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Redox imbalances, which result from excessive production of reactive oxygen species
(ROS) or malfunctioning of the antioxidant system, are the source of oxidative stress.
ROS affects all structural and functional components of cells, either directly or
indirectly. In addition to causing genetic abnormalities, excessive ROS also oxidatively
modifies proteins by protein oxidation and peroxidation and alters lipid structure via
advanced lipoxidation, decreasing function and promoting damage or cell death. On
the other hand, low levels of ROS constitute important redox-signaling molecules in
various pathways that maintain cellular homeostasis and regulate key transcription
factors. As a result, ROS can affect various cellular processes, such as apoptosis, migra-
tion, differentiation, and proliferation. ROS can act as signaling molecules, controlling
various normal physiological activities at the cellular level. Furthermore, there is an
increasing body of evidence indicating the role of ROS in various clinical conditions.
In this review, we will summarize the role of ROS in physiological and pathological proc-
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esses and antioxidant action during oxidative stress.
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INTRODUCTION

Reactive oxygen species (ROS) consist of radical and
non-radical highly reactive oxygen species formed by the
partial reduction of oxygen. Cellular ROS can be produced
endogenously, or exogenously. Overproduction of ROS in-
duces oxidative stress which is caused by imbalance in a
biological system between oxidants and antioxidants."
While oxygen is vital for life, playing a crucial role in signal
transmission, gene transcription, and various cellular
functions, it also harms biomolecules in the form of free rad-
icals or ROS. ROS-generated free radicals cause lipid per-
oxidation, DNA fragmentation, cell death, DNA damage,
protein structure alteration, and membrane degradation.’
This oxidative stress is involved not only in the toxicity of
xenobiotics, but also in the pathophysiology of a variety of
diseases such as cancer, ischemia-reperfusion injury, vas-
cular endothelium, cardiovascular diseases, deep injuries,
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inflammation, sepsis, diabetic retinopathy, and organ
dysfunction.?

ROS is produced during physiological cell functions such
as aerobic respiration or inflammatory responses. They are
primarily signaling molecules that promote gene expres-
sion, cell differentiation, anprocess process contributing to
natural aging. They additionally play an important role in
muscular contraction and vascular tone modulation and
determine bactericidal and bacteriostatic activities.!

CATALOG OF ROS AND THEIR MECHANISMS OF
ACTION

1. Superoxide anion (Oz" )

The superoxide anion is a free radical, which means it
possesses an unpaired electron making it highly reactive.
Superoxide is classified as a radical as well as a one-charged
anion.” It is a rapidly unstable molecule with a half-life of
milliseconds, a moderately strong oxidant that is reduced
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to hydrogen peroxide and can also operate as a reductant
and convert to oxygen (Og). O’ is a tiny anion that is ex-
tremely soluble in water, where it is solvated by four hydro-
gen-bonded water molecules and interacts with a proton or
proton donor to generate hydroperoxyl radical.’

Superoxide is predominantly produced in cells by the ad-
dition of one electron to molecular oxygen (Os) (Fig. 1).
Many enzymes, including NADPH oxidase (NOX), xan-
thine oxidase (XO), lipoxygenase, cyclooxygenase, and cy-
tochrome P450. CYP/cytochrome P450 reductase (POR),
and electron transport chains found in the endoplasmic re-
ticulum, peroxisomes, nuclear membrane, and cytoplas-
mic membrane, convert Os to superoxide. This can also be
produced by a variety of non-enzymatic processes (glycation)
or non-biochemical sources, including photolysis, chem-
ical, and electrochemical pathways.*

Although superoxide is commonly perceived as a poten-
tially harmful molecule due to its reactivity, it does play a
functional role in some biological processes. For example,
it is involved in signaling pathways and immunological
responses. In some situations, Superoxide is purposely
produced by cells as part of their defense systems against
infections.® Excessive superoxide in conjunction with other
ROS can result in oxidative stress, which has been linked
to a variety of diseases, including neurological disorders,
cardiovascular diseases, and cancer.* The damage inflicted
by superoxide on cellular components, including DNA, pro-
teins, and lipids has been associated with the etiology of
various disorders. It causes damage to proteins with Fe-S
centers, such as aconitase, succinate dehydrogenase, and
NADH-ubiquinone oxidoreductase.

2. Radical hydroxyl COH)

The hydroxyl radical is a highly reactive and unstable
molecule that is a member of the ROS family. Because of
its high reactivity, the hydroxyl radical is especially strong
and capable of causing harm to biological molecules within
the cellular components.
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FIG. 1. Chemical reactions involved in forming Reactive Oxygen
Species (ROS).
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The hydroxyl radical is frequently produced in cells via
the Fenton reaction (Fig. 1).” The interaction of hydrogen
peroxide (H2O2) with transition metal ions, commonly iron
(Fe™) or copper (Cu®), occurs in this process. The half-life
of the hydroxyl radical is on a scale of microseconds.
Because of its short lifespan, it has a limited diffusion range
in biological systems and frequently reacts with molecules
close to its creation site.

Due to its unpaired electron, the hydroxyl radical is very
reactive. It can react with and demolish a variety of bio-
molecules, including DNA, proteins, and lipids.® The hy-
droxyl radical can harm cellular components by removing
hydrogen atoms from DNA, resulting in DNA strand break-
age and mutations. Cells have evolved numerous anti-
oxidant defense systems, such as enzymes like catalase and
peroxidases, which help break down hydrogen peroxide and
prevent it from converting to the hydroxyl radical.

3. Hydroperoxyl radical (HO-")

The hydroperoxyl radical is highly reactive due to un-
paired electrons and can participate in various chemical
processes, contributing to oxidative stress. Hydroperoxyl
radical can start chain reactions that lead to the oxidation
of lipids, proteins, and DNA. The reactivity of hydroperoxyl
radicals can potentially affect cellular signaling pathways.
The hydroperoxyl radical can contribute to oxidative stress,
which has been linked to a variety of diseases such as neuro-
logical disorders, cardiovascular diseases, and cancer.’
Antioxidant defense systems exist in cells to counteract the
damaging effects of ROS such as hydroperoxyl radicals.
Enzymes such as superoxide dismutase (SOD) and cata-
lase, as well as non-enzymatic antioxidants such as gluta-
thione, play critical roles in maintaining cellular redox
equilibrium.

4. Hydrogen peroxide (H20z)

Hydrogen peroxide is an endogenous oxidant, the most
stable ROS." Because of cellular respiration, hydrogen
peroxide is produced naturally in the body. H2O2 has also
been shown to have antibacterial and antiviral action and
has been used in clinical settings since the early twentieth
century as a popular topical antiseptic for wound irrigation
or disinfection of instruments/surfaces.'® As part of their
defense systems against invading pathogens, white blood
cells produce hydrogen peroxide." The oxidative environ-
ment formed by hydrogen peroxide aids in the destruction
or neutralization of bacteria. HyO2 reduces phosphatase ac-
tivity during insulin signaling to regulate tyrosine phos-
phorylation, activates mitogen-activated protein kinase
(MAPK) in endothelial cells, and regulates ion channels
and Ca® signaling in neurons."”

H202 can be produced in a variety of cellular compart-
ments, including mitochondria, peroxisomes, and cyto-
plasm. Hydrogen peroxide is mostly produced via en-
zyme-catalyzed superoxide dismutation, though it can also
be produced by the two-electron reduction of oxygen in re-
actions catalyzed by oxidases such as xanthine oxidase,
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glucose oxidase, amino acid oxidase, urate oxidase, and
other enzymatic processes." H;0, does not directly inter-
act with pure biopolymers; the only exceptions may be thi-
ol-based sensor proteins (like OxyR in bacteria), which re-
act to the presence of micromolar levels of Ho O, by forming
disulfide bonds that are used for signaling."* Hydrogen per-
oxide easily breaches biological membranes and enters
neighboring blood vessels. HO, inhibits the activity of
Krebs cycle enzymes such as aconitase, alpha-ketogluta-
rate dehydrogenase, and succinate dehydrogenase, which
can collapse the mitochondrial proton gradient and affect
the proton motive force required for pyruvate translocase
to function in the inner mitochondrial membrane and
transport pyruvate into the mitochondria. H2Os is also im-
plicated in B-cell dysfunction, which causes type 1 and type
2 diabetes Mellitus. Hydrogen peroxide is subsequently re-
duced enzymatically by glutathione peroxidases (GPxs),
such as GPx-1, catalase, and peroxiredoxins (Prxs). Peroxi-
redoxins are antioxidant enzymes that protect cells from
oxidative stress by reducing hydrogen peroxide, lipid per-
oxide, and peroxynitrite.

5. Singlet oxygen ('0s)

ROS can be produced in two ways: electron transfer (type
I) or energy transfer (type II)."> Most oxygen radical anions,
such as superoxide radical (Os’ ) and hydroxyl radical, are
formed by electron transfer from an electron donor, where-
as 'Oy is formed by energy transfer from a photosensitizer’s
triplet state.'® Peroxidase, peroxygenase, and catalase pro-
duce singlet oxygen by accepting HyOs as a substrate.'®
Superoxide anions are produced by the membrane NADPH-
oxidase and dismutase to hydrogen peroxide. H,O can gen-
erate nonradical 'O by reacting with superoxide anions,
HOCI, or chloramines. Since NADPH-oxidase is found in
a wide range of cells, varied cells appear to produce the sig-
nal/messenger 'O; for inter or intracellular signaling."”
NADPH-oxidase is present mostly in polymorphonuclear
leukocytes and activated polymorphonuclear neutrophil
granulocytes produce significant amounts of 'Os. They pro-
duce hypochlorite (NaOC]) and chloramines (particularly
N-chlorotaurine) by activating the respiratory burst
(NADPH oxidase and myeloperoxidase). Chloramines are
selective and stable producers of 'O,. Singlet oxygen can
also be formed through the dismutation of alkoxyl radicals.
Singlet oxygen is produced by a variety of cell types, includ-
ing neutrophils, and macrophages.'” 'O functions as both
a signal and a therapeutic agent against a wide range of
pathogens, including bacteria, viruses, cancer cells, and
thrombi."” Being 'Oy is a potent oxidant, it causes perma-
nent photo-oxidative damage to surround biomolecules
such as proteins, carotenoids, nucleic acids, and lipids, par-
ticularly polyunsaturated fatty acids (PUFA)."

6. Ozone (0s)

Ozone is generated when oxygen molecules combine
with ultraviolet (UV) radiation from the sun (Fig. 1). The
breakdown of oxygen molecules into individual oxygen
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atoms can subsequently react with additional oxygen mol-
ecules to generate ozone. Antibodies and white blood cells
produce ozone in the human body and employ it as a weapon
against germs."

Ozone treatment involves its infusion into the body for
therapeutic objectives such as osteoarthrosis, wound heal-
ing, immune system stimulation, and decreased back pain.
It is utilized in some medical procedures, although its use
remains contentious, and its safety and efficacy are still be-
ing studied. Ozone therapy has been linked to several side
effects, including cancer, infection, inflammation, and
pain.”® Ozone-induced oxidative stress induces respiratory
tract cellular injury and altered cell signaling, as well as
increased heart rate, diastolic pressure, vascular oxidative
stressélinﬂammation, and decreased heart rate varia-
bility.

7. Peroxynitrite (ONOO )

Nitric oxide and superoxide are both signaling chemicals
produced by diverse cells, and their interaction makes per-
oxynitrite, a powerful oxidant involved in cellular signal-
ing and oxidative stress. Peroxynitrite may directly react
with electron-rich groups such as sulfthydryl, iron-sulfur
centers, zinc-thiolates, and the active site sulfthydryl in ty-
rosine phosphatases.”” Peroxynitrite can bind to proteins
having heme prosthetic groups, such as hemoglobin, my-
oglobin, or cytochrome C. It reacts with lipids in mem-
branes, liposomes, and lipoproteins by removing a hydro-
gen atom from polyunsaturated fatty acids (PUFA) and
forming hydroperoxyl radicals.?” Peroxynitrite can cause
DNA damage and guanine is the most reactive with perox-
ynitrite of the four nucleobases due to its low reduction
potential.

8. Alkoxyl radical (RO")

An alkoxyl radical has the general form RO", where R de-
notes an alkyl group.” Traditional sources of O-radicals in-
clude lead (IV) alkoxides, peroxides, sulfonates, hypo-
halites nitrite esters, N-alkoxylpyridine-2-thiones, and
N-alkoxy phthalimides.” In biological systems, alkoxyl
radicals are frequently generated by the interaction of or-
ganic hydroperoxides with transition metal ions such as
iron or copper. They are extremely reactive and can cause
oxidative stress and damage to biological systems. Alkoxyl
radicals may trigger chain reactions by absorbing hydro-
gen atoms from neighboring molecules. This process yields
more free radicals, which contributes to oxidative damage.
Alkoxyl radicals, like other ROS, can cause damage to bio-
logical components such as proteins, lipids, and DNA.

9. Peroxyl radical (ROO")

ROO’ are generated by the direct interaction of oxygen
with alkyl radicals (R").”* Decomposition of alkyl peroxides
(ROOH) produces ROO® and RO’ radicals. When free
PUFASs react with molecular oxygen, they form lipid hydro-
peroxide molecules (LOOHs). UV light or the presence of
transition metal ions can trigger hemolysis of peroxides, re-



sulting in peroxyl and alkoxyl radicals. Peroxyl radicals
can also be produced during the autoxidation of unsatu-
rated lipids, which is a critical stage in lipid peroxidation.
These radicals can damage almost all biomolecules, includ-
ing lipids, carbohydrates, proteins, nucleic acids, and en-
zymes, affecting their biological processes.”” Monounsatu-
rated fatty acids and polyunsaturated fatty acids are the
most vulnerable to peroxyl radical assault.

10. Hypochlorous acid (HOCI)

Hypochlorous acid is a strong oxidizing agent that is also
an important component of the human immune system.
Neutrophils, eosinophils, and monocytes release HOCI
during reaction to injury.”® Myeloperoxidase is the sole per-
oxidase that catalyzes the formation of HOCI from H3O»
and chloride (Fig. 1). Hypochlorous acid’s antibacterial ac-
tivity is pH-dependent. The stomach’s acidic environment
offers an extra line of defense against swallowed germs
since it is most efficient at acidic pH values.”” The United
States Environmental Protection Association has au-
thorized stabilized HOCI as a disinfectant against SARS-
CoV-2 in liquid form on non-porous surfaces.?®

HOCI is engaged in bacterial cell death, entering cell
walls with water-like ease, owing to its low molecular
weight and electroneutrality.” Once within the cell, it can
oxidize a wide range of biological components, including
DNA, RNA, thiols, heme-protein, amino groups, carbohy-
drates, and lipids. Hypochlorous acid reacts with un-
saturated bonds in lipids but not with saturated bonds.
HOCI can kill a wide variety of cells, including endothelial
cells, epithelial cells, fibroblast cells, T-cells, and tumor
cells.”® Glutathione (GSH) is a classic example of a scaveng-
ing antioxidant. The chlorination of GSH by HOCI results
in glutathione sulphonamide, a particular marker of HOC1
oxidation in biological systems.

REACTIVE OXYGEN SPECIES PRODUCTION

ROS can be produced by the induction of various cell or-
ganelles such as mitochondria, microsomes, peroxisomes,
endoplasmic reticulum, and other cytosolic enzymes due to
the involvement of NADPH and NADH in the respiratory
chain and cellular metabolisms.*" Toll-like receptor 1
(TLR1), TLR2, and TLR4 can increase ROS production by
recruiting mitochondria to macrophage phagosomes and
translocating tumor necrosis factor receptor-associated
factor 6 (TRAF6) to mitochondria to engage in an evolutio-
narily conserved signaling intermediate in Toll pathways
(ECSIT) (Fig. 2).* However, respiratory chain complexes
are the primary sources of ROS generation.

1. Mitochondrial electron transport chain

In mammalian cells, mitochondria are the major pro-
ducers of O" and H0z. The mitochondrial electron trans-
port chain, which is essential for cellular respiration, is a
primary generator of ROS. Electrons leaking from the res-
piratory chain can combine with molecular oxygen to gen-
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FIG. 2. Production of Reactive Oxygen Species (ROS). ROS can be
generated by various cell organelles such as mitochondria, perox-
isomes, endoplasmic reticulum, and other cytosolic enzymes.
Toll-like receptor 1 (TLR1), TLR2, and TLR4 can increase ROS
production by recruiting mitochondria and translocating tumor
necrosis factor receptor-associated factor 6 (TRAF6) to mitochon-
dria to engage in an evolutionarily conserved signaling inter-
mediate in Toll pathways (ECSIT). During immune response,
TGF-B secreted by Tregs activates the NOXs to produce ROS.

erate superoxide anion, a major ROS. Complexes I and III
are known superoxide-generating sites inside the mito-
chondria.® Reverse electron transfer (RET) causes com-
plex I to produce a considerable amount of Oy" . It was dis-
covered that isolated mitochondria respiring on succinate
produce substantial amounts of ;" via RET.*

2. Phagocytosis

Activated phagocytes (neutrophils, eosinophils, mono-
cytes, and lymphocytes) can generate high levels of ROS via
NOXs during respiratory bursts.* Direct interaction with
phagocytes or cytokines can also cause activated T-cells to
produce respiratory bursts. During immune response,
transforming growth factor-p (TGF-B) activates Treg NOXs,
causing ROS generation. During phagocytosis, immune
cells such as neutrophils and monocytes produce ROS as
part of their antimicrobial activity to fight pathogens that
are too big to be phagocytosed. This involves the activation
of NOXs and the subsequent production of superoxide and
other ROS. Neutrophils have a particular FcR signaling
pathway that is involved in the production of ROS against
malaria.*
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3. Endoplasmic reticulum stress

The Endoplasmic Reticulum (ER) redox environment
determines the fate of incoming proteins, and the quantity
of redox signaling mediators affects the level of ROS. The
interaction of ER stress and ROS with redox signaling me-
diators such as protein disulfide isomerase (PDI) endoplas-
mic reticulum oxidoreductin (ERO)-1, glutathione/gluta-
thione disulfide (GSSG), NADPH oxidase 4 (Nox4), NADPH-
P450 reductase (NPR), and calcium.® In the case of the ER,
oxidative stress can cause a buildup of misfolded proteins,
resulting in the development of ER stress and misfolded
proteins also induce ROS production. To fight ER stress,
cells activate a highly conserved stress response known as
the unfolded protein response (UPR).

4. Peroxisome

Peroxisomes are highly dynamic and metabolically ac-
tive organelles that are a major source of ROS and reactive
nitrogen species (RNS) such as Hz2O2, Oz, “OH, nitric oxide
(NO"), and ONOO , which are primarily produced in vari-
ous metabolic pathways such as fatty acid oxidation, photo-
respiration, nucleic acid and polyamine catabolism, ureide
metabolism, and others. Peroxisomes can rapidly produce
and scavenge H202 and Oz, allowing them to control dy-
namic fluctuations in ROS levels. Peroxisomal ROS are in-
volved in more sophisticated signaling networks in cells
that involve calcium, hormones, and redox homeostasis.®’

5. Enzymatic reactions

ROS are produced within cells by various enzymatic
processes. NADPH Oxidases (NOXs), xanthine oxidase, li-
poxygenases, cyclooxygenases, Cytochrome P450 Enzymes,
Uncoupled Nitric Oxide Synthase, Monoamine Oxidases,
and cyclo-oxygenase are some examples of reactions that
can generate superoxide and other ROS. NOXs are a group
of enzymes that produce reactive ROS, mainly superoxide,
as part of the immunological response. These enzymes pro-
duce superoxide by transferring electrons from NADPH to
molecular oxygen. NOXs can be present in intracellular or-
ganelle membranes such as those of mitochondria, endo-
plasmic reticulum, perinuclear regions, and even the nu-
clear membrane, where they can emit ROS.

6. Metal-catalyzed reactions and radiation

Transition metal ions, such as iron and copper, can par-
ticipate in ROS-producing processes. For example, the
Fenton reaction includes the reaction of hydrogen peroxide
with iron ions to form hydroxyl radicals. UV and ionizing
radiation exposure can cause the development of ROS.*
These types of radiation can directly interact with bio-
logical components, resulting in the production of free
radicals. UV-A and UV-B wavelengths penetrate the skin,
interacting with molecules like melanin to produce ROS
that damage DNA, proteins, and lipids, accelerating skin
aging and increasing cancer risk. Pollutants like ozone,
particulate matter, heavy metals, and polycyclic aromatic
hydrocarbons (PAHs) also generate ROS through cellular
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interactions, weakening antioxidant defenses and causing
inflammation, respiratory and cardiovascular diseases,
and skin aging. Together, UV radiation and pollutants sig-
nificantly increase ROS levels, stressing the importance of
antioxidant protection to reduce aging and disease risks.

ROLE OF ROS IN PATHOPHYSIOLOGY

ROS act as signaling molecules in a variety of intra-
cellular signaling pathways, triggering specific target pro-
teins such as transcription factors, kinases, and phospha-
tases to further orchestrate cellular processes and thus reg-
ulate cell cycle progression (proliferation or arrest), differ-
entiation, quiescence, senescence, or apoptosis (Figs. 3 and
4). ROS are significant signal modifiers and mediators in
response to growth factors, cytokines, hypoxia, shear
stress, and cyclic strain.?® Many key pathways are acti-
vated in response, including G protein-coupled receptors
(GPCRs), Notch, Wnt-catenin, mitogen-activated protein
kinase (MAPK), JAK-STAT, Nuclear factor kappa B
(NF-«B), and PISK/AKT. Here is an overview of the role of
ROS in different pathophysiologies.

1. Cancer

ROS are implicated in the initiation and progression of
cancer. Elevated ROS levels can cause DNA damage, lead-
ing to mutations and genomic instability. ROS can directly
induce oxidative DNA damage. Such damage consists of
DNA double-stranded breaks and the producing mutagenic
8-0x0-7-hydro-2-deoxyguanosine (8-0x0dG).***" 8-ox0dG
is a major cause of spontaneous mutagenesis because it in-
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FIG. 3. Pathophysiology of Reactive Oxygen Species (ROS). ROS
are produced by cellular metabolism and the immunological de-
fense system. Excess ROS regulate numerous transcription fac-
tors inducing apoptosis, tumor growth, senescence, and aging-re-
lated diseases.
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duces guanine to thymine transversion through its ca-
pacity to pair with both cytosine and adenine. Therefore,
the buildup of 8-oxodG in cellular genomes promotes
carcinogenesis. At low to moderate levels, ROS operate as
signal transducers, activating cell proliferation, migra-
tion, invasion, and angiogenesis. High quantities of ROS,
on the other hand, cause damage to proteins, nucleic acids,
lipids, membranes, and organelles, ultimately leading to
cell death.

Nuclear factor-erythroid 2 related factor 2 (NRF2) is an
important regulator of antioxidant responses in cancer
cells. NRF2 is activated and overexpressed in cancer to en-
hance cancer cell survival. NRF2 and its related genes reg-
ulate the cellular antioxidant system. Under normal set-
tings, kelch-like ECH-associated protein 1 (KEAP1) close-
ly regulates NRF2 expression and function. Under oxida-
tive conditions, NRF2 dissociates from KEAP1 and trans-
locates to the nucleus, where it binds to and activates the
antioxidant response element (ARE) in a variety of target
genes. ARE regulates antioxidant enzymes such as NADPH
quinone dehydrogenase 1, heme oxygenase 1, thioredoxin
reductase 1, superoxide dismutase, glutathione perox-
idase, and catalase. As a result, cancer cells protect them-
selves from excessive ROS.

2. Neurodegenerative disorders

Increased ROS levels, as well as reduced antioxidant de-
fenses, are typical characteristics of neurodegenerative
disorders. Oxidative stress is a common cause of neuronal
cell loss in neurodegenerative disorders such as Alzheimer’s
disease (AD), Parkinson’s disease (PD), Amyotrophic Lat-
eral Sclerosis (ALS), and Huntington’s disease (HD), as
well as brain and spinal cord damage after stroke and trau-
matic brain injury.***®* ROS buildup has also been linked
to mitochondrial malfunction, which results in decreased
energy production, alterations in metal homeostasis, and
the deposition of toxic protein aggregates inducing many
neurodegenerative disorders. These cause cell death me-
chanisms such as apoptosis, necrosis, ferroptosis, or au-

Mohammad Mamun Sikder, et al

tophagy to be activated. Oxidative stress is involved in a
variety of mechanisms, including proteins, nucleic acids,
and lipid oxidation which induce the formation of more ad-
vanced glycation final products, mitochondrial dysfunc-
tion, glial cell stimulation, apoptosis, developing defects in
the ubiquitin-proteasome system, oligomerization of pro-
teins such as alpha-synuclein (a-Syn) or beta-amyloid (Ap),
cytokine production and inflammatory response, and pro-
teasome dysfunction.** NOX activation in microglia or as-
trocytes is responsible for ROS production and ultimately
neuronal death.*” High levels of ROS are strongly asso-
ciated to the manifestation of neuronal death in a variety
of neurological diseases. These include chronic diseases
(Parkinson’s or Alzheimer’s disease), acute brain injuries
(brain trauma and cerebral ischemia), and psychiatric dis-
orders (autism, attention deficit hyperactivity disorder,
depression, and schizophrenia).

3. Cardiovascular diseases

Overproduction of oxidative stress-related factors such
as ROS can lead to a heart attack, atherosclerosis, hyper-
tension, hypercholesterolemia, and heart failure.*® Cardio-
myocytes and vascular layers including endothelium,
smooth muscle, and adventitia produce ROS.*” The endo-
thelium regulates vascular tone, modulates inflammation,
and promotes or inhibits vascular development, platelet
aggregation, and coagulation.®®

ROS are important in angiotensin II (Ang-II)-induced
cardiac hypertrophy/remodeling.* Ang-II promotes the
generation of ROS after binding to the receptor, which
leads to the activation of different signaling kinases. The
activation of the ERK kinase signaling cascade by ROS pro-
motes the production of the hypertrophic factor beta-my-
osin heavy chain in myocytes triggered by Ang-II. Further-
more, Ang-II could stimulate NADPH oxidase to produce
ROS, leading to p38MAP kinase activation and subsequent
AP-1 activation, while Racl activation appears to be a key
stage in the development of hypertrophy.”

Cardiovascular risk factors such as hypercholester-
olemia, hypertension, diabetes mellitus, and smoking all
enhance ROS generation while decreasing endothelial NO
production. The major ROS produced by NOXs in car-
diovascular cells are HxO2 and Os’ . Substantial evidence
supports the function of ROS in intimal thickening and the
progression of atherosclerosis.

ROS also drive endothelial dysfunction, atherosclerosis,
and hypertension by promoting oxidative stress and in-
flammation in the vascular system. ROS reduce NO avail-
ability, forming peroxynitrite, which impairs vasodilation
and promotes vessel inflammation. This dysfunction facili-
tates atherosclerosis, as oxidized LDL (oxLDL) attracts im-
mune cells, leading to foam cell and plaque formation that
narrows arteries and raises heart attack or stroke risks.
ROS also contribute to hypertension by constricting blood
vessels and activating pathways that increase vascular
resistance. These effects elevate blood pressure, leading to
vascular remodeling and increasing cardiovascular.
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4. Inflammatory diseases

ROS can also activate the MAPK pathway leading to the
increased expression of vascular endothelial growth factor
(VEGF). Cancer cells can generate and secrete VEGF to
maintain their proliferation and migration. ROS-regu-
lated factors (transcription factors, cytokines, and chemo-
kines) are involved in various aspects of cellular and regu-
late inflammation, immune cell migration, cellular pro-
liferation, survival, and apoptosis.” ROS-induced activa-
tion of signaling molecules such as Src, Ras, PI3K, EGFR,
MAPK, (p38MAPK), JNK, and ERK leads to the activation
of transcription factors, which in turn trigger the gen-
eration of pro-inflammatory cytokines and chemokines.
Besides NF-«B, other transcription factors, such as nu-
clear factor-like 2 (Nrf-2), the hypoxia-inducible factor-1a
(HIF-1a), B-catenin/Wnt, peroxisome proliferator activa-
tor receptor gamma (PPAR-y), and activator protein-1
(AP-1), have also been shown to be regulated by ROS.” The
production of cytokines and chemokines is triggered by
ROS. These cytokines and chemokines bind to their re-
spective receptors such as platelet-derived growth factor
receptor, VEGF receptor, and epidermal growth factor re-
ceptor (EGFR) regulating various cellular functions such
as cell adhesion, phagocytosis, cytokine secretion, cell acti-
vation, cell proliferation, cell survival and cell death, apop-
tosis, angiogenesis, and proliferation.”

H>0, is the main secondary messenger in wound-healing
responses inducing angiogenesis, various immunocyte re-
cruit;zl;nts, and keratinocyte proliferation and migra-
tion.”™

5. Coronavirus disease 2019 (COVID-19)

The SARS-CoV-2 virus can cause the generation of ROS,
which contributes to oxidative stress. The immunological
response to the virus involves the activation of inflam-
matory pathways, and immune cells such as neutrophils
and macrophages produce ROS as part of their defense
against the virus. COVID-19 might increase oxidative
stress by affecting Reactive Oxygen Species Modulator 1
(ROMO1) through activating NF-kB pathways.””> ROMO1
is a mitochondrial protein that interacts to certain proteins
in the mitochondrial inner membrane and was initially dis-
covered in several malignant tissues that produce medi-
cation resistance. Furthermore, ROMO1, a ROS-produc-
ing protein, has been identified in a variety of malignancies
and has been linked to cancer cell invasion and progression.
SARS-CoV-2 may affect mitochondrial activity in infected
cells. Disruption of mitochondrial function can result in in-
creased ROS production, contributing to oxidative stress
by activating NADPH oxidases in infected cells, resulting
in increased superoxide production. SARS-CoV-2 infec-
tions can cause endoplasmic reticulum stress, a physio-
logical reaction to unfolded or misfolded proteins that
cause the formation of ROS and activation of the NF-kB,
JAK-STAT, and NLRP3 inflammatory pathways.?
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6. Diabetes

High glucose levels in diabetes stimulate the generation
of ROS and activate apoptosis in cells.” Insulin resistance,
B-cell malfunction, and diabetic complications are all ex-
acerbated by oxidative stress.

7. Respiratory diseases

Airway inflammation is caused by oxidative stress dur-
ing respiratory disorders such as chronic obstructive pul-
monary disease (COPD) and asthma.* It contributes to the
remodeling of airways and the development of lung dys-
function. Particulate matter <2.5 um (PMs5) is a leading
cause of death and disability worldwide. The research to
date suggests that reactive oxygen species (ROS) gen-
eration in response to PMs 5 may include disturbance of cel-
lular redox signaling and/or rising of endogenous ROS pro-
duction, resulting in excessive responses.

8. Age-related diseases

Oxidative stress is thought to play a role in age-related
disorders such as cardiovascular diseases, neurological
disorders, and cancer.?® The mitochondria produce ROS
that cause aging, and an organism’s lifespan is thus de-
termined by the rate of oxygen consumption by the mi-
tochondrial respiratory chain. Aging and the Free Radical
Theory support some observations:

(1) increasing levels of ROS formation and oxidative
stress with aging

(2) a steady increase in mitochondrial dysfunction with
aging

(3) an increase in ROS generation following inhibition
of electron transport chain components

(4) a decrease in peroxisomal function with aging

According to available data, cellular senescence of mes-
enchymal stem cells (MSC) occurs with aging due to ex-
cessive ROS produced by complex I functional deficiency
combined with depressed Ndufs6.”® Overproduction of
ROS with aging limits bone formation and promotes bone
breakdown by disrupting the balance of oxidative and anti-
oxidant defense mechanisms.”

ROLE OF ANTIOXIDANTS IN THE REDUCTION OF
ROS

Antioxidants play a crucial role in reducing reactive oxy-
gen species (ROS) by directly neutralizing them through
electron donation, effectively acting as “scavengers” that
prevent oxidative damage to cellular components like pro-
teins, DNA, and lipids, thus mitigating oxidative stress
and protecting against various diseases associated with ex-
cessive ROS production; essentially, they help maintain a
balanced redox state within the body by counteracting the
harmful effects of free radicals.

1. Donation of electrons
Antioxidants stabilize free radicals by giving electrons,
preventing them from causing damage to biological com-



ponents. Natural and synthesized phenolic compounds
with electron-donating groups (EDG) such as methoxy in
the ortho or para position have more antioxidant activity
than those with meta-EDG.%

2. Free radical scavenging

Scavengers are antioxidants that seek for and neutralize
free radicals. This prevents free radicals from damaging
cellular components by interacting with them. Various en-
zyme systems in the body scavenge free radicals, while mi-
cronutrient (vitamins) antioxidants such as vitamin E
(tocopherol), vitamin C (ascorbic acid), and 3-carotene play

an important role in the ROS scavenging system (Table
1)'61-79

3. Metal chelation

Certain antioxidants, such as enzymes and chemicals,
can chelate or bind to metal ions. Antioxidants assist in in-
hibiting the production of free radicals by chelating these
metals. Curcumin, an antioxidant, can bind to metal ions
such as Mn**, Fe**, and Zn®**, producing metal chelates and
inhibiting free radical production.

4. Enzyme activity

Antioxidant enzymes such as superoxide dismutase, cat-
alase, and glutathione peroxidase play essential roles in
ROS neutralization (Table 2). These enzymes catalyze and
transform ROS into less reactive or non-toxic molecules.

5. Quenching singlet oxygen

Singlet oxygen is a highly reactive form of oxygen.
Certain antioxidants, such as carotenoids, can quench sin-
glet oxygen by removing energy from it, preventing it from
causing damage to the biological system.®

6. Antioxidant enzyme activity increment

Some antioxidants can increase enzymatic activity,
which improves the cell’s ability to neutralize ROS. Essen-
tial trace minerals, such as iron (Fe) as part of catalase; cop-
per (Cu), manganese (Mn), and zinc (Zn) that activate SOD,
and selenium (Se) that can activate glutathione peroxidase
to neutralize ROS.

7. Metallic nanozymes (MNZs)

Metallic nanozymes are promising possibilities for treat-
ing ROS-related inflammatory diseases because they mim-
ic the endogenous enzymatic mechanism.” These are ex-
tremely stable in a variety of physiological circumstances,
including low pH and high temperature. MNZs function as
synthetic antioxidants, capturing and scavenging surplus
ROS during inflammation and protecting the tissues from
damage.

ANTIOXIDANT ENZYMES

1. Superoxide dismutase (SOD)
The superoxide anion is converted into hydrogen per-
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oxide and molecular oxygen through the action of three
types of SODs, each characterized by distinct protein folds
and catalytic metal ions. These include Cu,ZnSODs (SOD1),
MnSOD/FeSODs (SOD2), and NiSODs (SOD3). SOD1 mu-
tations in humans are associated with the fatal neuro-
logical disease amyotrophic lateral sclerosis (ALS, widely
known as Lou Gehrig’s disease).®”” The functional diver-
gence between FeSOD and MnSOD is very important, pre-
venting the two metals from substituting for each other in
most Mn/FeSODs. Notably, NiSOD, a more recently dis-
covered variant, has only been identified in bacteria.

2. Catalase

Catalase uses an iron or manganese cofactor to catalyze
the conversion of hydrogen peroxide to water and oxygen.
It is located mostly in peroxisomes, where it serves an im-
portant role in detoxifying peroxides produced during fatty
acid metabolism. Catalase is made up of four protein sub-
units, each of which contains a heme group and a NADPH
molecule.®

3. Glutathione peroxidase (GPx)

Glutathione Peroxidase lowers hydrogen peroxide and
lipid hydroperoxides by using reduced glutathione as a
substrate. With eight members, GPx is the most well-known
protein family.* However, each member of the GPx family
has a unique mode of action and site of action in maintain-
ing redox balance. GPx1-4 and GPx6 use selenocysteine as
the active center to catalyze the reduction of HyOs or organ-
ic hydroperoxides to water or corresponding alcohols, low-
ering their toxicity, and preserving redox equilibrium.
GPx4 can reduce complex lipid molecules in addition to
H;0s. It is the only GPx enzyme that directly lowers and
eliminates lipid hydroperoxides. The active sites of GPx5
and GPx7-GPx8 do not contain selenium cysteine (Secys),
but instead contain cysteine residues (Cys). GPx5 is mostly
expressed in epididymal tissue and protects sperm from oxi-
dative damage. Expression of selenium-independent glu-
tathione peroxidase 5 (GPx5) in the epididymis of Small
Tail Han sheep.®* Both GPx7 and GPx8 are endoplasmic
reticulum enzymes involved in the oxidative folding of en-
doplasmic reticulum proteins, and GPx8 also plays an im-
portant role in Ca®* control in the endoplasmic reticulum.

4. Peroxiredoxins (Prx)

Peroxiredoxins are a widely distributed family of cys-
teine-dependent peroxidase enzymes capable of rapidly
clearing peroxides and serving as thiol-dependent peroxi-
dases.® Prxs are classified into six evolutionary subfamilies
(Prx1, Prx5, Prx6, Tpx, PrxQ, and AhpE), which differ in
their oligomeric states and interfaces, as well as the place-
ment of the resolving Cys.

5. Thioredoxin reductase (TrxR)

Thioredoxin Reductase is a selenium (selenocysteine)-
containing protein that exists in three forms: TrxR1,
TrxR2, and TrxR3. Thioredoxin Reductase (TrxR) enzymes
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TABLE 1. List of antioxidants with mechanism and potential food sources

Antioxidants Antioxidant mechanism Food sources References
o-carotene Scavenging singlet oxygen and peroxyl radicals Apricot, carrot, sweet potato, pumpkin, and 61,62
beans
Astaxanthin Donating electrons, bonding with the free radical  Algae, trout, krill, yeast, salmon, shrimp, and 63
crayfish
Anthocyanins Hydrogen atom transfer and single-electron Red and purple berries, plums, apples, grapes, 64
transfer and cabbage
B-carotene Scavenging singlet oxygen and peroxyl radicals Yellow and green leafy fruits and vegetables 62
Capsaicin Scavenging "OH radicals in water, and DPPH Bell peppers, cayenne peppers, jalapefio peppers, 65
(2,2-diphenyl-1-picrylhydrazyl) radicals in and other chili peppers
ethanol
Catechin Free-radical scavenging and metal chelating Fresh tea leaves, black grapes, apricots, broad 62
activities beans, and strawberries
Canthaxanthin  Scavenging singlet oxygen and peroxyl radicals Mushrooms, fish, crustaceans, and eggs 62,66
Curcumin Scavenge various ROS including superoxide Turmeric root 67
anions, hydrogen peroxide, and nitrite radicals
Cryptoxanthin = Scavenging singlet oxygen and peroxyl radicals Oranges, peaches, papaya, and tangerines 62
Coenzyme Q10  Increase the production of key antioxidant Oily fish (such as salmon and tuna), organ meats 68,69
enzymes such as superoxide dismutase (such as liver), and whole grains
Glutathione Scavenging reactive hydroxyl free radicals, other Avocado, oranges, cabbage, watermelon, 70
oxygen-centered free radicals, and cofactor of asparagus, grapefruit, strawberries, broccoli,
glutathione peroxidase cucumber, green bean, and green tea
Lycopene Scavenging singlet oxygen and peroxyl radicals Red fruits and vegetables 62
Lutein Scavenging singlet oxygen and peroxyl radicals Green leafy vegetables (e.g., kale, broccoli, 62
spinach, peas, and lettuce) and egg yolks
Lipoic acid Scavenging superoxide anion and reactive Organ meats (such as liver, heart, and kidney, 71
nitrogen species muscle meats), fruits, and vegetables
Manganese Component or activator of the antioxidant Shellfish, especially clams, chickpeas, oysters, 72
enzyme superoxide dismutase nuts, beans, bananas, spinach, and pineapples
Melatonin Scavenging hydroxyl radical and the Milk, rice, cherries, nuts, fish, goji berries, and 73
peroxynitrite anion, singlet oxygen, superoxide oats
anion radical, hydrogen peroxide, nitric oxide,
and hypochlorous acid
Quercetin Stimulate the activity of antioxidant enzymes Citrus fruits, onions, apples, sage, parsley, and 74
SOD and catalase tea
Resveratrol Scavenging free radicals include superoxide Grapes, blueberries, raspberries, plums, and 75
radicals, hydroxyl radical, hydrogen peroxide, peanuts
nitric oxide, and nitrogen dioxide
Improving endogenous antioxidant enzyme
activity (e.g., SOD, catalase, and GSH)
Selenium Involved in synthesizing and regulating the Brazil nuts, seafood, and organ meats 76
activity of endogenous antioxidant enzymes
glutathione peroxidase
Vitamin A Quenching singlet oxygen, neutralizing thiyl Liver, eggs, fish, dairy products, leafy green 77
radicals, and stabilizing peroxyl radicals vegetables, orange, yellow vegetables, tomato
products, fruits, and vegetable oils
Vitamin C Quenching singlet oxygen and stabilizing peroxyl Citrus fruits 78
radicals
Vitamin E Quenching singlet oxygen, and stabilizing Nuts, seeds, and vegetable oils 78
peroxyl radicals
Zeaxanthin Scavenging singlet oxygen and peroxyl radicals Green leafy vegetables (e.g., kale, broccoli, 62
spinach, green peas, and lettuce) and egg yolks
Citric acid Scavenging hydrogen peroxide, hydroxyl, alkoxy, Lemons, grapefruits, limes, oranges, tangerines, 79

and peroxide radicals and superoxide anions

and pomelos

are found primarily in the cytoplasm and mitochondria.
TrxR and Thioredoxin (Trx) are two key antioxidant sys-
tems that regulate redox homeostasis in cells. The thio-

redoxin system, which consists of TrxR, Trx, and NADPH,
operates by a disulfide-dithiol exchange process.® TrxR is
required for the regeneration of decreased thioredoxin,
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TABLE 2. Antioxidant enzymes, their functions, Subcellular locations, and associated health implications

Antioxidant enzymes Functions

Subcellular locations

Implications on diseases

Superoxide dismutase = Neutralizes superoxide Widely distributed Neurodegenerative diseases, aging, cancer,
anion radical cardiovascular

Catalase The conversion of hydrogen Peroxisome Diabetes mellitus, vitiligo, cardiovascular
peroxide to water and diseases, hypertension, anemia, and
oxygen neurodegenerative diseases

Glutathione peroxidase Lowers hydrogen peroxide Cytosol Cancer, cardiovascular

and lipid hydroperoxides
Peroxiredoxins Rapidly clearing peroxides

Thioredoxin reductase =~ Reducing thioredoxin

Cytosol, mitochondria,
and nucleus
Cytosol and

Inflammatory diseases, neurodegenerative
diseases, cancer, cardiovascular
Cancer, neurodegenerative diseases, and

mitochondria cardiovascular diseases
Glutathione reductase =~ Maintains cellular GSH Cytosol and Aging processes, and cell death
levels mitochondria
Paraoxonase Functions as a lactonase Bloodstream, Cardiovascular diseases, neurological disorders,
and an arylesterase mitochondria diabetes mellitus, atherosclerosis, obesity,

NAFLD, and inflammatory diseases

which is required for some peroxiredoxins’ peroxidase
activity.

6. Glutathione reductase (GR)

Glutathione reductase is responsible for maintaining
the supply of reduced GSH, which is one of the most preva-
lent reducing thiols in most cells. GSH, in its reduced form,
performs critical roles in the cellular regulation of ROS.*’
Reduces oxidized glutathione to its reduced form GSH,
hence preserving the cellular GSH pool. Because of its char-
acteristics and reactivity, GSH is a crucial antioxidant mol-
ecule that serves as a marker of the redox state in numerous
diseases, aging processes, and cell death.

7. Paraoxonase (PON)

Paraoxonase enzymes regulate inflammation and serve
as antioxidants in human tissues. PON1, PON2, and PON3
have been identified as PON family subgroups (Table 2).%®
PON1 is produced in the liver and is found in the blood-
stream in association with high-density lipoprotein (HDL).
PON1 enzyme contains calcium ion sites, which are neces-
sary for enzyme stability and catalytic activity. PON1 is the
most studied enzyme in the PON family, and its sig-
nificance has been demonstrated in cardiovascular dis-
eases, diabetes mellitus, atherosclerosis, obesity, non-al-
coholic fatty liver disease (NAFLD), and inflammatory
diseases.

DIETARY FOODS AND DRUGS INDUCING ROS
PRODUCTION

Dietary macronutrients promote ROS generation through
increased metabolic rate and B-oxidation in mitochondria
and peroxisomes.**" Acetyl CoA, produced by glycolysis
and B-oxidation of fatty acids, is metabolized in mitochon-
dria via the tricarboxylic acid cycle, resulting in NADH and
FADH2. NADH and FADH2 supply electrons to complex

I and II of the mitochondrial electron transport chain,
respectively. The leakage of these electrons to oxygen is the
primary cause of Oz ° production. Similarly, quickly fol-
lowing consuming a meal, ROS concentrations in periph-
eral cells are significantly elevated, which promotes addi-
tional ROS formation.”*®

Consuming glucose leads to an increase in ROS pro-
duction by polymorphonuclear leukocytes (PMNs) and
mononuclear cells (MNCs), as well as a drop in plasma-to-
copherol concentrations. Glucose and meal challenges also
enhance lipid peroxidation and deplete antioxidant re-
serves. These findings raise the question of whether macro-
nutrients other than carbs can boost ROS production and
oxidative stress. Protein intake boosts Oz ° production in
polymorphonuclear leukocytes and mononuclear cells.
The data indicating protein-dependent postprandial ROS
generation are less extensive when compared to glucose in-
gestion, and one study found no significant increase in oxi-
dative stress following protein intake by healthy males. In
contrast to glucose and proteins, lipids are a primary source
of ROS production and accumulation in the plasma and ER
membranes.”* Longer chain polyunsaturated fatty acids
(PUFAs) have a higher p-oxidation rate compared to mono-
unsaturated and saturated fatty acids. As a result, PUFAs
generate more reactive ROS compared to monounsatur-
ated and saturated fatty acids. Consuming a high-fat diet
raises aROS levels, which can lead to proinflammatory sig-
naling, activation of the NF-«B transcription factor, and
deleterious effects on organs including the liver and
kidneys.”*’

Some pharmaceutical preparations, such as Diclofenac,
Paracetamol, and Cisplatin, are also responsible for the
formation of ROS leading to oxidative stress because of
overconsumption.” Traditional medicine, such as Ayurvedic
medicine, contains heavy metals like mercury, arsenic, and
lead, which reduce the activity of antioxidant enzymes,
causing an imbalance of the redox system and oxidative
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stress, which can also severely affect the liver and other
. 99-101
tissues.

RECENT ADVANCES IN THE STUDY OF REACTIVE
OXYGEN SPECIES (ROS)

1. Precise ROS measurement

Researchers are actively developing advanced fluores-
cent probes designed to detect specific reactive oxygen spe-
cies (ROS) with exceptional sensitivity and spatial re-
solution.'”®'*” This innovative technology allows for im-
proved monitoring of redox changes within cells, enhanc-
ing our understanding of the complex processes that occur
within our bodies. Such advancements in the scientific
community hold great promise for significant break-
throughs in cellular health and disease management, un-
derscoring the importance of these efforts in contributing
to society’s greater good.

2. ROS-responsive drug delivery

The field of targeted cancer therapies has advanced by
developing refined drug delivery systems.'** These sys-
tems are designed to release therapeutic agents selectively
in areas with elevated reactive oxygen species (ROS) levels,
such as tumors. This targeted approach enhances treat-
ment efficacy while reducing systemic side effects, ulti-
mately improving patient outcomes. By leveraging tumors’
unique biochemical environments, researchers are pio-
neering a transformative approach to cancer treatment
that could redefine oncology.

3. Wound healing applications

Understanding the role of ROS in different stages of
wound healing has led to the development of ROS-scaveng-
ing agents that promote skin regeneration.

4. Immune system modulation

Researchers are exploring ways to manipulate ROS lev-
els in immune cells to enhance their anti-tumor activity
and control immune responses in various diseases.

CONCLUSIONS

ROS are generated by various endogenous cellular
activities. Mitochondria are the primary source of endoge-
nous cellular ROS, which, in considerable quantities, can
damage macromolecules such as DNA, proteins, and lipids.
Such damage has been linked to the development of a varie-
ty of pathological conditions, including cancer, inflamma-
tory, neurodegenerative, respiratory, cardiovascular, and
age-related diseases. The body contains built-in anti-
oxidant defenses against free radicals. Antioxidants in the
diet are beneficial in the prevention of disease. However,
many questions regarding antioxidant supplements and
disease prevention mechanisms remain unsolved. The
paired character of ROS with their advantageous and det-
rimental qualities reveals the complexity of their speci-
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alized roles in a biological compartment, as well as the diffi-
culty in developing relevant techniques to treat ROS-re-
lated disorders. Future advances in genomes, metabolo-
mics, and proteomics will be helpful in gaining a precise un-
derstanding of biochemical networks involved in cellular
responses to oxidative stress.
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