stress, which damages 
tissue and activates the immune system. At the 
molecular level, Pb stimulates important controllers of 
inflammation, NF-κB and MAPK signaling pathways 
(45). Linked to autoimmune diseases including lupus 
and rheumatoid arthritis, these pathways downregulate 
pro-inflammatory cytokines including TNF-α, IL-
1β, and IL-6. Pb also stimulates T follicular helper 
(Tfh) cells, which support B cell differentiation, so 
fostering autoantibody production a feature of many 
autoimmune diseases (46). A strong neurotoxin 
influencing the immune system as well is mercury 
(Hg). Mercury increases macrophage activity that 
generates pro-inflammatory cytokines and chemokines. 
Mercury exposure is well known to activate the NF-κB 
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pathway, thus boosting tissue damage and aggravating 
the inflammatory response (47). Mercury also 
stimulates Th17 cells, a type of T helper cell crucial for 
autoimmune inflammation, especially in diseases like 
rheumatoid arthritis and systemic lupus erythematosus 
(3). Oxidative stress brought on by mercury sets off 
the Nrf2 antioxidant pathway, producing ROS. This 
therefore, fuels immune dysregulation and damages 
cellular structures (48). Cadmium (Cd) exposure 
results in the accumulation of this metal in the 
kidneys, liver, and lungs, where it induces notable 
immune dysregulation. Cd stimulates inflammation by 
triggering the synthesis of nitric oxide (NO) and ROS, 
so compromising immune cell performance (49). Cd 
exposure causes Th1 responses that generate IFN-γ 
and TNF-α, so throwing off the ratio of pro- to anti-
inflammatory cytokines. Cadmium exposure has been 
shown at the cellular level to influence dendritic cell 
maturation, so distorting the immune response towards 
inflammation (50). Furthermore, by influencing T 
regulatory cells (Tregs), Cd compromises immune 
tolerance systems and fuels the development of 
autoimmune diseases. Arsenic (As) exposure has 
been linked to rheumatoid arthritis and systemic lupus 
erythematosus, among several autoimmune diseases 
(51). Arsenic promotes Th1/Th17 polarization, which 
is linked to autoimmune inflammation and modulates 
T cell differentiation. The arrangement of arsenic 
also helps generate autoantibodies, which target self-
antigens and set off autoimmune reactions. Arsenic 
interacts at the molecular level with the JAK-STAT 
pathway, which is essential for immune cell signaling 
and activates inflammatory genes. Additionally 
causing ROS and oxidative stress, it further disturbs 
the immune system and accelerates the course of 
autoimmune diseases (52).

Air Pollution and Autoimmune Disease
Air pollution is one often occurring environmental 

hazards that seriously compromises immune system 
performance, among other aspects of human health. 
Autoimmune diseases have been most connected 
among all the components of air pollution to ozone 
(O₃), nitrogen dioxide (NO₂), and fine particulate matter 
(PM₂.₅) (53). Important elements in the beginning and 
aggravation of autoimmune diseases, these toxins 
can enter the bloodstream via the respiratory system 
and cause oxidative stress, systematic inflammation, 
and immune dysregulation. Autoimmune diseases, 
including type 1 diabetes (T1D), multiple sclerosis 
(4), rheumatoid arthritis (RA), and systemic lupus 
erythematosus (3), have been linked to air pollution 
(54). Comprising many immune cell types, signaling 
pathways, and molecular mechanisms, the immune 
system’s sophisticated response to air pollutants 
is environmental toxins can induce tissue damage, 

autoimmunity, and chronic inflammation by means 
of specific immune system activation (55). Starting 
a vicious cycle that might lead to the development 
of chronic diseases, tissue damage can aggravate 
the inflammatory response even more. Public health 
campaigns and targeted treatments meant to reduce the 
effects of pollution on immune system performance 
depend on an awareness of these processes.Air 
pollution is one often occurring environmental hazard 
that seriously compromises human health including 
immune system performance (56). Among all the 
components of air pollution, autoimmune diseases 
have been most linked to ozone (O₃), nitrogen dioxide 
(NO₂), and fine particulate matter (PM₂.₅). Important 
components in the beginning and aggravation of 
autoimmune diseases, these toxins can enter the 
bloodstream via the respiratory system and induce 
oxidative stress, systemic inflammation, and immune 
dysregulation (3). Autoimmune diseases, including type 
1 diabetes (T1D), multiple sclerosis (4), rheumatoid 
arthritis (RA), and systemic lupus erythematosus (3), 
have been linked to air pollution. Comprising many 
immune cell types, signaling pathways, and molecular 
mechanisms, the immune system’s sophisticated 
response to air pollutants is by means of specific 
immune system activation, environmental toxins 
can cause tissue damage, autoimmunity, and chronic 
inflammation (3). Tissue damage can further aggravate 
the inflammatory response, potentially initiating a 
vicious cycle that may lead to the development of 
chronic diseases. Public health campaigns and targeted 
treatments meant to reduce the effects of pollution on 
immune system performance depend on being aware 
of these processes (57).

Molecular Mechanisms of Air Pollution-Induced 
Autoimmune Diseases

The immune system is equipped with pattern 
recognition receptors (PRRs) that recognize pathogen-
associated molecular patterns (PAMPs) and damage-
associated molecular patterns (DAMPs). These 
receptors are crucial in detecting external and internal 
threats and initiating an immune response. Airborne 
pollutants, such as PM2.5, NO2, and O3, are capable of 
activating these PRRs, leading to a cascade of immune 
responses that contribute to inflammation and immune 
dysfunction (58).

1.Activation of Pattern Recognition Receptors 
(PRRs)

Pollutants in the air are recognized by Toll-like 
receptors (TLRs), which are a key subset of PRRs. 
TLRs are present on macrophages, dendritic cells, and 
epithelial cells, all of which are involved in initiating 
immune responses. Upon binding to air pollution 
components, TLRs activate downstream signaling 
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pathways that promote an inflammatory response. 
The most commonly involved TLRs in air pollution-
induced inflammation are TLR4 and TLR2, which 
recognize particulate matter, and TLR9, which can be 
activated by the DNA fragments found in pollutants 
(59).

The activation of these receptors triggers several 
intracellular signaling pathways, most notably the 
NF-κB (nuclear factor kappa B) and MAPK (mitogen-
activated protein kinase) pathways. These pathways 
are critical for regulating immune cell function, 
inflammatory cytokine production, and the survival of 
immune cells (60).

2.NF-κB Pathway and Cytokine Production
Once TLRs are activated, NF-κB quickly produces 

TNF-α, IL-1β, IL-6, and IL-12. These cytokines are 
mostly responsible for the inflammatory reaction and 
also significantly help autoimmune diseases to develop. 
Involved in inflammation, TNF-α is crucial for the 
development of T helper 17 (Th17) cells, which abound 
in autoimmune diseases including rheumatoid arthritis 
(RA) and multiple sclerosis (4, 61). Higher TNF-α levels 
also promote the synthesis of autoantibodies and B cell 
development, which may produce immune complexes 
possibly damaging tissues. More inflammatory 
reactions triggered by these immune complexes can 
aggravate tissue damage and support the progression 
of autoimmune diseases (62). Consequently, 
concentrating on TNF-α and associated cytokines 
has become a primary objective in the development 
of treatments for several diseases. Although TNF-α 
targeting helps some autoimmune diseases under 
control, some studies indicate that blocking this 
cytokine might cause other issues, including more 
susceptibility to infections (63). Moreover, there 
are other therapeutic modalities that concentrate on 
changing the immune response without particularly 
aiming at TNF-α, so providing a more balanced course 
of treatment. Another necessary cytokine causing 
immune cell activation and inflammation continuation 
is IL-1β (64). Understanding how IL-1β generates 
inflammation has helped to design targeted treatments 
meant to stop its activity. These treatments provide a 
better way to treat autoimmune diseases since they 
could lower the risk of infections related to TNF-α 
inhibitors and so decrease inflammation. Rising IL-1β 
levels in the joints and other tissues help to explain the 
advancement in RA and other autoimmune diseases. 
Essential in the transition from acute to chronic 
inflammation, IL-6 is a multifarious cytokine (65). 
This shift is significant because of changes in the 
body’s immune response: acute inflammation, meant 
to react to immediate threats, can become chronic and 
contribute to driving continuous tissue damage and 
disease progression. Targeting cytokines such as IL-

1β and IL-6 could help therapies break this cycle and 
provide better control of autoimmune diseases (66). 
Targeting T follicular helper (Tfh) cells and T helper 17 
(Th17) cells will help encourage their differentiation 
since both of these cells are essential for the onset 
of autoimmune diseases (67). IL-6 also produces 
autoantibodies, so it helps B cells to proliferate and 
activate. In diseases including rheumatoid arthritis, 
lupus, and multiple sclerosis, the sustained presence 
of these cytokines aggravates the autoimmune process 
by causing tissue damage, synovial inflammation, and 
neuronal damage (68). Once TLRs are activated, NF-
κB quickly reacts to create several substances that 
promote inflammation, such as TNF-α (tumor necrosis 
factor-alpha), IL-1β (interleukin-1 beta), IL-6, and IL-
12. The inflammatory response is mostly dependent on 
these cytokines, which also greatly contribute to the 
development of autoimmune diseases (69). Involved in 
inflammation, TNF-α is essential for the development 
of T helper 17 (Th17) cells, which are present in 
autoimmune diseases including rheumatoid arthritis 
(RA) and multiple sclerosis (4). Higher TNF-α levels 
also stimulate B cell development and the synthesis of 
autoantibodies, which could lead to immune complexes 
maybe harm tissues (70). More inflammatory reactions 
triggered by these immune complexes can aggravate 
tissue damage and support the progression progression 
of autoimmune diseases. Thus, focusing on TNF-α 
and related cytokines has become a main goal in 
developing treatments for several diseases. While 
some autoimmune diseases may be controlled with 
TNF-α targeting, some studies show that blocking this 
cytokine may lead to other problems, including more 
susceptibility to infections (71). Moreover, there are 
other therapeutic approaches that focus on altering the 
immune response without especially aiming at TNF-α, 
so offering a more balanced course of therapy. IL-1β 
is another indispensable cytokine driving immune 
cell activation and inflammation continuation (72). 
Understanding how IL-1β generates inflammation 
has helped to design targeted treatments meant to stop 
its activity. These therapies offer a better approach to 
treating autoimmune diseases since they could reduce 
inflammation and lower the risk of infections connected 
with TNF-α inhibitors (73). Rising IL-1β levels in the 
joints and other tissues help to explain the advancement 
in RA and other autoimmune diseases. Essential in the 
transition from acute to chronic inflammation, IL-6 
is a multifarious cytokine. This is significant because 
of changes in the body’s immune response: acute 
inflammation, meant to react to immediate threats, 
can become chronic and contribute to the continuous 
tissue damage and disease progression (74). Targeting 
cytokines such as IL-1β and IL-6 could help therapies 
maybe break this cycle and provide better control of 
autoimmune diseases. Targeting T follicular helper 
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(Tfh) cells and T helper 17 (Th17) cells will help 
encourage their differentiation since both of these cells 
are essential for the onset of autoimmune diseases 
(75). IL-6 also produces autoantibodies, so it helps B 
cells to proliferate and activate. In diseases including 
rheumatoid arthritis, lupus, and multiple sclerosis, 
the sustained presence of these cytokines aggravates 
the autoimmune process by causing tissue damage, 
synovial inflammation, and neuronal damage (46).

3.MAPK Pathway and Immune Cell Activation
The MAPK pathway is another important signaling 

cascade activated by TLR engagement. This pathway 
influences various cellular processes, including cell 
proliferation, differentiation, survival, and immune cell 
activation. In the context of air pollution, the MAPK 
pathway plays a role in macrophage activation and the 
production of reactive oxygen species (ROS), which 
contribute to oxidative stress and further inflammation 
(76).
•p38 MAPK is particularly important in the activation 
of pro-inflammatory cytokines and immune cell 
differentiation. Activation of this pathway in response 
to pollutants has been shown to promote the expression 
of IL-6, TNF-α, and IL-1β in immune cells, further 
perpetuating inflammatory cycles (77).

4.Oxidative Stress and Immune Dysregulation
One of the key consequences of air pollution exposure 

is oxidative stress, which occurs due to the excessive 
production of reactive oxygen species (ROS), such as 
superoxide radicals, hydrogen peroxide, and hydroxyl 
radicals. These ROS can directly damage cellular 
components, including DNA, lipids, and proteins, 
leading to cell death and the activation of immune 
responses (78).

The accumulation of ROS in immune cells such as 
macrophages, dendritic cells, and T cells can enhance 
the production of pro-inflammatory cytokines and 
trigger cellular signaling pathways like NF-κB, further 
promoting immune system activation. Moreover, 
oxidative stress can disrupt Treg (regulatory T cell) 
function, impairing immune tolerance and facilitating 
the development of autoimmune responses (79).

Oxidative stress can also lead to epigenetic 
modifications, such as changes in DNA methylation 
and histone modification, which can result in long-
lasting changes in immune cell function and gene 
expression, further enhancing susceptibility to 
autoimmune diseases (80).

Molecular Mechanisms Linking Pollution to 
Autoimmune Diseases

Environmental pollutants, through a variety of 
molecular mechanisms, significantly contribute to 
the pathogenesis of autoimmune diseases. These 

mechanisms involve the activation of key inflammatory 
pathways, induction of oxidative stress, and disruption 
of immune tolerance (81). The interaction between 
pollutants and the immune system can lead to immune 
activation, an imabalance in immune cell populations, 
and the generation of autoreactive antibodies. In this 
section, we will explore the molecular pathways 
through which pollutants, such as heavy metals, air 
pollution, and other environmental toxins, contribute 
to the development of autoimmune diseases (82).

Inflammatory Pathways
Inflammation is a hallmark of autoimmune diseases, 

and many environmental pollutants contribute to 
immune system dysregulation through the activation 
of inflammatory signaling pathways. These pathways 
not only promote local inflammation but also 
perpetuate systemic immune activation, setting the 
stage for autoimmune responses (83).

1.NF-κB Pathway: A Key Regulator of Immune 
Inflammation

The NF-κB (nuclear factor kappa B) signaling 
pathway is one of the most critical regulators of the 
immune response. This pathway is activated by a 
variety of environmental pollutants, including heavy 
metals (like lead and mercury), airborne particulate 
matter, and pesticides (84). Under normal conditions, 
NF-κB is kept inactive in the cytoplasm by binding 
to IκB (inhibitory κB) proteins. Upon exposure to 
pollutants, IκB proteins are phosphorylated and 
degraded, releasing NF-κB dimers (usually p65/
p50) to translocate to the nucleus, where they initiate 
the transcription of genes involved in inflammation, 
immune response, and cell survival (85).

Pollutants trigger NF-κB activation through various 
receptors, including pattern recognition receptors 
(PRRs) such as Toll-like receptors (TLRs). The 
activation of NF-κB leads to the expression of key 
pro-inflammatory cytokines like TNF-α, IL-1β, IL-
6, and IL-8, which are crucial in the development 
and progression of autoimmune diseases (86). These 
cytokines promote the recruitment and activation 
of immune cells like macrophages, T cells, and B 
cells, further amplifying the inflammatory response. 
Additionally, NF-κB also promotes angiogenesis 
and tissue remodeling, which can contribute to 
autoimmune-mediated tissue damage (87).

Recent Findings: Studies have shown that exposure 
to air pollution increases NF-κB activation in the 
lungs and synovial joints, contributing to diseases 
like rheumatoid arthritis (RA) and systemic lupus 
erythematosus (3). Chronic activation of NF-κB 
by environmental toxins can lead to sustained 
inflammation, which plays a critical role in 
autoimmune pathogenesis (88).
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2.MAPK (Mitogen-Activated Protein Kinase) 
Pathway

The MAPK (Mitogen-Activated Protein Kinase) 
signaling pathway includes several key members, such 
as JNK (c-Jun N-terminal kinase), ERK (extracellular 
signal-regulated kinase), and p38 MAPK. These 
pathways regulate a wide range of cellular processes, 
including cell proliferation, apoptosis, immune cell 
activation, and inflammation (89). Many environmental 
pollutants, such as heavy metals, pesticides, and 
airborne particulate matter (PM2.5), activate MAPK 
pathways by engaging PRRs, cytokine receptors, and 
cellular stress responses (90).

MAPK pathways play an important role in immune 
cell differentiation and the activation of transcription 
factors like AP-1 (activator protein 1), which are 
involved in the production of inflammatory cytokines. 
For example, JNK activation promotes the expression 
of pro-inflammatory cytokines such as TNF-α and 
IL-6, which drive inflammation and autoimmune 
responses (91). Similarly, p38 MAPK is implicated in 
the regulation of T cell differentiation, particularly in 
the promotion of Th17 cells, which are associated with 
autoimmune diseases like multiple sclerosis (4) and 
rheumatoid arthritis (RA) (92).

Furthermore, ERK signaling is involved in regulating 
T cell activation and B cell differentiation, both of 
which are critical for the development of autoimmune 
diseases. The activation of the MAPK pathway by 
pollutants not only drives the inflammatory response 
but also enhances the ability of the immune system to 
mount inappropriate attacks against self-tissues (93).

Recent Findings: Studies indicate that exposure to 
particulate matter (PM2.5) from air pollution can activate 
MAPK signaling in dendritic cells and macrophages, 
enhancing the production of inflammatory cytokines 
and promoting the differentiation of autoreactive 
T helper cells. This activation contributes to the 
exacerbation of diseases such as asthma, rheumatoid 
arthritis, and systemic lupus erythematosus (94).

3.JAK-STAT Pathway: Key Modulator of Immune 
Responses

The JAK-STAT (Janus kinase-signal transducer and 
activator of transcription) signaling pathway is a crucial 
regulator of immune cell function and inflammation. It 
is activated by cytokines and growth factors, and it plays 
an essential role in the differentiation and activation 
of T cells, B cells, and myeloid cells (95). Pollutants, 
including arsenic, mercury, and airborne particulate 
matter, can activate the JAK-STAT pathway, leading 
to the production of pro-inflammatory cytokines, 
especially those involved in the Th1 and Th17 immune 
responses, which are implicated in autoimmune 
diseases (96).

When pollutants bind to their respective cytokine 

receptors, they activate JAKs, which then phosphorylate 
STAT proteins. Phosphorylated STATs translocate to 
the nucleus, where they induce the transcription of 
genes involved in immune activation, inflammation, 
and autoimmunity (97). For example, STAT1 is a key 
mediator of the Th1 response, which is involved in 
autoimmune diseases like multiple sclerosis (4) and 
type 1 diabetes (T1D). STAT3, on the other hand, is 
critical for the development of Th17 cells, which are 
involved in autoimmune diseases like rheumatoid 
arthritis and psoriasis (98).

Pollutants like arsenic and mercury have been shown 
to specifically activate JAK-STAT signaling, leading 
to an overproduction of Th1 and Th17 cytokines such 
as IFN-γ and IL-17, which contribute to the chronic 
inflammation and tissue damage seen in autoimmune 
diseases (99).

Recent Findings: Research has demonstrated that 
arsenic exposure can increase the expression of 
IL-6 and IL-17 through the activation of the JAK-
STAT pathway in T cells and macrophages, leading 
to increased susceptibility to diseases such as 
rheumatoid arthritis and systemic lupus erythematosus. 
Furthermore, mercury exposure has been associated 
with the induction of a Th17 response through STAT3 
activation, further implicating the JAK-STAT pathway 
in pollutant-induced autoimmunity (100).

Other Cellular and Molecular Mechanisms
While the activation of inflammatory pathways like 

NF-κB, MAPK, and JAK-STAT plays a pivotal role 
in pollutant-induced autoimmune diseases, additional 
mechanisms contribute to immune dysregulation. 
These include
•Oxidative Stress and ROS Production: Pollution-
induced oxidative stress is a key mechanism through 
which pollutants contribute to autoimmune disease 
development. ROS activate NF-κB and MAPK 
pathways, leading to inflammation and tissue damage 
(101).
•Disruption of Immune Tolerance: Environmental 
pollutants may interfere with the development and 
function of regulatory T cells (Tregs), which are 
essential for maintaining immune tolerance and 
preventing autoimmunity. Pollutants such as heavy 
metals and air pollution have been shown to impair 
Treg function, promoting autoimmunity (102).
•Epigenetic Modifications: Exposure to environmental 
pollutants can lead to epigenetic changes, including 
DNA methylation, histone modifications, and the 
expression of non-coding RNAs, all of which can 
influence immune cell function and predispose 
individuals to autoimmune diseases (103).

3. Pathways Activated by Oxidative Stress
Oxidative stress activates several cellular 
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signaling pathways that exacerbate inflammation and 
autoimmunity. These pathways play a crucial role in 
immune cell activation, differentiation, and tissue 
damage (104).
•NF-κB Pathway: As mentioned earlier, oxidative 
stress can activate the NF-κB signaling pathway, leading 
to the upregulation of pro-inflammatory cytokines and 
chemokines that drive the inflammatory response. In 
T cells, macrophages, and other immune cells, NF-κB 
activation promotes the expression of cytokines like 
TNF-α, IL-6, and IL-1β, which contribute to chronic 
inflammation seen in autoimmune diseases (105).
•MAPK Pathway: Oxidative stress activates various 
MAPK signaling pathways, including JNK, ERK, and 
p38 MAPK. These pathways play a key role in regulating 
inflammation and immune cell activation. For example, 
JNK activation can enhance the production of IL-17 and 
IFN-γ in Th17 and Th1 cells, respectively, both of which 
are critical drivers of autoimmunity (4). Additionally, 
p38 MAPK activation promotes the secretion of pro-
inflammatory cytokines and enhances the survival of 
activated immune cells (106).
•Nrf2 Pathway: The Nrf2 (nuclear factor erythroid 
2-related factor 2) pathway is a key cellular defense 
mechanism against oxidative stress. Nrf2 regulates 
the expression of antioxidant genes, such as heme 
oxygenase-1 (HO-1) and superoxide dismutase (SOD), 
which protect cells from ROS-induced damage (107). 
However, prolonged oxidative stress can lead to 
the failure of the Nrf2 pathway, resulting in reduced 
cellular protection and increased susceptibility to 
immune dysregulation and autoimmune diseases (108).
•Aryl Hydrocarbon Receptor: The AhR is a ligand-
activated transcription factor that responds to 
environmental pollutants, such as dioxins and 
polyaromatic hydrocarbons. AhR activation by 
pollutants increases ROS production and induces 
inflammation (109). Additionally, AhR signaling 
can disrupt the function of Tregs, impairing immune 
tolerance and promoting autoimmunity. AhR has been 
implicated in diseases such as rheumatoid arthritis 
and multiple sclerosis, where oxidative stress and 
dysregulated AhR signaling contribute to disease 
progression (110).

Genetic Mechanisms and Epigenetic Modifications
Oxidative stress, which is triggered by environmental 

pollutants such as heavy metals and air pollution, not 
only induces cellular damage but also plays a critical 
role in shaping genetic and epigenetic responses that 
influence the development of autoimmune diseases. 
These pollutants can lead to DNA damage, causing 
mutations and alterations in gene expression, which, 
in turn, can activate pathological immune responses 
and increase susceptibility to autoimmune diseases 
(111). Furthermore, epigenetic modifications including 

changes in DNA methylation, histone modifications, 
and non-coding RNA regulation have emerged as key 
mechanisms through which oxidative stress modulates 
the immune system and contributes to the pathogenesis 
of autoimmune disorders (112).

RECENT FINDINGS AND FUTURE 
DIRECTIONS

Recent studies have highlighted the growing concern 
over the role of epigenetics in autoimmune diseases 
triggered by environmental factors. Research on 
epigenetic biomarkers for autoimmune diseases, such 
as DNA methylation profiles and histone modifications, 
is expanding, with a focus on identifying early 
biomarkers of autoimmune disease onset (113). In 
addition, the interactions between epigenetic changes 
and immune cell plasticity are being increasingly 
recognized as critical mechanisms in the development 
of autoimmune diseases (114).

As research continues, future studies should focus 
on the long-term effects of pollutants on epigenetic 
modifications, particularly in genetically predisposed 
individuals. Investigating the reversibility of these 
epigenetic changes through interventions such as 
dietary modifications, antioxidant therapies, or 
epigenetic drugs could provide new strategies for 
preventing or treating autoimmune diseases associated 
with environmental pollution (115).

CONCLUSION
Environmental pollution plays a significant role in 

the development and exacerbation of autoimmune 
diseases. Pollutants such as heavy metals, air 
pollution, pesticides, and industrial chemicals can 
activate inflammatory pathways, induce oxidative 
stress, and impair immune tolerance, all of which 
contribute to immune dysfunction and autoimmune 
disease progression. The molecular mechanisms 
underlying these effects involve complex interactions 
between immune cells, signaling pathways, and 
genetic predisposition. Further research is needed to 
fully understand the genetic, molecular, and cellular 
mechanisms through which environmental pollutants 
influence autoimmune diseases. Additionally, public 
health initiatives aimed at reducing environmental 
exposure to harmful pollutants are essential to mitigate 
their impact on immune health.
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