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Abstract: Free radicals and other oxidants have gained importance in the field of biology due to their central role in various 

physiological conditions as well as their implication in a diverse range of diseases. Biological free radicals, notably reactive oxygen 

species (ROS) and reactive nitrogen species (RNS) are derived from both endogenous sources (mitochondria, peroxisomes, endoplasmic 

reticulum, phagocytic cells etc.) and exogenous sources (pollution, alcohol, tobacco smoke, heavy metals, transition metals, industrial 

solvents, pesticides, certain drugs like halothane, paracetamol, and radiation). However, when their production overwhelms the body’s 

antioxidant defences, a state of oxidative stress develops. Antioxidants- both enzymatic (e.g., superoxide dismutase, catalase, glutathione 

peroxidase) and non-enzymatic (e.g., vitamins C and E, glutathione, polyphenols)- serve as critical protective systems that neutralize free 

radicals and prevent biomolecular damage. Effective antioxidant defences are crucial in mitigating free radical-induced cellular damage 

and maintaining biological homeostasis. The free radicals induced oxidative stress can damage critical biomolecules including DNA, 

lipids, and proteins, has been reported to be involved in several diseased conditions such as diabetes mellitus, neurodegenerative 

disorders (Parkinson’s disease-PD, Alzheimer’s disease-AD and Multiple sclerosis-MS), cardiovascular diseases (atherosclerosis and 

hypertension), respiratory diseases (asthma), cataract development, rheumatoid arthritis and in various cancers (colorectal, prostate, 

breast, lung, bladder cancers). This review deals with the general aspects of free radicals and antioxidant defence mechanism and the 

role of free radicals in the development of pathogenesis of some common diseases. 
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1. Introduction 
 

Free radicals are the products of normal cellular metabolism. 

A free radical can be defined as an atom or molecule 

containing one or more unpaired electrons in valency shell 

or outer orbit and is capable of independent existence. The 

odd number of electron(s) of a free radical makes it unstable, 

short lived and highly reactive. Because of their high 

reactivity, they can abstract electrons from other compounds 

to attain stability.1 Thus the attacked molecule loses its 

electron and becomes a free radical itself, beginning a chain 

reaction cascade which finally damages the living cell2. Free 

radicals or pro-oxidants are classified into two types, 

namely, reactive oxygen species (ROS) and reactive nitrogen 

species (RNS). 

 

ROS oxidants are classified into superoxide anions (O2•−), 

peroxyl radicals (ROO•), hydroxyls (OH•), and hydrogen 

peroxide (H2O2). Representative RNS oxidants are nitrogen 

oxide (NO•) and peroxynitrite (NO3•) 3,4 refer Reactive 

oxygen species and reactive nitrogen species (ROS and 

RNS) were identified as key players in initiating, mediating, 

and regulating the cellular and biochemical complexity of 

oxidative stress either as physiological (acting pro-hormetic) 

or as pathogenic (causing destructive vicious circles) 

processes 5,6. 

 

Thus, the ROS/RNS play a twofold job as both beneficial 

and toxic compounds to the living system. At moderate or 

low levels ROS/RNS have beneficial effects and involve in 

various physiological functions such as in immune function 

(i.e. defense against pathogenic microorganisms), in a 

number of cellular signaling pathways, in mitogenic 

response and in redox regulation 7,8. The dual nature of free 

radicals plays a crucial role in human physiology and 

pathology. On the one hand, they are vital for normal 

cellular functions. For instance, free radicals are involved in 

cell signaling pathways that regulate vascular tone, immune 

response, and apoptosis. But at higher concentration, both 

ROS as well as RNS generate oxidative stress and 

nitrosative stress, respectively, causing potential damage to 

the biomolecules. The oxidative stress and nitrosative stress 

are developed when there is an excess production of 

ROS/RNS on one side and a deficiency of enzymatic and 

non enzymatic antioxidants on the other side. Most 

importantly, the excess ROS can damage the integrity of 

various biomolecules including lipids9, proteins10 and DNA 
11 leading to increased oxidative stress in various human 

diseases such as diabetes mellitus, neurodegenerative 

diseases, rheumatoid arthritis, cataracts, cardiovascular 

diseases, respiratory diseases as well as in aging process.. 

There are some non radical species which include hydrogen 

peroxide (H2O2), hypochlorous acid (HOCl), hypobromous 

acid (HOBr), ozone (O3), singlet oxygen (1O2), nitrous acid 

(HNO2), nitrosyl cation (NO+), nitroxyl anion (NO−), 

dinitrogen trioxide (N2O3), dinitrogen tetraoxide (N2O4), 

nitronium (nitryl) cation (NO2+), organic peroxides 

(ROOH), aldehydes (HCOR) and peroxynitrite (ONOOH) 
12,13. These non radical species are not free radicals but can 

easily lead to free radical reactions in living organisms 14 

 

Generation of free radicals in biological system 

Formation of free radicals is the result of nonenzymatic and 

enzymatic reactions in tissues involved in the respiratory 

chain, prostaglandin production, adrenalin autoxidation, 

phagocytic cells, riboflavin depletion, ischemia, aging, 

cancer, infections, and mental stress15. However, other 

sources of free radicals can originate within the human body 

(endogenous) such as the endoplasmic reticulum, 

mitochondria, and peroxisomes. 
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Mitochondria are the major organelles in the production of 

adenosine triphosphate (ATP). The major end product of 

ROS generation in mitochondria is the superoxide anion 

radical. Both carbohydrate and fatty acid oxidation pathways 

are in mitochondria16. The process of ATP or energy 

formation in mitochondria involves the process of electron 

transport with the help of four enzyme complexes, 

consisting of complex I, complex II, complex III, and 

complex IV. Complex III (cytochrome c reductase or 

ubiquinone) and complex I (NADH dehydrogenase) are the 

major sites in the electron transport chain where superoxide 

radical is generated.17,18,19,.The antimycin inhibitor A can be 

used to detect most of the ROS production in complex III. 

Reduced ubiquinone is generated by electron transfer from 

NADH dehydrogenase to coenzyme Q. Consequently, the 

reduced ubiquinone regenerates coenzyme Q with the 

semiquinone anion as an intermediate to generate the 

superoxide anion radical20. MAO, cytochrome b5 reductase, 

NADPH oxidase 4, and dihydroorotate dehydrogenase are 

part of the mitochondria that may contribute to ROS 

generation. ROS can lead to the formation of other highly 

reactive radicals such as singlet oxygen, nitrogen species, 

and carbonate radicals21,22 The main factor contributing to 

ROS production in mitochondria lies in the respiratory 

process 23 

 

The circulatory pathway on the peroxisome utilizes electron 

transfer to generate H2O2. H2O2, O2•−, OH•, and NO• are 

some of the additional free radicals generated in 

peroxisomes (Figure 1). The main metabolic mechanism of 

peroxisomes to produce H2O2 is produced by the oxidation 

of fatty acids. Several peroxisomal enzymes have been 

shown to create ROS, including acyl CoA oxidases, D-

amino acid oxidases, L-hydroxy oxidases, urate oxidases, 

xanthine oxidases, and D-aspartate oxidases.24 Endoplasmic 

reticulum enzymes such as diamine oxidase, cytochrome p-

450, and b5 enzymes enhance ROS generation25. Erop1p is a 

key thiol oxidase enzyme that catalyzes the electron 

exchange from a dithiol to molecular oxygen to produce 

H2O2 
26. 

 

2. Mechanism of Free Radicals Reactions 
 

Free radical reactions have the following three main stages: 

initiation, propagation, and termination. In the initiation 

stage, molecules start a chain reaction and undergo 

homolysis to form free radical molecules. Free radicals are 

formed from neutral molecules by the energy from UV light, 

heating, or free radical initiators27 . In the propagation stage, 

free radical molecules react with other neutral molecules to 

form new free radical molecules28. The free radical reaction 

ends in a termination stage in which two free radicals 

combine into a neutral molecule29. 

 

Effect on Biomolecules 

Free radicals target essential macromolecules in the body, 

primarily lipids, nucleic acids, and proteins, causing cellular 

damage and disrupting homeostasis. This damage can lead 

to a range of health issues, including accelerated aging and 

various diseases. The mechanisms by which free radicals 

exert their effects involve several pathways30 

 

Action on lipids 

The primary mechanism involved is lipid peroxidation, 

where free radicals attack polyunsaturated fatty acids in cell 

membranes 31. This process begins with the abstraction of a 

hydrogen atom from the fatty acid, forming a lipid radical. 

The lipid radical reacts with molecular oxygen to form a 

lipid peroxyl radical, which can further propagate the chain 

reaction by abstracting hydrogen atoms from neighbouring 

fatty acids, leading to a cascade of lipid peroxidation31. The 

end products of lipid peroxidation, such as malondialdehyde 

(MDA) and 4-hydroxynonenal (4-HNE), are highly reactive 

and can form adducts with proteins and DNA, impairing 

their function32. MDA, a stable end product of 

polyunsaturated fatty acid (PUFA) decomposition, is 

measured as an indicator of lipid peroxidation. Elevated 

levels of MDA have been linked to diseases like 

cardiovascular conditions, cancer, and neurodegenerative 

disorders33. Similarly, 4-HNE, a highly reactive aldehyde 

formed during lipid peroxidation, has been implicated in 

inflammation and aging. 

 

Action on proteins 

Protein oxidation is another critical mechanism where free 

radicals modify amino acid side chains, form protein-protein 

cross-links, and fragment peptide chains. Such modifications 

can result in loss of enzymatic activity, altered cellular 

signalling, and degradation of structural proteins, 

contributing to cellular dysfunction and death 34,35. Specific 

amino acids, such as cysteine and methionine, are 

particularly susceptible to oxidation, which can disrupt the 

redox-sensitive signalling pathways and protein function 36. 

 

Action on Nucleic acids 

ROS can damage DNA by inducing base modifications, 

deletions, strand breakage, cross-linking. chromosomal 

rearrangements and hyper- and hypo-methylation of DNA 37 

The hydroxyl radical is especially notorious for causing 

DNA damage. It can abstract hydrogen atoms from the 

deoxyribose sugar backbone, leading to strand breaks, or add 

to the double bonds of DNA bases, resulting in base 

modifications such as 8-hydroxydeoxyguanosine (8-OHdG) 
38. These modifications can lead to mutations, genomic 

instability, and if not adequately repaired, contribute to 

carcinogenesis and other genetic disorders 39. 

 

Free radicals – Role in the pathogenesis of diseases 

Free radicals, despite their essential roles in various 

physiological processes, can cause significant harm when 

their levels are not properly regulated 40. An imbalance 

between free radical production and the body’s antioxidant 

defences leads to oxidative stress, which is implicated in the 

pathogenesis of numerous diseases 41. Excessive free radicals 

can damage cellular components such as lipids, proteins, and 

DNA, contributing to chronic conditions like cardiovascular 

diseases, neurodegenerative disorders, cancer, and 

inflammatory diseases41,42. Conversely, insufficient free 

radical activity can impair the immune response and disrupt 

cellular signalling.43 

 

Cancer 

The role of free radicals, particularly ROS and RNS, in the 

initiation, promotion, and progression of cancer is well-

documented. These reactive species can damage DNA, 

proteins, and lipids, thereby contributing to genomic 
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instability and tumour development44.Free radicals cause 

different types of chemical changes in DNA, thus they could 

be mutagenic and involved in the etiology of cancer 45,46. 

Cancer cells in particular, in comparison to normal cells, 

have higher levels of ROS and are more susceptible to 

mitochondrial dysfunction due to their higher metabolic 

rate47. Oxygen and nitrogen reactive species produce 

damage in the DNA and other biomolecules and play a 

major role in genetic instability, affecting progression 

through the cell cycle, cell repair, and the type of cell death 

(apoptosis, senescence, or autophagy). Free radicals are also 

important in cell transformation, differentiation, and cell 

proliferation processes and may be useful for evaluating the 

tissue inflammatory response. Finally, with respect to 

carcinogenesis, these radicals have been implicated in tumor 

progression, angiogenesis, the immune response, and the 

invasive and metastatic potential of tumor cells 48. 

 

Mutation to genes in the DNA can cause them to make 

ineffective proteins. A key area where mutation can cause 

problems is in tumor suppressor genes.49 

 

Cancer cells display elevated levels of oxidative stress due 

to activation of oncogenes and loss of tumor suppressors50 

These series of mutations in tumor suppressor genes and 

other genes that lead a cancer cell to form. ROS by altering 

the growth signals and gene expression cause continuous 

proliferation of cancer cells51 

 

The ROS produced are responsible for the cellular 

proliferation of prostate cancer cells 52. Prostrate Tumors 

have considerably higher levels of ROS and Nox1 levels 53. 

The superoxide produced (by NOX) in prostate cancer cells 

facilitates cellular immortality through resistance to 

programmed cell death which results in cancer-promoting 

effect 54 

 

Damage to the breast epithelium by ROS can lead to 

fibroblasts proliferation, hyperplasia of epithelium, cellular 

atypia and breast cancer55. In majority of breast carcinomas 

the oxidative stress can be induced by the over expression of 

thymidine phosphorylase enzyme which catabolizes 

thymidine to thymine and 2-deoxy-D-ribose-1-phosphate; 

the latter is a powerful reducing sugar that rapidly glycates 

proteins, generating oxygen radicals within the carcinoma 

cell 56. . Different members of the Bcl-2 and Bcl-xL family 

function as antagonists of ROS production in apoptosis, 

protecting cells from apoptotic induction by exogenous 

oxidants. One example of the capacity of ROS to induce 

apoptosis is the action of surfactin, a lipopeptide produced 

by B.subtilisc which has antitumor, antimicrobial, and anti-

mycoplasma activity that phosphorylates JNK in breast 

cancer cells (MCF-7). This capacity was demonstrated by 

using N-acetylcysteine/catalase (antioxidant action) to block 

ROS, which led to the inhibition of apoptosis in the MCF-7 

cells 57 

 

In colorectal cancer the gastrointestinal tract, particularly the 

colon and rectum, is continuously exposed to ROS 

originating from both endogenous and exogenous sources 58 

Since the intestinal mucosa is constantly confronting with 

diet and bacterial-derived oxidants and carcinogens, an 

unrestrained production of free radicals, redox imbalance, 

and DNA damage occurs, finally leads to an altered 

intestinal metabolic homeostasis with cancer as an endpoint 
59. 

 

The ROS produced are responsible for the cellular 

proliferation of prostate cancer cells60. Prostrate Tumors 

have considerably higher levels of ROS and Nox1 levels53. 

The superoxide produced (by NOX) in prostate cancer cells 

facilitates cellular immortality through resistance to 

programmed cell death which results in cancer-promoting 

effect 54.. Oxidative stress plays an important role in lung 

inflammation and lung cancer 61. 

 

Lungs are the main organ for gaseous exchange in the body, 

which makes them more vulnerable to ROS exposures. 

Factors like lifestyle, disease conditions, and medications 

are known to influence the ROS levels in the lungs. Lifestyle 

factors regulate ROS levels in different ways, for example, 

cigarette smoking and occupational hazards introduce 

exogenous ROS into the body. Reactive oxygen species are 

known factors of lung carcinogenesis resulting from the 

xenobiotics and their mechanistic paths are under critical 

investigation. Air pollution, inhalable agents, and tobacco 

smoking are a few of the critical factors that determine lung 

cancer incidence and mortality worldwide. It is estimated 

that smoking accounts for ~80 % of global lung cancer 

burden in males and 50 % in females62. The ROS can 

damage the tissues resulting in progressive transformation of 

cells into the malignant form, which leads to increased 

frequency of mutations by the oxidative damage to DNA 

and, eventually leading to lung cancer63. 

 

The most common risk factors for bladder cancer are 

cigarette smoking, exposure to industrial carcinogens 

(aromatic amines), high levels of arsenic intake and diet64. 

Oxidative stress critically contributes to the development of 

bladder cancer65. Increased NO levels have been reported in 

bladder cancer patients66. This NO stimulates matrix 

metalloproteinases (MMPs), especially prolidase activity, 

which is involved in the terminal step of collagen 

degradation. Significantly higher serum prolidase activities 

were reported in patients with bladder cancer than healthy 

controls67. Therefore, increased prolidase activity may, in 

part, play a role in the pathogenesis of bladder cancer. 

 

Cardiovascular diseases 

In recent years, a multitude of studies provide 

comprehensive evidence that increased production of 

reactive oxygen species (ROS) are involved in the 

development and progression of cardiovascular diseases. 

Over the last decades, it has become significantly evident 

that oxidative stress presents a significant role in the 

pathogenesis of coronary atherosclerosis and its 

complications68,69. Reactive oxygen species are the most 

likely agents inducing DNA damage in atherosclerosis70. 

ROS generally exist in all aerobic cells in balance with 

biochemical antioxidants71. Recently, increased oxidative 

stress and impaired antioxidant defence have been suggested 

as contributory factors for initiation and progression of 

complications in coronary artery diseases72. The ROS are 

common by- products of many oxidative biochemical and 

physiological processes. They can be released by 

mitochondrial respiration, NADH/NADPH oxidase, 
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xanthine oxido-reductase or the uncoupling of nitric oxide 

synthase (NOS) in vascular cells. ROS mediate various 

signalling pathways that underlie cardiovascular 

pathophysiology. In a number of cardiovascular disease 

conditions, the delicate equilibrium between free-radical 

generation and antioxidant defence is altered in favor of the 

former, thus leading to redox imbalance i.e. escalating 

oxidative stress and increased tissue injury73. 

 

A constant supply of oxygen is indispensable for cardiac 

viability and function. As oxygen is a major determinant of 

cardiac gene expression and a critical participant in the 

formation of free radicals commonly known as reactive 

oxygen species (ROS) which plays a major role in the 

pathogenesis of cardiac dysfunction74.In the vascular system, 

the formation of ROS from endothelial cells, smooth muscle 

cells and macrophages may be of major relevance in 

atherogenesis. This oxidative stress is recognised as a key 

mechanism for atherogenesis and in the development of 

atherosclerosis75. Under normal conditions, numerous 

cellular antioxidant systems exist to defend against oxidant 

stress and maintain the redox balance of the cell. 

 

Endothelial cells produce nitric oxide (NO•), a free radical 

that acts as a vasodilator and inhibits platelet aggregation 

and adhesion76..However, under conditions of oxidative 

stress, superoxide radicals (O2•−) react with NO• to form 

ONOO − , reducing the bioavailability of NO• and leading to 

endothelial dysfunction 77 .This imbalance impairs 

vasodilation, promotes vasoconstriction, and increases 

vascular permeability, creating a conducive environment for 

the infiltration of lipoproteins and immune cells into the 

arterial wall. The oxidative modification of low-density 

lipoprotein (LDL) is another critical event in the 

development of atherosclerosis78. Free radicals can oxidize 

LDL particles, resulting in the formation of oxidized LDL 

(oxLDL)79. OxLDL is taken up by macrophages through 

scavenger receptors, leading to the formation of foam cells. 

These foam cells accumulate within the arterial intima, 

forming fatty streaks—the earliest visible lesions of 

atherosclerosis80. 

 

Several studies showed that CAD intensity is closely linked 

to increased lipid peroxidation and decreased antioxidant 

status when compared to normal healthy subjects 81,82,83 

 

Diabetes mellitus 

Type I diabetes is caused by destruction of the pancreatic 

beta cells responsible for producing insulin. In humans, the 

diabetogenic process appears to be caused by immune 

destruction of the beta cells; part of this process is 

apparently mediated by white cell production of active 

oxygen species84. The interplay between hyperglycemia and 

oxidative stress contributes to the pathogenesis of diabetic 

complications, including neuropathy, nephropathy, 

retinopathy, and cardiovascular diseases85 . Hyperglycemia-

induced oxidative stress begins with the excessive 

production of ROS due to elevated glucose levels. Glucose 

undergoes autoxidation, producing ROS as by-products.86. 

Furthermore, high glucose levels increase the formation of 

advanced glycation end products (AGEs) through the non-

enzymatic reaction between reducing sugars and cellular 

proteins, lipids, or nucleic acids. AGEs, in turn, generate 

ROS through various mechanisms, including metal-

catalyzed oxidation reactions. This cascade of oxidative 

stress can lead to cellular dysfunction and damage, 

significantly impacting various tissues and organs87,88. 

 

Mitochondrial dysfunction is another critical aspect of 

oxidative stress in diabetes. Mitochondria are central to 

cellular energy production, and their function is intimately 

linked with ROS generation. In the context of diabetes, 

chronic hyperglycemia overwhelms the mitochondrial 

electron transport chain, leading to increased ROS 

production89. 

 

Free radicals – An underlying cause for complications in 

Diabetes 

The impact of oxidative stress in diabetes is particularly 

evident in its complications. Free radical and oxidative stress 

induced complications from DM include coronary artery 

disease, Neuropathy, nephropathy, retinopathy and stroke90 

 

Oxidative stress is a potent causative factor of diabetic 

neuropathy91.92 .It modulates functions of nerve cells through 

many molecular signalling pathways92,93.In Diabetic 

neuropathy, a common complication, is characterized by 

nerve damage, particularly in the peripheral nervous system. 

Elevated ROS levels lead to lipid peroxidation, resulting in 

the formation of toxic aldehydes that damage neuronal 

membranes94. Impaired glucose metabolism in diabetes is a 

critical mechanism to induce oxidative stress as a result of 

shunting excess glucose to other metabolic or nonmetabolic 

pathways95,96. This causes accumulation of the toxic 

metabolites and overconsumption of nicotinic acid adenine 

dinucleotide phosphate (NADPH)97 .These converge to 

increase intracellular redox stress and abnormal 

modifications on protein 98 lipid 99, and DNA 100 thereby 

adding mitochondrial injury and causing overproduction of 

ROS. This damages the peripheral nervous system, as 

indicated by loss of Schwann cells, myelinated axons, and 

sensory neurons located in the dorsal root ganglia92,101,102 

 

Diabetic nephropathy, another major complication, involves 

progressive kidney damage that can lead to proteinuria, 

decreased glomerular filtration rate (GFR), and eventually 

end-stage renal disease.103 High glucose upregulates 

transforming growth factor-β1 (TGF-β1) and angiotensin II 

(Ang II) in renal cells and high glucose, TGF-β1, and Ang II 

all generate and signal through ROS. ROS mediate high 

glucose-induced activation of protein kinase C and nuclear 

factor-κB in renal cells. Intensive glycemic control and 

inhibition of Ang II delay the onset and progression of 

diabetic nephropathy104 .Increased ROS also activate nuclear 

factor kappa B (NF-κB), which drives the expression of pro-

inflammatory cytokines and adhesion molecules, 

contributing to renal dysfunction105 fibrosis 

 

ROS is maintained in equilibrium; however, its 

overproduction can lead to biological process called 

oxidative stress and this is considered the main pathogenesis 

of diabetic retinopathy. The retina is susceptible to ROS 

because of high-energy demands and exposure to light. 

When the balance is broken, ROS produces retinal cell 

injury by interacting with the cellular components. High 

glucose level and diabetically induced activation of retinal 
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vascularization is linked with elevation in the enzymatic 

activity of arginase as well as in the reduction of 

bioavailability of NO106. The over activity of arginase plays 

an important role in the development of DR through its 

reducing effect on NO and increase of oxidative stress107 

 

In diabetic retinopathy, a major microvascular complication 

affecting the retina, oxidative stress leads to damage of 

retinal endothelial cells. Elevated ROS levels increase 

vascular permeability and leakage of plasma components, 

contributing to the development of retinopathy108. AGEs 

accumulate in the retina and interact with their receptor, 

RAGE, triggering inflammatory responses and exacerbating 

oxidative damage109. Additionally, ROS activate the 

hypoxia-inducible factor-1 alpha (HIF-1α) pathway, leading 

to increased expression of vascular endothelial growth factor 

(VEGF) and the formation of retinal neovascularization110. 

 

Free radicals impact on Ageing process 

Ageing is defined as progressive loss of tissue and organ 

function over time111.. The aging process is a complex 

phenomenon influenced by various factors, including 

genetic predisposition and environmental influence Aging is 

marked by a decline in maximum function and the gradual 

accumulation of mitochondrial DNA mutations, particularly 

notable in organs with post-mitotic cells, such as the brain. 

Oxygen radicals are widely believed to contribute to these 

aging processes. During normal aging, the brain suffers both 

morphological and functional modifications affecting 

dendritic trees and synapses, neurotransmitters, brain 

circulation and metabolism, motor and sensory systems, 

sleep, memory and learning, and lipofuscin accumulation112 

 

According to the free radical theory of aging, the progressive 

build-up of oxidative radicals plays a pivotal role in cellular 

aging by inducing damage to cellular components113 Almost 

every investigation in this area has shown that the rate of 

ROS production of mitochondria which have been isolated 

from post-mitotic tissues including brain is indeed lower in 

long-lived than in short-lived species114.The detrimental 

effects of free radicals include DNA damage, protein cross-

linking, and other alterations within the body. An important 

area where damage can cause problems is in tumour 

suppressor genes115. As time passes, this cumulative damage 

ultimately leads to the experience of aging116. External 

factors that can elevate ROS include poor diet, alcoholism, 

smoking and some prescription medication117 

 

Free radicals and cataract 

A cataract is a clouding of the lens of the eye, which is 

ordinarily clea 118 Seeing through hazy lenses is similar to 

gazing through fogged-up or frosted glass for those who 

have cataracts. Cataract-related visual impairments can 

make it harder to read, drive (particularly at night), or read a 

friend’s expression. Retinal illnesses such as cataract, age-

related macular degeneration (AMD), glaucoma, diabetic 

retinopathy (DR), and retinal vein occlusion (RVO) are all 

significantly accelerated by oxidative stress. Overproduction 

of reactive oxygen species (ROS) can cause abnormalities in 

the morphology and function of endothelial cells, retinal 

ganglion cells (RGCs), and retinal pigment epithelium119. 

 

 

Free radicals and Neurodegenerative diseases 

Free radicals cause oxidative stress, damaging brain cells 

(neurons) by attacking lipids, proteins, and DNA, which is 

central to neurodegenerative diseases like Alzheimer's (AD) 

and Parkinson's (PD). This imbalance between free radicals 

and the brain's defenses leads to neuronal dysfunction, cell 

death (apoptosis), inflammation, and the accumulation of 

damaged proteins, accelerating disease progression and 

symptoms like cognitive decline or motor impairmen.120  

 

Neurodegenerative diseases, including Alzheimer’s disease 

(AD), Parkinson’s disease (PD), Huntington’s disease (HD), 

and amyotrophic lateral sclerosis (ALS), are characterized 

by the progressive loss of structure and function of neurons, 

leading to cognitive and motor impairments121.  

 

Mitochondrial dysfunction is a central feature of 

neurodegenerative diseases Mitochondria are both a major 

source and target of ROS. In these diseases mitochondrial 

abnormalities, including impaired electron transport chain 

function and reduced mitochondrial biogenesis, lead to 

increased ROS production and diminished ATP generation. 

The resulting energy deficit and oxidative damage to 

mitochondrial DNA (mtDNA) and proteins further 

compromise neuronal function and survival122.  

 

Alzheimer’s disease (AD)AD is characterized by the 

accumulation of amyloid-beta (Aβ) plaques and 

neurofibrillary tangles composed of hyperphosphorylated 

tau protein123. 

 

In Parkinson’s disease (PD), oxidative stress is closely 

associated with the degeneration of dopaminergic neurons in 

the substantia nigra. Oxidative stress contributes to PD 

pathogenesis through multiple mechanisms, including 

mitochondrial dysfunction, protein misfolding, and 

neuroinflammation124.. Additionally, the metabolism of 

dopamine by monoamine oxidase (MAO) produces 

hydrogen peroxide (H2O2), which can be converted to highly 

reactive hydroxyl radicals via Fenton reactions in the 

presence of transition metals125. 

 

In Huntington’s disease (HD), oxidative stress plays a 

significant role in the neurodegenerative process. HD is 

caused by an expanded CAG repeat in the huntingtin (HTT) 

gene, leading to the production of a mutant huntingtin 

protein with toxic gain-of-function properties. The mutant 

huntingtin protein can disrupt mitochondrial function and 

increase ROS production126. 

 

Amyotrophic lateral sclerosis (ALS) is another 

neurodegenerative disease where oxidative stress plays a 

central role. ALS is characterized by the progressive loss of 

motor neurons, leading to muscle weakness and paralysis. 

Mutations in the superoxide dismutase 1 (SOD1) gene are 

associated with familial forms of ALS127.SOD1 is an enzyme 

that catalyzes the dismutation of superoxide radicals into 

hydrogen peroxide and oxygen, providing a crucial 

antioxidant defense. Mutant SOD1 proteins can form toxic 

aggregates and lose their enzymatic activity, leading to 

increased oxidative stress 128. Elevated levels of oxidative 

damage markers, such as 8-OHdG and protein carbonyls, 

have been detected in ALS patients.. Additionally, the 
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activation of microglia and astrocytes in ALS leads to the 

production of ROS and pro-inflammatory cytokines, further 

exacerbating oxidative damage and motor neuron 

degeneration 129 

 

Autoimmune diseases 

Autoimmune diseases arise when the body’s immune system 

mistakenly attacks its own tissues, recognizing them as 

foreign. Free radicals, especially Reactive Oxygen Species 

(ROS), significantly worsen autoimmune diseases by 

causing oxidative stress, which damages cells, modifies 

proteins into foreign-like "neo-antigens" that trigger immune 

attacks, promotes chronic inflammation, and disrupts 

immune cell function, contributing to conditions like 

Rheumatoid Arthritis and Lupus by creating a vicious cycle 

of damage and auto-reactivity130 .The role of ROS in 

autoimmune response remains complex and they have been 

implicated in the initiation, generation, and amplification of 

novel epitopes 131.  

 

One of the key mechanisms by which free radicals 

contribute to autoimmune diseases is through the 

modification of self-antigens132. Oxidative stress can induce 

structural changes in proteins and other molecules, creating 

neo-antigens that are recognized as foreign by the immune 

system 133. 

 

In addition to modifying self-antigens, free radicals can 

directly damage tissues, triggering inflammation and 

immune activation134. Oxidative stress can lead to lipid 

peroxidation, a process in which ROS react with lipids in 

cell membranes, resulting in the formation of lipid peroxides 

and aldehydes such as malondialdehyde (MDA) and 4-

hydroxynonenal (4-HNE) 135. These reactive aldehydes can 

form adducts with proteins, further contributing to neo-

antigen formation and immune activation. The resulting 

inflammation and tissue damage can perpetuate the 

autoimmune response, creating a vicious cycle of oxidative 

stress and immune-mediated tissue injury 136. Elevated levels 

of ROS and oxidative damage markers, such as 8-OHdG and 

MDA, have been detected in the synovial fluid and tissues of 

Rheumatoid Arthritis [RA] patients137. 

 

In autoimmune diseases such as systemic lupus 

erythematosus (SLE), mitochondrial damage and the release 

of mitochondrial DNA (mtDNA) into the cytoplasm and 

extracellular space have been observed138 .Extracellular 

mtDNA can act as a damage-associated molecular pattern 

(DAMP), triggering the activation of innate immune 

receptors such as toll-like receptors (TLRs) and inducing the 

production of type I interferons (IFNs)139 .The chronic 

activation of the type I IFN pathway is a hallmark of SLE 

and contributes to the dysregulation of immune responses in 

this disease140. 

 

The role of oxidative stress in the activation and function of 

immune cells is also critical in autoimmune diseases 

[133].141 ROS can modulate the activity of various 

transcription factors and signalling pathways involved in 

immune cell activation, differentiation, and function. For 

example, ROS can activate nuclear factor kappa B (NF-κB), 

a key transcription factor that regulates the expression of 

pro-inflammatory cytokines, chemokines, and adhesion 

molecules142 .Chronic activation of NF-κB by oxidative 

stress can lead to sustained inflammation and the 

perpetuation of autoimmune responses143 .Additionally, ROS 

can influence the differentiation and function of T cells, 

promoting the polarization of T helper 17 (Th17) cells, 

which are known to play a pathogenic role in autoimmune 

diseases such as multiple sclerosis (MS) and psoriasis144 

.Oxidative stress is integral in driving Th17 cell 

differentiation by modulating key transcription factors, such 

as RORγt, and cytokines like IL-6, IL-23, and TGF-β145.. 

Additionally, ROS can impair the function of Tregs, 

reducing their ability to suppress autoreactive T cells and 

control immune responses. This disruption of immune 

tolerance contributes to the development and progression of 

autoimmune diseases146. 

 

Chronic inflammation, often driven by oxidative stress, is a 

common feature of autoimmune diseases. Inflammatory 

cytokines such as tumor necrosis factor-alpha (TNF-α), 

interleukin-1 beta (IL-1β), and interleukin-6 (IL-6) are 

elevated in many autoimmune diseases and contribute to the 

inflammatory milieu 147 ..ROS can enhance the production of 

these cytokines by activating transcription factors like NF-

κB and AP-1, creating a feed-forward loop that amplifies 

inflammation and tissue damage. The persistent 

inflammatory environment not only exacerbates oxidative 

stress but also promotes the recruitment and activation of 

additional immune cells, further perpetuating the 

autoimmune response134. 

 

Multiple sclerosis (MS) is a chronic autoimmune disease 

affecting the central nervous system, characterized by 

demyelination and neurodegeneration. Oxidative stress plays 

a critical role in MS by promoting inflammation, 

mitochondrial dysfunction, and neurodegeneration.148. 

Elevated levels of ROS and oxidative damage markers have 

been detected in the brains and cerebrospinal fluid of MS 

patients149. ROS can damage myelin and oligodendrocytes, 

the cells responsible for myelin production, leading to 

demyelination. Additionally, oxidative stress can activate 

microglia and astrocytes, contributing to neuroinflammation 

and further neuronal damage144,150. 

 

Lung Diseases 

Free radicals cause significant lung damage by 

overwhelming antioxidant defences, leading to oxidative 

stress, which damages cell membranes, proteins, and DNA, 

contributing to chronic diseases like COPD, emphysema, 

asthma, and lung cancer. They are generated by smoking, 

pollution, and infection, triggering inflammation and cellular 

destruction, especially damaging elastin in emphysema, and 

acting as carcinogens in cancer development, with 

imbalances leading to serious respiratory illness.151.  

 

In the respiratory system, ROS may be either exogenous 

from more or less exhalative gaseous or particulate agents 

such as air pollutants, cigarette smoke, ambient high-altitude 

hypoxia, and some occupational dusts, or endogenously 

generated in the context of defense mechanisms against such 

infectious pathogens as bacteria, viruses, or fungi. ROS may 

also damage body tissues depending on the amount and 

duration of exposure and may further act as triggers for 
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enzymatically generated ROS released from respiratory, 

immune, and inflammatory cells. 151.  

 

The increased oxidative burden in COPD may contribute to 

a range of pathogenic processes starting with inactivation of 

antiproteases; enhancing bronchial inflammation by 

activating redox-sensitive transcription factors; mucus gland 

hyperplasia and hypersecretion; corticosteroid resistance; 

enhanced senescence; activation of neutrophils, 

macrophages, and fibroblasts; abnormal airway T-cell 

population; and small airway fibrosis culminating in direct 

damage to respiratory cells (apoptosis) with defective 

regeneration152,153. 

 

Role of antioxidants in managing these diseases 

 

Antioxidants like B-carotene or vitamin E play a vital role in 

the prevention of various cardiovascular diseases154. 

 

Antioxidants can decrease oxidative stress induced 

carcinogenesis by a direct scavenging of ROS and/or by 

inhibiting cell proliferation secondary to the protein 

phosphorylation. B-carotene may be protective against 

cancer through its antioxidant function, because oxidative 

products can cause genetic damage. Thus, the photo 

protective properties of B-carotene may protect against 

ultraviolet light induced carcinogenesis. 

Immunoenhancement of B-carotene may contribute to 

cancer protection. B-carotene may also have 

anticarcinogenic effect by altering the liver metabolism 

effects of carcinogens155.Vitamin C may be helpful in 

preventing cancer156. The possible mechanisms by which 

vitamin C may affect carcinogenesis include antioxidant 

effects, blocking of formation of nitrosamines, enhancement 

of the immune response, and acceleration of detoxification 

of liver enzymes. Vitamin E, an important antioxidant, plays 

a role in immunocompetence by increasing humoral 

antibody protection, resistance to bacterial infections, cell-

mediated immunity, the T-lymphocytes tumor necrosis factor 

production, inhibition of mutagen formation, repair of 

membranes in DNA, and blocking micro cell line 

formation157. Hence vitamin E may be useful in cancer 

prevention and inhibit carcinogenesis by the stimulation of 

the immune system.  

 

Reduction of free radicals or decreasing their rate of 

production may delay aging. Some of the nutritional 

antioxidants will retard the aging process and prevent 

disease. Based on these studies, it appears that increased 

oxidative stress commonly occurs during the aging process, 

and antioxidant status may significantly influence the effects 

of oxidative damage associated with advancing age. 

Research suggests that free radicals have a significant 

influence on aging, that free radical damage can be 

controlled with adequate antioxidant defense, and that 

optimal intake of antioxidant nutrient may contribute to 

enhanced quality of life. Recent research indicates that 

antioxidant may even positively influence life span.158  

 

Many antioxidant compounds, naturally occurring in plant 

sources have been identified as free radical or active oxygen 

scavengers159. Attempts have been made to study the 

antioxidant potential of a wide variety of vegetables like 

potato, spinach, tomatoes, and legumes160. There are several 

reports showing antioxidant potential of fruits.161. Strong 

antioxidants activities have been found in berries, cherries, 

citrus, prunes, and olives. Green and black teas have been 

extensively studied in the recent past for antioxidant 

properties since they contain up to 30% of the dry weight as 

phenolic compounds162. 

 

3. Conclusion 
 

Free radicals are highly reactive molecules with unpaired 

electrons that play a dual role in human health. While 

essential for some physiological processes, an imbalance 

between free radical production and the body’s ability to 

manage these reactive species leads to oxidative stress. This 

condition is implicated in various chronic diseases, including 

cardiovascular disorders, cancer, diabetes mellitus, aging, 

cataract, neurodegenerative diseases, autoimmune 

conditions, and lung diseases. 

 

The impact of oxidative stress is profound, causing damage 

to lipids, proteins, and DNA, which disrupts cellular 

function and contributes to disease progression. In 

cardiovascular diseases, oxidative stress exacerbates 

endothelial dysfunction and atherosclerosis. In 

neurodegenerative conditions, it leads to neuronal damage 

and cognitive decline. Cancer is often driven by oxidative 

DNA damage, and autoimmune diseases can result from 

chronic oxidative stress-induced inflammation. Diabetes 

mellitus complications, such as neuropathy and retinopathy, 

are also linked to oxidative stress. An antioxidant is a 

molecule stable enough to donate an electron to a rampaging 

free radical and neutralize it, thus reducing its capacity to 

damage. Antioxidants act as radical scavenger, hydrogen 

donor, electron donor, peroxide decomposer, singlet oxygen 

quencher, enzyme inhibitor, synergist, and metal-chelating 

agents. Both enzymatic and nonenzymatic antioxidants exist 

in the intracellular and extracellular environment to detoxify 

ROS 
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