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ABSTRACT 

Reactive oxygen species (ROS) are well-known for playing a dual role as destructive and constructive species. 
Indeed, ROS are engaged in many redox-governing activities of the cells for the preservation of cellular ho-
meostasis. However, its overproduction has been reported to result in oxidative stress, which is considered 
as a deleterious process, and is involved in the damage of cell structures that causes various diseased states. 
This review provides a concise view on some of the current research published in this topic for an improved 
understanding of the key roles of ROS in diverse conditions of health and disease. Previous research demon-
strated that ROS perform as potential signaling molecules to control several normal physiological functions 
at the cellular level. Additionally, there is a growing body of evidence supporting the role of ROS in various 
pathological states. The binary nature of ROS with their profitable and injurious characteristics indicates the 
complexities of their specific roles at a biological compartment and the difficulties in establishing convenient 
intervention procedures to treat ROS-related diseases.
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Introduction
The “oxygen paradox” is the paradox faced by aerobic eukaryotes where organisms cannot sur-
vive without oxygen. Nevertheless, oxygen is naturally dangerous to their survival. The dark side 
of oxygen is directly related to its electronic distribution. Each oxygen atom has one unpaired 
electron in its exterior valence shell, whereas molecular oxygen has two unpaired electrons. This 
makes atomic oxygen a free radical and molecular oxygen a (free) bi-radical. The mitochondrial 
electron transport chain provides a safeguard tetravalent reduction of oxygen to produce water. 
However, the univalent reduction of oxygen produces reactive intermediates [1]. Considering 
the reductive cellular environment, abundant chances for oxygen to go through impromptu uni-
valent reduction are present. Thus, the superoxide anion radical, hydrogen peroxide (H2O2), and 
the enormously reactive hydroxyl radical are regular products of aerobic respiration and oxida-
tion processes in an aerobic environment [1].

Reactive oxygen species (ROS) are commonly used to define the reactive molecules and free 
radicals originating from molecular oxygen. ROS were previously thought to emerge almost 
exclusively from mitochondrial metabolism. Nevertheless, there is growing evidence that cellular 
enzymes known as nicotinamide adenine dinucleotide phosphate (NADPH) oxidases produce a 
considerable amount of ROS in humans [1]. Other cellular sources of ROS include neutrophils, 
monocytes, cardiomyocytes, endothelial cells, xanthine oxidases, cytochrome P450, lipoxygen-
ases, and nitric oxide synthases [2, 3]. ROS are very reactive molecules that may undergo several 
reduction reactions to harm normal cells [4, 5]. Detoxification of ROS is fundamental for all cells 
to survive. Living organisms have evolved a variety of defense mechanisms to provide a balance 
between generation and elimination of ROS to endure the oxygen-rich cellular environment. 
The inequality between the systemic production of ROS and the ability of cells to instantly 
detoxify the reactive intermediates or to restore the resultant impairment is often called as 
“oxidative stress” (OS) [6].

Despite the enormous antioxidant and repair mechanisms that developed in biological systems, 
oxidative damage remains an inevitable outcome of aerobic life. Recently, OS has been associated 
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with a broad range of degenerative processes, 
diseases, and syndromes [7, 8]. Conversely, ROS 
are not always considered as harmful metabolic 
byproducts; they play the role of intracellular sig-
naling molecules when strictly regulated [9, 10]. 
In addition, at cellular levels, ROS contribute to 
complicated functions, such as blood pressure 
regulation [11], cognitive functions [12], and im-
mune responses [13].

In this perspective, we review the well-known 
functions of ROS in human health and disease 
states. As evidence is accumulating for the various 
roles of ROS in many physiological and pathologi-
cal processes, a comprehensive understanding and 
improved recognition of the fundamentals involved 
in ROS generation, regulation, and elimination will 
promote the search for preventive, protection, 
and therapeutic approaches associated with the 
antioxidant potential to reduce the redox stress.

Chemistry
Except for oxygen, all known bi-atomic mole-
cules, such as N2, Br2, Cl2, H2, and He2, have their 
electrons spin in an antiparallel manner, allow-
ing the electrons from the two atoms to share a 
single orbital and, consequently, form a covalent 
bond [14]. Antiparallel spinning permits energy 
minimization according to the Pauli exclusion 
principle [15]. As each electron’s spin diminishes 
the energy of the other one, the total spin en-
ergy of electrons becomes zero in the orbital 
[16]. According to the molecular orbital theory, 
these paired electrons are in the singlet state of 
electron spin [17]. Nonetheless, and according 
to the restriction of the Pauli principle, if a bi-
radical molecule has its electrons spin in a paral-
lel rotation, then the energy of spinning cannot 
be dissipated by pairing in an orbital [18]. Each 
electron should remain oscillating separately as 

a radical leading to a total spin of one (2×(1/2)) 
[19]. The triplet state is the state of unpaired 
electrons [20]. Generally, this state is considered 
more energetic than the singlet state, except 
in oxygen, which has better stability in the un-
paired state of electrons [21]. This discrepancy 
in oxygen behavior is responsible for the reac-
tivity of ROS. The triplet state of the oxygen 
molecule (3O2) is more stable than the singlet 
state (1O2) [22]. Hence, the paired electrons of 
energetic oxygen are considered as strongly oxi-
dative. The unpaired bi-radical state of oxygen 
dominates in normal conditions [23]. This form 
is quite stable compared with the singlet state 
because it is unlikely to find a species to inter-
act with antiparallel electrons. However, one of 
these antiparallel electrons might be paired with 
an external electron transferred from an adja-
cent molecule to produce the superoxide radi-
cal (O·-      2) [24]. The superoxide radical does not 
easily cross cellular membranes, brief in action, 
local and momentary, but can be converted into 
a longer-lasting and membrane diffusible H2O2 
by superoxide dismutase (SOD) [25].

In addition, the superoxide radical may interact 
with body metals through the Haber–Weiss 
reaction (Figure 1) [26, 27]. This reaction uses 
iron catalysis in generating hydroxyl radicals from 
superoxide and H2O2 [28, 29]. Other relevant 
ROS might be generated from peroxides, such as 
alkoxy radical (RO·) and peroxyl radical (ROO·) 
[30]. Interestingly, owing to its short life span 
(<1 ns) [31], mammalian cells have no defense 
mechanisms against the peroxide radical (OH·) 
except for the prevention of its formation in the 
first place [22]. On the other hand, nitric oxide 
(NO· or NO), which is considered as a second 
messenger ROS in the cytosol, is generated by a 
poorly understood mechanism involving nitrogen 

containing compounds, such as amino acids [32, 
33]. The same procedure might be responsible 
for generating another group of oxidizing agents 
called reactive nitrogen species, such as peroxyni-
trite (ONOO−) and nitrogen dioxide (NO2) [32]. 
Interestingly, accumulating evidence suggested 
that the endoplasmic reticulum redox environ-
ment modulates the level of generated ROS, 
determining the outcome of proteins through 
redox signaling pathways [34].

Physiological Roles of ROS

ROS regulate aging
Aging is a multidimensional process that is grad-
ual and complicated in nature. It involves the 
continuous deterioration of cells, tissues, organs, 
and the whole organism irreversibly [35]. Exten-
sive attempts have been made to counter aging 
and limit its consequences. However, it remains 
to be ambiguous as its exact mechanism is yet 
to be elucidated [36]. Whereas some theories 
argue that aging is preprogrammed, others pro-
pose that it is entirely the sum of the effects re-
lated to the damage to proteins, lipids, and DNA 
[37].

In eukaryotes, aging is controlled by many fac-
tors, such as the “target of rapamycin”, a nu-
trient-perceiving protein kinase [38], and the 
“AMP-activated kinase”, a vastly conserved sen-
sor of elevated adenosine monophosphate and 
adenosine diphosphate levels [39]. ROS deli-
cately modulate the expression and activation 
of these two factors, in both physiological and 
pathological processes [40, 41].

The “free radical theory of aging” was first sug-
gested by Denham Harman in the 1950s to 
explain aging [42]. It states that free radicals, as 
byproducts of oxidative metabolism, initiate cu-
mulative cellular impairment, leading to overall 
loss of cellular fitness over time. In the 1970s, 
the theory was extended into the Mitochondrial 
Free Radical Theory of Aging (MFRTA) [43]. 
The MFRTA proposes that aging is produced by 
the toxicity of ROS through a malicious cycle in 
which ROS injury to the mitochondrial elements 
precedes into the generation of more ROS (Fig-
ure 2) [44]. The MFRTA has been supported 
by the revelation of SODs and the remark that 
the mitochondria deliberately produce ROS. In 
addition, the generation of mitochondrial ROS 
was shown to be higher in isolated mitochon-
dria from older animals [45]. More interestingly, 
oxidatively impaired protein, lipid, and DNA 
levels are highly correlated to aging [46]. Not 
surprisingly, a negative association between mi-
tochondrial ROS production and lifetime can be 
perceived in several organisms [47].
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Figure 1. Chemistry of  in vivo conversion of  oxygen molecule to several ROS



Yet, over the past two decades, paradoxical re-
ports and reviews suggested that ROS are not 
the primary basis of aging. Therefore, it has been 
proposed that ROS harmonize the aging progres-
sion, mediating the stress response to age-depen-
dent damage [48]. These studies demonstrated a 
lack of connection between the ROS production 
level and long life span in different species [49], 
detrimental contrary to positive outcomes on 

life expectancy from the administration of anti-
oxidants in a variety of species from invertebrates 
to humans [50], failure to support the MFRTA by 
the outcomes of the suppression or overexpres-
sion of antioxidant activities in various genetically 
engineered organisms [46, 51], and the long-lived 
survival of mutants and species with elevated 
ROS production and extreme levels of oxidative 
damage [52-54].

In the light of these results and their impact on 
the MFRTA, the reliability and the validity of the 
theory have been the focus of recent reviews in 
the field [55, 56].

ROS augment the immune system
The immune system composes the organism’s 
defensive tools crucial to fight against environ-
mental pathogens. There are two major types 
of immune responses: innate and acquired. They 
collaborate to provide the ultimate protection 
against foreign invaders [57]. Both types under-
go delicate control of various regulatory mecha-
nisms, including redox processes [58, 59].

Oxidative burst, one of the first lines of defense 
against environmental pathogens, is produced 
by activated phagocytes as part of the innate im-
mune system [59]. As the phagocyte comes in 
contact with bacteria, it binds to the surface re-
ceptors, engulfs the bacteria, and traps the bac-
teria in a phagosome. The phagocyte then kills 
the microorganism using either oxygen-depen-
dent or oxygen-independent intracellular killing 
[60]. In the oxygen-dependent pathway, con-
sumption of oxygen by the phagocyte increases, 
leading to oxidative burst [61]. The resulting 
superoxide molecules are converted to H2O2 
via SOD. In addition, superoxide and H2O2 react 
to provide hydroxyl radicals [62]. Furthermore, 
granules of neutrophils contain myeloperoxi-
dase enzyme, creating a highly toxic compound, 
hypochlorite, by using H2O2 and chlorine [63].

Phagocytosis and digestion of microorganisms 
by activated phagocytes are followed by antigen 
presentation [62]. Coupling of antigen to either 
major histocompatibility complex type I or type 
II results in recognition by CD8 T killer cells and 
CD4 T helper cells, respectively [64]. This al-
lows for more specific and targeted response 
against the pathogen. ROS play a role in this spe-
cific response as they trigger the amplification 
of intracellular signal transduction cascades in 
the T lymphocytes (Figure 3) [58]. Another role 
of oxidative state in the immune system is the 
regulation of macrophages. Macrophages were 
shown to vary their release of prostaglandins, 
interleukin (IL)-6, and IL-12 according to the in-
tracellular redox state [65]. A balance between 
reductive and oxidative macrophages is needed 
to control the ratio of type 1 and type 2 helper 
T cells [58].

In addition, the production of ROS was shown to 
regulate the initiation of inflammatory response. 
ROS are involved in the activation and assem-
bly of inflammasomes [66, 67]. Several stimuli 
are responsible for the activation of NOD-like 
receptor 3 (NLRP3) inflammasome leading to 
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Figure 3. Functions of  ROS in immunological response against environmental pathogens. Mass 
production of  ROS by activated macrophages provides a first line of  defense against environmental 
pathogens

Figure 2. Schematic representation of  the mitochondrial free radical theory



ROS generation, most probably by the mito-
chondria [68, 69]. ROS in turn activate NLRP3 
in a continuous cyclic pattern [70]. In chronic 
inflammatory state [58], excess ROS inhibit 
mitophagy, a special type of autophagy used to 
destroy malfunctioning mitochondria [71]. Thus, 
an increased level of ROS is generated activating 
more inflammasomes [69].

Genetic defect in a component of the NADPH 
oxidase multienzyme complex in the phagocytes 
makes it unable to produce ROS [72]. This re-
sults in chronic granulomatous disease. The lack 
of ROS renders the innate immune system inef-
ficient [73]. Hence, patients suffer from recur-
rent and possibly life-threatening opportunistic 
infections associated with granuloma formation 
[74]. Surprisingly, the lack of ROS can also cause 
hyperinflammatory state manifested as autoim-
mune diseases [70].

ROS and cognitive function
In the context of the central nervous system 
(CNS), ROS have been always perceived as nox-

ious species. However, recent studies reveal the 
various physiological roles of ROS in the cellu-
lar signaling mechanisms in the CNS. Neuronal 
communication forces a considerable metabolic 
strain in sustaining ionic gradients crucial for ac-
tion potential firing and synaptic signaling. As it is 
well established that cellular metabolism func-
tionally regulates excitatory neurotransmission 
[75-77], research was directed to the inhibitory 
signaling in the brain, which is mainly mediated 
by gamma-aminobutyric acid (GABA) receptors 
[78, 79].

High energy expenditure is observed in post-
synaptic inhibitory signaling [80]. Thus, coupling 
of cellular metabolism and inhibitory signaling 
became an attractive zone to be investigated. 
Accardi et al. [81] examined the effect of mito-
chondrial ROS (mROS) on the strength of the 
inhibitory activity of GABA type A (GABAA) 
receptors. In short, post-synaptic GABAA sig-
naling was studied in cerebellar stellate cells us-
ing antimycin A, a cytochrome c reductase inhib-
itor that disrupts the electron transport chain 

in the mitochondria, leading to the cessation of 
adenosine triphosphate (ATP) production [82]. 
In their study, the authors concluded that the 
generation of ROS in the mitochondria prompts 
the events that cause the strengthening of in-
hibitory synapses of cerebellar stellate cells [81]. 
Traditionally, ROS were commonly associated 
with neurodegenerative diseases [83]. How-
ever, evidence is emerging that mROS might be 
potential homeostatic signaling molecules that 
couple cellular metabolism to the strength of 
inhibitory transmission in the CNS.

ROS and fertility
Sperm cells are considered as one of the key 
cellular supplies for ROS in the semen. Leuko-
cytes are the other major sources of ROS in 
the semen, which, under normal conditions, 
yield up to 1000 times more ROS than the 
spermatozoa [84]. Tight control of the ROS 
levels during different stages of spermatogen-
esis and until fertilization appears to be crucial 
for healthy sperm parameters and successful 
conception [85]. From their primitive phases of 
development, male germ cells can produce lim-
ited quantities of ROS [86]. It has been shown 
that ROS are directly involved in the sperm 
chromatin condensation and regulate the 
count of germ cells by provocation of apopto-
sis or proliferation of spermatogonia [87, 88]. 
Additionally, in mature sperm, ROS consider-
ably contribute to the capacitation by triggering 
a cascade of increased cyclic adenosine mono-
phosphate production [85, 87, 89] that signals 
for tyrosine phosphorylation of fibrous sheath 
proteins, leading to the hyperactivation of the 
spermatozoa [90, 91]. Only hyperactivated 
sperms are capable of proceeding to the next 
stage of acrosome reaction [92]. Moreover, 
ROS were shown to increase membrane fluid-
ity and the sperm–oocyte fusion rate through 
inhibition of phospholipase A2 deactivation, 
and thus enabling it to cleave to the membrane 
phospholipids resulting in increased membrane 
fluidity [93-95].

Interestingly, sperm cells with flawed morphol-
ogy, mainly with cytoplasmic residues demon-
strating their immaturity and diminished fertility 
potential, were found to deliver greater amounts 
of ROS than the spermatozoa with normal 
structure [96, 97]. In response to assorted in-
tracellular and extracellular stimuli, the surplus 
production of ROS conquers the antioxidant 
defense system, resulting in deleterious effects 
on sperm functions [87, 96, 97]. Consequently, 
and as will be discussed later, overexposure to 
ROS leads to DNA-damaged spermatozoa, 
eventually jeopardizing either fertilization pos-
sibility or pregnancy rates.
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Figure 4. Roles of  ROS in fertility and infertility



In conclusion, accumulating evidence suggests 
that low and controlled production of ROS sig-
nificantly modulates fertilization potential and 
signal transduction mechanisms [87, 89]. There 
are four critical steps that are involved in a suc-
cessful fertilization process: sperm maturation, 
capacitation, hyperactivation, acrosome reac-
tion, and sperm oocyte fusion [87, 98]. Interest-
ingly, it has been established that ROS partici-
pate in almost all of these crucial phases [87, 99].

Pathological Roles of ROS

ROS and infertility
According to the World Health Organization 
(WHO), infertility is defined as the inability to 
achieve pregnancy for couples seeking concep-
tion within 12 months of regular sexual activity 
[100]. It can affect up to 20% of couples, and 
in approximately half of the cases, it is caused 
by the male factor [87]. Several parameters of 
healthy semen were established by the WHO, 
and lower reference values were assigned. 
These include volume, pH, total sperm number, 
sperm concentration, total sperm motility, mor-
phology, and peroxidase-positive cells, among 
others [101].

OS is believed to play a foremost role in idiosyn-
cratic male infertility [87]. In the United States, 
30%–40% of infertile men were found to have 
high levels of ROS in their seminal plasma [102]. 
ROS in human seminal plasma can originate 
from endogenous and exogenous sources. Leu-
kocytes (neutrophils and macrophages) and im-
mature spermatozoa are the core endogenous 
sources of ROS (Figure 4). On the other hand, 
excessive alcohol intake and smoking along with 
other environmental factors, such as radiation 
and toxins, can elevate ROS levels in seminal 
plasma (Figure 4) [103-105].

Infection and inflammation can stimulate per-
oxidase-positive leukocytes to produce up 
to 100 times higher levels of ROS [106, 107]. 
The WHO defines the presence of >1 million 
peroxidase-positive cells per milliliter of semen 
as leukocytospermia [108]. In this case, the ex-
tremely elevated levels of ROS in seminal plasma 
can lead to sperm damage. Several studies cor-
relate decreased sperm function with abnor-
mally high levels of ROS, IL-6, IL-8, and tumor 
necrosis factor [106, 109].

Spermatozoa were found to be greatly vulner-
able to ROS, as they have cell membranes rich 
in polyunsaturated fatty acids (PUFAs). Lipid 
peroxidation (LPO) leads to the depletion of 
intracellular ATP, causing axonemal damage, low 
sperm viability, and increased defects in the mid-

piece of the sperms. Hence, decreased sperm 
motility is observed [103, 110]. Unfortunately, 
spermatozoa lack the repair enzymes needed 
to overcome the damage caused by ROS [111]. 
ROS are generated in the spermatozoa via two 
methods: either at the plasma membrane level 
by NADPH oxidase system or at the mitochon-
dria level by NAD-dependent oxidoreductase 
reaction, which is the main source of ROS [87]. 
The majority of produced ROS in the sperma-
tozoa are , which reacts with itself to produce 
H2O2, which in turn reacts with O2 in the pres-
ence of metals to generate the highly destruc-
tive hydroxyl radical [85, 112, 113]. The latter 
can disrupt the membrane fluidity of the sperms 
and result in loss of sperm function [87].

ROS levels in seminal plasma were associated 
with varicocele grade [114], which is defined as 
abnormal dilation of veins in the pampiniform 
plexus around the spermatic cord. It is found in 
approximately 40% of infertile males and con-
sidered to be the leading cause of male infertility 
[115].

On the other hand, an increased ROS produc-
tion in seminal plasma can be attributed to ex-
ogenous sources. For example, radiation can 
disrupt the electron flow in the internal mem-
branes of the cells, leading to organelle dys-
function [106]. Overall, the numbers, mobility, 
and vitality of sperm cells can be all decreased 
[116]. Toxins affect semen quality. Studies found 
that workers with frequent exposure to met-
als, such as cadmium, chromium, lead, mercury, 
and manganese, are more prone to low sperm 
quality, concentration, and volume [117]. Smok-
ing manipulates the ratio between ROS and anti-
oxidants in the semen. It causes impaired semen 
quality. The leukocyte concentration almost 
doubles, and ROS levels in semen increase by 
107% [105]. Furthermore, the seminal plasma 
antioxidants, such as vitamins E and C, are re-
duced. Overall, prolonged tobacco smoking was 
found to increase DNA damage and apoptosis 
in sperms, leading to male infertility [87]. Finally, 
alcohol consumption can lead to a significant 
increase in ROS levels in seminal plasma, thus 
impairing semen quality [118, 119].

When levels of ROS exceed that of antioxi-
dants, OS occurs and leads to several effects. 
First, the plasma membrane of the spermatozoa 
is highly susceptible to oxidation. It contains high 
amounts of PUFA. If these are oxidized by ROS, 
a self-catalytic cascade known as LPO is initi-
ated [120]. Approximately 60% of PUFA can be 
lost, causing loss of membrane fluidity, increased 
permeability to ions, and deactivation of mem-
brane-bound enzymes and receptors [121].

Chromatin is another target of ROS in the 
sperm nucleus, which is highly vulnerable to oxi-
dation [122]. However, a complex compaction 
process occurs to protect DNA damage [123]. 
Nevertheless, in cases of poor or incomplete 
compaction, DNA becomes more vulnerable to 
OS, and mutations, cross-links, and rearrange-
ments can happen [87]. If DNA damage is less, 
self-repair can be performed, and fertilization 
ability is regained [124]. Furthermore, the oo-
cyte can repair sperm DNA damage. However, 
if the oocyte has poor repair machinery, the em-
bryo may fail to develop or implant in the uterus 
[87].

OS and elevated levels of ROS were associated 
with impaired sperm parameters. The most im-
portant of which are sperm motility, concentra-
tion, and morphology. Reduced sperm motility 
was linked directly to H2O2 and ROS levels [105, 
118, 125]. Another study found that radio fre-
quency electromagnetic radiation emitted by 
mobile phones affects sperm motility, in addition 
to concentration and viability [126].

ROS were related with female infertility too 
[107]. Researchers found an association be-
tween ROS levels in the peritoneal fluid and the 
presence of idiopathic infertility [127]. A study 
by Attaran et al. [128] investigated the levels of 
ROS in the follicular fluid of women undergoing 
in vitro fertilization (IVF). They studied its effect 
on pregnancy outcome. They found that wom-
en who became pregnant had significantly lower 
levels of ROS. It might be hypothesized that a 
low concentration of ROS in follicular fluid may 
be a probable marker for predicting IVF success 
[128]. However, high levels of ROS in the fol-
licular fluid could be deleterious to the embryo 
[107, 129, 130]. ROS levels play roles in fertiliza-
tion and implantation as well [131].

Several studies investigated the effect of ROS 
on pregnancy complications. ROS due to re-
duced antioxidant capacity was correlated with 
an increased risk of spontaneous abortion in 
two retrospective studies [132]. In addition, it 
has been involved in the premature rupture of 
the fetal membranes [133]. It may also be associ-
ated with preeclampsia [134]. Smoking and alco-
hol intake negatively affect conception and birth 
outcomes. They affect both established preg-
nancy and time to pregnancy in couples seek-
ing conception [135]. Interestingly, both tobacco 
smoke and alcohol intake have been found to 
significantly increase levels of ROS [136].

ROS in cancer
ROS signal transduction involves oxidation–
reduction reactions, often causing reversible 
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protein structure and function alterations that 
contrive a subsidiary cellular response. In cancer 
cells, the mitochondria exhibit accelerated me-
tabolism demanding more ROS concentration, 
which amplifies the tumorigenic behavior and 
accelerates the piling up of additional mutations 
promoting metastasis.

As first proposed in the 1990s, studies brought 
the concept of ROS involvement in tumorigen-
esis. In particular, human SOD overexpression in 
murine sarcoma cells provided protection from 
radiation, but not chemically induced transfor-
mation, so as metastasis [137, 138]. In a recent 
study of the well-known highly malignant intra-
hepatic cholangiocarcinoma, mitochondrial dys-
function was found to trigger niche promoting 
cholangiocellular tumorigenesis and overgrowth. 
Additionally, antioxidant treatment has been 
shown to reduce cholangiocellular preneoplastic 
lesions [139].

Genetic modifications are considered to pro-
mote tumorigenesis either by acting as direct 
DNA mutagen [140-143] or by halting genomic 
stability through topoisomerase II activation 
[144]. Downregulation of the p53 tumor sup-
pressor led to increased ROS production [145]. 
Interestingly, incubation of N-acetylcysteine 
(NAC) in drinking water prolonged survival and 
halted lymphoma formation in murine p53-de-
ficient offspring [145]. The other ability of tran-
scription factor in regulating intracellular redox 
environment is conceived as a crucial part of 
their tumor suppression potential. These com-
prise the Forkhead box O protein family, which 
upon trigging, leads to antioxidant enzyme stim-
ulation, such as catalase and manganese super-
oxide dismutase [146]. Moreover, genetic abla-
tion of breast cancer 1 (Brca1)-encoding gene 
increased ROS and mammary tumor formation 
frequency in p53-heterozygous mice [147]. Re-
cently, it has been proposed that nuclear factor 
erythroid 2-related factor-2 mediates Brca1-de-
pendent regulation of OS [148]. These findings 
support the concept of ROS-induced mutagen-
esis being a critical tumor origination and devel-
opment promotion factor.

Contradictory evidence has brought to the 
surface the role of ROS in tumorigenesis. Even 
though ROS appear to promote cancer cell sur-
vival, angiogenesis, proliferation, and metastasis 
using human cell lines and mouse models [149], 
experimental studies have concluded that sup-
plementation of NAC or vitamin E in the diet 
as antioxidants significantly accelerated develop-
ment and mortality of tumor in mouse models 
of oncogenic Braf- and Kras-induced lung cancer 
[150].

Furthermore, folate dietary supplementa-
tion, a one-carbon cofactor of metabolism 
for NADPH production, has also appeared to 
promote breast cancer development and pro-
gression in murine experimental models [151, 
152]. Finally, clinical trials have shown that an-
tioxidant supplementation of NAC, vitamins 
A and E, or beta-carotene did not blunt the 
occurrence of lung, colorectal, head and neck, 
or prostate cancer. Instead, such treatments 
were observed to worsen the mortality and in-
cidence of prostate and lung cancer [153, 154]. 
In congruence with previous findings, a study 
of melanoma cells that successfully metastasize 
underwent reversible metabolic changes dur-
ing metastasis, making them more resistant 
to OS [155]. Furthermore, antioxidants have 
proven to stimulate distant metastasis for the 
same cells [155]. Thus, elevated intracellular 
reducing correspondents through metabolic 
variations enhance cancer cell survival, growth, 
and migration.

Conclusion
Reactive oxygen species (ROS) are typical by-
products of cellular metabolism, playing a role 
as secondary messengers and influencing differ-
ent normal physiological functions of the body. 
Moreover, there is growing evidence supporting 
the role of ROS in numerous pathological con-
ditions, that is, diseases. The paired character of 
ROS with their beneficial and detrimental char-
acteristics indicates the sophistication of their 
specific roles at a biological compartment and 
the difficulties in attaining applicable procedures 
to treat ROS-related diseases. From principal 
science research to clinical trials, the biomedical 
scientific society has promptly progressed toward 
an improved interpretation of ROS-metabolizing 
systems and their impact on specific conditions.
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