‘\’{

JPRA Journal

International Journal of Pharmaceutical Research and Applications
Volume 10, Issue 2 Mar—Apr 2025, pp: 1451-1455 www.ijprajournal.com

The Rising Burden of Oxidative Stress in the Modern Era:
Pathophysiological Insights into Immunity, Free Radical
Formation, and Stress-Induced Cellular Damage

Dr. Swati Rai, Dr.Surendra Yadav?, Vishal Yadav®

Assistant Professor, Department of Pharmacology and Therapeutics, Autonomous State Medical College,
Sultanpur, Uttar Pradesh, India
Assistant Professor, Department of anatomy, Autonomous State Medical College, Sultanpur, Uttar Pradesh,

India

,Assistant Professor, Department of ophthalmology, IMS,BHU, varanasi , Uttar Pradesh, India ,

Date of Submission: 05-04-2025

Date of Acceptance: 15-04-2025

ABSTRACT:

Background:Chronic stress has emerged as a
widespread health issue in the modern era,
contributing significantly to immune suppression
and oxidative stress. The imbalance between
reactive oxygen species (ROS) production and
antioxidant defense mechanisms plays a pivotal
role in the pathogenesis of various chronic
diseases.

Objective:To explore and synthesize current
literature on the relationship between psychological
stress, weakened immunity, and the
pathophysiological mechanisms underlying
oxidative stress and cellular damage.

Methods:A comprehensive literature review was
conducted using data from peer-reviewed journals
published between 2000 and 2024. Databases such
as PubMed, Scopus, and Google Scholar were
searched using keywords including “oxidative
stress,” “free radicals,” “immunity,” “chronic
stress,” and “ROS.” Studies discussing the role of
the HPA axis, immune dysregulation, and
environmental factors in oxidative damage were
included.

Results:The literature highlights that chronic
psychological and environmental stressors activate
the hypothalamic-pituitary-adrenal (HPA) axis,
resulting in persistent glucocorticoid release. This
impairs immune responses, enhances ROS
formation, and leads to cumulative cellular injury.
Contributing factors such as pollution, poor
nutrition, and sedentary lifestyles  further
exacerbate oxidative stress. The consequences
include endothelial dysfunction,
neurodegeneration,  cancer  progression, and
accelerated aging.

Conclusion:Oxidative stress, amplified by modern
stressors and compromised immunity, is a central
factor in the etiology of several chronic illnesses.

Multidisciplinary approaches involving antioxidant
therapy, lifestyle interventions, and stress reduction
techniques are essential for prevention and
management.
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l. INTRODUCTION

Stress, once a short-term survival tool, has
transformed into a chronic and pervasive health
challenge of the modern age. The physiological
stress response, particularly when sustained over
time, significantly alters endocrine and immune
homeostasis.  Chronic  activation  of  the
hypothalamic-pituitary-adrenal (HPA) axis results
in the persistent secretion of cortisol and
catecholamines, which while initially adaptive,
ultimately impair immune surveillance and increase
the burden of oxidative stress. This hormonal
imbalance accelerates the formation of reactive
oxygen species (ROS), disrupting cellular
equilibrium and promoting disease development.

In today's fast-paced society, individuals
are continuously exposed to a wide range of
psychological and environmental stressors—
workplace pressures, digital overload, air pollution,
poor dietary habits, and insufficient sleep—all of
which converge to challenge the body’s regulatory
mechanisms. These stressors are no longer isolated
or transient; instead, they form an unrelenting
backdrop that amplifies internal oxidative reactions
and weakens the immune system’s ability to
respond effectively.

Oxidative stress arises when ROS
production exceeds the capacity of antioxidant
defenses to neutralize them. These reactive species
attack cellular macromolecules—Ilipids, proteins,
and nucleic acids—Ileading to structural damage,
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mitochondrial dysfunction, and genomic instability.
As a result, oxidative stress is now recognized as a
critical player in the onset and progression of
various chronic conditions including cardiovascular
diseases, cancer, neurodegenerative disorders,
diabetes, and accelerated aging.

Simultaneously, chronic stress disrupts
immune regulation by reducing lymphocyte
activity, skewing cytokine profiles, and impairing
antioxidant enzymes such as superoxide dismutase
and glutathione peroxidase. These immunological
changes create a permissive environment for
persistent inflammation and sustained oxidative
insult, thus fueling a self-propagating cycle of
tissue injury.

The 2Ist century’s technological
advancements and urbanization have undoubtedly
improved living standards, but they have also
introduced subtle yet powerful threats to
physiological health. The escalation in chronic
disease burden parallels the rising prevalence of
stress-induced oxidative dysfunction. This review
aims to synthesize current scientific evidence on
how modern stressors, immune dysregulation, and
lifestyle factors intersect to amplify oxidative
stress. It further seeks to explore the mechanistic
pathways involved and discuss evidence-based
strategies to mitigate oxidative injury and restore
cellular homeostasis in a world increasingly
defined by pressure and pace.

Mechanisms of Free Radical Formation in
Chronic Stress

The generation of reactive oxygen species
(ROS) under chronic stress conditions is closely
tied to disruptions in neuroendocrine signaling,
immune dysregulation, and mitochondrial function.
Several biological mechanisms underlie this
oxidative cascade, particularly involving prolonged
activation of the HPA axis and the subsequent
hormonal, metabolic, and cellular consequences.

1. HPA Axis Overactivation and Mitochondrial
ROS Surge

Chronic psychological stress leads to
sustained stimulation of the hypothalamic-
pituitary-adrenal (HPA) axis, resulting in elevated
levels of cortisol and other glucocorticoids. While
these hormones play a role in the acute stress
response, their prolonged elevation interferes with
mitochondrial  respiration.  This  dysfunction
increases electron leakage during oxidative
phosphorylation, which in turn enhances ROS
generation. Excess ROS initiate oxidative

modifications of lipids, proteins, and DNA,
impairing cellular integrity and promoting
apoptosis or necrosis depending on the extent of
damage.

2. Immunosuppression and Pro-Inflammatory Loop
Activation

Stress-induced  immune  suppression
weakens both innate and adaptive defenses. The
reduction in T-cell proliferation, natural killer cell
activity, and antigen-presenting capacity reduces
the body’s ability to counter pathogens and cellular
anomalies. Concurrently, stress skews cytokine
profiles toward a pro-inflammatory pattern—such
as increased IL-6 and TNF-o—which further
triggers ROS generation. The antioxidant enzyme
systems, including superoxide dismutase (SOD),
glutathione peroxidase (GPx), and catalase, become
overwhelmed, failing to compensate for the
oxidative burden.

3. Glucocorticoid Receptor Desensitization

Prolonged exposure to glucocorticoids
induces resistance in their receptors, particularly
within immune cells. This glucocorticoid resistance
prevents the normal suppression of inflammation,
paradoxically intensifying the inflammatory and
oxidative responses. The resulting unchecked
immune activity promotes further tissue damage
through ROS and reactive nitrogen species (RNS),
establishing a self-reinforcing cycle of oxidative
stress and inflammation

Exogenous Contributors in  the Modern
Environment

In addition to intrinsic stress mechanisms,
a multitude of external factors prevalent in today’s
environment significantly amplify oxidative stress.
These lifestyle and environmental exposures often
operate silently yet synergistically, exacerbating
ROS production and compromising antioxidant
defenses.

1. Environmental Pollution and Heavy Metal
Exposure

Urban air is increasingly laden with
harmful pollutants such as particulate matter
(PM2.5), nitrogen oxides, sulfur dioxide, and
ozone. Inhalation of these agents activates alveolar
macrophages and epithelial cells, triggering
inflammatory  cascades that promote ROS
generation. Heavy metals like lead, mercury,
cadmium, and arsenic further potentiate oxidative
injury by interfering with mitochondrial function
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and displacing essential metal cofactors in
antioxidant enzymes. The cumulative oxidative
burden from these agents has been linked to
respiratory diseases, cardiovascular dysfunction,
and systemic inflammation.

2. Nutritional Imbalance and Sedentary Habits

Dietary patterns marked by high intake of
ultra-processed foods, trans fats, and refined sugars
are typically deficient in essential micronutrients
and antioxidants such as vitamins C and E,
selenium, and polyphenols. These deficiencies
weaken the body’s intrinsic antioxidant systems,
leaving cells more vulnerable to oxidative damage.
Furthermore,  physical inactivity  reduces
mitochondrial efficiency and antioxidant enzyme
expression, creating a metabolic environment
conducive to ROS accumulation and insulin
resistance.

3. Sleep Disruption and Excessive Screen Exposure

Modern digital lifestyles, marked by
excessive screen time and poor sleep hygiene,
contribute significantly to oxidative imbalance.
Exposure to blue light from screens disrupts
circadian rhythm and inhibits  melatonin
synthesis—a hormone with potent antioxidant
properties. Chronic sleep deprivation also impairs
DNA repair mechanisms and exacerbates systemic
inflammation, both of which contribute to sustained
oxidative stress.

Pathophysiological Outcomes of Oxidative
Stress

The biological impact of oxidative stress
extends far beyond cellular biochemistry,
influencing the onset and progression of numerous
systemic diseases. As reactive oxygen species
(ROS) accumulate and overwhelm antioxidant
defenses, they inflict widespread molecular
damage—disrupting signaling pathways,
compromising cell membranes, and triggering
inflammation. This cascade contributes to a range
of chronic pathologies, each rooted in oxidative
imbalance.

1. Cardiovascular Dysfunction

Oxidative stress plays a key role in
endothelial ~ dysfunction by reducing the
bioavailability of nitric oxide (NO), a critical
molecule for vascular tone and homeostasis. The
resulting vasoconstriction, coupled with increased
vascular inflammation, fosters hypertension and
promotes the formation of atherosclerotic plaques.

ROS also oxidize low-density lipoproteins (LDL),
a pivotal step in the development of coronary artery
disease and other cardiovascular disorders.

2. Neurodegenerative Disorders

The brain, due to its high oxygen
consumption and lipid-rich composition, is
particularly susceptible to oxidative damage. In
conditions like Alzheimer’s and Parkinson’s
disease, ROS contribute to neuronal degeneration
through mechanisms such as mitochondrial
dysfunction, protein misfolding, and excitotoxicity.
Accumulation of oxidized proteins and impaired
autophagy further accelerate neuronal loss and
cognitive decline.

3. Cancer Development and Progression

Chronic  oxidative  stress  promotes
carcinogenesis through several pathways: direct
DNA mutations, activation of oncogenes, inhibition
of tumor suppressor genes, and enhancement of
angiogenesis. ROS can also stimulate proliferative
signaling and resistance to apoptosis, thereby
supporting tumor growth and metastasis.

4. Accelerated Aging and Cellular Senescence

The free radical theory of aging proposes
that  cumulative  oxidative  damage to
macromolecules drives aging at the cellular and
tissue levels. ROS-induced shortening of telomeres,
disruption of mitochondrial function, and increased
inflammatory signaling collectively contribute to
cellular senescence, reduced regenerative capacity,
and age-related decline in organ function

Therapeutic and Preventive Strategies

Given the pervasive role of oxidative
stress in modern disease pathology, effective
mitigation strategies must target both the sources of
oxidative burden and the pathways of cellular
defense. A multifaceted approach—encompassing
pharmacological interventions, behavioral
modifications, and public health awareness—is
essential for reducing ROS-induced damage and
promoting systemic resilience.
1. Antioxidant Supplementation

Therapeutic antioxidants have garnered
considerable interest for their potential to neutralize
ROS and support mitochondrial function.
Compounds such as N-acetylcysteine (NAC),
alpha-lipoic acid, and coenzyme Q10 have
demonstrated efficacy in lowering oxidative
biomarkers and improving outcomes in conditions
like neurodegenerative diseases and metabolic
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syndromes. However, indiscriminate
supplementation may carry risks, and their use
should be evidence-based and tailored to individual
patient profiles.

2. Stress Reduction and Mind-Body Techniques

Mindfulness practices—including yoga,
meditation, and cognitive behavioral therapy
(CBT)—help modulate the HPA axis and reduce
cortisol levels. These interventions enhance vagal
tone, lower systemic inflammation, and improve
immune regulation. By restoring neuroendocrine
balance, they indirectly reduce oxidative stress and
improve overall well-being.

3. Lifestyle Modifications

Long-term reduction of oxidative stress
hinges on sustainable lifestyle changes. Adoption
of a Mediterranean-style diet, rich in fruits,
vegetables, omega-3 fatty acids, and natural
antioxidants, provides essential micronutrients that
reinforce  endogenous defense  mechanisms.
Regular physical activity boosts mitochondrial
efficiency and induces beneficial stress responses
(hormesis), while adequate sleep supports DNA
repair, hormonal balance, and antioxidant enzyme
regulation.

1. CONCLUSION

In the context of modern living, oxidative
stress has emerged not merely as a biochemical
consequence but as a central player in the
pathology of numerous chronic disorders. The
convergence of psychological stress, environmental
toxins, immune dysfunction, and poor lifestyle
choices has created a complex web of oxidative
imbalance that silently erodes human health.

This review has illuminated how
persistent activation of the HPA axis under chronic
stress disrupts hormonal and immune homeostasis,
paving the way for excessive production of reactive
oxygen species. Coupled with declining antioxidant
capacity, these free radicals inflict molecular
damage that contributes to cardiovascular disease,
neurodegeneration, cancer  progression, and
premature aging. External contributors—such as
pollution, poor nutrition, sleep disruption, and
sedentary behavior—intensify this burden, creating
a systemic oxidative overload that affects nearly
every organ system.

Importantly, the pathophysiology of
oxidative stress is not an isolated or irreversible
process. Through integrative strategies that include
targeted antioxidant  therapy, behavioral

interventions like stress reduction, and sustainable
lifestyle changes, it is possible to restore redox
balance and build physiological resilience. Efforts
to mitigate oxidative damage must also involve
public health education and policy-level actions to
reduce environmental exposures and promote
healthy living.

Moreover, the emerging scientific
landscape points toward new frontiers—such as the
interaction between oxidative stress and the gut
microbiome, the influence of nanotoxicology, and
individualized antioxidant responses based on
genetic variability. These areas warrant further
exploration to refine our understanding and
enhance precision in preventive and therapeutic
approaches.

Ultimately, tackling oxidative stress
requires more than pharmaceutical solutions; it
demands a shift in how we live, perceive health,
and respond to stressors in our environment. Only
through a holistic, interdisciplinary, and proactive
approach can we hope to counter this silent
epidemic and safeguard well-being in the
increasingly demanding conditions of the 21st
century.
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