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ABSTRACT 

Oxidative stress is a central molecular mechanism underlying diverse pathological conditions. It results from an 

imbalance between pro-oxidant species and antioxidant defenses, leading to widespread molecular damage via lipid 
peroxidation, protein oxidation, DNA damage, and perturbation of redox homeostasis. This review examines 
well-characterized molecular signatures of oxidative stress across organ systems, with emphasis on immune 

modulation, metabolic dysregulation, and liver pathology. We explore how reactive oxygen species (ROS) and 
related signaling pathways influence disease markers, including rheumatoid factor in autoimmune arthritis, 
impaired glucose metabolism in diabetes mellitus, and hepatocellular injury. The review synthesizes current 
understanding of key oxidative biomarkers (e.g., 8-oxo-2'-deoxyguanosine, malondialdehyde, protein carbonyls), 

transcriptional regulators (e.g., nuclear factor erythroid 2-related factor 2; Nrf2), inflammatory mediators (e.g., 

NF-κB), and mitochondrial dysfunction signatures across multiple tissues. We further discuss crosstalk between 

oxidative stress and immune function, metabolic regulation, and hepatic inflammatory cascades. Finally, we 
highlight translational implications for diagnostic strategies and antioxidant-based interventions. Understanding 

the molecular signatures common to these conditions may yield unified targets for therapeutic modulation of 
oxidative damage across organ systems. 
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INTRODUCTION 

Oxidative stress is a biological condition characterized by an imbalance between oxidants, primarily reactive 
oxygen species (ROS) and reactive nitrogen species (RNS), and antioxidant defenses [1]. Under physiological 
conditions, low to moderate concentrations of ROS function as signaling molecules that regulate cellular 
proliferation, differentiation, immune responses, and apoptosis [2]. However, when ROS generation exceeds the 

buffering capacity of endogenous antioxidant systems, oxidative damage accumulates within cells and tissues. This 
imbalance disrupts redox homeostasis and contributes to the initiation and progression of numerous chronic 
diseases [3]. At the molecular level, oxidative stress affects lipids, proteins, and nucleic acids. Lipid peroxidation 

compromises membrane integrity and fluidity, altering receptor function and intracellular signaling. Oxidative 
modification of proteins leads to enzyme inactivation, structural instability, and enhanced degradation [4]. DNA 
oxidation results in mutagenesis and impaired transcriptional fidelity. Collectively, these molecular insults disrupt 
cellular metabolism and promote inflammation [5]. Central to this process is the dysregulation of redox-sensitive 

signaling pathways, including nuclear factor erythroid 2-related factor 2 (Nrf2), which coordinates antioxidant 

defense, and nuclear factor kappa B (NF-κB), a master regulator of inflammatory gene expression [6]. 
Oxidative stress has systemic consequences because redox imbalance in one organ system often propagates 

inflammatory and metabolic disturbances in others [7]. Its involvement in autoimmune diseases, metabolic 
disorders, and liver pathology is well documented. In rheumatoid arthritis, oxidative modifications enhance 

©IDOSR PUBLICATIONS              International Digital Organization for Scientific Research  

IDOSR JOURNAL OF APPLIED SCIENCES 11(2):60-65, 2026                  ISSN: 2550-7931  

https://doi.org/10.59298/IDOSRJAS/2026/1126065                      IDOSRJAS11200 

https://doi.org/10.59298/IDOSRJAS/2026/1126065


 

 

www.idosr.org                                                                                       Jemima, 2026 

61 

This is an Open Access article distributed under the terms of the Creative Commons Attribution License 
(http://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and reproduction in 
any medium, provided the original work is properly cited. 

 
 

autoantigen formation and immune activation, contributing to the production of rheumatoid factor. In diabetes 
mellitus, chronic hyperglycemia drives excessive ROS generation, impairing insulin signaling and promoting 

vascular complications [8]. In hepatic injury, oxidative damage arising from xenobiotic metabolism, lipid 
accumulation, or inflammation accelerates hepatocellular dysfunction and fibrogenesis. This review synthesizes 
current understanding of the molecular signatures of oxidative stress and their implications for rheumatoid factor, 
diabetes, and hepatic injury. 

2. Oxidative Stress: Molecular Mechanisms and Biomarkers 

2.1. Reactive Oxygen and Nitrogen Species 

ROS include superoxide anion (O₂·⁻), hydrogen peroxide (H₂O₂), and hydroxyl radicals (·OH), while RNS include 

nitric oxide (NO) and peroxynitrite (ONOO⁻) [9]. These reactive species arise from both physiological and 
pathological processes. Mitochondria are a major endogenous source of ROS, particularly through electron 

leakage from complexes I and III of the electron transport chain [10]. Enzymes such as NADPH oxidase, 
xanthine oxidase, and uncoupled nitric oxide synthase further contribute to ROS and RNS production, especially 
during inflammation [11]. Although hydrogen peroxide can function as a second messenger in intracellular 

signaling, excessive accumulation of ROS and RNS leads to indiscriminate oxidation of cellular macromolecules 
[12]. Peroxynitrite, formed from the reaction of superoxide with nitric oxide, is particularly damaging because it 
nitrates tyrosine residues and disrupts protein structure [13]. Sustained overproduction of these reactive 
intermediates initiates oxidative modifications that can be quantified as biomarkers of cellular stress, providing 

insight into disease mechanisms and severity. 

2.2. Key Biomarkers of Oxidative Stress 

Lipid peroxidation products represent some of the most widely studied indicators of oxidative damage. 
Malondialdehyde (MDA) and 4-hydroxynonenal (4-HNE) are reactive aldehydes generated during the oxidation 

of polyunsaturated fatty acids in cell membranes [14]. These compounds form covalent adducts with proteins and 
DNA, altering enzymatic activity and gene expression [15]. Elevated circulating levels of MDA and 4-HNE 
reflect systemic oxidative burden and have been associated with inflammatory and metabolic disorders[16]. 

Oxidized DNA bases serve as sensitive markers of genomic injury. Among these, 8-oxo-2′-deoxyguanosine 
(8-oxo-dG) is extensively used to assess oxidative DNA damage in tissues, blood, and urine [17]. The presence of 

8-oxo-dG indicates guanine oxidation, which can lead to GC-to-TA transversion mutations if unrepaired. 
Measurement of this biomarker provides insight into cumulative oxidative insult and the efficiency of DNA repair 

mechanisms [18]. Together, these molecular signatures form a foundational framework for understanding redox 
imbalance across organ systems. 

3. Oxidative Stress and Autoimmunity: Rheumatoid Factor Implications 

3.1. Rheumatoid Factor and Redox Biology 

Rheumatoid factor (RF) is an autoantibody directed against the Fc fragment of immunoglobulin G (IgG) and is 
frequently elevated in rheumatoid arthritis (RA), a chronic systemic autoimmune disorder characterized by 
persistent synovitis and progressive joint destruction [19]. Within the inflamed synovium, activated neutrophils, 

macrophages, and fibroblast-like synoviocytes generate large quantities of reactive oxygen and nitrogen species 
[20]. This sustained oxidative environment damages cartilage, collagen, and extracellular matrix components, 
thereby accelerating structural deterioration. Persistent ROS and RNS in the joint microenvironment contribute 

to synovial tissue damage, autoantigen modification, and amplified immune activation [21]. Oxidative 
post-translational modifications such as protein carbonylation, nitration, and enhanced citrullination alter the 
structural integrity of self-proteins, increasing their immunogenic potential [22]. These modified neoepitopes are 
more readily recognized by antigen-presenting cells, promoting autoreactive T-cell responses and B-cell 

activation. Consequently, oxidative stress not only reflects inflammatory burden but also directly participates in 
the generation and persistence of RF and other autoantibodies [23]. 

3.2. Oxidative Biomarkers in Rheumatoid Arthritis 

Clinical studies consistently demonstrate elevated circulating malondialdehyde, increased protein carbonyl 

content, and diminished antioxidant enzyme activity in individuals with RA compared with healthy controls[24]. 

Enhanced levels of 8-oxo-2′-deoxyguanosine have been detected in synovial tissue and peripheral blood 
lymphocytes, indicating systemic oxidative DNA damage[25]. Importantly, these biomarkers often correlate with 
RF titers, inflammatory markers, and disease activity scores, suggesting that oxidative stress serves as both a 
consequence of chronic inflammation and a mechanistic driver of autoimmune amplification. 
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3.3. Molecular Pathways Linking ROS to Rheumatoid Factor Expression 

At the molecular level, oxidative stress activates redox-sensitive transcription factors such as NF-κB, leading to 

upregulation of pro-inflammatory cytokines including TNF-α, IL-1β, and IL-6[26]. These mediators enhance 
B-cell proliferation and differentiation into plasma cells capable of producing RF[27]. Simultaneously, ROS impair 
regulatory T-cell function and disrupt immune tolerance, enabling expansion of autoreactive clones. Through 
these interconnected pathways, oxidative stress emerges as a central molecular signature in RA pathogenesis and 

RF expression[28]. 

4. Oxidative Stress in Diabetes Mellitus 

4.1. ROS and Glucose Metabolism Dysregulation 

Diabetes mellitus comprises a spectrum of metabolic disorders characterized by chronic hyperglycemia resulting 

from impaired insulin secretion, insulin action, or both[29]. Sustained elevation of blood glucose profoundly alters 
cellular redox balance. High intracellular glucose increases mitochondrial substrate flux, leading to excessive 
electron donation to the respiratory chain and enhanced mitochondrial electron leakage[30]. This process 

promotes overproduction of superoxide and other reactive oxygen species. 

In parallel, non-enzymatic glycation of proteins and lipids results in the formation of advanced glycation end 
products (AGEs), which further stimulate oxidative stress through receptor-mediated signaling[31]. Activation of 
NADPH oxidase in vascular and immune cells also amplifies ROS generation under hyperglycemic conditions. 
Collectively, these mechanisms create a self-perpetuating cycle of redox imbalance. Hyperglycemia-induced ROS 

impair insulin receptor signaling pathways by oxidizing key signaling intermediates, thereby worsening insulin 
resistance. In pancreatic beta cells, which possess relatively low antioxidant capacity, oxidative stress contributes 
to cellular dysfunction and apoptosis. Additionally, endothelial cells exposed to persistent ROS exhibit reduced 

nitric oxide bioavailability, promoting vascular injury and early atherogenesis. 

4.2. Biomarkers of Oxidative Stress in Diabetes 

Both type 1 and type 2 diabetes are associated with elevated markers of lipid peroxidation such as malondialdehyde 

and 4-hydroxynonenal, increased 8-oxo-2′-deoxyguanosine reflecting oxidative DNA damage, and depletion of 
reduced glutathione alongside diminished antioxidant enzyme activity[32]. These molecular signatures often 
correlate positively with glycemic indices such as HbA1c, indicating a relationship between metabolic control and 

oxidative burden. 

5. Hepatic Injury and Oxidative Stress 

5.1. Liver Vulnerability to Oxidative Damage 

The liver plays a central role in metabolism, detoxification, and immune surveillance, making it particularly 
vulnerable to oxidative stress[33]. Hepatocytes continuously generate reactive oxygen species during normal 

metabolic processes. Xenobiotic metabolism via cytochrome P450 enzymes produces reactive intermediates that 

can leak electrons and generate superoxide. Fatty acid β-oxidation within mitochondria and peroxisomes further 
contributes to ROS production, especially in conditions of lipid overload[34]. During inflammatory states such as 

viral hepatitis, infiltrating immune cells release additional ROS and reactive nitrogen species, intensifying 
oxidative burden within hepatic tissue. Chronic exposure to alcohol, hepatotoxic drugs, environmental toxins, and 
metabolic stress in non-alcoholic fatty liver disease (NAFLD) amplifies ROS generation beyond the liver’s 
antioxidant capacity[35]. Because the liver processes a vast array of endogenous and exogenous compounds, it is 

continuously exposed to oxidative challenges. When compensatory antioxidant systems are overwhelmed, 
cumulative oxidative damage promotes hepatocellular dysfunction and disease progression. 

5.2. Oxidative Biomarkers in Hepatic Injury 

Liver diseases are consistently associated with elevated levels of lipid peroxidation products such as 

malondialdehyde and increased protein carbonyl formation in hepatic tissue and circulation[36]. Depletion of 
antioxidant defenses, including superoxide dismutase, catalase, and reduced glutathione, further reflects impaired 

redox homeostasis. Increased 8-oxo-2′-deoxyguanosine in hepatic DNA indicates oxidative genotoxic stress[37]. 
Kupffer cells, the resident macrophages of the liver, produce substantial amounts of ROS during inflammatory 
activation, thereby exacerbating injury to surrounding hepatocytes. 

5.3. Redox Modulation of Liver Pathophysiology 

Oxidative stress contributes directly to liver pathophysiology by inducing lipid peroxidation of hepatocyte 
membranes, impairing mitochondrial respiration, and disrupting ATP production[38]. ROS also activate hepatic 
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stellate cells, stimulating extracellular matrix deposition and fibrosis. In NAFLD and alcoholic liver disease, redox 

imbalance enhances NF-κB–mediated inflammatory signaling and activates pro-fibrotic pathways driven by 

transforming growth factor-beta[39]. Through these mechanisms, oxidative stress acts as both an initiator and 
amplifier of hepatic inflammation, steatosis, and fibrogenesis. 

CONCLUSION 

Oxidative stress serves as a convergent pathological mechanism across immune, metabolic, and hepatic systems. 
Shared molecular signatures, including lipid peroxidation products, oxidatively modified DNA and proteins, and 

dysregulated redox signaling, reflect widespread cellular damage that contributes to disease progression. In 
rheumatoid conditions, oxidative stress enhances autoimmune responses and correlates with rheumatoid factor 
activity. In diabetes, redox imbalance exacerbates hyperglycemia-induced tissue damage. In hepatic injury, 

oxidative ROS drive inflammation and fibrogenesis. Understanding these signatures offers diagnostic and 
therapeutic opportunities, emphasizing the need for integrative redox medicine approaches. Continued research on 
oxidative pathways will advance our ability to prevent, detect, and treat diverse diseases linked by redox 
dysregulation. 
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