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Abstract: Natural cellular metabolism and external stimuli cause organisms to produce reactive
oxygen species (ROS). These substances are highly reactive and possess the capacity to degrade and
alter the functionality of several cell constituents, including nucleic acids, proteins, and lipids.
Oxidative stress refers to a change in the ratio of oxidants to antioxidants that favors oxidants. It is
essential for organ function, cell survival, activation, and proliferation, so that reducing and oxidizing
states are regulated. The integrated antioxidant systems of aerobic organisms consist of both
enzymatic and non-enzymatic antioxidants, which are generally successful in preventing the negative
effects of ROS. Many pathological states and illnesses are linked to oxidative stress. In this review,
we cover the cellular implications and processes of oxidative stress as well as an overview of the
cellular oxidant and antioxidant systems.
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1. Introduction

In the modern era, cancer is a global threat to people worldwide as it is increasing day
by day. There is an urgent need for united efforts to find and define more effective
medications in light of this staggering loss of human life. One of the essential signaling
molecules that is involved in several disorders is ROS [1, 2].

These are very reactive oxygen-containing molecules that are continuously generated
by organelles that are metabolizing, specifically the endoplasmic reticulum, peroxisomes, and
mitochondria. ROS tends to have an extremely unusual range of effects, acting both pro- and
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anti-malignant. Under typical cellular circumstances, antioxidant effectors regulate the
dynamic equilibrium that produces and stores minute quantities of ROS [3].

A small threshold point in favor of oxidative stress initiates several signaling cascades
that accelerate mutagenesis, damage deoxyribonucleic acid (DNA), increase cellular growth,
and intensify the Warburg metabolic effect that cancer cells exploit. Various mechanisms
promote carcinogenesis and encourage the transformation of cells into malignancies. It is
highly believed that ROS build-up causes anticancer effects, including cell cycle arrest and
cell death via necroptosis, apoptosis, and autophagy. The complexity of cell signaling in
cancer sparked a hunt for therapeutics that may target and alter signaling molecules' functions
to fight various ailments [4]. In this review, we summarize the oxidative stress, redox
modulation, and antioxidant systems against ROS.

2. Oxidative Stress (OS)

The imbalance between the production and breakdown of ROS within the cell is
known as oxidative stress. It is a potential contributor to pathogenesis that causes several
diseases like cardiovascular disease, diabetes, and cancer. During the past two decades,
researchers have shown that in normal cells, ROS acts as a secondary messenger for signaling
in cells and is essential for several biological mechanisms [5,6]. Also, it acts as a mediator
that initiates tumors by inducing various agents both in animal and human models of disease
due to its oncogene activation by lack of blood supply and various other variances to the cell
[7].

ROS like superoxide (O2¢) or its metabolites hydrogen peroxide (H20.) or
hydroperoxyl radical (ROOQO¢), hydroxyl radical (OH), and nitrogen species (RNS) such as
nitric oxide (NO-¢) and peroxynitrite (*ONOO-) damages the macromolecules that include,
DNA, lipids, proteins, enzymes and other cell components that lead to necrosis or apoptosis.
A very highly vulnerable condition develops in the human body due to changes that are being
induced in DNA through oxidative damage, and they get abnormal protein expression. The
rich amount of ROS helps to reduce oxidative stress through the concurrent decline in cellular
antioxidative stress. This whole process suggests a new way in the development of various
diseases like diabetes, neurodegenerative diseases, mitochondrial disease, heart disease, and
cancer. Therefore, a real vision for the treatment to reduce the ROS is aimed at curing the
proliferative or metastatic cancerous cell [8].

3. Effects of Oxidative Stress on Genetic and Biochemical Mechanisms

Oxidative stress arises when antioxidants become depleted or ROS builds up,
upsetting the equilibrium between antioxidants and ROS. Through the activation or silencing
of genes that encode structural proteins, transcription factors, and defense enzymes, cells try
to counteract the effects of oxidative stress and restore the redox equilibrium. The
oxidized/reduced glutathione ratio (2GSH/GSSG) is a significant factor in determining the
presence of oxidative stress. Increased ROS generation in the body can alter the structure of
DNA and lipids, modify proteins, trigger many transcription factors generated by stress, and
produce cytokines that are both pro- and anti-inflammatory [9].
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4. Effect of Oxidative Stress on Biomolecular Impairment

ROS targets almost every cell's substrates and alters the function of all kinds of
biomolecules. Polyunsaturated fatty acids, i.e., arachidonic acid and docosahexaenoic acid,
are particularly prone to oxidation. This can result in the production of malondialdehyde and
4-hydroxynonenal, which are known indicators of lipid oxidative degradation. Both the side
chains and the backbone of proteins may be oxidized by reactive oxygen species. This
interaction between reactive oxygen species and amino acid side chains results in the
production of carbonyl functions. ROS disrupts nucleic acids by altering the structure of
purine and pyridine bases, strand breakage, and DNA-protein crosslinking, which can result
in DNA mutations. Taking all of this into consideration, it is crucial to remember that the
innovative idea of oxidative stress depends on recognizing alterations in the cellular redox
state rather than being limited to the free radical destruction of proteins [10].

According to Dean Jones, oxidative stress is a disruption in redox signaling and
control in light of new findings on antioxidant mechanisms, oxidative stress indicators, and
redox signaling pathways. As a result, the role of antioxidant systems is seen as more
complex than simply preventing reactive free radicals. From this point of view, the stages
involved in the occurrence of ROS were explained, emphasizing how the electron transport
chain (ETC) in the inner membrane of mitochondria exists where this process of production
occurs [11,12].

In the ETC, four membrane-bound complexes (lelV) transfer electrons from NADH
and FADH; to molecular oxygen, where they eventually generate water. By releasing
electrons from the inner membrane during this process, molecular oxygen can be converted to
superoxide radical anions (O2-). It also results in the production of additional ROS, including
hydroxyl radicals (OH-), hydrogen peroxide (H202), and hydroxyl ions (OH). O2 releases
reactive nitrogen species (RNS) when it reacts with nitric oxide (NO) to form peroxynitrite
(ONOO). They can also produce nitrogen dioxide (NO2) and other nitrogenated species,
including nitroso-peroxycarbonate (ONOOCOO). Both in reaction to outside stimuli and
during activities supported by transition metal cations (iron and copper ions), microglia and
brain astrocytes generate RNS and ROS. ROS/RNS may alter lipids, proteins, DNA, and
RNA, which may result in the formation of more reactive molecules (Figure 1) [13].

4.1. Effects of oxidative stress on DNA.

ROS can modify DNA in several ways, including base degradation, breaks in single-
or double-stranded DNA, and alterations involving purines, pyrimidines, or sugars. This
results in translocations, deletions, cross-linking with proteins, and mutations. The majority
of these DNA alterations have a significant impact on aging, neurological, cardiovascular,
and immunological illnesses, as well as carcinogenesis by producing free radicals or
interacting with thiol groups, tobacco smoke, and heavy metals. The most well-known
oxidative stress-induced DNA damage is the formation of 8-OH-G, which may serve as a
biomarker for the development of cancer. Gene promoter regions include the standard
transcription factor sequences. The GC-rich sequences found in these transcription factor-
binding sites are at risk of oxidative stress. Formation of 8-OH-G DNA at transcription factor
binding sites can change transcription factor binding and, consequently, the expression of
related genes, as has been proven for AP-1 and Sp-1 target sequences. In addition to 8-OH-G,
it has also been demonstrated that when present in a TATA box, 8, 59 -cyclo-29 -
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deoxyadenosine (cyclo-dA) inhibits transcription from a reporter gene in a cell culture. The
TATA-binding protein modifies the DNA's bending to start transcription. The presence of
cyclo-dA may hinder TATA-binding protein binding [14].

ROS generation
02, H202, OH'

Protein
. ... Oxidation of deoxyribose
T Membrane fluidity Strand breakage
Chain breakage Enzyme inactivation Mutation

Mitochondrial stress Susceptibility to proteolysis

Protein degradation

|
Apoptosis, Necrosis, and cell death

Figure 1. ROS induced oxidative damage to lipids, proteins, and DNA.
4.2. Effects of oxidative stress on lipids.

ROS can cause lipid peroxidation and disturb the lipid bilayer structure of the
membrane, which can inactivate enzymes and receptors that are linked to the membrane and
improve tissue permeability. Lipid peroxidation products such as thiobarbituric acid, MDA,
isoprostanes, and unsaturated aldehydes can inactivate a vast majority of cellular proteins by
forming cross-links in the proteins. These products have been indirectly employed as
oxidative stress indicators. 4-Hydroxy-2-nonenal releases peroxide, fibronectin, depletes
intracellular GSH, and activates the epidermal growth factor receptor [15].

Lipid oxidation possesses the ability to cause harm to cell membranes. The
unsaturated fatty acids had a high sensitivity to oxidation and were easily peroxidized by OH
attack. Isoprostanes are produced when polyunsaturated fatty acids undergo peroxidation, and
their concentrations are thought to correctly represent oxidative stress. Reactive aldehydes
like malondialdehyde and 4-hydroxynonenal are also produced by the oxidative damage to
lipids. The latter may attach themselves to proteins and interfere with their biological
activities [16].
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4.3. Effects of oxidative stress on proteins.

ROS can lead to the oxidation of several amino acids, cross-linking of proteins,
peptide chain fragmentation, and changes in the electrical charge of proteins, and therefore
enhance the risk of proteolysis due to the breakdown by certain proteases. Cysteine and
methionine-containing protein residues are especially prone to oxidation. Conformational
alterations, unfolding, and degradation of proteins are caused by the oxidation of sulfhydryl
groups or methionine residues [17]. Metal-catalyzed oxidation particularly affects enzymes
with metals on or around their active sites. It has been proven that oxidative alteration of
enzymes inhibits their activity. Protein oxidation can lead to unfolding, misfolding, side-
chain oxidation, and backbone fragmentation, all of which can cause a reduction in activity.
In addition to carbonylation, which produces advanced glycation end products, oxidation of
plasma thiol groups causes oxidative damage to proteins [18,19].

Every amino acid is susceptible to oxidation; cysteines and methionines oxidize
easily, although disulfide reductases help to reverse many of these oxidations. Numerous
irreversible changes may transpire in vivo, including the synthesis of S-
carboxymethylcysteine and S-(2-Succinyl) cysteine. This indicates that fumarate and
dicarbonyl groups are formed and covalently attached to cysteine residues. Carbonyl
derivatives are also produced by the oxidation of lysine, proline, arginine, and threonine.
These indicators are based on the oxidative species-mediated oxidation of proteins [20,21].

5. Generation of ROS by Oxidative Phosphorylation

Mitochondria play a major role in ROS generation while most of the electrons
provided to the mitochondrial respiratory chain (MRC) are migrated to cytochrome ¢ oxidase
where protons and oxygen react to generate water, and some of them directly react to oxygen,
they form superoxide anion (02.7) and H20- [22]. The process of stimulation and activation
of the extracellular signal-regulated kinase with the help of mitochondrial ROS controls the
mass of mitochondria by mitophagy and biogenesis, as well as the regulation process of
gluconeogenesis and mitochondrial metabolic pathways. Through regulating the synthesis of
amino acid 5-like 1 (GCN5L1), which further regulates FOXOL1 at the post-transcriptional
level, the extracellular signal-regulated kinase supervised all of these processes. During the
process of prolonged fasting, FOXOL1 controls the process of mitochondrial content, hepatic
gluconeogenesis, and mitochondrial protein acetylation [23].

Moreover, the oxidative stress in the livers of infected patients is induced by Hepatitis
C virus (HCV), and this process specifically requires HCV core, NS5A, E1, E2, NS3/4A, and
NS4B proteins. Interaction of some proteins occurs with MRC after being localized to the
mitochondria. Studies of the liver biopsies obtained from patients suffering from chronic
HCV infection showed DNA damage and an increase in 4-hydroxynonenal and
malondialdehyde levels, therefore, manifesting the severity of inflammation and fibrosis.
HCV disrupts mitochondrial function by causing a disruption of calcium (Ca2p) homeostasis
and relocation in mitochondria. Thus, the role of Ca2p chelators in the prevention of
oxidative stress induction in HCV-infected cells is well established. Apart from causing
mitochondrial oxidative stress and dysfunction, HCV also brings about the inactivation of the
innate immune antiviral signaling and inflammatory pathways that are dependent on
mitochondrion [24, 25].
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6. Enzymatic Cycle of Human Cytochrome P450s

Various studies showed that human CYP 450s are directly involved in the production
of H202 and superoxide. It is now that human CYP 450 enzymes produce ROS during their
catalytic cycle despite completing the normal substrate oxidation reaction, and this process is
called ‘reaction uncoupling’. First, ROS species superoxide radical is produced as a result of
the loss of reduced oxygen (O27), which then further converts to H.O> formation. The entry
of the proton into the active site to reduce the oxygen complex, which leads to hydrogen
peroxide, avoiding the release of the water molecule, is the second possible step in the
formation of ROS [26, 27].

Various CYP isoforms have varying rates for undergoing uncoupling, and substrate
concentration is also another important factor that they rely on. Some studies have also
shown that CYP1D1 in zebrafish and CYP1B1 had high rates of uncoupling reactions as
compared to other isoforms, which have a higher capability for producing ROS due to
uncoupling reactions. Structural variations among the different CYP isoforms are responsible
for the above-mentioned differences in coupling reaction [28].

7. How ROS Plays its Role in Different Diseases

During pulmonary insufficiency in infants and respiratory distress syndrome in adults,
supplementary oxygen is often provided. A hyperoxic condition can be created by this
oxygen supply. Studies have shown that this can cause pulmonary injury in animal models,
leading to increased oxidative stress and ROS levels. It was previously known that H.O>
increase could be due to an increase in CYP activity and reaction uncoupling. Related to this,
one previous study showed that a known CYP inhibitor, cimetidine, reduced pulmonary
injury in treated lambs, which was due to CYP inhibition. But later on, many studies have
shown that instead of CYP inhibition, CYP induction, for instance, 3-methylcholanthrene (3-
MC) and beta-napthoflavone (BNF) have ameliorating effects against hyperoxic lung injury
and liver injury [29, 30].

CYP1A1/1A2 is directly involved in hyperoxic lung and liver injury in rats after
exposure to a hyperoxic environment. Studies on newborn and adult mice have also shown
that CYP1A induction by various inducers like BNF ameliorates hyperoxic lung injury.
Among the transcription factors regulating the CYP1 gene expression, aryl hydrocarbon
receptors (AHR) are among the ones that are induced by 3-MC [31, 32].

Studies have also shown that in a hyperoxic (more than 95% O2) environment in adult
mice, Cyplal-/-, Cypla2-/-, and Ahr-/- result in elevated pulmonary injury, indicating that
CYP1A enzymes show protective effects against hyperoxia-induced lung injury. In this way,
ROS is increased, leading to elevated lipid peroxidation levels and oxidative DNA damage in
Cyplal-/- and Cypla2-/- mice's lungs. Previous studies have also shown that the metabolism
of PGF2-alpha and F2-isoprostane to a minor metabolite actually lessens lung damage, but
there is still no authentic mechanism reported so far on how CYP1A protects against lung
injury [33-35].

Among other members of the CYP1 family, CYP1B1 has also been reported to play a
role in modulating oxidative stress by decreasing ROS in specific experimental conditions.
CYP1B1 is also involved in hyperoxic toxicity in cells that show over-expression of CYP1B1
in the MTT assay. The cells in which the CYP1B1 gene is knocked out show a decrease in
caspase pathways, which are responsible for apoptosis [36, 37]. Another important factor that
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is responsible for ROS increase is ethanol consumption, which leads to liver cirrhosis and cell
death of the liver cells. Three enzymes mainly metabolize alcohol: alcohol dehydrogenase,
catalase, and CYP2E. CYP2EL not only metabolizes ethanol but also induces CYP2E. ROS,
through uncoupling, are produced when ethanol is metabolized, which results in alcoholic
liver diseases mainly due to elevated hepatic oxidative stress [38]. In cases of chronic ethanol
consumption, CYP2E1 CYP2E1-mediated ROS generation results in DNA adducts, which
have carcinogenic effects in the liver. Another role of CYP2E1-generated ROS is the cause of
non-alcoholic fatty acid liver disease (NAFLD). CYP2E1 can cause various liver
abnormalities as ROS produced by it, even in substrate absence due to reaction uncoupling
[39, 40].

Among the CYP3 family, CYP3A4 is known as a major enzyme as it metabolizes
50% of the drugs available in the market. It has an active site that can accommodate more
than one substrate at a time, which is responsible for an increased rate of uncoupling reaction
as CYP2A4 has a tendency to produce ROS as well. CYPA34-mediated ROS counts for
altering protein secretion that is mainly implicated in liver carcinogenesis, which involves
two types of signaling, autocrine and paracrine [41, 42].

CYP3A4-mediated ROS generation causes further damage in tumor cells. Methyl 3-
(4-nitrophenyl) propiolate (NPP), metabolized by CYP3A4, results in ROS generation to
induce cytotoxicity. Arachidonic acid has two major metabolic pathways, the first one is
cyclooxygenase (COX), and the second one is lipoxygenase (LOX), which is responsible for
its metabolism. CYP enzymes are also responsible for arachidonic acid metabolism,
including these two pathways. As a result of the above arachidonic acid metabolism, the
metabolites that are formed are called eicosanoids, and these ecosanoids play important roles
in respiratory, cardiac, and cardiovascular functions and are also known to be involved in
cancer-related problems. Among the major metabolites that are formed by the arachidonic
acid metabolism are hydroxy eicosatetraenoic acids (HETEs), prostaglandins, leukotrienes,
and major metabolites formed by CYP metabolic pathways are epoxyeicosatrienoic acids
(EETs) [43, 44].

Among CYP 4 family, CYP4A and CYP4F metabolise arachidonic acid to HETEs,
and among CYP 2 family CYP2C and CYP2J families metabolise AA to EETSs. Both of these
metabolites, EETs and HETESs, are known to play important roles in cardiovascular diseases.
More specifically, HETEs, especially 20-HETE, which are produced by CYP4A and CYP4F
enzymes, are known to cause inflammation and vasoconstriction, which can further cause
cardiac-related problems. The other metabolites, EETs that are generated by CYP2C and
CYP2J families are responsible for vasodilation and, in some cases, for angiogenesis and also
cause cardiovascular-related problems [45, 46].

8. ROS Molecules Generated by Mitochondrial Pathways

The aging process results in some non-functional organelles and the accumulation of
damaged macromolecules, which are sometimes not removed, and these aggregations result
in severe interruptions in cellular functions. Studies on nematodes in rodents showed that
some specific genes have a critical role in the aging process. Caloric restriction is a non-
genetic mechanism that can increase lifespan by some critical mechanisms relating to the
aging process. ROS, which are produced by the process of aging, mainly result in the process
of senescence. Antioxidant agents in the diet can increase lifespan and cause less cellular
damage to cellular events that control the aging process. Some experimental studies on
https://nanobioletters.com/ 70f 16
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different mouse strains have supported these results, showing that feeding mouse strains with
antioxidant agents. Tremendous research work has been done to show the role of ROS in
aging [47].

Elevated ROS levels cause interruptions in defense mechanisms, mainly the
autophagy process. It is mediated by ROS molecules and leads to cell death by either
autophagy or apoptotic pathways by acting as signaling molecules. No authentic studies have
yet proved that cell death may be caused by autophagy. In some cases, the induction of the
autophagy process by some ROS-mediated signaling pathways has also been reported.
Furthermore, in starvation conditions, ROS production by mitochondria results in an increase
in the autophagy process. During the process of starvation, when cells are treated with
antioxidants, they completely stop the formation of autophagosomes. This is how ROS helps
in the autophagy process. At4 enzymes are mainly responsible for de-lipidation, and if these
enzymes are oxidized or inhibited, then the maturation and control of autophagosomes get
affected by ROS in starvation. Many dual membrane structures, such as autophagosomes,
which protect most of the cytosolic contents, are degraded by autophagy. Then, in turn, these
autophagosomes are degraded by lysosomes. Moreover, the autophagy process also discards
the non-functional and misfolded proteins and organelles. These non-functional proteins and
misfolded proteins can pile up in the nervous and skeletal tissues and cells during the post-
mitotic cell division process. In this way, the autophagy process delays aging in the above-
mentioned tissues and cells. In starvation and fasting processes, autophagy is induced, which
helps in the utilization of amino acids by gluconeogenesis which occurs in the liver.
Autophagy is also an active process in tumor suppression and immune response events. ROS
molecules are not only generated by mitochondria, but they also target mitochondria.
Mitophagy is a special form of autophagy in which damaged and non-functional
mitochondria are degraded. In this way, the high proportion of functional mitochondria is
maintained [48, 49].

9. Antioxidants and Their System Against ROS

Antioxidants are useful in fighting against many diseases and processes that lead to
certain diseases, like Alzheimer's, atherosclerosis, heart disease, cancer, Parkinson's, and
diabetes. It is a group of substances that act to prevent the carcinogenic onset, which is useful
for cells as a cytotoxic agent that destroys the tumor-causing cells. Antioxidants have the
properties of reducing behavior, quenching of singlet oxygen, or donation of hydrogen that
can protect these processes, which cause different types of diseases. Living species produce
enzymatic (catalase, superoxide dismutase, and peroxidase) and non-enzymatic molecules
(flavonoids, ascorbic acid, cysteine, glutathione, and vitamin K) for the safety to fight against
these free radicals. Although the natural mechanism of antioxidants is not sufficient, it is
important to take antioxidant compounds in addition to our diet [50, 51].

These compounds include antioxidant phytonutrients present in plant foods,
antioxidant enzymes, nutrient-derived antioxidants, and metal-binding proteins. The plant's
strong antioxidant capacity to scavenge damaging ROS has been linked to its tolerance to
diverse environmental stresses. Enhancing plant tolerance has been associated with a strong
antioxidant ability to scavenge harmful ROS. Therefore, high antioxidant ROS levels are
maintained in both stressed and unstressed cells in various cells [52].

Catalase (CAT), superoxide dismutase (SOD), and glutathione redox cycle enzymes
such as glutathione peroxidase and glutathione reductase are antioxidant defense mechanisms
https://nanobioletters.com/ " 80of16
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in cells and extracellular fluid to intent the reactive oxygen radicals into a less toxic state.
SOD turns superoxide anion enzymatically into H>O. and molecular oxygen. HxO> is
eliminated by H>O and O with two key intracellular enzymes, glutathione peroxidase and
catalase. In addition, transferrin, zinc, ceruloplasmin, selenium, ferritin, cytochrome oxidase,
and lactoferrin prevent the formation of ROS. Zinc inhibits DNA damage and prevents lipid
peroxidation [7].

9.1. Superoxide dismutase (SOD).

SOD is the first enzyme engaged in detoxification and the most powerful antioxidant
in the cell. It functions as a first-line defense against ROS. It reduces the toxicity of the
potentially harmful superoxide anion by catalyzing the conversion of two superoxide anion
molecules into molecular oxygen (O2) and H202 (Figure 2). Since a metalloenzyme, SOD
requires a metal cofactor to operate. Different versions of the enzyme exist based on the type
of metal ion that SOD requires as a cofactor. SOD usually binds zinc (Zn), iron (Fe),
manganese (Mn) copper (Cu), and metal ions. Accordingly, SODs are divided into three
categories, which are as follows: (i) Fe-SOD, which is frequently present in prokaryotes and
some plant chloroplasts, (i) Mn-SOD, found in prokaryotes and eukaryotic mitochondria,
and (iii) In eukaryotes, Cu/Zn-SOD is more common and mostly located in the cytosol but
also present in peroxisomes and chloroplasts [55].

ATP synthesase

=,
S

Aerobic | %
chain
reaction

D
‘a4
Superoxide E‘@Em p )
dismutase 3& ! =
f

Figure 2. Superoxide dismutase defense mechanism against oxygen-free radicals.

Deficiency of the SOD enzyme is frequent as it shields body cells from free radicals,
oxygen radicals, and other dangerous substances that accelerate aging or cell death, the
enzyme is therefore essential to cellular health. While free radical production rises with
aging, SOD levels decrease. According to some research, taking the recommended daily
dosage of SOD supplements can strengthen one's immune system, drastically lower the risk
of contracting illnesses, and eventually slow down the aging process [56].
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9.2. Catalase (CAT).

The common antioxidant enzyme, catalase, is present in almost all oxygen-consuming
biological tissues. CAT is a tetrameric protein (240 kDa) that has four components that are
comparable to each other. The cttl gene, which maps to chromosome 11, encodes the CAT
protein. Every polypeptide subunit weighs 60 kDa and has one ferriprotoporphyrin. Using
iron or manganese as a cofactor, the enzyme catalyzes the breakdown or reduction of H2O; to
water and molecular oxygen, completing the detoxification process that SOD had started
(Figure 3) [57].
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Figure 3. Molecular mechanisms of CAT-induced oxidative stress.

It is widely distributed throughout cells, where it is constantly searching for molecules
of H20>. Millions of molecules of H.O> may be broken down by CAT in one second due to
its great efficiency. The enzyme is not present in the mitochondria but is mostly located in the
peroxisomes of mammalian cells. The rat heart's mitochondria are the only exception. This
indicates that another enzyme called glutathione peroxidase in mammalian cell mitochondria
is accountable for breaking down H20: into H20 and O2. Additionally, CAT has an effective
reaction with hydrogen donors that have peroxidase activity. There are two processes
involved in the CAT activity. A H.O2 molecule converts the heme into an oxyferryl species.
When one oxidation equivalent is taken out of the porphyrin ring and one from iron, a
porphyrin cation radical is produced. To renew the enzyme in the resting state and produce an
oxygen and water molecule, a second H2O> molecule serves as a reducing agent. Although
H20, appears to control various physiological functions, including platelet activation,
mitochondrial function, cell death, and proliferation signaling, at low concentrations, it is
known to be highly harmful to cells. At high concentrations, on the other hand, it is beneficial
to mitochondrial function, cell death, and glucose metabolism. Therefore, CAT's capacity to
efficiently restrict the amount of H>O> in cells highlights its significance in the physiological
processes, in addition to serving as a first-line antioxidant defense enzyme. Numerous
illnesses and abnormalities have been related to the enzyme's absence or mutation [57, 58].
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9.3. Glutathione peroxidases (GPx).

This vital intracellular enzyme converts H.O> to H20 and lipid peroxides to their
corresponding alcohols, primarily in the mitochondria and sometimes in the cytoplasm
(Figure 4). Selenium is a micronutrient cofactor that is often required for its function.
Because of this, GPX is frequently called a selenocysteine peroxidase. The enzyme has a
more significant role in protecting cells from oxidative damage by preventing the lipid
peroxidation process [58]. Mordn and Cortézar state that humans possess GPx1-GPx8, or at
least eight GPx enzymes. The corresponding chromosomes for the GPx 1-8 genes (i.e., 3, 14,
5,19, 6, 6, 1, and 5). GPx1 is the glutathione peroxidase that is most prevalent among seleno-
peroxidases and is found in almost all cells [59].

0, —» sop ——H,0,

ROS signal pathway ~
Lipid peroxidation «—— ’ GPX
Antioxidant stress tolerance /
sy G5 |
[ e ]

Figure 4. Role of Glutathione peroxidase (GPx) in the ROS signaling pathway.

H,0

The gastrointestinal system, particularly the intestine, contains a lot more GPx2.
When compared to other organs, the kidney contains the majority of GPx3, but it is also
present in extracellular fluids as a glycoprotein [60-62]. When compared to other organs, the
kidney contains the majority of GPx3, but it is also present in extracellular fluids as a
glycoprotein. This is because phospholipid hydroperoxides can only be broken down by the
GPx enzyme Gpx4. The enzyme also has a structural function in sperm maturation that is
independent of peroxidase and facilitates the apoptotic response to oxidative stress in a
mitochondrial isoform. GPx5 from humans and GPx6 from rodents are not dependent on
selenium for their activities, which sets them apart from other glutathione peroxidases. This
indicates that these GPx forms might not be able to scavenge H.O: as efficiently, which is an
attribute of glutathione peroxidases that are dependent on selenium [63-65].

10. Antioxidants that Neutralize the Radicals

Ascorbic acid (vitamin C) and o-Tocopherol (vitamin E) play a key role as
antioxidants. Vitamin C has antioxidant activity in the cytoplasm and extracellular fluids,
which prevents the elimination of anti-proteases with oxidants. Vitamin E and flavonoids
prohibit lipid peroxidation in the cell membrane. Protection from oxidative stress is the most
documented activity of flavonoids. Moreover, glutathione is a versatile and intracellular
sulfur-containing antioxidant with the potential for metal-chelating and anti-glycation. N-
acetyl-L-cysteine is a thiol that contains an antioxidant utilized to reduce oxidative stress
conditions [66].
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11. Conclusion

Oxidative stress can result from an excess of ROS produced by oxygen-consuming
metabolic activities that shift the antioxidant-oxidant status balance in favor of the oxidants.
Both internal metabolic processes and external elements like cigarette smoke or air pollution
create ROS. Because of the unpaired electrons in their structure, ROS are very reactive
molecules that react with a variety of biological macromolecules in cells, including proteins,
lipids, carbohydrates, and nucleic acids, changing their activities. ROS also modifies
chromatin remodeling through changes in histone acetylation/deacetylation and up-regulates
redox-sensitive transcription factors, which in turn impact the expression of many genes. For
organ function, cell survival, activation, and proliferation, redox state regulation is essential.
The activities of glutathione peroxidase (GPX), CAT, and SOD comprise the first-
line antioxidant defense system, which is fundamental to the overall defensive mechanisms,
strategies, and techniques in biological systems.
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