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ABSTRACT

Diabetes mellitus, a metabolic disorder characterized by chronic hyperglycemia, exerts broad systemic effects that
extend beyond glucose dysregulation. Central to these effects is an imbalance between reactive oxygen species
(ROS) production and the body’s antioxidant defense systems, leading to persistent oxidative stress. In diabetic
conditions, increased ROS generation arises from glucose auto-oxidation, mitochondrial dysfunction, activation of
alternative metabolic pathways, and formation of advanced glycation end products (AGEs), while antioxidant
networks such as superoxide dismutase, catalase, glutathione peroxidase, and non-enzymatic antioxidants are
simultaneously compromised. This redox imbalance contributes to cellular and molecular damage, impairs immune
surveillance by disrupting innate and adaptive immune responses, and undermines tissue integrity through
endothelial dysfunction, chronic inflammation, and genomic instability. Moreover, oxidative stress accelerates
diabetic complications such as neuropathy, nephropathy, retinopathy, and macrovascular disease. Understanding
these mechanisms has profound implications for prevention, early detection, and therapeutic interventions.
Emerging strategies aimed at restoring antioxidant capacity and modulating immune function may mitigate the
progression of diabetic complications.

Keywords: Diabetes mellitus, oxidative stress, antioxidant defenses, immune surveillance, tissue integrity.

INTRODUCTION
Diabetes mellitus comprises a heterogeneous group of metabolic disorders characterized by persistent
hyperglycemia resulting from impaired insulin secretion, defective insulin action, or a combination of both [1-57.
Type 1 diabetes is primarily caused by autoimmune-mediated destruction of pancreatic -cells, leading to absolute
insulin deficiency, whereas type 2 diabetes is driven by insulin resistance coupled with relative insulin insufficiency
[6-97. Despite their distinct etiologies, both forms of diabetes converge on shared downstream metabolic
abnormalities that profoundly affect cellular redox balance, immune competence, and tissue architecture. One of
the most prominent biochemical hallmarks of diabetes is oxidative stress, defined as a sustained imbalance between
the generation of reactive oxygen species and the capacity of antioxidant defense systems to neutralize
them[10-147]. Under physiological conditions, controlled ROS production plays an essential role in cellular
signaling, host defense, and metabolic regulation[15-207]. However, in diabetes, excessive ROS accumulation
overwhelms antioxidant mechanisms, resulting in oxidative damage to lipids, proteins, and nucleic acids. This
oxidative burden contributes not only to metabolic dysfunction but also to immune dysregulation and progressive
tissue injury[21-267. The decline in antioxidant networks in diabetes is multifactorial, involving both increased
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ROS generation and impaired antioxidant synthesis, recycling, and enzymatic activity[27-297.
Hyperglycemia-driven metabolic flux through alternative biochemical pathways amplifies oxidative stress, while
chronic inflammation further suppresses endogenous antioxidant responses. The resulting redox imbalance
disrupts immune surveillance by altering leukocyte function and inflammatory signaling, increasing susceptibility
to infections and impairing immune resolution[80-337. Simultaneously, oxidative damage compromises the
structural and functional integrity of vascular, neural, renal, and connective tissues, accelerating the development
of diabetes-associated complications[84-387]. Understanding the molecular mechanisms linking hyperglycemia to
antioxidant network failure is therefore critical for elucidating the pathogenesis of diabetic complications. This
section outlines the biochemical and cellular processes responsible for antioxidant decline in diabetes and
highlights their integration with inflammatory and metabolic stress pathways.

2. Mechanisms Underlying Antioxidant Network Decline in Diabetes

2.1 Hyperglycemia and ROS Overproduction

Chronic hyperglycemia is the principal driver of excessive ROS production in diabetes. Elevated intracellular
glucose concentrations activate multiple biochemical pathways that directly or indirectly increase oxidative stress
[89-457]. Glucose auto-oxidation occurs when excess glucose reacts with molecular oxygen, generating superoxide
radicals and other reactive intermediates [46-50]. In parallel, increased flux through the polyol pathway converts
glucose to sorbitol via aldose reductase, a process that consumes NADPH. Because NADPH is essential for
regenerating reduced glutathione, this diversion compromises one of the cell’s most important antioxidant systems
[51-547]. Hyperglycemia also promotes the formation of advanced glycation end products through non-enzymatic
reactions between glucose and proteins, lipids, or nucleic acids [55-587]. AGEs accumulate in tissues and bind to
their cellular receptor, RAGE, triggering intracellular signaling cascades that enhance ROS generation and
pro-inflammatory gene expression [59-627. In addition, mitochondrial metabolism is profoundly altered in
diabetes. Excess glucose-derived substrates increase electron flow through the mitochondrial respiratory chain,
leading to electron leakage and enhanced formation of superoxide radicals [63-647]. These combined mechanisms
create a sustained intracellular oxidative environment that exceeds physiological redox signaling and promotes
cellular injury.

2.2 Impairment of Antioxidant Defenses

In healthy cells, oxidative stress is counterbalanced by a coordinated antioxidant network comprising enzymatic
and non-enzymatic components [65]. Enzymatic antioxidants include superoxide dismutase, which converts
superoxide radicals into hydrogen peroxide; catalase and glutathione peroxidase, which further detoxify hydrogen
peroxide into water and oxygen [66-67]. Non-enzymatic antioxidants, such as reduced glutathione, vitamins C
and E, and dietary polyphenols, provide additional buffering capacity against ROS [687. In diabetes, the activity
and expression of these antioxidant systems are significantly diminished. Persistent oxidative stress leads to
inactivation of antioxidant enzymes through oxidative modification, while reduced NADPH availability limits
glutathione regeneration [687. Circulating and intracellular levels of glutathione and vitamin antioxidants are
frequently depleted, reflecting both increased consumption and impaired recycling [697]. As a result, the
antioxidant network becomes progressively weakened, allowing ROS to accumulate and exert cytotoxic effects.

2.8 Interplay with Inflammation and Metabolic Stress

Oxidative stress in diabetes is closely intertwined with chronic low-grade inflammation [207]. Excess ROS
activates redox-sensitive transcription factors such as NF-kB and mitogen-activated protein kinases, which drive
the expression of pro-inflammatory cytokines, including tumor necrosis factor-a and interleukin-6 [217. These
cytokines exacerbate insulin resistance and further impair antioxidant gene expression, reinforcing oxidative
stress[227]. Metabolic stress, inflammation, and redox imbalance thus form a self-perpetuating cycle in
diabetes[2387]. Oxidative stress amplifies inflammatory signaling, inflammation disrupts insulin action and
antioxidant defenses, and impaired glucose metabolism sustains ROS overproduction. This interconnected
network underlies much of the immune dysfunction and tissue damage observed in diabetic individuals.

3. Consequences for Immune Surveillance

3.1 Innate Immune Dysfunction

The innate immune system constitutes the body’s first and most immediate defense against invading pathogens
and damaged or transformed cells. In diabetes, sustained oxidative stress profoundly alters the function of innate
immune cells, compromising their protective capacity. Neutrophils, which play a critical role in early antimicrobial
defense, exhibit impaired chemotaxis, reduced phagocytic activity, and diminished oxidative burst capacity under
hyperglycemic and pro-oxidative conditions [247]. Excessive ROS disrupts cytoskeletal organization and
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intracellular signaling in neutrophils, limiting their ability to migrate effectively to sites of infection and eliminate
pathogens [257].
Macrophage function is also significantly altered in the diabetic milieu [267. Oxidative stress promotes
polarization toward a pro-inflammatory M1 phenotype, characterized by heightened production of tumor necrosis
factor-a, interleukin-1f, and other inflammatory mediators [277]. While this phenotype supports pathogen killing,
its persistence interferes with the transition to anti-inflammatory and tissue-repairing M2 macrophages, resulting
in unresolved inflammation[ 287]. This imbalance contributes to chronic inflammatory states commonly observed
in diabetes and impairs effective immune resolution.
Dendritic cells, which bridge innate and adaptive immunity, are similarly affected by redox imbalance [297.
Excessive ROS interferes with antigen uptake, processing, and presentation, reducing the efficiency of T-cell
priming [807. Collectively, these innate immune defects weaken early immune surveillance and contribute to the
increased frequency and severity of bacterial, fungal, and viral infections observed in individuals with diabetes.
3.2 Adaptive Immune Dysfunction
Adaptive immune responses are also sensitive to oxidative stress and metabolic dysregulation [317. T
lymphocytes rely on tightly regulated redox signaling for activation, proliferation, and differentiation. In diabetes,
excessive ROS disrupts intracellular signaling cascades downstream of the T-cell receptor, leading to reduced
proliferative capacity and impaired cytokine production [827. Oxidative damage may also promote premature
T-cell senescence and apoptosis, further diminishing cellular immunity.
B lymphocyte function is likewise compromised. Chronic hyperglycemia and oxidative stress interfere with B-cell
activation and antibody class switching, potentially reducing the quality and durability of humoral immune
responses [337. These defects weaken immunological memory and vaccine responsiveness. Together, impairments
in innate and adaptive immunity undermine coordinated immune surveillance, leaving diabetic individuals
vulnerable to infection and impaired immune regulation.
4. Tissue Integrity and Diabetes Complications
Oxidative stress and declining antioxidant defenses exert widespread effects on tissue structure and function in
diabetes [347]. Persistent ROS accumulation damages cellular lipids, proteins, and nucleic acids, disrupting normal
cellular architecture and signaling pathways across multiple organ systems.
4.1 Endothelial Dysfunction and Vascular Damage
The vascular endothelium is particularly susceptible to oxidative injury. Excessive ROS reduces nitric oxide
bioavailability by promoting its rapid degradation, impairing endothelium-dependent vasodilation [357]. This
endothelial dysfunction represents an early and central event in diabetic vascular disease, contributing to increased
vascular tone, platelet activation, and leukocyte adhesion. Oxidative stress also activates matrix
metalloproteinases, leading to degradation of extracellular matrix components and destabilization of vascular
walls [867. Concurrent oxidation of low-density lipoproteins accelerates atherogenesis, increasing the risk of
macrovascular complications such as coronary artery disease and stroke [367].
4.2 Microvascular Complications
Chronic oxidative stress plays a pivotal role in diabetes-associated microvascular complications. In the retina, ROS
damage capillary endothelial cells and pericytes, increasing vascular permeability and promoting pathological
neovascularization, hallmark features of diabetic retinopathy [877. In the kidney, oxidative injury to glomerular
endothelial cells, podocytes, and mesangial cells disrupts the filtration barrier, leading to albuminuria and
progressive diabetic nephropathy [387. Peripheral nerves are similarly affected, as oxidative stress impairs
neuronal metabolism and microvascular blood flow, resulting in diabetic neuropathy characterized by sensory loss,
pain, and autonomic dysfunction.
4.8 Impaired Wound Healing
Defective wound healing is a clinically significant consequence of oxidative stress in diabetes. Excess ROS impairs
fibroblast proliferation, collagen deposition, and angiogenesis, all of which are essential for tissue repair [397.
Simultaneously, immune cell dysfunction and poor perfusion increase susceptibility to infection. These factors
converge to delay healing and promote chronic non-healing wounds, such as diabetic foot ulcers, which are a major
cause of morbidity and limb amputation in diabetic patients.

CONCLUSION
The decline in antioxidant networks in diabetes is a pivotal factor linking metabolic dysfunction to immune
impairment and structural tissue damage. Persistent oxidative stress undermines immune surveillance and
contributes to the pathogenesis of diabetic complications through endothelial damage, chronic inflammation, and
direct molecular injury. Although therapeutic strategies aimed at restoring redox balance show potential, more
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research is needed to translate mechanistic insights into clinically effective interventions. A holistic approach
integrating metabolic control, targeted therapies, and lifestyle optimization—offers the most promise for
preserving immune competence and tissue integrity in individuals with diabetes.
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