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Oxidative stress is an important pathological process that occurs when the production of 

reactive oxygen species (ROS) and reactive nitrogen species (RNS) exceeds the capac-

ity of the body's antioxidant defence system. Reactive species are continuously gener-

ated during normal cellular metabolism and also participate in physiological processes 

such as cellular signalling and immune defence. However, excessive or uncontrolled 

production of these species can disturb redox homeostasis and damage important cellu-

lar components, including lipids, proteins, DNA and cellular organelles. Oxidative stress 

has been associated with the development and progression of several chronic diseases, 

including cardiovascular diseases, diabetes mellitus, neurodegenerative disorders and 

cancer. It can also interact with inflammatory pathways, mitochondrial dysfunction and 

abnormal cellular signalling, thereby creating a cycle that promotes tissue injury and 

disease progression. The body possesses several antioxidant defence mechanisms, in-

cluding enzymatic antioxidants such as superoxide dismutase, catalase and glutathione 

peroxidase, as well as non-enzymatic antioxidants such as glutathione, vitamin C and 

vitamin E. Current research is focusing on targeted antioxidant approaches, modulation 

of  redox  signalling,  nanotechnology-based  delivery  systems  and  new  therapeutic 

strategies. This review discusses the basic concept of oxidative stress, major sources of 

ROS and RNS, antioxidant defences, mechanisms of cellular damage, involvement in 

major diseases, therapeutic approaches, current challenges and future perspectives.
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INTRODUCTION

Oxidative stress is a condition associated with an im-

balance  between  the  generation  of  reactive  species 

and the ability of biological systems to neutralize or 

remove  them.  Reactive  oxygen  species  (ROS)  and 

reactive nitrogen species (RNS) are continuously pro-

duced in cells as part of normal metabolism. At con-

trolled  concentrations,  these  molecules  are  not 

necessarily harmful. They participate in cellular sig-

nalling, immune responses, proliferation, differentia-

tion and other physiological functions. Problems arise 

when  their  production  becomes  excessive  or  when 

antioxidant defences are insufficient, resulting in dis-

ruption of redox homeostasis.[3,5,6]

Important ROS include superoxide radical, hydrogen 

peroxide and hydroxyl radical, whereas important RNS 

include nitric oxide and peroxynitrite. These reactive 

molecules can arise from both endogenous and external 

sources. Mitochondrial respiration, NADPH oxidases 

and  inflammatory  cells  are  important  endogenous 

sources,  while  cigarette  smoke,  radiation,  environ-

mental pollutants and certain chemicals can contribute 

to oxidative stress from outside the body.[4,6,8]

Oxidative stress is increasingly recognized as a com-

mon  factor  involved  in  the  pathogenesis  of  many 

chronic diseases. Excessive reactive species can cause 

lipid peroxidation, protein modification, DNA damage 

and  mitochondrial  dysfunction.  These  changes  may 

disturb normal cellular function and, when persistent, 

contribute to inflammation, cell death and tissue injury. 

Oxidative stress has been associated with cardiovascu-

lar  diseases,  diabetes,  neurodegenerative  disorders, 

cancer, renal and pulmonary diseases and other patho-

logical conditions.[1,2,4,5,7]

Figure 1: General Overview of Oxidative Stress

3. Sources and Generation of Reactive Oxygen and 

Nitrogen Species

Reactive  species  are  generated  continuously  during 

normal cellular activities. Their production is particu-

larly associated with processes involving oxygen me-

tabolism  and  electron  transfer.  Under  normal 

conditions, their levels are controlled by antioxidant 

systems.  When production increases  significantly or 

antioxidant defences become impaired, reactive species 

can accumulate and produce oxidative stress.[4,6,7]

3.1 Endogenous Sources

The major endogenous sources include:

Mitochondria: Mitochondria generate ROS mainly as 

a  consequence  of  electron  transport  during  cellular 

respiration. Electron leakage from the respiratory chain 

can result in the formation of superoxide. Mitochondria 

are therefore an important source of intracellular ROS.

[4,6,7]

NADPH oxidases: These enzymes deliberately gener-

ate reactive oxygen species and have important roles in 

cellular signalling and host defence. Excessive activa-

tion, however, can contribute to oxidative damage.[8,9]

Inflammatory  cells: Neutrophils  and  macrophages 

generate ROS during the respiratory burst to destroy 

invading  microorganisms.  Persistent  or  excessive 
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activation of these cells can also cause damage to sur-

rounding tissues.[8,9]

Other enzymatic reactions: Several cellular enzymes 

and metabolic reactions can generate reactive species, 

particularly when cellular metabolism is disturbed.[6,8]

3.2 Exogenous Sources

External factors that can increase oxidative stress in-

clude:

 Cigarette smoking

 Air pollution

 Ultraviolet and ionizing radiation

 Certain chemicals and drugs

 Environmental toxins

 Unhealthy dietary patterns

Lifestyle factors such as smoking, poor diet and lack of 

physical  activity  have also  been associated with in-

creased oxidative stress.[2]

Figure 2: Sources and Generation of ROS/RNS

4. Antioxidant Defence System

The body has a complex antioxidant defence system 

that protects cells against excessive reactive species. 

Antioxidants work by neutralizing reactive molecules, 

converting them into less reactive products or prevent-

ing their formation. The antioxidant system includes 

enzymatic and non-enzymatic components.[6,8]

4.1 Enzymatic Antioxidants

Superoxide Dismutase

Superoxide dismutase (SOD) converts superoxide rad-

icals into hydrogen peroxide. It represents an important 

first line of defence against superoxide-mediated dam-

age. [8]

Catalase

Catalase converts hydrogen peroxide into water and 

oxygen.  It  is  particularly  important  in  preventing 

accumulation  of  hydrogen  peroxide  at  potentially 

harmful concentrations. [8]

Glutathione Peroxidase

Glutathione peroxidase reduces hydrogen peroxide and 

lipid peroxides using glutathione as an electron donor. 

It therefore helps protect cellular membranes and other 

structures from oxidative damage.[8]

Other antioxidant systems include the thioredoxin sys-

tem and related enzymes that help maintain cellular 

redox balance.[8]

4.2 Non-enzymatic Antioxidants

Important non-enzymatic antioxidants include:
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 Glutathione

 Vitamin C

 Vitamin E

 Carotenoids

 Flavonoids

 Melatonin

These  molecules  can  neutralize  reactive  species  or 

support other antioxidant mechanisms.[2,8]

Figure 3: Antioxidant Defence System

5.  Mechanism  of  Oxidative  Stress  and  Cellular 

Damage

Oxidative stress occurs when reactive species are pro-

duced faster than they can be controlled by antioxidant 

defences. The resulting accumulation of ROS and RNS 

can  affect  several  important  cellular  components.

[2,4,6]

5.1 Lipid Peroxidation

Cell membranes contain large amounts of polyunsatu-

rated fatty acids that are vulnerable to oxidation. Re-

active species can initiate lipid peroxidation, producing 

unstable lipid radicals and secondary products. These 

products can alter membrane structure and function and 

may also act as signalling molecules that further influ-

ence cellular responses.[4,7]

5.2 Protein Oxidation

Oxidative  modification  of  proteins  can  alter  their 

structure and function. Enzymes, receptors, transport 

proteins and structural proteins may be affected. Pro-

tein  oxidation  can  interfere  with  normal  cellular 

metabolism and may promote protein aggregation or 

degradation.[4,7,8]

5.3 DNA Damage

ROS  can  modify  DNA  bases,  produce  single-  and 

double-strand breaks and contribute to mutations and 

other genomic abnormalities. Persistent DNA damage 

can affect normal cellular growth and survival and may 

contribute to carcinogenesis.[4,7]

5.4 Mitochondrial Dysfunction

Excessive oxidative stress can damage mitochondrial 

proteins, membranes and mitochondrial DNA. Mito-

chondrial dysfunction can further increase ROS pro-

duction,  creating a harmful cycle between oxidative 

damage and impaired energy metabolism.[4,6,7]

5.5 Cell Death

Severe  or  prolonged  oxidative  damage  can  activate 

pathways leading to apoptosis, necrosis or other forms 

of regulated cell death. The final outcome depends on 

the amount and location of oxidative damage and the 

ability of the cell to repair the injury.[1,4,5]
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Figure 4: Mechanism of Oxidative Stress-Induced Cellular Damage

6. Role of Oxidative Stress in Disease Pathogenesis

Oxidative stress is involved in the development and 

progression of several major diseases. It may act as a 

primary cause of injury in some conditions and as a 

secondary contributor that worsens an already existing 

disease in others.[1,3,5]

6.1 Cardiovascular Diseases

Oxidative stress contributes to cardiovascular pathol-

ogy through oxidative modification of lipids, endothe-

lial dysfunction, inflammation and abnormal vascular 

signalling. Oxidized lipids can contribute to vascular 

injury and atherosclerotic processes.  Excessive ROS 

can also reduce the availability of nitric oxide, impair-

ing normal vascular relaxation.[1,5,8]

Oxidative stress may therefore contribute to the pro-

gression  of  atherosclerosis  and  other  cardiovascular 

abnormalities by promoting vascular inflammation and 

cellular dysfunction.[1,5]

6.2 Diabetes Mellitus

Oxidative stress has an important role in diabetes and 

its  complications.  Persistent  hyperglycaemia  can  in-

crease oxidative stress and promote the formation of 

advanced glycation end products. These products can 

activate  inflammatory  signalling  through  receptors 

such  as  RAGE  and  may  further  increase  oxidative 

stress.[1,2,5]

This creates a vicious cycle involving hyperglycaemia, 

oxidative stress and inflammation. Oxidative damage 

contributes  to  complications  affecting  the  kidneys, 

nerves and cardiovascular system.[1,2,5]

6.3 Neurodegenerative diseases

The brain is particularly vulnerable to oxidative dam-

age because of its high oxygen consumption, lipid-rich 

composition and sensitivity to mitochondrial dysfunc-

tion. Oxidative stress has been associated with neu-

rodegenerative  disorders  including  Alzheimer's  and 

Parkinson's diseases.[1,3,5]

Oxidative damage to neuronal  membranes,  proteins, 

DNA and  mitochondria  may  contribute  to  neuronal 

dysfunction and progressive cell loss. Oxidative stress 

can  also  interact  with  neuroinflammatory  pathways, 

further contributing to disease progression.[1,3,5]

6.4 Cancer

Oxidative stress can contribute to cancer development 

by causing DNA damage, genomic instability and ab-

normal cellular signalling. ROS may influence path-

ways  involved  in  cell  proliferation,  survival  and 

inflammation. Persistent oxidative damage can there-

fore contribute to initiation and progression of tumours.

[3,4,9]

However,  ROS can  also  be  involved in  cancer  cell 

killing, which demonstrates that their biological effects 
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depend on  their  concentration,  location  and  cellular context.[5,9]

Table 1: Role of Oxidative Stress in Major Diseases

Disease Major effect of oxidative stress Possible consequence

Cardiovascular disease Lipid oxidation and endothelial dysfunction Vascular injury

Diabetes Oxidative and inflammatory signalling Diabetic complications

Neurodegenerative diseases Mitochondrial and neuronal damage Neuronal dysfunction

Cancer DNA damage and altered signalling Abnormal cell growth

7. Oxidative Stress and Inflammation

Oxidative stress  and inflammation are closely inter-

connected  processes.  Reactive  species  can  activate 

inflammatory signalling pathways, while inflammatory 

cells can generate additional ROS and RNS. This cre-

ates a self-amplifying cycle in which oxidative stress 

promotes  inflammation  and  inflammation  increases 

oxidative stress.[5,9]

During  inflammation,  activated  neutrophils  and 

macrophages  produce  ROS  as  part  of  the  immune 

response. This is useful for eliminating pathogens, but 

prolonged inflammatory activity can expose surround-

ing tissues to excessive reactive species.[8,9]

Oxidative  stress  can  also  influence  redox-sensitive 

signalling  pathways,  including  NF-κB  and  MAPK-

related  pathways.  Activation  of  such  pathways  can 

promote  the  production  of  inflammatory  mediators. 

Therefore,  the  interaction  between  oxidative  stress 

and  inflammation  is  an  important  component  of 

chronic disease pathogenesis.[9]

Figure 5: Oxidative Stress–Inflammation Cycle

8. Cellular and Molecular Consequences

The major  cellular  consequences  of  oxidative stress 

include:

8.1 Lipid Peroxidation

Damage to membrane lipids can affect membrane flu-

idity, permeability and cellular signalling.[4,5,7]

8.2 Protein Modification

Oxidation can change protein structure and reduce the 

activity of important enzymes and receptors.[4,7,8]

8.3 DNA Damage

Oxidative modification of DNA can result in mutations 

and genomic instability.[4,7]
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8.4 Mitochondrial Dysfunction

Damage to mitochondria can impair energy production 

and increase further ROS generation.[4,6,7]

8.5 Altered Cell Signalling

ROS can modify redox-sensitive signalling pathways 

involved in inflammation, proliferation, apoptosis and 

cellular adaptation.[5,9]

Table 2: Major Cellular Targets of Oxidative Stress

Cellular target Type of damage Major outcome

Lipids Lipid peroxidation Membrane dysfunction

Proteins Oxidation/modification Enzyme and structural dysfunction

DNA Base modification/breaks Mutation and genomic instability

Mitochondria Oxidative damage Reduced energy production

Signalling proteins Redox modification Abnormal cellular signalling

9. Therapeutic Approaches for Oxidative Stress

Because  oxidative  stress  contributes  to  several  dis-

eases, therapeutic approaches have focused on restor-

ing redox balance or reducing harmful reactive species.

[5,10]

9.1 Antioxidant Therapy

Antioxidant therapy aims to reduce excessive reactive 

species or strengthen endogenous antioxidant defences. 

Compounds such as vitamin C, vitamin E, glutathione-

related  approaches  and  other  antioxidant  molecules 

have been investigated.[5,10]

However, antioxidant therapy is not universally effec-

tive. ROS also have physiological functions, and in-

discriminate  removal  of  ROS  may  interfere  with 

normal  cellular  signalling.  Clinical  results  therefore 

vary depending on the disease, antioxidant, dose, tim-

ing and patient characteristics.[10]

9.2 Natural Antioxidants

Plant-derived  compounds  such  as  flavonoids, 

carotenoids and other polyphenolic compounds have 

attracted  attention  because  of  their  antioxidant  and 

potential anti-inflammatory properties. However, their 

clinical  effectiveness  depends  on  factors  such  as 

bioavailability,  metabolism  and  appropriate  dosing.

[2,5]

9.3 Lifestyle and Dietary Approaches

A balanced diet, regular physical activity and avoid-

ance of smoking and excessive exposure to environ-

mental  pollutants can help reduce factors associated 

with oxidative stress. Lifestyle interventions should be 

considered  supportive  measures  rather  than  replace-

ments for established medical treatment.[2,5]

9.4 Targeted Antioxidant Approaches

Current research is moving toward strategies that de-

liver antioxidant activity to specific tissues, organelles 

or pathological sites rather than producing broad sys-

temic antioxidant effects. This approach may improve 

therapeutic selectivity.[10]

10. Recent Advances

Recent research has moved beyond simple antioxidant 

supplementation toward more targeted approaches for 

controlling oxidative stress.[10]

10.1 Targeted Antioxidant Delivery

Targeted  delivery  systems  are  being  investigated  to 

direct antioxidant molecules toward tissues or cellular 

compartments  where oxidative damage is  occurring.

[10]

10.2 Nanotechnology-Based Approaches

Nanomaterials  and nanozymes are being studied for 

their  ability to mimic antioxidant enzymes and neu-

tralize ROS/RNS. Some approaches aim to improve 

stability, targeting and therapeutic activity.

10.3 Nrf2-Based Approaches

Nrf2 is an important regulator of cellular antioxidant 

and  protective  responses.  Modulation  of  the  Nrf2 

pathway is being investigated as a potential strategy for 

strengthening endogenous cellular defences.[10]
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10.4 Redox-Based Therapeutic Strategies

Instead  of  simply  eliminating  all  ROS,  newer  ap-

proaches aim to restore appropriate redox signalling 

and selectively control  pathological  oxidative stress. 

This  is  important  because  ROS at  controlled  levels 

have normal physiological roles.[5,10]

Figure 6: Recent Approaches to Oxidative Stress Management

11. Challenges and Limitations

Despite extensive research, several challenges remain 

in the management of oxidative stress.

First, ROS are not exclusively harmful. Low or con-

trolled concentrations participate in normal signalling 

and immune defence. Therefore, complete removal of 

ROS is neither possible nor desirable.[5,6]

Second, oxidative stress is complex and varies between 

tissues and diseases. A treatment that is effective in one 

pathological condition may not produce the same effect 

in another.[1,3]

Another important challenge is the difference between 

laboratory  and  clinical  findings.  Many  antioxidant 

compounds demonstrate beneficial  effects in experi-

mental models, but these results do not always translate 

into  successful  clinical  treatments.  Factors  such  as 

absorption, bioavailability, metabolism, dose and dis-

ease stage can influence treatment outcomes.[10]

Measurement  of  oxidative stress  is  also challenging 

because reactive species are short-lived and difficult to 

measure directly. Therefore, researchers often use in-

direct biomarkers of oxidative damage or antioxidant 

status.[3,6]

12. Future Perspectives

Future research should focus on developing more se-

lective and personalized approaches to oxidative stress 

rather than relying only on general antioxidant supple-

mentation.[10]

Important areas include:

 Development of targeted antioxidant therapies

 Identification of reliable oxidative stress biomark-

ers

 Nanotechnology-based antioxidant delivery

 Modulation of Nrf2 and other redox pathways

 Personalized treatment  based on disease-specific 

oxidative mechanisms

 Better understanding of the relationship between 

oxidative stress and inflammation

 Development of therapies that restore redox bal-

ance  without  interfering  with  normal  ROS  sig-

nalling

The development of enzyme-mimicking nanomaterials 

and other advanced antioxidant systems represents an 

emerging  area  of  research.  However,  their  safety, 

pharmacokinetics  and  clinical  effectiveness  require 
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further  investigation  before  widespread  therapeutic 

application. [10]

Future management of oxidative stress

↓

Targeted therapy + Biomarkers + Nanotechnology + 

Redox modulation + Personalized treatment

↓

Better control of disease-associated oxidative damage

Figure 7: Future Perspectives

CONCLUSION

Oxidative stress is an important biological and patho-

logical process resulting from disruption of the balance 

between  reactive  species  and  antioxidant  defences. 

Although  ROS  and  RNS  are  essential  for  several 

physiological processes, their excessive production can 

damage lipids, proteins, DNA and mitochondria. These 

effects can contribute to cellular dysfunction, inflam-

mation and tissue injury.

Oxidative  stress  is  involved  in  the  pathogenesis  of 

several major diseases, including cardiovascular dis-

eases, diabetes, neurodegenerative disorders and can-

cer. Its interaction with inflammatory signalling further 

contributes  to  disease  progression.  The  antioxidant 

defence system, consisting of enzymatic and non-en-

zymatic components,  normally protects  cells  against 

excessive oxidative damage.

Current research is moving toward targeted antioxidant 

therapy, redox pathway modulation, nanotechnology-

based  systems  and  biomarker-guided  approaches. 

However, the complex physiological functions of ROS 

and the variable results of antioxidant therapies remain 

important challenges. A better understanding of dis-

ease-specific  redox  mechanisms  may  help  in 

developing  safer,  more  selective  and  effective 

therapeutic strategies in the future.
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