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Abstract: Free radicals are highly reactive molecular species generated during normal cellular metabolism and
environmental exposure. While reactive oxygen and nitrogen species play essential physiological roles in signaling and
immune defense, their excessive production disturbs redox homeostasis, leading to oxidative stress. Oxidative damage to
biomolecules is a major contributor to aging and numerous chronic diseases. A comprehensive narrative review of peer-
reviewed literature was conducted using major scientific databases, focusing on free radical biology, molecular mechanisms
of oxidative damage, antioxidant defense systems, and disease associations. Experimental, clinical, and mechanistic studies
were synthesized to provide an integrated understanding of redox regulation in human health.Free radicals initiate lipid
peroxidation, protein oxidation, DNA damage, mitochondrial dysfunction, and activation of pro-inflammatory pathways.
These processes are strongly implicated in cardiovascular diseases, neurodegenerative disorders, diabetes mellitus,
inflammatory conditions, cancer, and age-related degeneration. Endogenous antioxidant defense systems, including
enzymatic antioxidants such as superoxide dismutase, catalase, and glutathione peroxidase, neutralize reactive
intermediates. Non-enzymatic antioxidants including vitamins C and E, glutathione, carotenoids, and polyphenols provide
complementary radical scavenging and redox-balancing functions.Understanding the balance between free radical
generation and antioxidant protection is crucial for preventing oxidative damage and disease progression. Strengthening
antioxidant defenses through dietary, pharmacological, and lifestyle interventions offers promising strategies for improving
human health and longevity.
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I INTRODUCTION External environmental factors such as radiation, air
pollutants, tobacco smoke, heavy metals, and xenobiotics

Aerobic metabolism inherently produces reactive further intensify their formation.[3,4] Because of their high

molecular species as physiological by-products. Within these
biological systems, reactive oxygen and nitrogen species
(ROS and RNS) dictate significant clinical and physiological
outcomes[1,2,3]. At controlled concentrations, these reactive
species serve essential physiological roles in cellular
signaling, regulation of gene expression, immune defense,
and maintenance of homeostasis. However, when their
production exceeds the capacity of endogenous defense
mechanisms, a state of oxidative stress arises, disrupting
redox equilibrium and causing cellular injury. [2,3]

Reactive species are primarily generated during

mitochondrial oxidative phosphorylation, inflammatory
responses, and enzymatic oxidation-reduction reactions.
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chemical reactivity, free radicals readily interact with cellular
macromolecules, initiating chain reactions that impair normal
cellular structure and function.[4]

Oxidative damage affects all major classes of
biomolecules. Lipid peroxidation compromises membrane
integrity, fluidity, and permeability, ultimately disturbing
cellular signaling and transport systems. Oxidative
modification of proteins alters their structural conformation,
enzymatic activity, and receptor functions, leading to
impaired cellular metabolism.[S] DNA damage caused by
reactive species results in base modifications, strand breaks,
and genomic instability, increasing the risk of mutagenesis
and carcinogenesis[6]. Mitochondria are particularly
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vulnerable targets, and their dysfunction further amplifies
reactive species generation, creating a self-propagating cycle
of oxidative injury.[4,6,7]

Accumulating evidence identifies oxidative stress as a
central molecular mechanism underlying numerous
pathological conditions. Cardiovascular diseases arise partly
due to oxidative injury to vascular endothelium and oxidation
of circulating lipoproteins, which promote atherosclerotic
plaque formation. Neurons are highly susceptible to oxidative
damage due to high oxygen consumption and lipid-rich
membranes, making oxidative stress a key contributor to
neurodegenerative disorders such as Alzheimer's disease and
Parkinson's disease[2,6]. In metabolic disorders including
diabetes mellitus, chronic hyperglycemia enhances radical
generation and oxidative tissue damage. Oxidative
mechanisms also contribute to cancer development by
inducing DNA mutations and dysregulating redox-sensitive
signaling pathways that control cell proliferation and
apoptosis[8,9]. Furthermore, persistent oxidative injury
accelerates inflammatory responses and is closely associated
with aging and degenerative changes [5,6].

To counteract these harmful effects, biological systems
are equipped with sophisticated antioxidant defense
mechanisms. Enzymatic antioxidants such as superoxide
dismutase, catalase, and glutathione peroxidase catalytically
neutralize reactive species and prevent radical propagation
[7]. Non-enzymatic antioxidants—including glutathione,
vitamins C and E, carotenoids, and plant-derived
polyphenols—directly scavenge radicals, chelate pro-oxidant
metals, and support cellular repair systems. These defenses
operate as an integrated network that maintains redox
homeostasis and preserves cellular integrity[4].

When endogenous antioxidant capacity becomes
insufficient, dietary antioxidants, functional foods, and
pharmacological interventions provide supplementary
protection. Growing research interest in redox biology has led
to improved understanding of oxidative mechanisms,
development of reliable antioxidant assays, and exploration
of targeted antioxidant therapies[1,3,6].

Therefore, elucidating the interplay between free radical
generation and antioxidant protection is essential for
advancing preventive strategies, therapeutic interventions,
and healthy aging initiatives.

I1. FREE RADICALS AND
REACTIVE SPECIES

Biological systems continuously produce highly
reactive chemical entities—namely free radicals and reactive
species—as an inherent consequence of routine metabolic
processes. Defined by their robust oxidative potential or the
existence of unpaired electrons, these molecules are primed
to swiftly interact with neighboring cellular macromolecules.
These entities exhibit a physiological dichotomy:
homeostatic concentrations facilitate vital cellular functions,
whereas surplus accumulation precipitates oxidative stress
and subsequent cellular degradation. Depending on their
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elemental origin and chemical structure, these molecules are
primarily classified into reactive nitrogen species (RNS) and
reactive oxygen species (ROS).1,3]

0Oy" <H;0,< "OH

» Reactive Oxygen Species:

Radical ROS possess one or more unpaired electrons,
making them highly unstable and reactive. ROS include both
radical and non-radical oxygen derivatives:

e Radical ROS:

v' Superoxide anion (O2*7): Superoxide is the primary
oxygen-derived free radical formed by the one-clectron
reduction of molecular oxygen. It is generated mainly in
the mitochondrial respiratory chain and during enzymatic
reactions involving oxidases[7]. Although moderately
reactive, superoxide serves as a precursor for the
formation of several other ROS. It can react with nitric
oxide to form reactive nitrogen species or undergo
enzymatic dismutation to produce hydrogen peroxide.
Superoxide is largely membrane-impermeable but exerts
significant effects within its site of production.

O2+e — 0O

v Hydroxyl radical (*OH): The hydroxyl radical is the most
reactive and destructive ROS. It is generated from
hydrogen peroxide through metal-catalyzed reactions
such as the Fenton reaction in the presence of transition
metals like iron or copper. Due to its extremely short half-
life, the hydroxyl radical reacts immediately at its site of
formation, attacking nearby biomolecules. It causes lipid
peroxidation, protein fragmentation, enzyme inactivation,
and DNA strand breaks. Even minimal production of
hydroxyl radicals can result in severe cellular
damage[1,2,3, 10].

H>O — 'OH+H"
H20; — 2°0OH

v Peroxyl radical (ROO¢): Peroxyl radicals are formed
during lipid peroxidation chain reactions when oxygen
reacts with lipid radicals. These radicals propagate
oxidative chain reactions by abstracting hydrogen atoms
from adjacent fatty acid molecules, perpetuating
membrane damage. Peroxyl radicals are key mediators of
oxidative injury to cellular membranes, leading to loss of
membrane fluidity, increased permeability, and impaired
cellular signaling[9,10,11].

v Non-radical ROS: While devoid of unpaired electrons,
non-radical ROS exhibit potent oxidizing capabilities and
serve as critical intermediates that spawn secondary,
highly destructive radical species via subsequent
biochemical reactions.

v Hydrogen peroxide (H202): Emerging primarily from the
spontaneous or enzyme-mediated (via superoxide
dismutase) dismutation of superoxide, hydrogen peroxide
distinguishes itself through relative chemical stability and
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cellular membrane permeability. This diffusibility enables
H,O, to function as a vital intracellular messenger,
regulating gene expression and redox-sensitive cascades
at physiological baselines. Conversely, when exposed to
transition metals, it undergoes rapid conversion into
highly toxic hydroxyl radicals, severely escalating
oxidative tissue damage. Consequently, its dual role in
cellular biology is dictated strictly by its localized
concentration and the availability of metallic catalysts[8].
Thus, its biological impact depends on cellular
concentration and metal availability.

v Singlet oxygen ('0O2): Representing an electronically
energized state of molecular oxygen, this variant is
predominantly synthesized amid inflammatory cascades
and light-driven photochemical events. Exhibiting intense
reactivity, 'O: aggressively targets nucleic acids,
structural proteins, and lipid membranes[7,8]. Notably,
ultraviolet irradiation significantly upregulates its
synthesis in dermal layers, thereby accelerating
photoaging mechanisms and driving oncogenic
transformations[9, 12].

v Ozone (0s): Functioning primarily as an exogenous
environmental oxidant rather than an endogenous cellular
metabolite, ozone provokes significant biological harm
upon inhalation. Upon contacting the respiratory
epithelium, it catalyzes the formation of downstream
ROS, igniting localized oxidative stress[9,13]. This
cascade frequently results in structural tissue injury,
sustained pulmonary inflammation, and the exacerbation
of pre-existing respiratory pathologies.

0y +H)0, —="OH+'OH + 03 —  Haber-Weiss reaction

Fe*+H)0; = Fe¥+'0OH+'0H —» Fenton reaction
» Reactive Nitrogen Species:

Originating fundamentally from the metabolism of
nitric oxide, reactive nitrogen species (RNS) constitute a
distinct class of nitrogenous oxidants. While integral to
normative  cellular  signaling, their overproduction
precipitates profound nitrosative and oxidative cellular
trauma.

o Nitric oxide (NO¢): Synthesized from the precursor L-
arginine via the enzymatic action of nitric oxide
synthases, this gaseous radical is indispensable for
immune modulation, synaptic transmission, and the
regulation of vascular tone. Owing to its high membrane
penetrability, SNOMbullet$ swiftly dictates intracellular
responses, largely through the activation of cyclic
guanosine monophosphate (¢cGMP) signaling cascades.
Although its regulated synthesis underpins neuro-
cardiovascular homeostasis, pathological states trigger its
immediate coupling with superoxide anions to yield the
highly toxic peroxynitrite[2, 10].

e Peroxynitrite (ONOO~): Generated through the
exceptionally rapid, diffusion-limited reaction between
superoxide and nitric oxide, peroxynitrite operates as a
formidable nitrating and oxidizing molecule. It inflicts
widespread structural degradation across cellular
macromolecules. Specifically, the nitration of protein
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tyrosine residues severely distorts enzymatic function and
signaling architecture, whereas peroxynitrite-induced
DNA modifications heavily promote apoptotic pathways
and mutagenesis. Furthermore, this agent exacerbates
inflammatory injury and severely impairs mitochondrial
respiration[3,4].

I11. SOURCES OF FREE RADICALS

The continuous biosynthesis of free radicals within the
human body arises from an interplay between routine
metabolic operations and external environmental stimuli.
Although the regulated emission of these species underpins
vital physiological mechanisms, their unbridled accumulation
precipitates oxidative trauma and cellular degradation.
Consequently, the origins of these reactive entities are
typically Dbifurcated into endogenous pathways and
€X0genous exposures.

» Endogenous Sources:

The mitochondrial respiratory cascade serves as the
predominant internal generator of reactive species.
Throughout oxidative phosphorylation, the inadvertent
leakage of electrons from the transport chain facilitates the
partial reduction of molecular oxygen, thereby spawning
superoxide radicals[3,10]. Furthermore, according to
Lismont et al.,[15] peroxisomal activities—particularly
during the oxidation of fatty acids—yield substantial
quantities of hydrogen peroxide. While endogenous catalase
typically neutralizes this byproduct, an overabundance
significantly exacerbates the cellular oxidative load.
Concurrently, the activation of the immune system triggers a
localized "respiratory burst,” wherein macrophages and
neutrophils deploy hydrogen peroxide and superoxide to
eradicate invading pathogens; unfortunately, protracted
inflammatory responses inevitably inflict collateral oxidative
damage upon host tissues[10]. Additional endogenous
contributions stem from the catalytic cycles of various
oxidase enzymes (including cytochrome P450, monoamine
oxidase, and xanthine oxidase), the autoxidation of
biomolecules such as hemoglobin, and transition metal-
catalyzed pathways like the Fenton reaction, which rapidly
converts hydrogen peroxide into the highly destructive
hydroxyl radical[16].

» Exogenous Sources:

Beyond internal metabolism, biological systems are
relentlessly bombarded by external pro-oxidant stimuli.
Exposure to both ultraviolet and ionizing radiation rapidly
induces radical formation via photochemical cascades and the
radiolysis of water. Inhalation of atmospheric pollutants and
cigarette smoke introduces a massive influx of exogenous
oxidants, heavily compromising pulmonary and vascular
architectures while simultaneously provoking secondary
inflammatory ROS synthesis[17]. Additionally, systemic
exposure to heavy metals (such as mercury and cadmium),
industrial agrochemicals, and certain pharmacological agents
disrupts redox homeostasis through antioxidant depletion and
the generation of reactive metabolic byproducts[17,18].
Lifestyle and dietary variables—notably chronic alcohol
consumption, high-lipid diets, and even severe psychological
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stress—further amplify the systemic oxidative burden.
Ultimately, the relentless convergence of these environmental
and metabolic stressors aggressively dismantles redox
equilibrium, thereby paving the way for chronic pathological
manifestations[19].

Free radical production thus results from a combination
of metabolic processes and environmental influences.
Persistent exposure to these sources disrupts redox balance
and contributes to disease development.
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Fig 1 Free Radicals and Antioxidant Enzymes

Iv. FREE RADICALS IN DISEASE
PATHOGENESIS

The unchecked proliferation of free radicals acts as a
fundamental driver in the onset and advancement of diverse
clinical pathologies. By inflicting targeted oxidative damage
upon vital cellular macromolecules and hijacking redox-
responsive signaling cascades, chronic oxidative stress
fundamentally compromises tissue architecture and organ
function whenever the endogenous antioxidant buffer is
overwhelmed.

» Cardiovascular Diseases:

As highlighted by Madamanchi et al. [20],
cardiovascular pathology is deeply intertwined with oxidative
dysfunction. A critical reduction in nitric oxide
bioavailability, mediated by ROS, directly undermines
endothelial integrity, thereby driving hypertensive states and
severe vasoconstriction. Concurrently, the oxidative
modification of circulating LDL particles acts as a primary
catalyst for foam cell accumulation and subsequent
atherosclerotic plaque expansion. Furthermore, the localized
overproduction of free radicals triggers a cascade of
inflammatory responses, thrombotic events, and the abnormal
proliferation of smooth muscle, which collectively precipitate
stroke and coronary artery disease [5].

» Neurodegenerative Disorders:

The central nervous system is disproportionately
susceptible to oxidative assault, largely owing to its intense
oxygen demands, lipid-dense cellular membranes, and
relatively sparse innate antioxidant defenses. When reactive
species accumulate, they initiate rampant lipid peroxidation
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across  neuronal  boundaries, alongside  profound
mitochondrial impairment, structural DNA lesions, and the
misfolding of critical proteins. Consequently, this oxidative
burden is recognized as a central pathogenic mechanism
driving severe neurodegenerative syndromes, most notably
Parkinson’s disease, Alzheimer’s disease, and amyotrophic
lateral sclerosis (ALS) [8,21]—disorders universally marked
by relentless neuronal depletion and catastrophic cognitive or
motor decline.

» Diabetes Mellitus:

Sustained hyperglycemic states fundamentally disrupt
cellular metabolism by overdriving mitochondrial superoxide
synthesis and triggering a broad spectrum of oxidative
pathways [13,20]. In the pancreas, free radicals directly
assault B-cells, critically blunting insulin secretion while
simultaneously exacerbating peripheral insulin resistance.
Beyond the immediate metabolic disruption, this persistent
oxidative state acts as the primary molecular bridge to severe
diabetic comorbidities—including retinopathy, neuropathy,
nephropathy, and broader cardiovascular complications—
primarily through the perpetuation of systemic inflammation
and endothelial collapse [10].

» Cancer:

In the context of oncology, reactive species act as potent
carcinogens by directly inflicting genomic instability,
targeted mutagenesis, and widespread DNA lesions. By
artificially manipulating redox-sensitive pathways, oxidative
stress actively governs tumor angiogenesis, dictates aberrant
cell proliferation, and silences normal apoptotic mechanisms.
Ultimately, this sustained oxidative environment creates
highly favorable conditions for tumor initiation and survival
by simultaneously deactivating tumor suppressor genes,
hyperactivating oncogenes, and fostering profound
chemoresistance [22].

» Inflammatory Disorders:

Oxative stress and chronic inflammation function within
a destructive, self-amplifying feedback loop. During
sustained immune responses, activated leukocytes discharge
massive volumes of reactive species into the local
microenvironment, which inevitably inflicts severe collateral
damage upon healthy host tissues [9,13,20]. These localized
oxidative bursts are central mediators in the pathogenesis of
numerous autoimmune and inflammatory conditions,
including inflammatory bowel disease, rheumatoid arthritis,
and chronic respiratory decline [23].

» Aging and Degenerative Changes:

Grounded in the free radical theory of aging, it is widely
postulated that the progressive, lifelong accumulation of
oxidative injury is the primary catalyst for functional
physiological decline and cellular senescence. As free
radicals continuously degrade nucleic acids, structural lipids,
and proteins, the body's innate repair mechanisms become
progressively impaired, thereby accelerating the broad
spectrum of degenerative changes clinically associated with
advanced age [9,13,20]. In summary, an imbalance in redox
homeostasis serves as a universal pathological bridge linking
free radical toxicity to widespread systemic disease,
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underscoring the critical need for targeted, antioxidant-
focused therapeutic interventions.

V. ANTIOXIDANT DEFENSE SYSTEMS

To counteract the relentless assault of endogenously and
exogenously generated reactive species, biological systems
rely on a highly coordinated, multilayered antioxidant
defense network. This sophisticated system is tasked with
intercepting radical formation, neutralizing active oxidants,
repairing molecular lesions, and fine-tuning redox-responsive
signaling cascades. These defenses operate synergistically
through two primary arms: enzymatic and non-enzymatic
mechanisms.[23]

» Enzymatic Antioxidant Systems:

Enzymatic antioxidants serve as the cellular vanguard,
directly and catalytically dismantling highly reactive
peroxides and free radicals.

e Superoxide Dismutase (SOD): Functioning as the primary
barrier against ROS-induced toxicity, SOD rapidly
orchestrates the dismutation of superoxide anions into
molecular oxygen and hydrogen peroxide. It achieves
widespread cellular protection through the targeted
expression of multiple metal-dependent isoforms.[24].

e Catalase (CAT): Localized predominantly within
peroxisomes, catalase effectively prevents the
intracellular accumulation of hydrogen peroxide—and its
subsequent conversion into hyper-reactive hydroxyl
radicals—by rapidly degrading it into water and oxygen
during periods of intense oxidative stress.[25].

o Glutathione Peroxidase (GPx): Operating as a coupled
biochemical unit, GPx preserves lipid membrane integrity
by neutralizing hydrogen peroxide and lipid peroxides,
utilizing reduced glutathione (GSH) as an essential
electron donor. Concurrently, GR ensures this protective
cycle continues unabated by continuously recycling
oxidized glutathione back into its functional state via
NADPH consumption.[7,11].

o Glutathione Reductase (GR): Beyond their auxiliary
peroxide-detoxifying capabilities, these synergistic
systems play a pivotal role in modulating redox-sensitive
protein activity and guiding vital cellular survival
signals[7,11]

e Peroxiredoxins and Thioredoxin System: These enzyme
systems detoxify peroxides and regulate redox-sensitive
protein functions, contributing to antioxidant signaling
and cellular defense [1,7,11].

» Non-Enzymatic Antioxidant Systems:

Operating in tandem with enzymatic defenses, non-
enzymatic antioxidants provide critical secondary protection
by directly intercepting and neutralizing chemical oxidants.
This diverse arsenal includes Glutathione (GSH), an
indispensable intracellular tripeptide that directly detoxifies
free radicals while simultaneously recycling other depleted
antioxidants. In the aqueous cellular compartments, Vitamin
C (Ascorbic Acid) neutralizes ROS and efficiently
regenerates oxidized Vitamin E (Tocopherols and
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Tocotrienols); Vitamin E, in turn, acts as the premier lipid-
soluble safeguard against catastrophic =~ membrane
peroxidation. Finally, plant-derived Polyphenols, Flavonoids,
and Carotenoids fortify this network by offering profound
metal-chelating, radical-scavenging, and singlet-oxygen
quenching properties that potently suppress downstream
inflammatory pathways[1,4,11].

VL MECHANISMS OF
ANTIOXIDANT ACTION

Rather than relying on a singular mode of protection,
antioxidants employ diverse biochemical strategies to
neutralize threats, arrest oxidative chain reactions, and repair
molecular architecture, thereby sustaining physiological
homeostasis.[13,20]. These mechanisms collectively
preserve cellular integrity and maintain physiological
homeostasis. Antioxidants function via:

» Direct Radical scavenging:

By selectively sacrificing an electron or a hydrogen
atom, antioxidants immediately stabilize highly reactive
entities, stripping them of their destructive potential before
they can compromise nearby biological
macromolecules.[13].

Water-soluble antioxidants act in cytosolic and
extracellular fluids, whereas lipid-soluble antioxidants
protect biological membranes. For example, hydrophilic
antioxidants neutralize aqueous radicals, while lipophilic
antioxidants terminate lipid peroxidation within membranes.

» Hydrogen Atom Transfer:

In hydrogen atom transfer reactions, antioxidants donate
a hydrogen atom (proton + electron) to stabilize reactive
radicals. This mechanism is particularly important in stopping
lipid peroxidation chain reactions[25]. According to Nimse
and Pal[26] Once the hydrogen is donated, the antioxidant
forms a relatively stable radical that does not propagate
further oxidative damage.

» Electron donation:

Antioxidants can also neutralize oxidants by
transferring a single electron. This reduces reactive species
and converts them into more stable forms. SET reactions are
commonly involved in scavenging nitrogen-centered radicals
and certain oxygen radicals. The antioxidant capacity
measured in many in vitro assays is largely based on electron
transfer mechanisms [27].

» Metal lon Chelation:

Transition metals such as iron and copper catalyze the
formation of highly reactive hydroxyl radicals through redox
cycling reactions. Ferreira et al[27] clarify that, some
antioxidants bind these metal ions, preventing them from
participating in radical-generating reactions. By chelating
pro-oxidant metals, antioxidants inhibit radical formation at
its source and reduce oxidative burden.
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» Chain-Breaking Reactions:

When oxidative damage breaches cellular membranes,
lipid peroxidation initiates a catastrophic, self-sustaining
chain reaction. Chain-breaking antioxidants specifically
intercept and bind to lipid peroxyl radicals, terminating the
destructive cascade and salvaging membrane structure.[28].

Antioxidants therefore act through complementary
chemical, biochemical, and regulatory mechanisms to protect
cells from oxidative damage and maintain physiological
balance.

VIIL ANTIOXIDANT ASSAYS

According to Dushing [29], accurately quantifying
antioxidant capacity is a fundamental prerequisite for
determining the radical-scavenging efficacy of botanical
extracts, pharmacological agents, and biological specimens.
Because antioxidants operate through diverse biochemical
pathways—ranging from metal chelation and -electron
donation to direct radical neutralization—these evaluations
are generally categorized into cell-based frameworks,
biochemical enzyme analyses, and in vitro chemical
protocols.[30,31,32]. These assays are broadly classified into
in vitro chemical assays, biochemical assays, and cell-based
methods.

» In Vitro Chemical Assays:

These highly reproducible, cost-effective
methodologies are the standard for rapidly screening the
radical-scavenging potential of phytochemicals and synthetic
compounds in a controlled laboratory setting.

e DPPH Radical Scavenging Assay: he DPPH (2,2-
diphenyl-1-picrylhydrazyl) protocol quantifies an
antioxidant’s capacity to stabilize the characteristic purple
DPPH radical via hydrogen or electron donation. This
stabilization triggers a quantifiable spectrophotometric
shift from violet to yellow. [28,33].

e ABTS Radical Cation Decolorization Assay: This
versatile assay measures the quenching of the blue-green
ABTS (2,2'-azinobis(3-ethylbenzothiazoline-6-sulfonic
acid)) radical cation. It is particularly valuable because it
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accurately assesses both lipophilic and hydrophilic
antioxidants across varying pH spectrums[34].

e FRAP Assay: The Ferric Reducing Antioxidant Power
(FRAP) test evaluates an antioxidant's electron-donating
strength by measuring its ability to reduce ferric (Fe*")
ions into ferrous (Fe?") ions. The resulting ferrous-
tripyridyl triazine complex yields a distinct colorimetric
change[35, 36].

e ORAC Assay: The Oxygen Radical Absorbance Capacity
(ORAC) method measures how effectively an antioxidant
inhibits oxidation induced by peroxyl radicals over a
specific timeframe, offering a highly physiologically
relevant metric of protective capacity[37,38].

» Lipid Peroxidation Assays:

Because the degradation of lipid membranes is a
primary hallmark of oxidative stress, inhibiting this process
is a key indicator of antioxidant strength. The TBARS
(Thiobarbituric Acid Reactive Substances) Assay quantifies
the formation of malondialdehyde, a direct secondary
byproduct of lipid peroxidation; consequently, suppressed
TBARS values correlate with robust antioxidant
protection[39].

» Enzymatic Antioxidant Activity Assays:

These protocols measure the functional vitality of the
body's innate enzymatic defenses, providing crucial insights
into clinical redox status and therapeutic efficacy.

e Superoxide dismutase and Catalase activity assay:
Superoxide dismutase (SOD) activity is determined by its
efficiency in halting radical-mediated reactions
(converting superoxide to H,O»), while catalase capacity
is monitored by tracking the rapid spectrophotometric
decline of H,O» concentrations as it is decomposed into
oxygen and water[24,25].

e Glutathione System Assays: Glutathione peroxidase
(GPx) and glutathione reductase (GR) activities are
typically quantified by measuring the coupled oxidation
and consumption of NADPH, which reflects the
continuous reduction of peroxides and the subsequent
recycling of oxidized glutathione[40].

Table 1 Comparison of Major Enzymatic Antioxidants

Feature Superoxide Dismutase
(SOD)

Catalase (CAT)

Glutathione Peroxidase Glutathione
(GPx) Reductase (GR)

(Cu/Zn,Mn,Fe)

Primary Function Converts superoxide Decomposes hydrogen Reduces hydrogen Regenerates reduced
radicals into hydrogen | peroxide into water and peroxide and lipid glutathione from
peroxide and oxygen oxygen peroxides oxidized glutathione
Cofactors Metal ions Heme (iron-containing) Selenium (in active site) NADPH

Line against ROS

Cellular Location | Cytosol, mitochondria, Peroxisomes, cytosol Cytosol and mitochondria Cytosol and
extracellular space mitochondria
Role in Defense First-line defense Removes accumulated Prevents lipid Maintains

hydrogen peroxide

peroxidation and intracellular redox
membrane damage balance

Type of Protection | Radical detoxification

Peroxide detoxification

Peroxide and lipid Antioxidant
peroxide detoxification recycling
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Clinical Indicator of oxidative
Significance stress and inflammation

Marker of peroxide
detox capacity

Reflects membrane
protection status

Reflects glutathione
redox status

» Cellular Antioxidant Assays:

To bridge the gap between chemical reactivity and
physiological reality, cell-based assays evaluate radical
fluctuations, structural damage, and overall cell viability
under induced oxidative stress. Because no single
methodological approach captures the full spectrum of
antioxidant mechanisms, employing a complementary suite
of these assays is imperative for rigorous, accurate validation
in phytochemical and pharmacological research[22,41].

» Selection of Appropriate Assays:

No single assay comprehensively measures antioxidant
activity due to varied mechanisms of action. Therefore,
multiple complementary assays are recommended for
accurate evaluation.

Antioxidant assays are indispensable tools in
pharmacology, nutraceutical research, plant biochemistry,
and clinical studies for screening and validating antioxidant
potential.

VIIIL. THERAPEUTIC IMPLICATIONS

The involvement of free radicals in disease development
highlights the therapeutic importance of antioxidant
strategies. According to Prior et.al.[42] By restoring redox
balance, antioxidants help prevent cellular damage and
improve clinical outcomes in several disorders.

e Antioxidant  supplementation  through diet or
pharmacological agents supports endogenous defense
systems and reduces oxidative stress, particularly in
aging, metabolic disorders, and chronic
inflammation[21]. However, excessive supplementation
may disturb physiological redox signaling, necessitating
evidence-based use.

e Cardiovascular protection is achieved through improved
endothelial function, reduced lipid peroxidation, and
suppression of vascular inflammation[39].

o Neuroprotection is another major benefit, as antioxidants
safeguard neurons from oxidative injury and
mitochondrial dysfunction. Such approaches are being
explored in disorders like Alzheimer's disease and
Parkinson's disease[43].

e Cancer prevention involves minimizing oxidative DNA
damage and regulating redox-sensitive pathways.
Antioxidants are also studied as supportive agents to
reduce therapy-induced toxicity[22].

e In metabolic diseases such as diabetes, antioxidants
improve insulin function and reduce vascular
complications. They also exhibit anti-inflammatory and
immunomodulatory effects, beneficial in chronic
inflammatory conditions[43,44].

e Growing interest in preventive healthcare has promoted
nutraceuticals and functional foods rich in natural
antioxidants, particularly plant-derived polyphenols[44].
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e Emerging advances in personalized redox medicine and
targeted antioxidant delivery systems promise improved
therapeutic precision and efficacy[45].

IX. CONCLUSION

Reactive  molecular species are  inescapable
consequences of aerobic metabolism, operating as essential
mediators in immune regulation and cellular signaling
networks. However, when their proliferation outpaces
endogenous antioxidant buffers, the resulting oxidative stress
systematically  dismantles redox homeostasis. This
unmitigated structural assault on nucleic acids, functional
proteins, and lipid membranes serves as a universal
pathogenic  mechanism  driving  neurodegeneration,
cardiovascular disease, carcinogenesis, metabolic collapse,
and physiological aging.

To neutralize these threats, biological systems deploy a
highly integrated network of enzymatic and non-enzymatic
defenses designed to intercept radical generation, repair
biomolecular lesions, and sustain critical signaling cascades.
When these innate barriers falter, targeted dietary and
pharmacological  antioxidant interventions  become
indispensable for restoring physiological balance. Continued
advancements in redox Dbiology, precision assay
methodologies, and targeted drug delivery continually
reinforce the critical role of antioxidant modulation in both
the prevention and clinical management of complex human
diseases.
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