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ABSTRACT

Immune-mediated toxic reactions represent a significant subset of pathological conditions where dysregulated
immune responses contribute directly to tissue damage and organ dysfunction. Central to these reactions are three
interrelated mediators: reactive oxygen species (ROS), pro-inflammatory cytokines, and autoantibodies. ROS,
generated by activated immune cells, cause oxidative damage to lipids, proteins, and nucleic acids, amplifying
inflammatory cascades. Cytokines orchestrate immune cell recruitment and activation, but their excessive or
persistent release can exacerbate tissue injury. Autoantibodies, hallmark features of autoimmune conditions, target
self-antigens, inducing complement activation, cell lysis, and chronic inflammation. The interplay between ROS,
cytokines, and autoantibodies creates a self-perpetuating cycle of immune-mediated toxicity, contributing to the
pathogenesis of autoimmune diseases, drug hypersensitivities, and chronic inflammatory conditions.
Understanding the mechanistic roles of these mediators provides insight into disease progression and highlights
therapeutic targets aimed at modulating oxidative stress, cytokine signaling, and autoantibody production. This
review synthesizes current knowledge on the cellular and molecular mechanisms of immune-mediated toxic
reactions, emphasizing the integration of redox biology, immunology, and autoimmunity in the development of
tissue injury and chronic disease.
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INTRODUCTION

Immune-mediated toxic reactions are pathological processes in which the immune system itself contributes to
tissue injury [17]. Unlike infectious or traumatic injury, the damage in these reactions is driven by endogenous
immune mechanisms, often involving overactivation or dysregulation of cellular and molecular mediators.
Conditions such as autoimmune diseases, drug-induced hypersensitivity reactions, chronic inflammatory disorders,
and transplant rejection exemplify immune-mediated toxicity [27]. At the molecular level, reactive oxygen species
(ROS), pro-inflammatory cytokines, and autoantibodies form a triad that mediates immune-induced cellular
damage [37]. ROS, including superoxide anions, hydrogen peroxide, and hydroxyl radicals, are generated primarily
by activated neutrophils, macrophages, and other immune cells [47]. While ROS play physiological roles in
microbial defense and cellular signaling, their excessive or uncontrolled production leads to oxidative damage to
proteins, lipids, and nucleic acids. Cytokines, including tumor necrosis factor-alpha (TNF-a), interleukin-1 beta
(IL-1PB), and interleukin-6 (IL-6), coordinate immune responses by regulating leukocyte recruitment, activation,
and differentiation [57]. Overproduction of cytokines, however, contributes to a hyperinflammatory environment,
amplifying tissue injury and sustaining immune activation. Autoantibodies, characteristic of autoimmune
conditions, recognize self-antigens, initiating complement-mediated cytotoxicity, immune complex deposition, and
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chronic inflammation. The combination of ROS, cytokines, and autoantibodies forms a self-reinforcing network
that underlies the pathophysiology of immune-mediated toxic reactions[67]. Understanding these interactions is
critical for the development of targeted therapies aimed at mitigating immune-mediated tissue damage[ 7.

2. Reactive Oxygen Species in Immune-Mediated Toxicity

2.1 Sources of ROS in Immune Reactions

Reactive oxygen species are generated by a variety of cellular mechanisms within the immune system, serving
both protective and potentially damaging roles [87]. Phagocytes, including neutrophils, macrophages, and
dendritic cells, produce ROS during the respiratory burst, an essential process for microbial killing [97. NADPH
oxidase is a primary enzymatic source, converting molecular oxygen into superoxide anions. Additional ROS arise
from mitochondrial electron transport chain leakage, where incomplete reduction of oxygen produces superoxide,
and from enzymatic reactions catalyzed by xanthine oxidase, myeloperoxidase, and other oxidases [107]. Under
physiological conditions, controlled ROS generation aids pathogen clearance, modulates intracellular signaling,
and participates in immune regulation. In pathological states, including drug hypersensitivity reactions,
autoimmune disorders, and chronic inflammation, ROS production becomes excessive and persistent [117]. For
example, in rheumatoid arthritis, activated synovial macrophages and neutrophils generate high concentrations of
ROS that damage cartilage, synovial tissue, and joint structures [127]. Similarly, in systemic lupus erythematosus,
ROS contribute to oxidative modification of self-antigens, enhancing immune complex formation and causing
endothelial injury. The sustained production of ROS in these conditions shifts the balance from protective immune
function to tissue-destructive processes [137].

2.2 Molecular Consequences of ROS Overproduction

Excessive ROS damage critical cellular macromolecules [147]. Lipid peroxidation compromises membrane
integrity and fluidity, leading to altered ion transport and cellular signaling. Proteins undergo carbonylation and
oxidation, disrupting enzyme activity, receptor function, and structural stability [157. DNA is particularly
vulnerable; oxidative lesions induce strand breaks and base modifications that activate DNA repair pathways. If
repair is insufficient or overwhelmed, cells may undergo apoptosis, senescence, or accumulate mutations that
promote chronic pathology [167]. ROS also influence intracellular signaling by activating redox-sensitive
pathways such as nuclear factor kappa B and mitogen-activated protein kinases [17]. These pathways enhance
transcription of pro-inflammatory cytokines, creating a feedback loop where oxidative stress promotes
inflammation, and inflammation further increases ROS production [187. This self-reinforcing cycle is central to
immune-mediated tissue injury, amplifying damage during autoimmune disease, drug-induced hypersensitivity,
and chronic inflammatory conditions.

3. Cytokines as Mediators of Immune Toxicity

3.1 Pro-inflammatory Cytokines

Cytokines are critical immune mediators that regulate leukocyte recruitment, activation, differentiation, and tissue
responses [197. Key pro-inflammatory cytokines, including tumor necrosis factor-alpha, interleukin-1 beta,
interleukin-6, and interferon-gamma, coordinate host defense and tissue repair. However, excessive cytokine
release generates a hyperinflammatory environment that contributes to tissue injury and cellular dysfunction
[207]. Overproduction amplifies ROS generation, induces apoptosis or necrosis, and disrupts normal organ
function. In cytokine release syndrome, often observed with certain immunotherapies, massive cytokine elevations
result in vascular leakage, hypotension, and multi-organ dysfunction [217]. Chronic elevation of TNF-a and IL-6
in autoimmune diseases drives tissue remodeling, fibrosis, and functional impairment, highlighting the
pathological potential of cytokine overproduction [227].

3.2 Cytokine—ROS Interactions

ROS and cytokines interact in a bidirectional manner, forming a self-perpetuating cycle that sustains
immune-mediated toxicity [237]. ROS activate redox-sensitive transcription factors, such as nuclear factor kappa
B, leading to increased pro-inflammatory cytokine expression. Conversely, cytokines stimulate ROS production in
immune and non-immune cells, amplifying oxidative stress and tissue injury [247]. This synergistic interplay
underlies the progression of autoimmune disorders, drug-induced toxicity, and chronic inflammatory diseases,
making the ROS—cytokine axis a central driver of immune-mediated tissue damage.

4. Autoantibodies and Immune Complex-Mediated Damage

4.1 Mechanisms of Autoantibody-Induced Toxicity

Autoantibodies are immunoglobulins that recognize self-antigens, initiating a cascade of immune responses that
can directly damage tissues [25]. Binding of autoantibodies to target antigens activates the classical complement
pathway, leading to the formation of membrane attack complexes that lyse cells. In addition, autoantibody-antigen
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complexes, or immune complexes, deposit in tissues such as kidneys, skin, and blood vessels, triggering local
inflammation [267]. Recruitment of neutrophils, monocytes, and macrophages to these sites amplifies tissue injury
by releasing ROS, proteolytic enzymes, and pro-inflammatory cytokines. Clinical manifestations of
autoantibody-mediated toxicity are organ-specific. For example, autoimmune hemolytic anemia results from red
blood cell destruction, pemphigus vulgaris arises from autoantibodies against epidermal proteins, and
glomerulonephritis develops due to immune complex deposition in the kidneys.

4.2 Autoantibodies and Redox Imbalance

Autoantibody activity not only triggers inflammation but also perturbs redox homeostasis [277]. Immune complex
deposition induces neutrophil respiratory bursts, producing high levels of ROS that damage surrounding tissues.
Chronic autoantibody-mediated inflammation recruits additional phagocytes, further amplifying ROS generation
and cytokine release [287). This creates a self-reinforcing cycle where oxidative stress enhances autoantibody
pathogenicity and cytokine production, perpetuating tissue injury over time. Redox imbalance caused by
autoantibodies contributes to cellular apoptosis, extracellular matrix remodeling, and organ dysfunction in chronic
autoimmune and inflammatory conditions.

5. Immune-Mediated Toxicity in Clinical Contexts

5.1 Autoimmune Diseases

Immune-mediated toxicity is central to autoimmune diseases such as systemic lupus erythematosus, rheumatoid
arthritis, and autoimmune thyroiditis [297. In SLE, autoantibodies against nuclear antigens form circulating
immune complexes that deposit in the kidneys, skin, and blood vessels, inducing complement activation, ROS
generation, and pro-inflammatory cytokine release [807. In rheumatoid arthritis, persistent ROS and cytokine
activity in the synovium promote cartilage degradation and bone erosion. Chronic oxidative and inflammatory
stress drives tissue remodeling, fibrosis, and functional impairment.

5.2 Drug-Induced Hypersensitivity Reactions

Certain medications trigger immune-mediated toxic reactions by inducing ROS accumulation, cytokine release, or
autoantibody formation [817]. Acetaminophen overdose, for instance, produces hepatocyte necrosis through
ROS-mediated mitochondrial damage. Beta-lactam antibiotics can provoke hypersensitivity reactions via
cytokine-driven immune activation. Drug-induced autoimmune syndromes, such as drug-induced lupus, illustrate
how autoantibody production amplifies tissue injury and contributes to multi-organ involvement.

5.8 Chronic Inflammatory Disorders

Low-grade, persistent immune activation in conditions such as metabolic syndrome, atherosclerosis, and chronic
infections also drives immune-mediated tissue damage [327]. Activated immune cells release ROS and
pro-inflammatory cytokines, compromising vascular endothelium, cardiac tissue, and metabolic organs. This
ongoing oxidative and inflammatory stress promotes progressive organ dysfunction, highlighting the centrality of
immune-mediated toxicity in chronic disease pathophysiology.

6. Mechanistic Interplay: ROS, Cytokines, and Autoantibodies

Reactive oxygen species, cytokines, and autoantibodies function as an integrated network that drives
immune-mediated toxicity. Autoantibodies initiate immune complex formation by binding self-antigens, which
recruits neutrophils and macrophages to affected tissues [337]. These immune cells generate high levels of ROS
and secrete pro-inflammatory cytokines, creating a localized inflammatory environment. ROS, in turn, activate
redox-sensitive transcription factors such as nuclear factor kappa B, further amplifying cytokine production.
Cytokines stimulate ROS generation in both immune and non-immune cells, perpetuating oxidative stress and
tissue damage [847]. This self-reinforcing loop leads to chronic inflammation, cellular apoptosis, extracellular
matrix remodeling, fibrosis, and progressive organ dysfunction. The interplay among these mediators explains
why immune-mediated toxicity often persists despite removal of the initial trigger and highlights the importance
of targeting multiple pathways to achieve effective therapeutic control [357].

7. Therapeutic Implications

7.1 Antioxidant-Based Interventions

Antioxidant therapies aim to neutralize ROS and prevent oxidative tissue damage. Both enzymatic antioxidants,
such as superoxide dismutase and catalase, and non-enzymatic compounds, including vitamins C and E or
N-acetylcysteine, have shown efficacy in experimental models [367. Clinical application is challenging due to
tissue-specific targeting limitations and context-dependent effects, where antioxidants may interfere with essential
ROS signaling.

7.2 Cytokine Modulation
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Cytokine-targeted therapies have proven effective in reducing immune-mediated tissue injury. TNF-a inhibitors,
IL-6 receptor antagonists, and IL-1 blockers dampen hyperinflammatory responses, improving clinical outcomes
in autoimmune and chronic inflammatory diseases [377]. However, broad cytokine suppression can compromise
host defense, emphasizing the need for precision approaches that selectively modulate pathological signaling.
7.8 Autoantibody-Targeted Strategies
Autoantibody-focused  interventions, including plasmapheresis, B-cell depletion (rituximab), and
immunomodulatory therapies, reduce tissue damage by lowering pathogenic antibody levels [387. Combining Page | 57
these strategies with antioxidant and cytokine-targeted therapies offers synergistic benefits, addressing multiple
arms of immune-mediated toxicity simultaneously and improving long-term disease management.
CONCLUSION
Immune-mediated toxic reactions result from complex interactions among ROS, pro-inflammatory cytokines, and
autoantibodies. Each mediator contributes to tissue injury, and their interplay establishes self-reinforcing cycles
that sustain immune activation and oxidative damage. These processes underlie a broad spectrum of pathological
conditions, including autoimmune diseases, drug hypersensitivity, and chronic inflammatory disorders.
Understanding the integrated roles of ROS, cytokines, and autoantibodies is essential for developing effective
therapeutic interventions. Targeted modulation of oxidative stress, cytokine signaling, and autoantibody activity
offers the potential to mitigate immune-mediated toxicity while preserving essential immune functions. Future
research should focus on unraveling context-specific mechanisms and designing multi-targeted strategies that
restore immune homeostasis, prevent tissue injury, and improve clinical outcomes.
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