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ABSTRACT

Many diseases are associated with free radicals and oxidative stress, which result from
reactive oxygen and nitrogen species. These high ROS levels affect various metabolic and signalling
mechanisms leading to changes in physiological processes and the emergence of illnesses like
cancer. In addition to dietary, mammalian cells have natural ROS scavenging mechanisms that
includes enzymatic and non-enzymatic antioxidants. This review discuss the free radicals with
relation to cancer development, as well as the role of antioxidants in the immune defence mechanism
against free radicals. The review also explores various approaches for manipulating antioxidants
and free radicals in the prevention and management of cancer, such as gene therapy, genetically
engineered plants with higher antioxidant levels, artificial antioxidant enzymes, novel biomolecules,
and antioxidant-rich foods. Future applications of these approaches are also discussed.
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INTRODUCTION

Cancer has a substantial morbidity
and mortality rate and is a very diversified
disease. Despite intensive study and significant
efforts to create targeted medicines, it remains
a serious illness with a poor prognosis and
high fatality rates. Numerous investigations
have shown that modifications in the redox
balance and dysregulation of redox signaling
are distinctive features of cancer growth and
therapeutic resistance. High quantities of reactive

oxygen species (ROS) are consistently present
in cancer cells due to oncogenic transformation,
genetic alterations, metabolic changes, and tumor
microenvironments. Based on recent studies,
cancer cells have activated antioxidant pathways
as a coping mechanism for high ROS levels. Thus,
focusing on the redox pathways and ROS signaling
pathways linked to the development of cancer offers
a viable approach to cancer prevention'. Reactive
oxygen species (ROS) are generated as a normal
by-product of metabolic processes. Because of
their molecular structure, which includes unpaired
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electrons, ROS exist as free radicals, ions, and
molecules with high reactivity?. Nitrogen-free
radicals such as hydroxyl radicals (*OH), peroxyl
radicals (ROQe), superoxide (O?-), organic radicals
(Re), alkoxyl radicals (ROe), disulfides (RSSR),
thiyl peroxyl radicals (RSOOQe¢), sulfonyl radicals
(ROSe), and thiyl radicals (RSe) are all considered
reactive oxygen species (ROS). Additional types
of reactive oxygen species (ROS) include singlet
oxygen (O%), hydrogen peroxide (H,0,), organic
hydroperoxides (ROOH), ozone/trioxygen (O,),
hypochloride (HOCI), nitrosoperoxycarbonate anion
(O=NOOCO*), nitrocarbonate anion (ON,0C0O%),
peroxynitrite (OONQO-), nitronium (NO?2*), dinitrogen
dioxide (N,O,), exceptionally reactive lipids, and
carbonyl compounds derived from carbohydrates.
The generation of ROS is strictly controlled in
healthy cells and is crucial for the signaling of
immunological response, autophagy, inflammation,
cell division, and stress response. However,
excessive production of ROS can result in
cytotoxicity and oxidative stress, which can cause
cellular malfunction and aid in the development
of a number of diseases, including cancer®. The
main goal of this review is to provide updated
information on the connection between free radicals
and the onset of cancer, as well as the function
of antioxidants in the immune system's defense
mechanism against free radicals. Additionally, a
discussion on various approaches for manipulating
antioxidants and free radicals in the prevention and
management of cancer is also included.

Methodology

The bibliographic search was analysed from
worldwide established data sources like Pubmed,
Google Scholar, ScienceDirect, SpringerLink and
references from relevant articles. The terms included

in the search were “cancer”, “free radicals”, “oxidative
stress” and “antioxidants”.

Sources of free radicals

ROS can be produced in cells through a
variety of chemical processes, including enzymatic
reactions, toxic compound exposure, tobacco
smoke, ultraviolet and ionizing radiation, and other
environmental factors*. Mitochondria's electron
transport chains are the most significant source
of superoxide anions (O,~) in aerobic cells. During
metabolic processes 1-5% of oxygen escapes as
free radicals from mitochondria. Oxidative reactions

catalysed by enzymes such as cytochrome P450,
cyclooxygenases, lipoxygenases, dehydrogenases,
and peroxidases can generate free radicals®®. Other
possible locations for the synthesis of O, and
hydrogen peroxide (H,O,) include Fe-S proteins and
NADH dehydrogenases. When xanthine is converted
to uric acid, xanthine oxidase generates superoxide
anions’”8, but neutrophil plasma membrane NAD(P)
H oxidase produces O, either inside the membrane
or on its exterior. When H,O, comes into contact with
some transition metal ion chelates, especially ferrous
iron (Fe?*) and cuprous copper (Cu*), hydroxyl
radicals may be produced®.

Cellular formation of reactive oxygen species

ROS are created as a consequence
of the oxygen that is consumed during aerobic
cellular metabolism. Since mitochondrial respiration
uses up to 80% of the oxygen used in oxidative
phosphorylation, it is the intrinsic source of ROS
production. On the inner membrane of mitochondria,
the electron transport chain (ETC), which is made
up of five complexes (I-1V) and ATP synthase, is in
charge of producing most of the ATP required for
cellular energy. However, the ETC is also a major
source of ROS production, as electrons leak from
the chain and react with oxygen to form superoxide
radicals and other ROS. Even though ROS can be
crucial for cellular signaling and defense against
infections, excessive ROS production can cause
oxidative stress and harm to DNA, lipids, and
proteins in cells™®,

Reactive oxygen species (ROS) are
mostly produced by mitochondria during cellular
respiration when electrons are transferred to the
terminal electron acceptor of molecular oxygen
via the electron transport chain (ETC). Superoxide
radicals are produced when electrons react with
02, with complexes |, Il, and Il contributing the
most to redox signalling. The primary source of
these radicals is the intermembrane space within
mitochondria, and they have the ability to enter
the cytoplasm via the mitochondrial permeability
transition pore. Superoxide dismutase catalyses
the conversion of superoxide to hydrogen peroxide,
which can diffuse readily as a secondary messenger.
Peroxisomes also generate ROS through xanthine
oxidase. Endogenous and exogenous metabolites,
drugs, and immune responses can also lead to ROS
production. The enzyme NADPH oxidases (NOXs)
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can also produce ROS as part of the oxidative burst
during inflammatory reactions'.

Free radicals interfere in carcinogenesis

A single cell clone is subject to a cumulative
effect of multiple events during the complex process
of cancer development. It is well-established that free
radicals play a part in the development and spread
of cancer. The general model of cancer development
involves three stages'® Figure 1.

Initiation: In this phase, a somatic cell's
genetic makeup undergoes a permanent
alteration due to factors like free radical-
induced DNA damage. This initial event may
be caused by exposure to various factors,
including environmental toxins, genetic
mutations, or viral infections.

Promotion: Following the initiation stage,
the mutated cell clone undergoes expansion
and multiplication, resulting in the growth
of a precancerous lesion or tumour. This
stage is characterized by the accumulation
of additional mutations and alterations
that provide the mutated cell with a growth
advantage over normal cells.

Progression: In the final stage of cancer
development, the precancerous lesion or tumour
becomes malignant, invading surrounding
tissues and spreading to other parts of the
body. This stage is characterized by a further
accumulation of genetic alterations that promote
tumour growth, invasion, and metastasis.

Free radicals' involvement in the initiation
and progression of cancer highlights the significance
of oxidative stress in the disease's development as
well as the promise of antioxidant therapies for both
cancer prevention and treatment'.

Fig. 1. The three-phase model for cancer development.
The model represents initiation, promotion, and
progression stages

Tumor promotion

Oxidative stress plays a significant role
in promoting carcinogenesis, with several tumour
promoters believed to stimulate the production of
endogenous oxygen radicals by altering cellular
metabolic processes'®. In addition to reactive nitrogen
species (RNS), reactive oxygen species (ROS) can
temporarily modify genes related to cell proliferation
or death, leading to the expression of mutated cell
clones. Low levels of oxidative stress can stimulate
cell division and promote tumour growth, while high
levels can halt proliferation through cytotoxic effects.
Thus, encouraging intracellular reactive species
production is thought to be the main way that free
radical-mediated tumors are caused'.

Toyokuni et al., conducted in vitro
experiments which demonstrated that specific
transcription factors, including p53, nuclear factor
(NF)-xB, and activator protein (AP)-1, were
repressed in an oxidative environment and activated
in a reductive one. On the other hand, oxidation had
the opposite effect on other transcription factors,
activating some while repressing others'.

Tumor progression

The process of carcinogenesis entails tumor
cells acquiring malignant characteristics, which are
typified by accelerated cell proliferation, immune
surveillance evasion, tissue invasion, and metastasis'’.
Certain tumors have the potential to transform, impede
anti-protease activity, and cause harm to nearby
tissues due to the production of copious amounts of
free radicals and an increase in oxidatively modified
DNA bases'®. On the other hand, elevated amounts
of altered DNA bases might also be linked to genetic
instability and the capacity of fully grown cancer cells
to spread'®. Studies indicate that while damage within
a certain range may be active and that excessive
damage may have an anti-cancer effect by inducing
apoptosis, oxidative DNA base damage alone may not
be sufficient to cause the development of cancer®.

Healthy people normally produce ROS
through aerobic metabolism; however, in order to
prevent and neutralize ROS activity and repair cell
damage, cells have evolved a variety of antioxidant
mechanisms. Oxidative stress, however, can result
from an imbalance between ROS and antioxidants.
Overexposure to reactive oxygen species (ROS)
can damage the intracellular environment, resulting
in diseased cells and altering gene expression that
contributes to the pathogenesis of cancer®'.
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ROS like O, have the ability to cross cell
membranes and modify lipids, proteins, and nucleic
acids, which can have deleterious effects on embryonic
cells, mitochondria, ATP levels, and apoptosis.

128

Furthermore, ROS causes lipid peroxidation, which
impacts mitochondrial dysfunction, metabolic
transport, and cell division?2. Table 1 represents ROS
and RNS with the associated cancer development.

Table 1: The roles of ROS and RNS in the development of cancer with involved interactions

Reactive Species  Production Interactions Associated cancer Half-life Reference
(seconds)
ROS Hydroxyl Excess iron levels in the Carbohydrates, nucleic Bronchogenic and 10° [23]
radical (OHe) body can lead to the acids, lipids and proteins colorectal carcinoma
production of free radicals
through the Fenton reaction
Superoxide (O,") Produced in mitochondria Reactive oxygen species Colorectal carcinoma 10 [23]
and cardiovascular system (ROS), can react with and
inactivate enzymes that
contain iron-sulfur clusters
Hydrogen peroxide Generated during metabolic Interacts with lipids, proteins Hepatocellular carcinoma stable [283]
(H,0,) reactions and nucleic acids
RNS Nitric oxide Neurotransmitter Nucleic acids deamination  Breast cancer 5 [24] [25]
(NO») and breakdown
Peroxynitrite Produced from NOe and O, Activation of COX gene Breast cancer, Cervical cancer 1073 [26]
(ONOO")

Free radicals, inflammation and cancer
Inflammation is a contributing factor to the
development of cancer as it triggers oxidative stress,
which in turn promotes further inflammation. The
processes of oxidative stress and inflammation are
essential to the development of cancer. Oxidative stress
produces reactive oxygen species (ROS), which have the
potential to damage DNA and trigger signaling pathways
that disturb the cell cycle, thereby elevating the risk of
cancer development. Inflammation and ROS interact,
intensifying their effects and promoting the development
of cancer. Through its impact on immune surveillance,
the inflammatory response also affects the development
of tumors. Tumor-invading immune cells collaborate with
cancerous cells to orchestrate various pathways that
jointly foster the development of tumors? Figure 2.

Fig. 2. Role of ROS in therapeutics and drug resistance in
cancer: ROS-induced DNA damage and redox modification
can lead to tumor generation. However, high ROS under
oxidative stress could hasten the death of tumor cells

Role of mediators Involved in the Inflammation
and Carcinogenesis

Chemokines are important in cancer-
related inflammation, and normal cells can become
cancerous due to downstream genetic events
involving their receptors and ligands. These
components are often expressed in chronic
inflammation, which increases the risk of cancer.
The chemokine system affects various pathways
involved in tumor progression, such as recruitment
of immune cells, formation of new blood vessels, cell
growth and division, survival, invasion, and spread
of cancer cells to other parts of the body.

Both preclinical and clinical studies have
shown that targeting the chemokine system could
be a promising approach for developing new cancer
therapies. By intervening in this system, it may be
possible to slow or stop the growth and spread of
cancer cells®.

Cytokines and their role in development of
cancer
Interleukins

Nitric oxideand reactive oxygen species
(ROS) produced by epithelial cells can damage
DNA. IL-1B also stimulates the production of IL-
6, IL-11, and IL-22 from myeloid and epithelial
cells, as well as IL-22 from type 3 innate lymphoid
cells (ILC3s). Hence, in situations of unchecked
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chronic activation, the inflammatory responses start
cellular programs and may be directly linked to the
development of tumors26%7,

TNF-o (Tumor Necrosis Factor-o)

Through its ability to stimulate the
production of genotoxic molecules like nitric oxide
(NO) and reactive oxygen species (ROS), TNF-a
plays a role in the initiation of tumors. These
substances have the ability to damage and
mutate DNA, which can activate oncogenes
and deactivate tumor suppressor genes.
Furthermore, TNF-o promotes the recruitment
of inflammatory cells, such as macrophages, to
the tumor microenvironment. Growth factors and
cytokines released by these cells encourage the
survival and growth of tumor cells while inhibiting
the function of cytotoxic T lymphocytes, which
are essential for the immune system's defense
against cancer.

Overall, the induction of NF-kB-dependent
anti apoptotic molecules and the recruitment of
inflammatory cells in the tumor microenvironment
by TNF-a contribute to the growth, survival,
and progression of tumors, and represent
attractive targets for the development of novel
Cancer.28’29’30’31'32.

Angiogenesis in cancer

The growth and spread of tumors rely on
the formation of new blood and lymphatic vessels,
which are triggered by chemical signals from cancer
cells during periods of rapid growth. Studies have
shown that cancer cells grew to a certain size
without vascular support, but required angiogenesis
to continue growing beyond that point. Without
proper blood supply, tumors may become necrotic
or apoptotic.®

Antioxidants against free radicals

Biological cells have their own protective
mechanisms against harmful free radicals, such
as ROS and RNS, which can damage cellular
structures. Antioxidants are substances that
can neutralize these free radicals and prevent
them from causing harm. These substances can
scavenge free radicals and disrupt oxidative
chain reactions. Vitamin E, reacts with soluble
free radicals in lipid membranes to prevent lipid
peroxidation_34,35,36,37,38,39.

Antioxidant enzyme level in cancer

Antioxidants come in two varieties:
enzymatic and non-enzymatic. Catalase, glutathione
reductase, GSH-Px, SOD, and glutathione
peroxidase are examples of enzymatic antioxidants
that function by oxidizing glutathione and reducing
hydrogen peroxide. Synthetic or dietary supplements
like taurine, hypotaurine, zinc, selenium, glutathione,
beta-carotene, and vitamins C and E are examples
of non-enzymatic antioxidants*.

The effect of antioxidants on cancer
cells is complex and depends on various
factors. According to recent research, radiation
and chemotherapy may slightly damage DNA,
causing apoptosis—programmed cell death—
instead of necrosis. Antioxidant therapies have
the ability to trigger apoptotic pathways and may
work in concert with chemotherapy or radiation
therapy. It is well known that many cancer
cells have compromised defense mechanisms,
which prevents them from utilizing additional
antioxidants for repair.#142

Studies have shown that antioxidant
enzymes and detoxifiers can inhibit tumor initiation
and promotion. However, the antioxidant status of
cancer patients can vary depending on the stage
of the cancer and the type of cancer. Studies
have found that the antioxidant content of cervical
cancer in its late stages is lower than that of the
disease in its early stages, but other studies have
found that certain antioxidant levels are higher in
certain tumor types. 4344454647

Polymorphisms in MNnSOD (a type of SOD
enzyme), has been linked to a number of cancer
types and may predispose people to developing
cancer. Selenium's chemopreventive defense
mechanism is thought to work by scavenging
reactive oxygen species (ROS) and enhancing
the synthesis of the enzymatic antioxidant
GSH-Px. Selenium has been demonstrated to
have a preventive role against cancer in various
organs and species. Patients with breast and
colon cancers have lower levels of the GSH/
GSSG ratio in their blood, particularly when the
cancer has progressed to an advanced stage.
This could be because of increased peroxide
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generation and altered GSH-related enzymes.
When tumors' levels of protein synthesis and cell
proliferation decline, their antioxidant content

also does _48,49,50,51 ,52,53,54,55

Antioxidants in cancer therapy

Antioxidant enzymes protect cells by
neutralizing harmful free radicals. The potential
of antioxidants to prevent cancer has been
well studied, however there are concerns with
using them during chemotherapy®. Combining
antioxidants with chemotherapy may lessen its
efficacy because certain chemotherapeutic agents
produce free radicals that harm and kill tumor
cells. Chemotherapy's main objective is to Kkill
tumor cells by causing irreversible DNA damage.
Supplementing with antioxidants may help lower
toxicity and enhance long-term results, but the
results vary depending on the patient's metabolic
state, the stage and location of the disease, and
the type of treatment used®.

Chemotherapy with antioxidants

Chemotherapeutic or anticancer
medications only effect dividing cells; they
specifically target DNA synthesis. The percentage
of cells that are actively dividing determines how
effective these medications can be. Free radicals
are not necessary for the majority of anticancer
medications; however, some, like bleomycin,
doxorubicin, and cisplatin, create them as part
of their therapeutic process®. Doxorubicin,
for example, is more toxic to hypoxic cells.
Antioxidants can protect normal cells during all
treatments, including those that do not involve free
radicals®®. They support the preservation of normal
tissue integrity and shield it from the damaging
effects of circulating free radical-producing
cytokines, which are more prevalent in cancer
patients as the disease progresses.

Enhancing the availability of antioxidants
can also be achieved by genetically modifying plants
to produce vegetables with increased concentrations
of these compounds. For instance, researchers
have developed tomatoes with a longer shelf life
and up to three times the concentration of lycopene.
Additionally, "orange cauliflower" is a rich source
of carotene. To get the most antioxidant benefits, it

is advised to eat fruits and vegetables with ORAC
values of 3000-5000 per day®°.

Bioactive nanoparticles, which can
function as efficient and focused drug delivery
platforms by overcoming biological, biophysical,
and biomedical barriers, are the result of the
application of nanotechnology in biomedicine.
Nanotechnology-based targeted cancer
chemotherapy has been suggested as a way
to boost drug absorption at particular target
sites while avoiding issues related to traditional
cancer chemotherapy. For this reason, a variety
of nanotechnologically based systems have
been developed, including stealth nanoparticles,
liposomes, stealth liposomes, pH and temperature-
sensitive liposomes, nanoparticles, nanofibers,
nanocapsules, nanorods, nanocrystals, and
nanotubes®'. These delivery materials minimize
toxicity, maximize therapeutic index, and enhance
drug biodistribution by allowing the drug to
be selectively and effectively localized at pre-
identified target sites (e.g., overexpressed
receptors in cancer) at therapeutic concentrations
while preventing access to non-target sites.
This is essential to the effectiveness of cancer
chemotherapy®.

Novel advancement to minimize free radical
damage and their future aspects

In an effort to improve human health, new
methods for researching antioxidants and free
radicals have been developed. Free radicals and
antioxidants may decrease in cancer patients due
to physiological and genetic changes. Consuming
foods high in dietary antioxidants may help lower
the risk of cancer and other diseases caused by
free radicals, according to studies SOD mimetics
derived naturally, which have a lower molecular
weight, greater stability, and do not elicit an immune
response in the body, may serve as effective drugs.
They can also increase the antitumor effects of
interleukins and act as radio protectors. Antioxidant
enzymes (such SOD, GPx and reductase, CAT,
etc.) that are highly selective and detoxify particular
free radicals make up enzymatic antioxidants.
The initial line of defense against free radicals/
ROS is comprised of non-enzymatic antioxidants
or antioxidants derived from nutrients, such
as ascorbic acid, Vitamin E, carotenoids, and
glutathione, etc.® Table 2.
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Table 2: Medicinal Importance of Non-enzymatic Antioxidants
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S.No  Antioxidant

Source and Use

Reference

1 Resveratrol

2 Uric Acid

3 Gallic Acid

4 Caffeic Acid

Exogenous antioxidant Vitis vinifera is the source. Sirt1 protein
activation; used as a supplement.used in medicine as an
anti-diabetic and anti-cancer treatment

Endogenous antioxidantPurine metabolism byproduct Healer
of wounds. Used in medicine for cardiovascular disease and Gout

Supplemental antioxidant Rhus succedanea as a source prevents
other antioxidants from being depleted. Utilized in medicine as an
antibacterial, antifungal, and anticancer agent

Supplemental antioxidants, obtained from coffee, tea, and propolis.
Clinically utilised as an anti-inflammatory, an anticancer, and to

[64](65]

[66][67][68]

[63][68]

[69][70]

prevent HCV infection

5 Ascorbic acid

Exogenous antioxidant Colocasia esculenta, source Stabiliser [71]

that is water soluble. practised in hospitals for cancer and scurvy

6 Hesperedin

7 Quercetin

Exogenous antioxidant, a natural flavonoid Display anticancer activity. [72]

Present in berries, green tea, and grains. Effective in colorectal cancer. [73]

CONCLUSION

Several studies have shown that changes
in cell metabolism are essential for the emergence of
different forms of cancer. Oxidative stress's effects on
the development, spread, and response to treatment
of cancer are still being extensively studied. Reactive
oxygen species have both positive and negative
effects, and researchers are exploring their potential
therapeutic benefits. There is ongoing debate about
whether antioxidant supplementation or inhibition
of ROS modulation is helpful or harmful in cancer
treatment. Cancer cells depend on antioxidants
for survival and growth, and they need a higher

antioxidant capacity to combat elevated ROS levels.
Antioxidant inhibitors show promise as a therapeutic
strategy for the treatment of cancer.
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