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Abstract

Reactive Oxygen Species (ROS) are highly reactive oxygen moieties which result in the cellular state of oxidative stress, either due to their overproduction 
or by imbalance between cellular oxidants and antioxidant system. Mitochondria is the main source and site of ROS production inside a cell and account 
for both - electron transport chain (ETC) and non-ETC dependent sources. Interestingly, a threshold level of ROS is essential for cellular functioning, 
nevertheless, any unexpected increase in its level poses detrimental effects on the cells by oxidizing biomolecules such as proteins, lipids, nucleic acids 
etc. Although cellular machinery is well equipped with both enzymatic and non-enzymatic antioxidant defense systems, cellular injury and aging due to 
generation of ROS is inevitable in all living systems. Higher levels of ROS are thus been commonly associated with onset of several human diseases such as 
neurodegenerative disorders, cancer, infertility etc. Present review attempts to provide a brief account of ROS and their regulation in cellular systems along 
with their potential involvement in predisposition of some fatal human diseases.  
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that a portion of the total oxygen taken up by the mitochondria was 
consumed in a catalase-sensitive reaction and thus, proposed that 
mitochondrial NADH/succinate oxidation might be coupled with 
hydrogen peroxide (H2O2) production [1].  Later in 1972-1973, 
Britton Chance and co-workers carried out a more generalized study 
and instigated the field of mitochondrial ROS research [2,3]. It is 
increasingly clear now that under normal physiological conditions, 
approximately 2% of the electrons leak from the electron transport 
chain (ETC) and account for ROS production [4]. The major types 
of ROS found in living animals include superoxide anion (O2

•−), 
hydrogen peroxide (H2O2) and hydroxyl radical (•OH). When an 
electron encounters an oxygen atom, a reduction reaction takes 
place and O2

•− is formed. O2
•− is considered to be the most important 

oxygen free radical and the source of other ROS molecules. O2
•− is 

readily converted into H2O2 by superoxide dismutase (SOD) enzyme 
which is in turn converted into •OH in the presence of ferrous (Fe2+) 
or cuprous (Cu2+) ions [5]. While •OH is highly reactive, H2O2 is more 
stable and membrane permeant.

There are around eight known sites in the mitochondria which 
possess the ability to produce O2

•−, however, the major sites of O2
•− 

production along the ETC are NADH-ubiquinone oxidoreductase 

Introduction
Establishment of aerobic conditions by photosynthesizing archae 

and eubacteria marked one of the most significant changes that the 
earth’s atmosphere underwent millions of years ago. This grand event 
facilitated evolution of organisms which could utilize oxygen for 
energy metabolism and survival in a process called aerobic respiration. 
Interestingly, in spite of being much more efficient than anaerobic 
respiration, aerobic respiration offers several opportunities for oxygen 
leakage and results in the consequent production of Reactive Oxygen 
Species (ROS). The term ROS, in effect, refers to all those free radicals 
which are composed of oxygen molecules. Overwhelming levels of 
ROS either due to excessive ROS production or inadequate action 
of antioxidants leads to a cellular condition termed as “oxidative 
stress”. This review focuses on the involvement of ROS and associated 
oxidative stress in predisposition and progression of some of the 
major human disorders.

Sources and physiological implications of ROS

Mitochondria represent the major site of ROS production in 
a cell. One of the first reports to suggest generation of ROS in the 
mitochondria was put forward by Jensen in 1966 [1]. It was observed 
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(Complex I) and ubiquinone-cytochrome c oxidoreductase (Complex 
III) [6,7]. Non-ETC sources of mitochondrial ROS production 
include monoamine oxidase, located in the outer mitochondrial 
membrane and produces H2O2 as a byproduct of oxidative 
deamination; glycerol-3-phosphate dehydrogenase (GPDH) located 
in the mitochondrial matrix and produces O2

•−and α-ketoglutarate 
dehydrogenase (α-KGDH) which is also located in the mitochondrial 
matrix and produces both O2

•− and H2O2 under elevated NADPH/
NADP+ ratio i.e. during times of maximum respiration and during 
availability of calcium.  

Out of all these mitochondrial ROS producing hubs, ROS 
produced into the intermembrane space (by Complex III and GPDH) 
is of greater relevance than the others since these have comparatively 
easier access to the cytosol as ROS produced there need to cross only 
outer mitochondrial membrane whereas others must cross both the 
inner as well as the outer mitochondrial membrane to access the 
cytosol. Besides mitochondria, ROS are produced from cytosolic 
sources as well. These include oxidation reactions of dopamine and 
xanthine oxidase (XO)-mediated conversion of hypoxanthine to 
xanthine, and xanthine to uric acid which subsequently generates 
O2

•−. Furthermore, elevated levels of calcium in neuronal cells are 
also associated with ROS production which initiates signaling events 
in the cytosol. Occurrence of certain cell types such astrocytes, 
phagocytes (microglia), lymphocytes etc. also contribute to the rate 
of ROS production. For example, NADPH oxidase (Nox) located 
in the cell membrane of CNS-resident astrocytes and phagocytes 
(microglia) and 5-lipoxygenase  present in lymphocytes serve as 
inducible sources of ROS, especially O2

•− [8]. 

Mitochondrial ROS production is dependent on a number of 
factors; the redox state of ETC being the most important one. The 
tendency to generate O2

•− free radicals increases when the ETC electron 
carriers become more reduced due to inhibition of electron transfer. 
Another major determinant of ROS production in the mitochondria 
is the proton motive force (pmf) which is generated as protons are 
expelled into the intermembrane space from the matrix while they are 
transferred from complex I to complex IV. Greater the pmf, more is 
the ROS production. ROS molecules have been implicated in various 
signaling pathways. In this context it is important to note that the 
sub-cellular localization of the mitochondria affects the strength 
of ROS signaling in the cell. Closer the site of ROS production and 
operation, greater is the efficiency of signaling [9]. ROS signaling is 
involved in the regulation of a variety of physiological processes like 
cell migration and proliferation, autophagy, immune responses and 
adaptation to hypoxia or oxidative stress conditions. Most of these 
functions are mediated via derivatives of O2

•− especially H2O2 and 
•OH. For instance, activated macrophages and neutrophils produce 
high levels of O2

•− which coalesce with other ROS molecules in order 
to destroy the invading pathogens. This phenomenon is known as the 
“oxidative burst” [10]. O2

•− is also suggested to play an age-dependent 
role in the regulation of synaptic plasticity, memory formation and 
learning [11]. H2O2 acts by oxidizing thiol groups (-SH-) on cysteine 
residues thereby inactivating the target proteins in most of the cases. 
For example, H2O2 inactivates the Protein Phosphatase 2A (PP2A) 
at the cysteine residue to activate the Akt pathway for promotion 
of cell survival [12-14]. •OH has been demonstrated to regulate 

cell physiology by stimulating guanylatecyclase to produce cGMP 
which acts as a “secondary messenger” in the cell and activates the 
transcription factor Nuclear Factor Kappa-light-chain-enhancer of 
activated B cells (NF-κB) with the help of H2O2 [5]. NF-κB signals 
play an essential role in regulating cellular immune responses against 
any kind of infection. 

Intriguingly, ROS exhibit both beneficial as well as deleterious 
effects. Since ROS are highly reactive in nature, excessive production 
or accumulation of ROS (oxidative stress, as discussed above) 
most often proves to be detrimental for the cell. ROS can oxidise 
a variety of biomolecules including lipids, proteins, DNA as well 
as RNA. Lipid peroxidation causes membrane leakage [15], amino 
acid oxidation, protein misfolding and dysfunction [16]. ROS-
induced DNA damage leads to the production of oxidised bases (e.g., 
8-hydroxy-deoxyGuanosine; 8-OHdG), oxidised sugar fragments 
(e.g., deoxyribonolactone), oxidised abasic sites (e.g., apurinic sites) 
and single-strand and double-strand breaks, all of which interfere 
with gene transcription [17]. RNA being single stranded in nature 
is more susceptible to the adverse effects of ROS as compared to 
DNA. Mutilation of protein-coding or non-coding RNA leads 
to interruption of protein synthesis and dysregulation of gene 
expression respectively [18]. An accumulative and simultaneous 
exposure to ROS may lead to major cellular damage and cell death. 
In view of above, several antioxidant systems, both enzymatic and 
non-enzymatic, have been employed to maintain the physiological 
levels of cellular ROS. Some of the major enzymatic antioxidants 
include superoxide dismutase (SOD), glutathione peroxidase (GPx), 
thioredoxin reductase (TR) and catalase [19]. SOD scavenges O2•− by 
converting it into O2 and H2O2. Subsequently, activities of generated 
H2O2 facilitated by GPx and TR, which finally lead to production of 
H2O and O2. Non-enzymatic antioxidants include exogenous sources 
of defense like ascorbic acid (vitamin C), α-tocopherol (vitamin E), 
glutathione (GSH) and flavonoids [20].  

Despite all these lines of protective measures, aging is a biological 
phenomenon which is inevitably associated with production and 
accumulation of cellular ROS. The observation dates back to the 1950s 
when Harman first proposed the free radical theory of aging which 
suggested that accumulation of ROS-induced cellular damage is the 
major determinant of longevity [21]. The theory was later modified 
to the mitochondrial free radical theory of aging as mutations in the 
mitochondrial DNA (mtDNA) were perceived as the foundation of 
aging phenomenon [22,23]. According to this theory, mutation(s) 
in mtDNA result in impaired functioning of respiratory chain 
and subsequent production of ROS. This phenomenon facilitates 
additional damage in mtDNA by forming a vicious circle which 
amplifies the damage, and consequently, causes the cells to age [22,23]. 
Several studies have demonstrated that aging is marked by an increase 
in mtDNA mutations, impaired ETC functions, poor mitochondrial 
membrane integrity and dysregulated levels of cytosolic calcium 
[24]. One of the most direct experimental evidences that suggest an 
active role of mitochondrial ROS in longevity was provided by studies 
carried out on mice wherein overexpression of catalase targeted to 
the mitochondria resulted in a significant extension in lifespan 
[25]. Interestingly, similar overexpression of catalase targeted to the 
nucleus or to the peroxisome, its native location within the cell, did 
not have any noteworthy effect on murine lifespan [25]. 
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Role of ROS in human diseases
Neurodegenerative disorders

Several age-related disorders are associated with elevated levels 
of oxidative stress. The human brain is one organ that is particularly 
sensitive to the hazardous effects of ROS. This is primarily due to the 
fact that the brain has a high respiration rate but a weak antioxidant 
framework. In addition, brain cells are rich in dopamine and 
polyunsaturated fatty acids which are highly prone to oxidation by 
ROS. High levels of iron in the brain acts as pro-oxidant and promotes 
oxidative stress-induced damage in neurons. Further, neurons lack 
replication-coupled repair mechanisms which lead to persistent 
oxidative genome damage and cell death. Moreover, since the neurons 
are differentiated and post-mitotic cells; loss of “sick” neurons are 
not compensated for, and thus, the damage becomes much more 
prominent [17,26]. This leads to the predisposition/ development of a 

number of neurodegenerative diseases like Alzheimer’s disease (AD), 
Parkinson’s disease (PD), Huntington disease (HD), Amyotrophic 
lateral sclerosis (ALS) etc. (Figure 1). A common feature shared by 
all of these diseases is their late-onset nature, which may be attributed 
to the gradual accumulation of ROS mediated damages with age 
and a sudden manifestation of the disease phenotypes represent the 
moment when the destruction crosses the threshold mark.

AD is the most common form of dementia worldwide. It is 
associated with the formation of neurofibrillary tangles (NFT) and 
neural plaques (NP) in the brain [27]. While NFTs are rich in hyper 
phosphorylated Tau protein, NPs are abundant in amyloid β protein. 
ROS have been shown to be actively involved in Tau phosphorylation 
[28]. Once phosphorylated, Tau becomes more prone to modification 
by the products of oxidative stress (e.g., 4-hydroxy-2-nonenal; HNE) 
resulting in conformational changes in the protein and promotion 

Figure 1: Schematic representation of the mechanistic basics of the ROS mediated neurodegeneration. ROS are primarily produced as byproducts of oxidative 
phosphorylation within the mitochondria. A compromised antioxidant system and other factors also contribute to the ROS production. ROS exert some prominent 
detrimental effects in cellular systems including mitochondrial dysfunction, proteasomal impairment, protein mis-folding, DNA damage, lipid peroxidation etc. All 
these effects collate together to result in cellular dysfunction and death. Neuronal cells become the prime target of such adverse cellular changes and lead to onset 
of neurodegenerative disorders.
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of tangle formation [29,30]. Similarly, studies in neuronal cell 
lines have demonstrated that elevated levels of H2O2 result in an 
increased level of intracellular Aβ [31]. Higher levels of Aβ activate 
Nox which subsequently leads to production of O2

•− and conversion 
of molecular oxygen into H2O2 by reducing cellular Fe2+ and Cu2+ 

[31]. Aβ accumulation also causes an uprise in the calcium levels of 
the cell that finally results in membrane disruption by formation of 
calcium-conducting pores [31]. All these events further aggravate the 
oxidative stress on the neuronal cells [32]. Nuclear and mitochondrial 
DNA isolated from neurons of the affected areas of the brain of AD 
patients were found to be abundant in oxidised bases, especially 
8-OHdG which is considered to be a major marker of oxidative 
damage to the DNA [33]. Interestingly, a recent study has further 
demonstrated that enhanced expression of mitochondrial catalase 
(mCAT) in mice model of AD resulted in a significant decrease in 
Aβ toxicity and cellular oxidative damages [34]. This suggests a direct 
role of mitochondrial oxidative stress in AD pathology. Moreover, 
it appears that mitochondria targeted antioxidant strategies could be 
advanced further to design novel therapeutic measures for AD.

PD is another chronic neurodegenerative disorder which is 
caused by the loss of dopamine-generating neurons in the basal 
ganglia of the brain [35]. Neuronal degeneration in this case is 
stimulated by the deposition of cytoplasmic inclusions called Lewy 
bodies whose major constituent includes the ubiquitin-bound 
α-synuclein protein (α-Syn). Posttranslational modifications of 
α-Syn, mainly oxidation by HNE, have been indicated to promote 
its oligomerisation [36]. Oxidative stress also results in microglial 
senescence and compromised protein clearance by the ubiquitin 
proteasome system [37]. This phenomenon has been proposed to be 
a consequence of intracellular accumulation of iron [37]. In addition, 
it also causes enhancement in the level of 8-OHdG, indicating stress-
induced DNA damage [33]. Moreover, several PD-causing mutations 
have been found to be associated with PTEN-induced putative kinase 
1 (PINK1), DJ-1, leucine-rich repeat kinase 2 (LRRK2) and α-Syn 
itself, all of which are either mitochondrial proteins or associated 
with it in a way that links mitochondria to oxidative stress [38,39]. 
Further, dopamine oxidation by monoamine-oxidase-B induces 
excessive production of all three major types of ROS [40]. Reduced 
level of GSH is another characteristic feature of PD, with the extent 
of depletion being directly proportional to the severity of the disease 
[41]. As noted in case of AD, mCAT over expression in mouse brains 
have protective effect against a neurotoxin, 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP) induced PD as well [42].

HD is a triplet repeat-expansion disorder that is caused by an 
autosomal dominant mutation in the gene coding for the hunting 
tin (Htt) protein. Mutant Htt (mHtt) is yet another aggregation-
prone protein which interacts with several other cellular proteins to 
result in the formation of intranuclear aggregates called inclusion 
bodies (IB) [43]. The size and conformation of constituent proteins 
of the aggregates have been shown to be modified upon exposure 
to oxidative stress [44]. In addition, mHtt is believed to inhibit 
mitochondrial oxidative phosphorylation resulting in increased ROS 
production and an augmented oxidative challenge [45]. Unlike other 
cases, oxidative DNA damage has not been extensively observed 

in HD patients, however, significant increase in the levels of lipid 
peroxidation has been considered as a major phenomenon that 
advocates the role of oxidative stress in HD pathology [34].  

Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative 
disorder which causes damage to the motor neurons in the brain. 
Affected motor neurons have been demonstrated to accumulate 
proteinaceous inclusions both in the cell body and in axons. These 
inclusion bodies sequester SOD1 enzyme quite often which leads to 
compromised antioxidant system of the cell and makes it susceptible 
to oxidative assault [38]. Approximately 20% of the ALS cases also 
exhibit mutations in SOD1 gene. Subsequently, elevated levels of lipid 
peroxidation and that of 8-OHdG can be commonly observed in ALS 
patient samples [34]. Disrupted mitochondrial membrane potential 
and high cytosolic calcium levels are other characteristic features of 
ALS [8].

Human cancers

Cancer is one of the most deadly diseases leading to the 
highest number of demises worldwide. Onset of cancer is a result 
of uninhibited cell growth and proliferation triggered due to 
mutations in specific genes/DNA by carcinogens. Carcinogens 
could be physical (ultraviolet radiation), chemical (tobacco smoke, 
arsenic) or biological (viruses, bacteria) in nature. Unremitting 
exposure to above factors may cause gain of function mutations 
in proto-oncogenes transforming them to oncogenes and loss of 
function mutations in tumor suppressor genes, thereby perturbing 
the expression pattern of the genes [46]. Altered expression of these 
genes leads to increased cell proliferation and transformation of cells 
into malignant tumorous cells. Such cells loose contact inhibition and 
become resistant to apoptosis and also stop responding to the signals 
which arrest cellular growth and proliferation [47]. Angiogenesis 
(formation of new blood vessels from the existing ones) induced due 
to the secretion of various growth factors by the tumorous cells is a 
key characteristic of any cancer type [48].

Cancer etiology has been found to be multi factorial which 
depends upon factors such as age, genetic makeup, environment, 
life style etc. All these risk factors may instigate the development of 
cancer by tampering with the ROS levels inside the cell and causing 
oxidative stress [49]. As discussed above, ROS play an intricate 
role in regulating various cellular processes including metabolism, 
signaling pathways, gene expression, cell proliferation and apoptosis. 
Therefore, an imbalance in ROS levels disturbs the cellular 
homeostasis and aggravates the cancer pathology. In this context it is 
important to note that ROS act like a double-edged sword in case of 
cancer development. On one side, ROS may transform various proto-
oncogenes to oncogenes and activate various transcription factors 
involved in cellular proliferation; on contrary they could also control 
expression of several tumor suppressor genes which regulate DNA 
damage repair, cell cycle arrest and apoptosis [50]. In view of above, 
ROS function as both - positive as well as negative regulator of cell 
proliferation and persistence. Cancer cells utilize this dual property 
exhibited by ROS in encouraging cell growth, survival and inducing 
genomic instability, which are some of the key features of cancerous 
cells [51].
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ROS in regulation of oncogenes and transcription factors

There are several evidences which suggest a potential link between 
ROS and oncogenic transformations. Although the operating 
mechanism behind activation of oncogenes by ROS is not well 
understood, however, ROS mediated DNA damage has been proposed 
to be a major factor. It has been found that constitutive expression of 
isoforms of Rac and Ras genes leads to oncogenic transformation of 
fibroblasts, which is further associated with production of superoxides. 
It was demonstrated that such transformation could be suppressed 
by treating the fibroblasts with antioxidants [52]. In this context it is 
important to note that ROS have been demonstrated to up-regulatethe 
expression of certain oncogenes like Fos and Jun [53]. Subsequently, 
increased levels of ROS have also been found to be associated with 
oncogenic transformation of ovarian epithelial cells with H-Ras(V12) 
and tyrosine kinase Bcr/Abl in cases of hematopoietic cells [54]. In 
addition to Bcr/Abl, other oncogenes such as Flt3-ITD, Ras and c-Kit 
have not only been found to be involved in leukemia signaling but 
have also been observed to induce alteration in ROS homeostasis in 
various cancer models [55]. 

In addition to the oncogenes, ROS mediated alteration in 
expression of various transcription factors have also been observed 
and linked with cancer. It has been reported that transcription factors 
such as nuclear factor NF-KB, activator protein-1 (AP-1), hypoxia-
inducible factor-1a (HIF-1a) and signal transducer and activator of 
transcription 3 (STAT3) are activated by ROS [56]. Activation of these 
transcription factors result in expression of genes involved in cellular 
transformation, inflammation, tumor cell survival, proliferation and 
invasion, angiogenesis and metastasis [56]. It has been found that 
even in absence of any physiological trigger, activation of NF-KB 
could be elicited by ROS, which in turn could be inhibited by several 
chemically divergent antioxidants [57]. Another study which utilized 
mouse epidermal JB6 cell lines as model system for skin carcinogenesis 
has demonstrated that functional inactivation of NF-KB and AP1 
could restrict the transformation of the JB6 cells to cancerous cells. A 
similar inhibition was also observed in JB6 cell lines when activities of 
NF-KB and AP1 were repressed by antioxidants [58]. Above studies 
clearly suggest a potential role of ROS in transformation of JB6 cells 
in tumorous cells.

ROS in regulation of tumour suppressor genes

Similar to the role of ROS in modulating activities of oncogenes 
and transcription factors, they also play an imperative role in the 
pathways regulated by tumor suppressor genes. Tumor suppressor 
genes are known to be involved in regulating various aspects of cell 
division and other activities [50]. Aberration in the functioning of 
these genes results in uncontrolled cell growth leading to tumor 
development. ROS have been found to influence the expression of 
various tumor suppressor genes such as p53, FoxO, retinoblastoma 
(RB), p21, p16, breast cancer susceptibility genes 1 and 2 (BRCA1 and 
BRCA2) etc. [59]. 

Among these tumor suppressor genes p53 is the most commonly 
mutated gene found in most of the cancer types. In response to various 
cellular cues, p53 regularly keeps a tight check on cell cycle arrest, 
senescence and apoptosis [60]. Oxidative stress causes activation of 

p53 which in turn performs antioxidant functions [61]. It has been 
found that p53 is involved in antioxidant defense as it induces the 
expression of many antioxidant genes like GPx1, mitochondrial 
SOD2 and mammalian sestrin homologs 1 and 2 [59]. In this context 
it is important to note that down regulation of p53 results in increased 
levels of ROS [61]. However, there are incidences where p53 induced 
enhanced transcription of pro-oxidant genes causes elevation in the 
levels of intracellular ROS and cell death [62]. Under stress conditions, 
p53 induces ROS production by triggering the transcription of 
pro-apoptotic genes like p53-induced gene 3 (PIG3) and PUMA. 
Therefore, p53 target genes which include both antioxidants and pro-
oxidants, have a conflicting effect on the intracellular ROS. This could 
be debated as low levels of p53 under normal physiological condition, 
functions as antioxidant and reduces the ROS levels but under 
conditions of cellular stress, a high level of p53 facilitates pro-oxidant 
function resulting in increased accumulation of ROS. Therefore, a 
concentration dependent role of p53 as a pro oxidant and antioxidant 
has been proposed [59]. 

Forkhead box O (FoxO), is another tumor suppressor gene which 
has been implicated in regulation of various cellular functioning and 
suggested to be regulated by the status of cellular homeostasis and 
oxidative stress. Expression and functioning of FoxO is regulated 
largely by two signaling pathways i. e. insulin signaling and cellular 
stress signaling, latter one primarily driven by oxidative stress [63]. 
Under normal growth conditions, activation of insulin pathway 
results in cytoplasmic translocation of FoxO (Figure 2A). In 
cytoplasm, FoxO is polyubiquitinated by ubiquitin ligase to persuade 
the proteasomal degradation (Figure A). Cytoplasmic sequestration/ 
degradation of FoxO inhibits FoxO dependent transcription of target 
genes and promotes cell growth, survival and proliferation [64,65]. 
However, during oxidative stress condition, phosphorylation of 
FoxO by mammalian sterile 20-like kinase (MST1) along with JNK 
dependent phosphorylation of 14-3-3 chaperone proteins (which 
mediated sequestration of FoxO in cytoplasm) facilitates its nuclear 
translocation and activation of target genes [66,67,63] (Figure 
2B). In addition to the phosphorylation, other post translational 
modifications such as acetylation and ubiquitylation also regulate 
FoxO related activities in response to oxidative stress [68]. Moreover, 
ROS mediated up-regulation of other transcription factors also 
alter the expression dynamics of FoxO. One such transcription 
factor is beta-catenin which directly binds to FoxO to increase its 
transcriptional activities [69]. All such positive regulators of FoxO 
thereby enhance its transcriptional activities by sequestering it 
in the nucleus and inducing the expression of target genes which 
subsequently results in cell cycle arrest, programmed cell death, DNA 
repair and oxidative detoxification. Taken together, it appears that 
under influence of the high levels of ROS, FoxO activates adaptive or 
apoptotic responses, which in turn inhibit tumor progression [68]. 

Male infertility

Similar to other fatal diseases like cancer, diabetes, and 
neurodegenerative disorders; infertility is also seeking lot of concern 
from the researchers worldwide. There is alarming increase in 
the number of infertility cases, especially in metropolitan cities. 
Statistically, around 13-20% of couples around the world are affected 
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by infertility related problems [70]. Of these, male infertility accounts 
for approximately 30% cases [71].

Oxidative stress has been implicated as one of the major causative 
factors in male infertility. The first indication of susceptibility of male 
germ cells towards high levels of ROS was shown by Macleod in 1943. 
He demonstrated in vitro that human spermatozoa lose their motility 
in presence of extracellularly generated ROS [72]. Moreover, sperm 
motility could be rescued by incubating them in the antioxidant 
rich medium. Later, lipid peroxidative damage to the sperm plasma 
membrane by ROS was observed to be accountable for the loss 
of sperm motility [73]. Mammalian spermatozoa are especially 
susceptible to damage by ROS since their plasma membranes are 
rich in unsaturated fatty acids which provide necessary fluidity for 
fertilization and membrane fusion. These unsaturated fatty acids are 
vulnerable to oxidative stress and once initiated, lipid peroxidation 
chain reaction decreases membrane fluidity and integrity which 
subsequently leads to impairments in sperm functioning and male 
infertility [74,75]. 

The preliminary cellular sources of ROS in semen are sperm 
cells. ROS are essential for condensation of chromatin in sperm 
nucleus, for inducing apoptosis to regulate the number of germ 
cells and for the proliferation of spermatogonia [76]. Therefore male 
germ cells produce trivial amounts of ROS from the beginning of 
spermatogenesis [77]. In mature sperm, ROS aid in capacitation, 
acrosome reaction, mitochondrial sheath stability and signaling [70]. 
Another important source of ROS in semen is leukocytes which in 
general produces around 1000 times more ROS than sperm cells [78]. 
Leukocytes count generally increase in semen due to infection and 
environmental factors finally leading to oxidative stress [79].

Since spermatozoa are highly vulnerable to oxidative stress, 

therefore, semen is laden with protective antioxidant defense system. 
Antioxidant defense machinery of semen constitutes both enzymatic 
and non-enzymatic members [70,80]. Antioxidant defense system 
normalizes oxidative stress encountered by sperm cells during 
differentiation and maturation in male reproductive tract [81]. 
Therefore, any fluctuation in antioxidant levels in semen due to 
changed modern life style or environmental factors induces oxidative 
stress in sperm cells initiating infertility in men. 

Oxidative stress affects the male fertility not only by reducing 
fertilization capability of sperm but also causes a lot of damage to 
nuclear and mitochondrial sperm DNA. DNA fragmentation has 
negative relationship to the sperm quality which includes sperm 
count, mobility and morphology [81]. Independently, numerous 
studies have also demonstrated a negative correlation between 
infertility and DNA damage due to ROS or other factors. Damaged 
DNA from ejaculates of such infertile men is usually associated with 
oxidative stress as depicted by the presence of 8-OHdG [82,83]. 
One of the major consequences of damaged DNA in sperm due to 
oxidative stress is the increased mutational load on embryo developed 
due to fertilization of egg and such sperm. This increases the risk of 
improper embryonic implantation, miscarriage and also facilitates 
predisposition of diseases such as cancer and other genetic disorders 
in offspring [84,85]. Therefore, a comprehensive effort should be 
made to investigate the mechanistic details on ROS and germ cell 
development in order to design novel therapeutic strategies.  

Conclusion and Future Prospects
As discussed earlier, recent times have witnessed the emergence 

of ROS as one of the major risk factors for development of various 
human disorders. Intriguingly, ROS in itself are essential for cell 
survival but their overproduction forces cell to undergo oxidative 

Figure 2: Insulin and oxidative stress mediated regulation of FoxO in cell. (A) During normal homeostasis, activation of insulin pathway results in cytoplasmic 
translocation, ubiquitination and proteasomal degradation of FoxO. Cytoplasmic sequestration/ degradation of FoxO inhibit FoxO dependent transcription of target 
genes. (B) Oxidative stress triggers phosphorylation of FoxO by MST1. Subsequently, JNK dependent phosphorylation of 14-3-3 chaperone proteins (which 
mediated sequestration ofFoxO in cytoplasm) facilitates its nuclear translocation and activation of target genes.
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stress. To evade such conditions, efficient antioxidant systems need 
to be in place to maintain the normal cellular homeostasis. Any dis-
equilibrium in the cellular pro-oxidants: anti-oxidants system due to 
biological and/or environmental factors could trigger the process of 
disease progression. Once disease condition has set in, pathological 
changes in turn induce production of more ROS, and therefore, from 
a cause it now becomes a consequence. This vicious circle further 
worsens the disease conditions and causes development of several 
additional ailments. In view of above, ROS may serve as an eligible 
target for therapeutic interventions. Therefore, future research should 
focus on development of methodologies to prevent production of 
undesirable ROS. This approach will aid in treatment of oxidative 
stress related fatal human disorders.  
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