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Abstract

Oxidative stress is a critical physiological condition that occurs when there is an imbalance between the
generation of reactive oxygen species (ROS) and the capacity of the body’s antioxidant defence system to
neutralize them. Under normal conditions, ROS are produced as natural by-products of cellular
metabolism, particularly within mitochondria, and play important roles in cell signalling, immune
responses, and homeostatic regulation. However, excessive accumulation of ROS leads to oxidative
damage affecting essential biomolecules such as lipids, proteins, and nucleic acids, thereby compromising
cellular structure and function. Persistent oxidative stress has been strongly associated with the
development and progression of several chronic and degenerative diseases, including cancer,
cardiovascular disorders, diabetes mellitus, and neurodegenerative diseases. To counteract these harmful
effects, the body employs a sophisticated and highly regulated antioxidant defence network. This system
comprises enzymatic antioxidants such as superoxide dismutase (SOD), catalase, and glutathione
peroxidase, along with non-enzymatic antioxidants including vitamins C and E, glutathione, and plant-
derived polyphenols. These antioxidants function by scavenging free radicals, inhibiting oxidative chain
reactions, and maintaining redox balance within cells. A thorough understanding of oxidative stress
mechanisms and antioxidant responses is essential for developing effective preventive and therapeutic
strategies. Moreover, adopting a lifestyle rich in antioxidant-containing foods significantly contributes to
minimizing oxidative damage and promoting overall health and disease prevention.
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1. Introduction

Oxidative stress is a biological condition characterized by an imbalance between the generation of reactive
oxygen species (ROS) and the capacity of the body’s defence systems to neutralize them or repair the
resulting damage. ROS are continuously produced in living cells as by-products of normal metabolic
processes, particularly during aerobic respiration in mitochondria. At controlled levels, ROS play essential
roles in cell signalling, immune function, and maintenance of physiological homeostasis (Sies, 2017).
However, excessive ROS accumulation disrupts cellular functions and leads to oxidative damage. Under
normal conditions, a dynamic equilibrium exists between oxidant production and antioxidant defences.
When this balance shifts in favor of ROS, oxidative stress develops, causing damage to lipids, proteins,
and nucleic acids, ultimately impairing cellular integrity (Halliwell & Gutteridge, 2015). This damage is
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strongly associated with the pathogenesis of chronic diseases such as cancer, cardiovascular diseases,
diabetes, and neurodegenerative disorders (Pham-Huy et al., 2008).

To counteract these effects, the body possesses a complex antioxidant defence system, including
enzymatic antioxidants like superoxide dismutase, catalase, and glutathione peroxidase, and non-
enzymatic antioxidants such as vitamins C and E, glutathione, and phytochemicals (Birben et al., 2012).
These systems act synergistically to scavenge free radicals, inhibit oxidative chain reactions, and maintain
redox balance.A comprehensive understanding of oxidative stress and antioxidant mechanisms is essential
for developing therapeutic strategies and promoting long-term health.

2. Reactive Oxygen Species (ROS)

Reactive oxygen species (ROS) comprise a heterogeneous group of highly reactive oxygen-derived
molecules, including both free radicals and non-radical species. Free radicals such as superoxide anion
(Oz7) and hydroxyl radical (*OH) contain unpaired electrons, rendering them extremely reactive. Non-
radical ROS, including hydrogen peroxide (H20:) and singlet oxygen, although more stable, can generate
secondary radicals or directly oxidize biomolecules (Sies, 2017).

In biological systems, ROS are continuously generated as by-products of cellular metabolism, particularly
via the mitochondrial electron transport chain, where incomplete reduction of oxygen leads to superoxide
formation. Additional endogenous sources include peroxisomal oxidases and activated phagocytes, which
produce ROS as part of the host immune defence. Exogenous factors such as ultraviolet radiation,
environmental pollutants, cigarette smoke, and xenobiotics further amplify ROS production (Halliwell &
Gutteridge, 2015). Despite their damaging potential, ROS are essential for cell signalling, gene regulation,
and antimicrobial activity. However, excessive accumulation overwhelms antioxidant defence systems,
leading to oxidative stress, a condition characterized by cellular damage and redox imbalance (Birben et
al., 2012).

The mechanism of oxidative stress involves multiple interconnected pathways. Lipid peroxidation occurs
when ROS attack polyunsaturated fatty acids, initiating chain reactions that disrupt membrane integrity
and fluidity. Protein oxidation leads to structural modification, enzyme inactivation, and impaired
signalling through oxidation of amino acid residues and peptide backbone cleavage. Additionally, DNA
damage, including base modifications, strand breaks, and cross-linking, can result in mutations and
genomic instability, contributing to carcinogenesis (Pham-Huy et al., 2008). Collectively, these processes
lead to cellular dysfunction, inflammation, and tissue injury, playing a pivotal role in the development of
chronic diseases such as cancer, cardiovascular disorders, and neurodegenerative conditions.

3. Mechanism of Oxidative Stress

Oxidative stress is a pathological condition that develops when the generation of reactive oxygen species
(ROS) exceeds the capacity of cellular antioxidant defence systems to neutralize or eliminate them. This
imbalance disrupts cellular redox homeostasis and triggers a series of deleterious biochemical events that
compromise cell function and survival. Elevated ROS levels interact with critical biomolecules, leading
to widespread structural and functional damage within the cell (Sies, 2017). One of the primary
mechanisms of oxidative injury is lipid peroxidation, wherein ROS attack polyunsaturated fatty acids in
cellular membranes. This initiates chain reactions that produce lipid radicals and peroxides, ultimately
impairing membrane fluidity, permeability, and integrity. Such alterations disturb cellular
compartmentalization and membrane-dependent processes (Halliwell & Gutteridge, 2015).
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Another major pathway involves protein oxidation, where ROS induce modifications of amino acid
residues, disrupt disulphide bonds, and cause protein fragmentation. These changes result in loss of
enzymatic activity, altered protein structure, and impaired cellular signalling, thereby affecting vital
biological functions (Birben et al., 2012). Additionally, nucleic acids are highly vulnerable to oxidative
damage. ROS can cause DNA base modifications, strand breaks, and cross-linking, which, if unrepaired,
lead to mutations, genomic instability, and carcinogenesis (Pham-Huy et al., 2008). Collectively, these
mechanisms promote inflammation, cellular dysfunction, and tissue injury, highlighting the central role
of oxidative stress in the progression of chronic and degenerative diseases.

4. Effects of Oxidative Stress

Oxidative stress has profound effects on cellular structure and function, arising from an imbalance between
reactive oxygen species (ROS) production and antioxidant defence mechanisms. One of the earliest
consequences is lipid peroxidation of cellular membranes, which disrupts membrane integrity, fluidity,
and permeability, thereby impairing the regulated transport of ions and molecules and disturbing cellular
homeostasis (Halliwell & Gutteridge, 2015). In addition to membrane damage, oxidative stress induces
protein oxidation, leading to structural modifications, enzyme inactivation, and impaired signalling
pathways. These alterations interfere with essential metabolic processes and cellular communication
(Birben et al., 2012). Mitochondria, being both a primary source and target of ROS, are highly susceptible
to oxidative injury. Damage to mitochondrial components results in reduced ATP production, release of
pro-apoptotic factors, and activation of programmed cell death (apoptosis) (Sies, 2017). Over time, the
accumulation of oxidative damage contributes significantly to aging, as declining repair mechanisms fail
to counteract persistent ROS-mediated injury. Furthermore, oxidative stress plays a central role in the
pathogenesis of various chronic diseases. In cancer, ROS-induced DNA damage and genomic instability
promote uncontrolled cell proliferation. In cardiovascular diseases, oxidative stress leads to endothelial
dysfunction and atherosclerosis. In neurodegenerative disorders such as Alzheimer’s and Parkinson’s
diseases, oxidative injury to neurons results in cognitive and motor impairments (Pham-Huy et al., 2008).

5. Antioxidant Defence System

Living organisms have evolved a highly integrated antioxidant defence system to counteract the harmful
effects of reactive oxygen species (ROS) and maintain cellular redox homeostasis. This system comprises
a network of enzymatic and non-enzymatic antioxidants that function synergistically to regulate ROS
levels and prevent oxidative damage to biomolecules. The maintenance of this balance is essential for
normal physiological processes, metabolic stability, and cellular survival (Sies, 2017). Antioxidants exert
their protective effects through multiple mechanisms, including free radical scavenging, inhibition of lipid
peroxidation, metal ion chelation, and repair of oxidatively damaged molecules. Additionally, antioxidant
systems are involved in the regeneration of oxidized antioxidants and modulation of cell signalling
pathways, thereby enhancing cellular resilience against oxidative stress (Birben et al., 2012).

6. Enzymatic Antioxidants

Enzymatic antioxidants serve as the first line of defence against oxidative stress by catalysing the
conversion of reactive species into less harmful compounds. Among these, superoxide dismutase (SOD)
catalyses the dismutation of superoxide radicals (O2"*) into hydrogen peroxide (H20-) and oxygen. This
step is crucial in limiting the propagation of radical-mediated damage. Catalase, predominantly localized
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in peroxisomes, rapidly decomposes hydrogen peroxide into water and oxygen, preventing the formation
of highly reactive hydroxyl radicals via Fenton reactions. Another key enzyme, glutathione peroxidase
(GPx), reduces both hydrogen peroxide and lipid peroxides using reduced glutathione (GSH) as a
substrate, thereby protecting cellular membranes from oxidative injury (Halliwell & Gutteridge, 2015).
Together, these enzymes form a coordinated system that ensures efficient detoxification of ROS,
maintaining intracellular redox balance and protecting cellular integrity.

7. Non-Enzymatic Antioxidants

Non-enzymatic antioxidants are low-molecular-weight compounds that directly neutralize ROS through
electron donation and radical stabilization. These include vitamins, glutathione, and phytochemicals,
which complement enzymatic defences. Vitamin C (ascorbic acid) functions in aqueous environments,
scavenging free radicals and regenerating oxidized vitamin E. Vitamin E (tocopherol), a lipid-soluble
antioxidant, protects membrane lipids from peroxidation by interrupting radical chain reactions.
Glutathione, a tripeptide, plays a central role in maintaining cellular redox balance and participates in
detoxification reactions (Pham-Huy et al., 2008). Plant-derived compounds such as flavonoids and
polyphenols exhibit strong antioxidant activity by modulating oxidative pathways and enhancing
endogenous defence mechanisms. These molecules contribute significantly to dietary antioxidant
capacity.

8. Mechanisms of Antioxidant Action

Antioxidants protect biological systems through several coordinated mechanisms:

o Free radical scavenging: Donation of electrons to stabilize reactive species

e Chain-breaking activity: Interruption of lipid peroxidation processes

e Metal ion chelation: Binding of iron and copper to prevent ROS generation

e Repair and removal mechanisms: Restoration or degradation of damaged biomolecules

o Regeneration of antioxidants: Recycling of oxidized molecules (e.g., glutathione cycle)

Additionally, antioxidants regulate redox-sensitive signalling pathways, influencing gene expression and
stress responses. These combined actions preserve cellular structure, metabolic function, and
physiological stability (Sies, 2017).

9. Role of Diet in Antioxidant Defence

Diet plays a pivotal role in sustaining the body’s antioxidant capacity. Since many antioxidants cannot be
synthesized endogenously, intake of antioxidant-rich foods is essential. Fruits such as berries, citrus fruits,
and grapes provide vitamin C and polyphenols, while vegetables like spinach, broccoli, and carrots supply
carotenoids and flavonoids. Nuts and seeds are rich in vitamin E and selenium, whereas beverages like
green tea contain catechins, potent antioxidant compounds. These dietary components enhance the body’s
ability to neutralize ROS, reduce inflammation, and support immune function. Conversely, diets high in
processed foods, trans fats, and sugars can increase oxidative stress. Thus, a balanced, nutrient-dense diet
is essential for maintaining redox balance and preventing disease.

10. Oxidative Stress in Diseases
Oxidative stress is a major contributor to the pathogenesis of chronic diseases. In cancer, ROS-induced
DNA damage leads to mutations and genomic instability, promoting tumorigenesis. In cardiovascular
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diseases, oxidative modification of low-density lipoproteins (LDL) results in atherosclerosis and
endothelial dysfunction. In neurodegenerative disorders such as Alzheimer’s and Parkinson’s diseases,
oxidative damage to neurons leads to synaptic dysfunction and cognitive decline. In diabetes mellitus,
oxidative stress disrupts insulin signalling and contributes to complications like neuropathy and
nephropathy (Halliwell & Gutteridge, 2015).

11. Therapeutic Approaches

Management of oxidative stress involves nutritional, lifestyle, and pharmacological interventions.
Antioxidant supplementation with vitamins C and E, polyphenols, and carotenoids helps reduce oxidative
damage. Lifestyle modifications such as regular exercise, balanced diet, and avoidance of smoking
enhance endogenous antioxidant systems. Emerging therapies target ROS-generating enzymes, redox
signalling pathways, and mitochondrial dysfunction. These approaches aim to restore redox homeostasis
and improve clinical outcomes in oxidative stress-related diseases.

12. Cellular Signalling and Redox Regulation

ROS act as important signalling molecules in processes such as cell proliferation, apoptosis, and immune
responses. Through reversible oxidation of cysteine residues, ROS regulate proteins involved in pathways
like MAPK, NF-xB, and HIF. However, excessive ROS disrupt signalling, leading to chronic
inflammation, abnormal gene expression, and disease progression. Thus, maintaining optimal ROS levels
is crucial for proper cellular function.

13. Oxidative Stress and Aging

The free radical theory of aging suggests that cumulative oxidative damage leads to cellular senescence
and functional decline. ROS-induced damage to DNA, proteins, and lipids contributes to aging-related
deterioration. Mitochondrial dysfunction plays a central role, as damaged mitochondria produce more
ROS, creating a vicious cycle of oxidative stress. This is associated with age-related diseases such as
cardiovascular and neurodegenerative disorders. Adopting a healthy lifestyle with antioxidant-rich diet,
physical activity, and stress management can slow aging and promote longevity and healthy life span.

Conclusion

Oxidative stress is a critical biological phenomenon that plays a significant role in determining cellular
function and overall physiological health. It occurs when there is an imbalance between the generation of
reactive oxygen species (ROS) and the ability of the body’s antioxidant defence systems to effectively
neutralize these reactive molecules. Although ROS are essential for normal physiological processes,
including cell signalling, immune defence, and metabolic regulation, their excessive accumulation can
exert harmful effects on cellular components. Sustained oxidative stress leads to the damage of vital
biomolecules such as lipids, proteins, and nucleic acids, thereby impairing cellular structure and function.
This cumulative damage has been strongly linked to the pathogenesis and progression of numerous chronic
diseases, including cancer, cardiovascular disorders, neurodegenerative diseases, and metabolic
syndromes. Consequently, maintaining redox homeostasis is essential for preserving cellular integrity and
preventing disease development. The body’s antioxidant defence system serves as a crucial protective
mechanism against oxidative injury. This system consists of both enzymatic and non-enzymatic
antioxidants that function in a coordinated and complementary manner to neutralize ROS and repair
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oxidative damage. The efficiency of these defence mechanisms is vital for sustaining normal cellular
processes and minimizing oxidative stress. In addition to endogenous systems, dietary habits and lifestyle
factors significantly influence oxidative balance. A diet rich in antioxidant-containing foods, along with
healthy lifestyle practices, enhances the body’s capacity to manage oxidative stress. Therefore, a
comprehensive understanding of oxidative stress and its underlying mechanisms is essential for the
development of effective preventive and therapeutic strategies, ultimately contributing to improved health
outcomes and long-term well-being.
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