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Abstract
Oxidative stress, defined as an imbalance between the formation of
reactive oxygen species (ROS) and the body's antioxidant defenses,
is a key factor in the pathophysiology of many human diseases.
This review investigates the molecular mechanisms underpinning
oxidative stress, focusing on its sources and the physiological harm
it causes. The role of oxidative stress in the genesis and
progression of neurodegenerative disorders, cardiovascular
diseases, cancer, and metabolic disorders is extensively examined,
with a focus on its impact on cellular function and overall health.
Furthermore, the article investigates the body's natural antioxidant
systems, dietary antioxidants, and new antioxidant therapies
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aimed at reducing oxidative damage. While antioxidants' medicinal
potential is intriguing, issues such as appropriate dose,
bioavailability, and potential side effects persist. Future research
should concentrate on determining targeted antioxidant strategies
based on specific disease pathways. This review highlights the dual
character of oxidative stress as both a physiological need and a
pathological driver, with the goal of inspiring future research in
this dynamic subject.

Keywords: Stress, Antioxidants, Disease.

Introduction

Oxidative stress is defined as a metabolic imbalance between the creation of
reactive oxygen species (ROS) and reactive nitrogen species (RNS) and the
body's ability to neutralize these reactive molecules using antioxidant defenses.
ROS, including superoxide anion (O27), hydroxyl radicals («OH), and
hydrogen peroxide (H202), are byproducts of normal cellular metabolism,
especially mitochondrial oxidative phosphorylation. A balance is maintained
under healthy settings, allowing ROS to participate in signaling cascades and
cellular stability. However, high ROS levels or low antioxidant defenses can
cause oxidative stress, causing lipid, protein, and DNA damage and disrupting
cellular function (1).

Antioxidants play an important role in reducing oxidative stress by
neutralizing ROS and limiting their detrimental effects. Endogenous
antioxidants include superoxide dismutase (SOD), catalase, and glutathione,
while exogenous antioxidants include vitamins C and E, carotenoids, and
polyphenols received through diet (2). These mechanisms work together to
maintain cellular redox equilibrium and prevent oxidative damage.

It is impossible to overestimate the importance of oxidative stress in human
health and illness. Numerous diseases, including neurological disorders like
Alzheimer's and Parkinson's, cardiovascular ailments like atherosclerosis and
hypertension, and metabolic disorders like diabetes mellitus, have been linked
to elevated oxidative stress in their genesis and progression. Furthermore,
because ROS can cause genetic abnormalities and encourage chronic
inflammation, they can play a role in the aging process and the development
of cancer (3).

Therapeutic improvements could be greatly aided by addressing oxidative
stress and utilizing antioxidants' protective properties. Research in this area is
crucial because it may lead to new treatments and preventative measures for a
variety of illnesses if the processes of oxidative stress and the function of
antioxidants are better understood.

The Oxidative Stress Mechanisms

Two extremely reactive chemicals that are essential to oxidative stress are
reactive oxygen species (ROS) and reactive nitrogen species (RNS). When
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their levels are not appropriately controlled, these species—which are mostly
produced as byproducts of cellular metabolism—can seriously harm cellular
structures and result in a number of disease processes. Clarifying the
fundamental mechanisms of oxidative stress requires an understanding of the
production of ROS and RNS, their sources, and the mechanisms that keep
them in balance.

Formation of Reactive Nitrogen and Oxygen Species: When oxygen is
partially reduced, reactive oxygen species (ROS) are created, including
hydrogen peroxide (H20:2), hydroxyl radical («OH), and superoxide anion
(O27¢). Numerous biological mechanisms, such as the electron transport chain
(ETC) in mitochondria, can produce these species. Superoxide is a byproduct
of electrons leaking from the ETC interacting with oxygen. In the presence of
transition metals like iron and copper, this superoxide can subsequently be
transformed into hydrogen peroxide, which can then decompose further to
create the extremely reactive hydroxyl radical (1). However, nitric oxide
synthase (NOS) converts L-arginine into nitric oxide (NOes), which is the
source of RNS. Peroxynitrite (ONOO"), a strong oxidant that may nitrate
tyrosine residues and cause damage to proteins, lipids, and DNA, is created
when nitric oxide and superoxide react (4).

ROS and RNS Sources

Both endogenous and external sources can produce ROS and RNS.

Internal Sources

Mitochondria: The electron transport chain, which is essential for ATP
generation, is the main generator of ROS in eukaryotic cells. Superoxide may
arise as a result of electron leakage during this phase and thereafter be
transformed into additional ROS (5).

NADPH Oxidase (NOX) Enzymes: When active, these enzymes
contribute to the formation of ROS and are involved in a number of cellular
processes, such as signaling and immunological response (6).

Endoplasmic Reticulum (ER): The ER contributes to oxidative conditions
in the cell by generating ROS during protein folding and stress responses (7).
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Mechanisms of Oxidative Stress
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Figure: 1 This figure illustrates the major sources of reactive oxygen species
(ROS), including mitochondria, pollution, and UV radiation. It also highlights
the downstream effects of ROS, such as lipid peroxidation, DNA damage, and
protein oxidation, which contribute to cellular dysfunction and disease
progression.

External Sources

Environmental Pollution: The respiratory system and other tissues may
produce more reactive oxygen species (ROS) as a result of exposure to
pollutants including ozone and particulate matter (8).

Radiation: Ionizing radiation, such as X-rays and ultraviolet (UV) light, can
cause hydroxyl radicals to develop by disturbing cellular water (9).

Diet and Lifestyle: By causing inflammation and mitochondrial dysfunction,
high-fat and high-sugar diets, as well as behaviors like smoking and drinking
alcohol, can exacerbate oxidative stress (3).

Antioxidant Defenses and ROS Production in Balance

To preserve homeostasis and stop oxidative damage, the generation of ROS
and antioxidant defenses must be balanced within the cell. Low to moderate
ROS levels are necessary for metabolic processes and cellular communication
under typical physiological settings. Oxidative stress, on the other hand,
results when ROS generation surpasses the antioxidant defense systems'
capacity, causing cell damage and dysfunction (1).

In order to neutralize ROS and preserve redox equilibrium, antioxidants are
essential. ROS are changed into less reactive species by endogenous
antioxidants, which include enzymes like glutathione peroxidase, catalase, and
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superoxide dismutase (SOD). By directly scavenging ROS, non-enzymatic
antioxidants such glutathione, vitamin C, and vitamin E also offer protection
(2). Overloading these systems greatly raises the possibility of oxidative
damage to macromolecules, which can result in mutations, inflammation, and
cellular senescence. Numerous chronic illnesses, including as cancer,
cardiovascular disease, and neurodegenerative disorders, can be influenced by
this disruption in their onset and progression (3).

Cellular health depends on preserving a sufficient balance between ROS
generation and antioxidant capability. It may be possible to reduce the harm
caused by oxidative stress and enhance health outcomes by using therapeutic
approaches that target ROS levels or strengthen antioxidant defenses.

Balance Between Oxidative Stress and Antioxidants

ROS Production Antioxidant Defenses

Figure:2 This pie chart represents the dynamic balance between oxidative
stress and antioxidant defenses in the human body. When ROS production
exceeds antioxidant capacity, oxidative damage occurs, leading to various
pathological conditions.

Impact on Human Diseases

Numerous chronic and degenerative disorders are affected by oxidative stress
in human health. Oxidative stress contributes to the onset and progression of
a number of diseases when the equilibrium between the generation of ROS
and antioxidant defenses is upset. Its role in particular disease categories is
discussed below.
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Neurodegenerative Disorders

The pathophysiology of neurodegenerative illnesses like Huntington's,
Parkinson's, and Alzheimer's is known to be influenced by oxidative stress.
Oxidative damage aggravates the buildup of tau tangles and amyloid-beta
plaques in Alzheimer's disease, resulting in neuronal death and cognitive loss
(10). ROS speed up the course of disease by causing mitochondrial
malfunction, inflammatory system activation, and apoptosis (11).
Degeneration of dopaminergic neurons in the substantia nigra is a hallmark of
Parkinson's disease. Alpha-synuclein is a protein found in Lewy bodies, which
are formed in part by oxidative stress. Cell death and motor impairment result
from the oxidative alteration of proteins and lipids in these cells (12). Motor,
cognitive, and psychiatric symptoms of Huntington's disease are caused by
neuronal damage linked to mitochondrial malfunction and elevated ROS
generation (13).

Oxidative Stress in Neurodegenerative Diseases
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Figure: 3 This bar chart depicts the involvement of oxidative stress in major
neurodegenerative diseases, including Alzheimer’s, Parkinson’s, and
Huntington’s disease. Increased oxidative stress plays a critical role in
neuronal damage and disease progression.

Cardiovascular Diseases

Atherosclerosis, hypertension, and myocardial infarction are among the
cardiovascular diseases those are significantly influenced by oxidative stress.
In atherosclerosis, excessive ROS promote the oxidation of low-density
lipoprotein (LDL), which is then taken up by macrophages, resulting in foam
cell formation and plaque development in the arterial walls (1). In
hypertension, oxidative stress also plays a crucial role, as ROS-induced
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damage to endothelial cells impairs the production of nitric oxide (NO), which
lowers vasodilation and increases vascular resistance (14). Similarly, oxidative
stress-induced myocardial injury, where ROS contribute to inflammation and
apoptosis of cardiac cells, can precipitate myocardial infarction (15).

Oxidative Stress in Cardiovascular Diseases

Myocardial Infarction

Hypertension

Cardiovascular Diseases

Atherosclerosis

0 10 20 30 40 50 60 70 80
Oxidative Stress Contribution (%)

Figure: 4 This horizontal bar chart illustrates the contribution of oxidative
stress to cardiovascular diseases such as atherosclerosis, hypertension, and
myocardial infarction. ROS-induced endothelial dysfunction is a key factor in
cardiovascular pathology.

Cancer

Both the development and spread of cancer are influenced by cancer ROS.
Elevated ROS levels harm proteins, lipids, and DNA, raising the danger of
mutations and the advancement of cancer, but low ROS levels can function as
signaling molecules to encourage cell proliferation (3). ROS-induced DNA
damage can result in chromosomal instability, oncogene activation, and tumor
suppressor gene inactivation—all of which are crucial stages in the
development of tumors (16).

Additionally, ROS can change the tumor microenvironment by encouraging
angiogenesis, inflammation, and immune evasion—all of which aid in the
growth and metastasis of tumors. By changing the effectiveness of drugs and
causing cellular changes, the oxidative environment can also lead to resistance
to cancer treatments (16).
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Oxidative Stress and Cancer
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Figure: 5 This scatter plot highlights the impact of oxidative stress in cancer
development. ROS contribute to DNA damage, mutations, and cancer
progression, promoting tumor growth and resistance to therapy.

Metabolic Disorders

Metabolic Disorders Obesity and diabetes are linked to chronic oxidative
damage. In type 2 diabetes, hyperglycemia increases the production of
advanced glycation end-products (AGEs), which worsen inflammation and
oxidative stress, causing damage to pancreatic [-cells, insulin resistance, and
complications like diabetic neuropathy and nephropathy (17). Obesity is also
linked to elevated levels of ROS, as adipose tissue in obese people generates
pro-inflammatory cytokines and ROS, which fuel systemic inflammation and
insulin resistance (18). The chronic oxidative state linked to obesity further
predisposes people to metabolic syndrome and cardiovascular problems.
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Oxidative Stress in Metabolic Disorders

Diabetes

Obesity

Figure: 6 This pie chart illustrates the role of oxidative stress in metabolic
disorders, particularly diabetes and obesity. Increased oxidative stress leads to
insulin resistance, inflammation, and metabolic dysfunction.

Other Diseases

In respiratory conditions like asthma, where elevated ROS production in the
airways leads to inflammation, airway hyperresponsiveness, and tissue
damage, oxidative stress has consequences (19).

Through the generation of ROS and the modification of cellular
communication, oxidative stress contributes to immune cell activation and
tissue damage in autoimmune illnesses such as rheumatoid arthritis (RA) (20).
Increased oxidative stress throughout the aging process itself causes cellular
senescence, a decrease in regenerative ability, and the emergence of age-
related illnesses such sarcopenia and osteoporosis (3).

Antioxidant Systems

Antioxidant Systems

Antioxidants serve an important function in balancing ROS generation and
oxidative stress, thereby preserving cells from harm. They are generically
classified as endogenous antioxidants, dietary antioxidants, and synthetic
antioxidant therapy.
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Endogenous Antioxidants

Endogenous antioxidants are naturally created by the body and are essential
for neutralizing ROS. These antioxidants are further classified into enzymatic
and non-enzymatic types:

Enzymatic Antioxidants: The body generates numerous important
enzymes that help neutralize ROS.

Superoxide Dismutase (SOD): Superoxide Dismutase (SOD) converts
superoxide radicals into hydrogen peroxide and oxygen. It is an important
initial line of defense against oxidative stress (21).

Catalase: Catalase is a protein that converts hydrogen peroxide into water
and oxygen, minimizing the possibility of cellular component damage (22).
Glutathione Peroxidase (GPx): Glutathione Peroxidase (GPx) is an
enzyme that lowers hydrogen peroxide and organic hydroperoxides, hence
guarding against oxidative damage (23).

Non-enzymatic Antioxidants: These tiny compounds directly scavenge
ROS:

Glutathione

Glutathione (GSH) is a tripeptide that neutralizes free radicals and aids in the
regeneration of other antioxidants (24).

Dietary Antioxidants

Dietary antioxidants are derived from food and contribute to the body's
antioxidant defenses.

Vitamins: Vitamin C (ascorbic acid) is a water-soluble antioxidant that can
transfer electrons to counteract ROS and replenish other antioxidants (25).
Vitamin E (tocopherol) is a fat-soluble antioxidant that protects cell
membranes from oxidative damage by removing lipid peroxides (26).
Polyphenols: Fruits, vegetables, tea, and red wine all contain polyphenols,
which are bioactive substances. They have antioxidant action by scavenging
free radicals and regulating oxidative stress signaling pathways (27).
Carotenoids: Carotenoids, including beta-carotene, lutein, and zeaxanthin,
are pigments found in colorful fruits and vegetables. They aid to prevent
oxidative damage by neutralizing ROS and protecting against photooxidative
stress (28).

Antioxidant Therapies

Antioxidant therapies employ synthetic chemicals to fight oxidative stress and
are used in a variety of health applications:

Synthetic antioxidants

N-acetylcysteine (NAC): NAC is a precursor to glutathione and has been
used clinically to treat oxidative stress diseases such as chronic obstructive
pulmonary disease (COPD) and acetaminophen overdose (29).

Alpha-lipoic acid (ALA): Alpha-lipoic acid (ALA) is a powerful antioxidant
that can help diabetics reduce oxidative damage and improve insulin
sensitivity (30).

Coenzyme Q10 (CoQ10): CoQi0 promotes mitochondrial activity and
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protects against oxidative damage, making it particularly effective for
cardiovascular and neurological illnesses (31).

Applications of Antioxidant Therapies: Synthetic antioxidants are now
being used to treat chronic diseases, cancer, and aging-related problems, in
addition to clinical treatments. While some studies have found advantages,
others indicate that excessive antioxidant supplementation may interfere with
natural oxidative signaling pathways (32).

Challenges and Limitations

Despite the well-established role of antioxidants and oxidative stress in
human health, there are numerous hurdles and constraints to study and
clinical use in this area. This section addresses some of the major issues and
gaps in existing knowledge.

Controversies and Overuse of Supplements

One of the biggest issues in the study of oxidative stress and antioxidant
therapy is the abuse and misuse of antioxidant supplements. While
antioxidants can help reduce oxidative damage, excessive supplementation
may have negative consequences and disrupt natural redox signaling
mechanisms. High concentrations of antioxidants, such as vitamin E and beta-
carotene, have been related to unfavorable health effects, including an
increased risk of specific diseases and interference with normal cellular
signaling (33).

For example, large-scale clinical trials have demonstrated that high-dose beta-
carotene supplementation can raise the risk of lung cancer in smokers (34).
Similarly, vitamin E supplements have been linked to an increased risk of
hemorrhagic stroke and other consequences (35). These findings highlight the
necessity of a well-balanced antioxidant consumption, as well as the need for
additional research to discover the optimal supplement amounts.

Gaps in Understanding Oxidative Stress's Role in Certain Diseases
While the role of oxidative stress in numerous diseases is widely known, there
are still major gaps in knowing its precise processes and the amount to which
it contributes to disease progression. While oxidative damage is known to
have a role in neurodegenerative illnesses, the precise molecular pathways
and connections with other factors like as genetics, inflammation, and protein
misfolding are unknown (1).

ROS's dual activity as oncogenic and tumor-suppressive agents complicates
comprehension of their role in various stages of cancer formation (35). This
duality hampers treatment efforts that seek to target oxidative stress while
preserving healthy cellular processes.

Cardiovascular diseases are yet another area with severe understanding gaps.
While oxidative stress is recognized to play a role in atherosclerosis and
hypertension, it is unknown how different ROS sources contribute to specific
disease stages or interact with lifestyle and genetic factors (36). Furthermore,
there is little understanding of how antioxidants interact with other
medications or illnesses, complicating treatment regimens for people with
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numerous health problems.

Finally, research on metabolic disorders like diabetes and obesity is frequently
focused on short-term results, with few studies looking at the long-term
effects of oxidative stress and antioxidants on disease progression and
consequences.
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Future Directions

To address these issues, more focused study is required to better understand
the processes of oxidative stress in diverse diseases and to identify safe and
effective antioxidant therapies. Precision medicine advancements could help
personalize antioxidant therapy to individual patients based on their genetic
and environmental backgrounds. Furthermore, better-designed clinical trials
that consider long-term effects and combinations with other medications are
required to produce comprehensive antioxidant guidelines.

Conclusion

Oxidative stress is a major element in the development of many chronic
diseases, and antioxidant systems play an important role in alleviating its
effects. However, it is difficult to determine optimal antioxidant
concentrations and comprehend how they interact with other medical
treatments. To address these issues, future research should concentrate on
precision medicine approaches that adapt antioxidant therapy to individuals'
genetic and environmental profiles. Longitudinal investigations and clinical
trials to determine the long-term safety and efficacy of antioxidant
supplements are critical. Mechanistic research should continue to investigate
the routes by which ROS contribute to disease progression and uncover
potential treatment targets. We can improve human health outcomes by
optimizing the use of antioxidants in disease prevention and therapy, thanks
to improvements in personalized medicine.
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