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ABSTRACT: Oxidative stress is characterized by elevated intracellular reactive oxygen species (ROS) levels. At
physiological levels, ROS work as signaling molecules, helping cells go through the cell cycle normally and keeping their
balance. They also balance several physiological processes. However, a shift in the delicate balance between antioxidants
and ROS results in aberrant cell death and deleterious effects. Elevated ROS is implicated in many diseases and disorders
like diabetes, autoimmune diseases, infertility, and cardiovascular disorders. The imbalance disrupts normal cellular
functions, including cell division. ROS are important regulators of the cell cycle, exerting both favorable and harmful
effects depending on their levels in the system, time of action, and cellular context. The present review article highlights
the role of ROS as a predisposing factor of cell cycle arrest and its effect on various stages of the cell cycle. It also considers
the role ROS plays in disorders that are caused by oxidative stress, presents the interplay between ROS and cell division
and explores the therapeutic intervention beneficial in managing these disorders.
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1 Introduction

Oxidative stress is a condition where an increase in reactive oxygen species (ROS) levels results in the
damage of the cell membrane and organelles as well as some proteins, lipids, and nucleic acid. It is manifested
when ROS production exceeds the antioxidant defense mechanisms [1]. Previous reports have shown that
oxidative stress is associated with many human and animal diseases, including cancer, nephritis, diabetes,
and neurological disorders. Failure of the antioxidant defense system that usually conditions all cell types
to prevent oxidative stress enhances disease progression and complications [2-4]. Despite the discovery of
many antioxidants in plants that play an essential role in the repair mechanisms aimed at preventing oxidative
stress in biological systems, oxidative damage still causes tissue injury and cellular damage, leading to low
quality of life. It is also associated with degenerative disorders [5].

ROS are radicals or molecules with unpaired electrons in their orbits, making them unstable [6].
ROS can be generated from external sources such as radiation, environmental pollutants, ultraviolet (UV)
rays, alcohol, tobacco, and industrial smoke (exogenous ROS) or may be generated within the body cells
(endogenous ROS) as byproducts of metabolism. The endogenous sources of ROS include mitochondria,
nicotinamide adenine dinucleotide phosphate (NADPH) oxidase, xanthine oxidases, peroxisomes, endo-
plasmic reticulum, and endothelial nitric oxide synthase (Fig. 1) [7]. This is an indication that ROS could
be generated by different tissues and organs of the body. The skeletal muscles, heart, and lungs were also
reported to produce ROS, especially during exercise [8-10]. Previous studies reported that some phagocytes
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(macrophages and neutrophils) have enzymes responsible for the production of ROS in terms of tissue injury,
and the ROS produced plays important roles in the replacement of worn-out tissues [11-13]. ROS can also
be divided into non-radical and free-radical species. The non-radical species include hydrogen peroxide
(H,0,), organic hydroperoxide (ROOH), singlet molecular oxygen (10,), ozone (O3), electronically excited
carbonyl (R-O=0), hypochlorous acid (HOCI), and hypobromous acid (HOBr), while the free radical ROS
consists of hydroxyl radical ((OH), peroxyl radical (ROO.), superoxide anion radical (O,-), and alkoxyl
radical (RO.) [14].

| P ——————————————————"l
= Smoking o . .
= Alcohol consumption o PhySlOlOglC Roles
= Tonizing radiation * Regulate ageing
sources = UV radiation = Increase sperm motility & stimulate
= Naturally  occurring capacitation
contaminants = T-cell activation & signaling
= Drugs = Antigen presentation
Reactive Oxygen Structural plasticity of brain cells
Species (ROS) : : ‘ ~Pathologlc Roles
= Mitochondria Potentiat N
« NADPH oxidase otentiate apoptosis
. . = DNA damage
= Xanthine Oxidases .
. = Repeated pregnancy loss & genetic
sources ' Enfioplasmlc = Mitosis arrest
reticulum = N degeneration
* Endothelial nitric euroces

Figure 1: Examples of some exogenous and endogenous sources of ROS and their physiologic and pathologic roles that
range from regulation of aging to neurodegeneration

ROS are important in the regulation of cell division; previous studies suggest that low concentrations of
ROS stimulate cell proliferation while higher levels may lead to cell cycle arrest and apoptosis [15,16]. The cell
cycle is a highly controlled process of cell growth, differentiation, and division that is influenced by several
factors within or outside the cell [17]. ROS from different sources play a critical role in cell cycle regulation
and cell division; the intracellular sources include cytochrome P450, mitochondria, p53, and peroxisomes,
while the external sources include radiation and chemicals [15]. A balance between ROS and antioxidants
is important in maintaining homeostasis. However, too much ROS or high antioxidants may alter the cell
cycle through deoxyribonucleic acid (DNA) damage, apoptosis, and/or mitotic arrest [16]. The present review
highlights the role of ROS as a predisposing factor of cell cycle arrest and its effect on various stages of the
cell cycle. It also considers the role ROS plays in other disorders that are caused by oxidative stress. The
review introduces the interplay between ROS and cell division and also explores the therapeutic intervention
beneficial in the management of these disorders.

2 Mitosis

Mitosis is a type of cell division where eukaryotic cells give rise to two daughter cells that are genetically
identical to the parent cell [18]. It is a cell cycle phase that involves equal segregation of genetic material and
appropriate distribution of the cytoplasm [19]. The process is driven by microtubules, which are intracellular
cytoskeletons, and cytokinesis, which brings about cell division. High levels of ROS in the body may increase
chromosomal instability, leading to mitosis arrest [20,21]. Before mitosis, the cells undergo DNA and cellular
component replication to produce what will be needed by the two daughter cells so that after cytokinesis,
each cell can grow and divide [22]. The period is known as interphase and consists of the Gl (gap 1) phase,
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which is the period before DNA synthesis; the S phase, where DNA synthesis takes place; and the G2
(gap 2) phase, which is the period between DNA synthesis and mitosis. Mitosis is divided into five phases
as follows: prophase, prometaphase, metaphase, anaphase, and telophase (Fig. 2). Prophase begins with
chromosomal condensation into visible units, followed by spindle formation, and two pairs of centrioles
move to opposite poles [23]. At prometaphase, kinetochores are formed and chromosomes are attached to
the spindles at opposite poles by the microtubules. Nuclear membrane breaks. At metaphase, the centromere
of chromosomes lines up at the spindle equator to produce a metaphase plate. Mitosis can be arrested
at this phase with colchicine, and only cells with correctly assembled spindles move to anaphase. Hence,
mitosis can be delayed at metaphase if chromosomes fail to move to the spindle equator. However, the
spindle often corrects misalignment of chromosomes [24]. At anaphase, sister chromatids separate due
to the breakdown of cohesion by a protease called separase. The sister chromatids that separate become
chromosomes. Kinetochore microtubules shorten, and chromosomes move towards the spindle poles [25].
Mitotic division ends at telophase, where the chromosome arms contract, the nuclear membrane is formed,
and the cytoplasm divides, resulting in the formation of two daughter cells [26]. The two most important
functions of mitosis include serving as an asexual mode of reproduction in single-celled organisms and the
replacement of worn-out/damaged tissues in multicellular organisms.

Prophase Prometaphase

Metaphase Anaphase Telophase

Figure 2: A schematic diagram highlighting the different phases of mitosis: prophase showing the disappearing
nuclear membrane, prometaphase demonstrating the formation of kinetochores, metaphase showing the alignment of
chromosomes along the equator and attachment to spindle fibers, anaphase demonstrating the separation of chromatids
to opposite poles of the cell, and telophase showing the reappearance of the nuclear membrane and cytokinesis

3 Physiologic and Pathologic Role of ROS in Cell Division

ROS plays an important role in many physiologic and pathologic processes that promote growth
and development, regulate homeostasis, and/or affect many biological functions such as aging, cognition,
immune response, infertility, diabetes, cancer, cardiovascular disease, and neurodegeneration [7]. The
exogenous and endogenous ROS as well as their physiologic and pathological roles are summarized in Fig. 1.

3.1 ROS and Aging

Aging is a biological process associated with a gradual decrease in the physiologic activities of an
organism [27]. It can be influenced by environmental factors, diet, genetics, as well as increased ROS
production [28]. ROS are produced as a result of endogenous and exogenous processes, with their adverse
effects checkmated by antioxidant defenses. An imbalance between ROS and antioxidant defense leads to
oxidative stress. The theory that oxidative stress accelerates aging is based on the hypothesis that age-related
damages are attributed to ROS-induced damages [29]. These damages are caused by the oxidative damage
to the intracellular macromolecules caused by ROS. In addition, ROS is implicated in many conditions
that accelerate aging, including cardiovascular disorders (CVD), autoimmune disorders, neurodegenerative
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diseases, and cancer, to mention a few. Although the exact mechanism of the age-related effect of ROS is
unclear, several studies reveal that ROS levels are high in the mitochondria of older animals [27]. Several
other studies report that high ROS levels lead to cellular senescence. Senescent cells are cells that exist in a
stable cell cycle arrest (remain arrested in the G1/G2 phase), become resistant to growth-promoting stimuli,
do not die, but continue producing chemicals that trigger inflammation [30]. DNA lesions and cellular
senescence are common in older mammals, suggesting that they are associated with the aging process [31,32].

3.2 ROS and Immune Response

The immune system protects plants and animals from micro-organisms and toxins by distinguishing
host cells from foreign cells. To perform this task, they have to rely on both the innate and adaptive
immune systems [33]. The two work together to eliminate pathogens and produce memory against future
invaders/infections. ROS were reported to perform the role of second messenger for T-cell receptor activation
and signaling as well as in chemotaxis and antigen presentation [34]. ROS initiates an inflammatory response
by regulating cytokine production during infection. They can also trigger the defense system through
autophagy, extracellular trap formation, and lymphocyte response [35]. Despite the numerous benefits of
ROS in promoting immune response, they can cause pathologic effects on the immune system, leading to
severe outcomes. Hydrogen peroxide, an exogenous ROS, was reported to reduce the capability of T-cells by
decreasing the mitochondrial transmembrane potential followed by the release of cytochrome C [35]. ROS
can also potentiate apoptosis by amplifying the release of apoptogenic factors from the mitochondria and
increasing oligonucleosomal DNA fragmentation [36].

3.3 ROS and Autoimmune Diseases

ROS are formed in cells and tissues during oxidative phosphorylation in the respiratory system and/or
by NADPH oxidases (NOX). NOX2 functions in a cell by mediating the oxidative burst in phagocytes [37].
On one hand, the ROS generated by NOX2 are very effective in physiological reactions; to break down
ingested pathogens, ROS could accumulate within the cells. Accumulated ROS is implicated in cellu-
lar biomacromolecule damage and degenerative changes in tissues and influences various inflammatory
responses if a suitable detoxification system does not balance their production. ROS also acts as a mediator
between adaptive and innate immunity, influencing the antigen presentation and activating T-cells. They
act as integral signaling molecules that are important in regulating autoimmune diseases and immune
response [38]. Evidence from human and animal models of autoimmune disorders supports the role of ROS
in preventing irregular autoimmune responses by supporting the preservation of macrophage efferocytosis
and the different types of T helper cell balance. The failure of many anti-oxidation treatments indicates that
ROS cannot be considered entirely harmful [38].

It is essential to point out that a precise redox balance is essential in sustaining an immune state that
prevents the progress of overt autoimmunity and minimizes collateral tissue damage [37]. Studies have
revealed that the absence or decrease in the level of ROS can lead to the development of immune-mediated
inflammatory diseases as seen in animal models of autoimmune disorders (lupus, arthritis, and psoriasis).
Results revealed ROS deficiency as a potent driver of pathogenesis [39]. On the contrary, in chronic stages,
oxidative stress can still contribute to the progression of inflammation.

3.4 ROS in Fertility and Infertility

ROS is reported to increase motility, stimulate capacitation, augment sperm membrane binding to
zona pellucida ZP-3 protein, and promote spermatozoa-oocyte fusion by hyperactivation through tyrosine
phosphorylation [40,41]. Tyrosine phosphorylation is stimulated when ROS induces cyclic adenosine
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monophosphate (CAMP) in the spermatozoa to inhibit tyrosine phosphatase [42]. Ubiquinol, a reduced
form of the coenzyme Q10 present in seminal fluid, is believed to decrease the level of ROS, leading to an
increase in sperm count [43]. ROS is involved in physiological ovarian and uterine functions like oocyte
maturation, implantation, blastocyst formation, steroidogenesis, and the maintenance of lutea in pregnancy.
Furthermore, ROS modulates stromal cell physiology and ovarian germ cell integrity [44,45].

Although ROS have been implicated in the normal physiologic function of the spermatozoa, excessive
production can lead to DNA damage preventing fertilization, increasing the risk of mutation in the new-
borns, and may lead to repeated pregnancy loss [46]. Decreased sperm motility may also occur due to lipid
peroxidation in the sperm membrane decreasing the sperm flexibility and/or ROS-induced mitochondrial
DNA damage that reduces adenosine triphosphate (ATP) and energy availability [47,48]. High ROS disrupts
the mitochondrial membrane, causing the activation of caspase 5 and resulting in apoptosis. Cytochrome
C release during apoptosis can further increase ROS levels, leading to more DNA damage and promoting
apoptosis [49].

Regarding female infertility, ROS has been implicated in oocyte aging; its accumulation is reported to
cause oocyte damage and result in female sub-fertility. An imbalance in ROS production and antioxidant
enzymes leads to ROS accumulation resulting in reproductive disorders such as endometriosis, unexplained
infertility, and polycystic ovarian syndrome [45].

3.5 ROS and Cardiovascular Disorders

CVD is described as a group of disorders that affect the blood vessels and heart. They include coronary
artery disease, ischemic heart disease/angina, hypertension, stroke, myocardial infarction/heart attack, and
atherosclerosis [50,51]. These diseases are caused by excessive production of ROS. CVD is one of the leading
causes of death worldwide, with over 20 million deaths in 2021. More than 80% of the deaths occurred in
low- and middle-income countries, where 1in every 5 deaths is attributed to CVD [51-53].

ROS participate in cell signaling and are mediators and regulators of vascular function, acting as
signaling molecules that regulate smooth muscle relaxation, contraction, and growth. They are produced
by the mitochondria, NADPH, and xanthine oxidases, or during the uncoupling of nitric oxide synthase
(NOS) in the adventitia, smooth muscle, and endothelial layers of vessels [51], and an imbalance brings
about significant endothelial dysfunction and causes the changes in molecular pathways that promote the
pathogenesis that develops into and leads to the progression of cardiovascular disorders [51]. Elevated ROS
leads to decreased NO concentrations and vasoconstriction, which leads to arterial hypertension. ROS also
deleteriously affects myocardial calcium handling, which leads to arrhythmia, and ROS enhances cardiac
remodeling by bringing on hypertrophic signaling and apoptosis. ROS are also implicated in promoting the
formation of atherosclerotic plaques [53]. The maintenance of balance between free-radical production and
antioxidant defense is crucial in the prevention and treatment of CVD [51].

3.6 ROS and Diabetes

Type 2 diabetes (T2D) is a progressive disease characterized by sustained hyperglycemia and is
frequently accompanied by hyperlipidemia [54]. In diabetic patients, chronic hyperglycemia and high
levels of ROS further worsen beta-cell function and promote insulin resistance, leading to type II diabetes
complications [55]. Oxidative stress is provoked, leading to the activation of the c-Jun-NH (2)-terminal
kinase (JNK) pathway, which accelerates beta-cell dysfunction and subsequent insulin resistance. This occurs
in a process known as glucose toxicity [56,57]. In many studies carried out, exposure of beta-cell-derived
HIT-T15 (clonal beta-cell line) cells or isolated rat islet cells to oxidative stress caused a reduction in the
expression of the insulin gene [58].
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Other authors proposed that ROS derived from glucose metabolism acts as metabolic signaling
molecules for glucose-stimulating insulin secretion in beta cells of the pancreas and that cellular accom-
modative response to oxidative stress challenge plays a seemingly contradictory role in pancreatic beta-cell
function. Previous research suggests that antioxidant enzymes protect beta cells from oxidative injury and
possible cell death. Thus, reducing oxidative stress-related impairment of insulin secretion. Another view
indicates that the induction of antioxidant enzyme activation blunts glucose-triggered ROS signaling, thus
resulting in reduced glucose-stimulated insulin secretion [59].

3.7 ROS and Cognitive Impairment

The hippocampus, prefrontal cortex, and cerebellum are considered the most vulnerable brain struc-
tures to oxidative stress because of their high ATP requirement, rendering them sensitive to ROS [60].
Numerous studies have reported the vulnerability of many brain regions to oxidative stress. The hippocampus
was reported to undergo some biochemical changes in response to ROS and eventually lead to structural
plasticity of brain cells and some level of regeneration and remodeling [61,62]. Astrocytes contribute to
inflammatory responses within the central nervous system. They get inflamed in the presence of ROS,
leading to astrogliosis, and the resultant effect induces neurodegeneration [63,64]. NOX2-derived ROS was
reported to be the main cause of neuroinflammation in sepsis-associated encephalopathy, while NOX2 inhi-
bition prevented glial cell activation and reduced inflammation and neurodegeneration in sepsis-associated
encephalopathy [65].

3.8 ROS and Cancer

ROS are formed as a by-product of normal cellular metabolism. Initial research on cancer cells showed
that cancer cells had elevated levels of ROS compared with normal cells [66]. Since elevated levels of ROS
cause damage to intracellular molecules: lipids, proteins, and DNA, it was believed that ROS were oncogenic,
promoting genomic instability and tumorigenesis [67]. ROS, oxidative stress, and the redox state (oxidation
state of an element, which determines its chemical and biological behavior, toxicity, and reactivity in the
environment) may play an important role in controlling certain stages of the cell cycle [68]. Cancer is a disease
where some of the body’s cells exhibit uncontrollable growth and spread to other parts of the body [69] and
is characterized by uncontrolled cell proliferation. Changes in levels of ROS disrupt the redox state, leading
to oxidative stress, which leads to the pathogenesis of many diseases like cancer [70].

In physiological conditions, cellular proliferation is controlled, and differentiated somatic or body cells
differentiate into the organs they are fated to become. In many cases, daughter cells lose the ability to
differentiate after undergoing a fixed number of cell divisions to maintain the integrity of the organism.
Any changes to the normal physiological arrangement trigger programmed cell death (apoptosis) in the
deviant cells [69]. Intracellular ROS levels are maintained at low levels to prevent alteration of internal
homeostasis [71]. Elevated levels of ROS have been observed in cancer cells, and this has caused and
accelerated rapid proliferation in cancer cells relative to normal cells [66,72,73]. The highly reactive and
damaging nature of ROS in concentrations results in oxidative damage to proteins (proteotoxic stress)
and nucleic acids, resulting in apoptosis and cell death [73-75]. In cancer cells, ROS concentration was
found to vary during the various stages of the cell cycle. It was found to peak in mitosis, resulting in the
accumulation of oxidized cysteine protein [73].

Prolonged mitotic arrest was found to increase ROS levels and further increase the amount of oxidatively
damaged biomolecules in the cell, suggesting that agents that cause mitotic arrest may enhance the effect
of ROS-dependent anticancer therapy [73]. ROS can also promote antitumorigenic signaling and trigger
oxidative stress-induced cancer cell death [67]. Cancer cells, more than normal cells, have an altered redox
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intracellular environment, which makes them more sensitive to ROS levels and redox changes. Tightly
regulated levels of ROS play a critical role in both normal and cancer cells as initiators and regulators of
various cellular signaling pathways [73]. Cyclin-dependent kinase (CDK) inhibitors are being explored as
possible remedies for cancer [76].

4 ROS and Mitosis

DNA damage and cell division were thought to be unconnected in the past because irradiation of animal
cells during mitosis did not prevent the process, but the cell division continues without DNA repair [77].
However, recent studies suggest that DNA damage plays a significant role in mitosis by regulating its onset,
spindle formation, correcting mismatched kinetochore microtubules, spindle checkpoint signaling, and
cytokinesis completion [77]. DNA damage response may come in several ways, including DNA repair, cell
cycle arrest, induction of apoptosis, and/or senescence [78]. When DNA damage occurs during mitosis as
a result of oxidative stress, the cells try to repair the damaged DNA and continue with mitosis. However, if
the DNA repair fails, the cell may undergo apoptosis. Apoptosis consists of a cascade of highly controlled
physiological and anatomical events that involve chromosomal condensation and shrinkage of normal cells
followed by membrane blebbing and disintegration of the cell into apoptotic bodies (Fig. 3). Apoptotic bodies
are usually phagocytosed by macrophages. The link between ROS and mitosis could be explained by the
schematic diagram in Fig. 4. A high level of ROS causes oxidative stress/damage that may lead to DNA
damage; the damage will cause the cell to react in any of the following ways:

1. The cell will trigger DNA repair so that the DNA will repair itself and the cell will resume mitosis again.
2. Mitosis will be arrested, and there will be an attempt to repair the DNA. If the repair is successful, mitosis
will resume. However, if the DNA repair fails after several attempts, it will result in mitosis arrest.

3. After mitosis arrest, the cell will no longer be useful in the body because of the lack of genetic material.

This will result in apoptosis.
mx

Shl inkage & Chromoso

condensation Q
77
? @;)
Apoptosis L u‘)
Membrane

0.0 blebbing
e
o m’\)
Normal cell < D
ol% 2
O Y

Cell breaks into
Apoptotic bodies

Figure 3: The apoptosis progression from the normal cell, cell shrinkage/chromosomal condensation, and membrane
blebbing to the formation of apoptotic bodies
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Figure 4: A schematic representation of the cascade of events that links ROS with mitosis. High levels of ROS cause
oxidative stress that eventually leads to DNA damage. DNA damage will either result in DNA repair, mitosis arrest, or
apoptosis. After DNA repair, mitosis resumes, but failure to repair the DNA will result in mitosis arrest and/or apoptosis

5 ROS and the Cell Cycle

The mammalian cell cycle consists of four phases: M (mitosis), Gl, S (synthesis), and G2, with a
nonproliferative GO (quiescence) phase. It also has some checkpoints as follows: G1 checkpoint between
Gl and S phase, intra-S checkpoint within the S phase, and G2/M checkpoint between G2 and M phase
(Fig. 5) [79]. ROS has an impact on the cell cycle at every stage, starting with the GO phase, which is
also known as the quiescence phase. Cells re-enter the cell cycle, and the process requires external signals
like growth factors, hormones, and cytokines. All the external signals trigger ROS production [16]. Myc is
a transcription factor encoded by the Myc proto-oncogene that controls DNA replication by stimulating
quiescent cells to proliferate and activate genes responsible for cell cycle progression [80]. In the Gl phase,
ROS at physiological concentrations activates pathways, assisting activation of Cyclin D1/CDKs and pRB/E2F
(pRB proteins contain distinct binding sites for E2F proteins and for transcriptional repressor complexes)
and eventually facilitating entry into the S phase of cell division [18]. The antioxidant N-acetyl-L-cysteine
(NAC) induces Gl arrest by reducing the intracellular redox state [18]. However, in response to oxidative
stress, cells arrest at the Gl restriction point or undergo apoptosis via activation of the p38 MAPK (mitogen-
activated protein kinase) cascade. The p38 MAPK pathway is an important regulator of pro-inflammatory
cytokine biosynthesis at the transcriptional and translational levels, which makes different components of
this pathway promising targets for the treatment of autoimmune and inflammatory diseases [81]. There could
also be an up-regulation of pl6INK4a and the CDK inhibitors [18]. The CDKN2A gene is a tumor suppressor
that encodes the CDK4/6 inhibitor pl6INK4a. Loss of this tumor-suppressing gene contributes to the bypass
of critical senescent signals and is related to the acceleration of malignant disease [82].

ROS levels vary following the cell cycle progression with the peak occurring at the period between
S to G2/M phases of cell division [17,73]. In the S phase (synthesis phase), genetic material replication
takes place, a necessary process that occurs during this phase is accurate proofreading and repairs of DNA
errors to precisely duplicate DNA for transfer to daughter cells. Oxidative stress-induced DNA damage may
affect the genetic material and alter the daughter cells. Several mechanisms are employed to recognize and
repair the damaged DNA. CDK2 plays a vital role during the shift from the GI to the S phase [16]. The
S phase is activated by cyclin-dependent kinases (CDKs). During the Gl to S phase transition, cyclin D
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up-regulation displaces P16 binding to CDKs, resulting in their activation. The activated CDKs (CDK4 &
CDKG6) are phosphorylated; they inhibit retinoblastoma protein, causing E2F transcription factors activation
that eventually initiates DNA replication [80]. p53 is a critical tumor suppressor that plays a key role in the
regulating response to DNA damage. It can induce cell cycle arrest, DNA repair, and/or apoptosis when
activated [82]. In oxidative stress, p53 activates genes that protect the cell from the detrimental effects of
ROS. Several studies reveal that reduced p53 activity increases the accumulation of ROS [16,26].

M Phase (prophase,
metaphase, anaphase, &
telophase)

G2/M checkpoint GF
N

GO (Quiescence phase)

B G1 checkpoint

S Phase (DNA synthesis)

Intra-S checkpoint

Figure 5: The mammalian cell cycle showing the different phases (M, S, G1 & G2) and the quiescence (G0) as well as
the different checkpoints (G1 checkpoints, intra-S phase checkpoint, and G2/M checkpoint). The M phase is divided
into prophase, metaphase, anaphase, and telophase. GO is a phase with no proliferation while the checkpoints prevent
progression to another phase when DNA is damaged

The G2 phase is the gap between the S and M phases. It is the period where cells with replicated
DNA are preparing to divide. It is very short in early embryonic and rapidly proliferating cells. The loss or
downregulation of CDK activity during the G2 phase may lead to the reversal of the cell cycle [83]. The M
phase is the period where the actual cell division takes place (duplicated DNA and cytoplasm divide equally
to form two daughter cells). Microscopically it is identified as the period of chromosome condensation,
segregation, nuclear division, and separation into two daughter cells and consisting of prophase, metaphase,
anaphase, and telophase [26]. Cells that enter the M phase with damaged DNA will eventually die (mitotic
catastrophe). This process is used in cancer therapy by forcing cells with damaged DNA or cells with
DNA-damaging agents into the M phase [84,85]. In the G2 and M phases of the cell cycle, regulation is
performed by the CDK2/cyclin A complex and also by CDKs [6,86]. ROS stimulates cell cycle progression
in a context-related manner via the phosphorylation of CDKs and cell cycle regulatory molecules [6].

The GlI checkpoint prevents progression to the S phase and DNA replication when there is DNA damage.
The intra-S phase checkpoint is activated to suppress CDK activity when DNA damage occurs in the S phase
to limit DNA replication. The G2/M checkpoint prevents cells with DNA damage from entering mitosis [84].
However, no checkpoint is activated by DNA during mitosis in mammalian cells. The spindle assembly
checkpoint (SAC) ensures appropriate chromosomal segregation. Hence, mitotic DNA damage does not
usually result in cell cycle arrest unless it occurs in the telomeric or centromeric regions [79].
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6 Therapeutic Strategies Involving ROS-Related Pathological Conditions

The therapeutic strategies include the usage of antioxidants, agents that increase cellular ROS levels,
redox-active complexes, and regulators of redox-sensitive signaling pathways to alleviate the damage caused
by ROS [16]. The therapeutic intervention involving the direct intake of exogenous antioxidants is beneficial.
However, due to the fast responsiveness of oxidants, exogenous scavengers have a low performance compared
to the endogenous molecules like superoxide dismutase and glutathione present in the biological system,
which are more effective in removing ROS [16,87]. Fig. 6 presents the therapeutic and physiological roles of

ROS and antioxidants.
Generate free radicals .
Induce apoptosis in
cancerous cells

Death of cancerous
Moderate Regulate hemostasis || Apoptosis || cells (Therapeutic
ROS in normal cells role of ROS)

Figure 6: An illustration of the physiological and therapeutic roles of ROS and antioxidants. The therapeutic role
involves either enhancing the antioxidant capacity of normal cells to reduce ROS and free radicals and prevent disease
progression or promoting ROS production in cancerous cells to induce apoptosis. The physiologic role involves the
regulation of hemostasis

Antioxidants
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In the management of autoimmune disorders, antioxidant therapy is helpful. However, an adjusted
redox balance is essential in sustaining an immune state that prevents the progress of overt autoimmunity
and attenuates chronic stages of disease [39,88]. Therapeutic strategies suggested in cases of elevated ROS
in CVD are aimed at stopping the abnormal production of ROS and concomitantly improving antioxidant
levels by increasing the intake of diet-rich antioxidants like vitamins C, lycopene, and quercetin, mostly
found in fruits and vegetables. They have been proven to prevent the development of various types of
CVD, including heart failure, ventricular remodeling, myocardial infarction, ischemia-reperfusion heart
injury, and atherosclerosis [89,90]. Many natural products have been reported in several in vivo studies as
rich sources of antioxidants that enhance the antioxidant activities of the cells, resulting in decreased free
radical production. Hence, preventing the initiation and progression of many diseases such as diabetes,
hypertension, and cardiovascular disorders at the cellular level [91-94].

Pharmacological agents like angiotensin-converting enzyme (ACE) inhibitors and statins demonstrated
pleiotropic effects in reducing oxidative stress [89]. The ability of statins to ameliorate CVD is demonstrated
by their ability to enhance the expression of endothelial nitric oxide synthase (eNOS). Thus, exhibiting
endothelial-protecting effects mainly by reducing inflammation [53]. Factors responsible for ROS-related
endothelial damage, such as oxidized low-density lipoprotein (LDL) and hypoxia, can decrease eNOS
expression. However, some statins can reverse the eNOS downregulation, stressing their capacity to upgrade
the vessel nitric oxide bioavailability and atherosclerotic plaque stability [95].
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ACE inhibitors are drugs that are produced to treat hypertension. During arterial wall remodeling,
amplified angiotensin II activity results in the thickening of the tunica media and narrowing of blood
vessels, a key sign of atherosclerosis. An increase in the angiotensin II level is linked with the release of
vascular superoxide anion [96]. ACE inhibitors are beneficial in treating several CVDs, including acute
myocardial infarction, hypertension, heart failure, and systolic and diastolic left ventricular hypertension,
and have been shown to improve the quality of life and survival rate and reduce morbidity and mortality
connected to CVD [97]. Antioxidants may serve as a novel mechanism-based therapy for type II diabetes.
Therapeutic intervention using antioxidants in in vivo research revealed a significant increase in beta-cell
mass in diabetic rats. The intervention also suppressed beta-cell apoptosis while maintaining normal beta-cell
proliferation [58]. Treatment with antioxidants also preserved insulin levels and insulin mRNA, significantly
preventing insulin degranulation compared to untreated diabetic rats. The expression of the pancreatic and
duodenal homeobox factor-1, which is an important transcription factor for the insulin gene, was accelerated
in insulin cells after the administration of antioxidants [56-58].

A promising strategy for the elimination of cancer cells can be to target ROS levels in cancer cells [67,98].
In cancer treatment, high ROS levels have been shown to induce apoptosis in cancer cells [17]. Treatment of
cancer cells with pro-oxidant agents (quercetin, elesclomol, cucurbitacin B) has been observed to selectively
increase ROS levels in the cancer cells, which eventually leads to DNA damage, dysregulation of the cell cycle,
mitosis arrest, apoptosis, and cell death. This creates a treatment therapy route that can be combined with
other cancer therapies such as chemotherapy and radiotherapy to effectively eliminate cancerous cells in the
tissues, organs, and systems [99]. Quercetin was also reported to enhance antioxidant activity and prevent
oxidative stress, neurodegeneration, and steatosis [100,101].

7 Future Directions for Studying ROS

We reviewed the interplay between ROS and cell division and also explored the therapeutic intervention
beneficial in the management of these disorders. There is a complex relationship between the ROS cell cycle
and mitosis. Hence, there is a need to further explore the mechanism of the physiologic and pathologic
changes associated with ROS as well as the role of ROS in the treatment and prevention of diseases that are
linked to cell regeneration and proliferation.

8 Conclusion

The present study reviewed the physiologic and pathologic roles ROS plays and how it is associated with
the regulation of mitotic division through DNA damage, repair, and remodeling, as well as its participation in
several pathological conditions along with proposed therapeutic interventions. The conclusions point to the
fact that the generation of moderate levels of ROS may function as signals to promote cell proliferation and
survival when balanced by endogenous and exogenous antioxidants. However, a shift in the balance from
redox homeostasis towards an elevated ROS level leads to disease initiation, progression state, apoptosis, and
cellular death. Maintenance of redox homeostasis sustains proper cellular function and alleviates the effects
of oxidative stress.
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