
Received 2 December 2023, accepted after revision 12 December 2023. 
* Correspondence to: giampiero.ferraguti@uniroma1.it

© Bulgarian Society for Cell Biology
ISSN 1314-1929 (online)

Biomedical Reviews 2023; 34: 13-26

THE JANUS FACE OF OXIDATIVE STRESS IN HEALTH AND DISEASE:  
THE CAUSE OR THE CURE? 

Silvia Francati1, Marco Fiore2, and Giampiero Ferraguti1* 

1 Department of Experimental Medicine, Sapienza University of Rome, Rome, Italy 
2 Institute of Biochemistry and Cell Biology (IBBC-CNR), c/o Department of Sensory Organs, Sapienza 
University of Rome, Rome, Italy

Reactive oxygen species (ROS), reactive nitrogen species (RNS) and diffusible reactive species (DRS), under certain concentrations, 
play an important role at the physiological level. The role of antioxidant molecules, endogenous and exogenous, is to maintain 
adequate amounts of ROS and RNS. The increase in ROS and RNS due to an overproduction of these species or a decrease in 
antioxidant molecules leads to the phenomenon called oxidative stress. Oxidative stress is involved in the physiological process 
of aging but is implicated in pathologies such as some types of tumors, neurodegenerative and autoimmune disorders, male 
infertility, cardiovascular disorders such as atrial fibrillation, and lung disorders such as chronic obstructive pulmonary disorders 
and pulmonary hypertension. This involvement has aroused widespread interest, especially because many studies try to exploit 
it at a therapeutic level. The purpose of this review is to discuss pathologies in which oxidative stress has an important role 
and for this reason, it can be targeted for a therapeutic intervention to improve or cure the pathology; sometimes modulation of 
oxidative stress can be used to improve the effect of the therapy. Biomed Rev 2023; 34: 13-26
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ABBREVIATIONS USED
ROS: reactive oxygen species
RNS: reactive nitrogen species
DRS: diffusible reactive species
8-OHdG: 8-oxo-2′-deoxyguanosine
AD: Alzheimer’s disease
PD: Parkinson’s disease
SOD: superoxide dismutase
NOX: NADPH oxidase
Nrf2: NF-E2-related factor 2
Keap1: Kelch-like ECH- associated protein 1
HIF-1a: hypoxia-inducible transcription factor
AF: atrial fibrillation

OXIDATIVE STRESS AND NITROSATIVE STRESS
The terms oxidative stress and nitrosative stress are used to 
describe the condition of imbalance between the production 
and accumulation of reactive oxygen species (ROS), reactive 
nitrogen species (RNS) and diffusible reactive species (DRS) 
and their detoxification in cells and tissues (1,2) The cause 
of this imbalance in favor of oxidants is due to an increased 
production of ROS or a decrease in their antioxidant-mediated 
detoxification (Fig. 1) (3). ROS and RNS are free radicals or 
molecules capable of generating free radicals. Free radicals 
are unstable and reactive molecules due to the presence of an 
unpaired electron in their outer shell (4).
A book entitled “Oxidative Stress” was published in 1985 
(revision 1997), in which this imbalance phenomenon was 
described for the first time (5). Since then this topic has aroused 
the interest of many scientists from biochemists to biologists 
and doctors for the role it played both in physiological and 
pathological conditions of the cell and because of its involve-
ment in various pathologies (6–9).

Thanks to many studies focused on this topic, it was soon 
discovered that ROS and RNS are essential at the physi-
ological level in the cell for redox signals involved in several 
biological processes including proliferation, gene expression, 
migration, and differentiation (10). This phenomenon was 
called “eustress” (11). For example, H2O2 is a low molecular 
weight molecule important in signaling for the regulation of 
protein functions (12).

When levels of free radicals, ROS, and RNS exceed the 
ability of antioxidants to regulate them, lipids, proteins, and 
nucleic acids are subjected to significant damage (13,14). 
The oxidation of proteins can affect amino acid residues, 
methionine, arginine, cysteine, and histidine are the most 

involved (15). Free radicals can then modify proteins, mak-
ing them unstable and susceptible to enzymatic proteolysis. 
Oxidized protein products can contribute to cell damage, and 
affect signal transduction machinery, enzyme activity, and 
membrane transport (13). The effect that oxidation has on 
proteins depends on the oxidizing agent and its concentration 
and the structural and biochemical characteristics of the pro-
teins involved. Lipid peroxidation is the process of adding a 
hydroperoxyl group to a lipid (16). The most affected lipids 
in case of oxidative stress are the polyunsaturated fatty acids 
(PUFA) present in glycerolipids, phospholipids, and choles-
terol (17). Numerous compounds (alkanes, malondialdehyde, 
and isoprostanes) are generated with lipid peroxidation and 
act as markers in lipid peroxidation tests. Their presence has 
been noted in many diseases such as neurogenerative diseases, 
ischemic reperfusion injury, and diabetes (13).

More than 100 oxidative modifications of DNA have been 
identified. The most frequent is the formation of 8-oxo-2′-
deoxyguanosine (8-OHdG), an important DNA lesion that 
can cause mutagenesis and epigenetic changes (1,14,18–20). 
In the case of oxidative DNA damage, the role played by 
base excision repair (BER) is important. It has been seen that 
the alteration of this mechanism leads to the development of 
Alzheimer’s (AD) and Parkinson’s (PD) disease (21). More 
recently, nucleotide excision repair (NER) proteins have also 
been shown to be involved (22).

The effects that ROS and RNS have on cellular components 
cause tissue degeneration and premature aging, but also cell 
death by apoptosis, cell transformation, and cancer (23).

OXIDATIVE AGENTS
ROS are highly reactive chemicals, a variety of molecules and 
free radicals (chemical species with one unpaired electron), 
formed from diatomic oxygen (O2) (24). Reduction of molecu-
lar oxygen produces superoxide anion (•O2-), a precursor to 
many other reactive oxygen species (24). Hydrogen peroxide 
(H2O2) is formed from the dismutation, spontaneous or cata-
lyzed by superoxide dismutase (SOD), of superoxide (24,25). 
Hydrogen peroxide can be partially reduced forming hydroxide 
ions and hydroxyl radicals (•OH) (Table 1).

H2O2 has a low overall reactivity, it can cross the cell 
membrane by passive diffusion and shows the greatest stabil-
ity compared to other ROS (26). Direct generation of H2O2 
can form from enzymes such as NADPH oxidase (NOX) 4, 
monoamine oxidase, and xanthine oxidase (26).

Xanthine oxidase, NOX, the mitochondrial electron 
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transport chain (ETC), uncoupled endothelial nitric oxide 
synthase, xanthine oxidase, cytochrome P-450 oxygenase, 
and cyclooxygenase are the major sources of ROS (11,27). 
In fact, under physiological conditions, the major production 
of ROS occurs during oxidative respiration in the mitochon-
dria, from complexes I, III, and IV of the respiratory chain. 
In addition to the cytochrome chain, ROS are also produced 
by mitochondrial outer membrane enzymes, including mono-
amine oxidase (MAO) and cytochrome b5 reductase (Cb5R), 
and by other inner membrane enzymes, such as glycerol-
3-phosphate dehydrogenase (GPDH) and various cytochrome 
P450 enzymes. In the mitochondrial matrix the complexes of 
aconitase, pyruvate dehydrogenase (PDH) and -ketoglutarate 
dehydrogenase (aKGDH) produce superoxide (28). In addi-
tion to the mitochondrion, ROS production can occur in other 
organelles such as peroxisomes and endoplasmic reticulum. 
Furthermore, the production of ROS varies according to the 
cell type (29). The hormonal environment also influences the 
production of ROS, as they control the metabolic activities 
that deplete oxygen (30).

The production of free radicals and other reactive oxygen 
species also occurs in inflammation, strenuous exercise, is-
chemia, and reperfusion injury (13). There are also sources 
of ROS external to the body such as cigarette smoke, envi-
ronmental pollution, radiation, ozone, chemical and industrial 
solvents, drugs, and pesticides (Fig. 2) (13).

Figure 1. Graphical representation of the maintenance of homeostasis through the balance between ROS and antioxidants. The 
balance between ROS and RNS is lost in case of an increase in the species themselves or a decrease in antioxidant compounds. 
In both cases, the result is the occurrence of oxidative stress. 

Figure 2. Source of ROS and RNS. Reactive oxygen and 
nitrogen species can be generated by both exogenous and 
endogenous agents.

Table 1. Classification of ROS

ROS

Radicals Non-radicals

Superoxide O•
2

- Ozone O3

Hydroxyl OH- Singlet oxygen O2

Peroxyl RO2
• Hydrogen peroxide H2O2

Alkoxyl RO• Hypochlorous acid HOCl-

Hydroperoxyl HO2
•

NITROSATIVE AGENTS
RNS are formed from the oxidation of nitric oxide (NO) and 
their presence is due to its overproduction by inducible nitric 
oxide synthase or by uncoupled endothelial nitric oxide syn-
thase (31). The NO radical (NO•) is produced by the oxidation 
of one of the terminal guanidino nitrogen atoms of L-arginine. 
RNS include nitroxide anion (NO-), nitrosonium cation 
(NO+), peroxynitrite (ONOO-), peroxynitrous acid (HNO3), 
nitrogen dioxide (•NO2), nitric oxide (NO•) nitrite (NO2-), 
nitrate (NO3-), nitroxyl (HNO), dinitrogen trioxide (N2O3), 
peroxynitric acid (O2NOOH) and peroxynitrate (O2NOO-) 
(Table 2) (32,33).
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Table 2. Classification of RNS

RNS

Radicals Non-radicals

Nitric oxide NO• Peroxynitrite ONOO-

Nitrogen dioxide NO2
• Dinitrogen trioxide N2O3

Nitrate radical NO3
• Dinitrogen tetroxide N2O4

Peroxynitric acid HNO4

Peroxynitrous acid HNO3

Nitrous acid HNO2

Nitroxyl HNO

Nitrosonium cation NO+

Nitroxide anion NO-

Nitrite NO2
-

Nitrate NO3
-

Peroxynitrate NO4
-

Alkyl peroxynitrite ROONO

Nitronium anion NO2
+

Nitryl chloride NO2Cl

ANTIOXIDANT AGENTS
Halliwell and Gutteridge define antioxidants as substances 
capable, at relatively low concentrations, of competing with 
other oxidizable substrates, delaying or inhibiting their oxi-
dation (34). These molecules can neutralize free radicals by 
donating them an electron (13). Antioxidant molecules can be 
produced by the body following certain metabolic pathways 
(for example glutathione, ubiquinol, and uric acid) and are 
defined as endogenous. Among the endogenous antioxidants, 
the enzymatic ones, such as SOD, catalase (CAT), and glu-
tathione peroxidase, are distinguished from the non-enzymatic 
ones: lipoic acid, glutathione, ʟ-arginine, and coenzyme Q10. 
Normally •O2- levels are kept low by their spontaneous and/
or enzyme-mediated dismutation catalyzed by SOD1-3 into 
H2O2. Mn-dependent SOD2 acts at the mitochondrial matrix 
level while CuZn-dependent SOD1 and SOD3 act in the cy-
tosol and extracellularly (26).

Exogenous antioxidants, on the other hand, are of animal 
or vegetable origin and are introduced into the body through 
the diet: flavonoids, vitamins A, E, and C, curcumin, tempol, 
date palm pollen extract, N-acetyl cysteine, resveratrol, and 
α-lipoic acid (1,13,30). Antioxidants perform their function 
through different mechanisms: by donating an electron, by 
chelating metal ions, or by regulating gene expression (35). 
The action of antioxidants occurs at different levels (13). 

Preventive antioxidants, work by blocking the formation of 
free radicals, for example by reducing hydroperoxides and 
hydrogen peroxide to alcohols and water. These glutathione-
s-transferase, phospholipid hydroperoxide, glutathione 
peroxidase and peroxidase (13). Others work by scavenging 
active radicals. These include vitamin E, vitamin C, uric acid, 
bilirubin, albumin, and ubiquinol (13). A group of antioxidant 
molecules instead acts to repair damages: the enzymes that 
have the task of recognizing and eliminating the proteins that 
have undergone oxidation mutations or the DNA repair systems 
(13). Another action of antioxidants is referred to as adaptive 
where the antioxidants are directed to the right site when free 
radicals are produced (13).

To maintain redox homeostasis within the cell, NF-E2-relat-
ed factor 2 (Nrf2) plays a key role. It is considered the master 
regulator for the activation of the expression of genes involved 
in anti-oxidation and the synthesis of antioxidants (36). NRF2 
is a transcription factor that controls the expression of over 
250 genes through the binding to the enhancer antioxidant 
response elements(37). In fact under normal conditions NRF2 
is linked to Kelch-like ECH- associated protein 1 (Keap1) and 
this complex is degraded once it is bound to the Cullin-3 E3 
ligase by the proteasome (36,38). In case of an increase of 
oxidizing agents, cysteine residues of Keap1 act as sensors 
undergoing oxidation; through this complex mechanism, Nrf2 
accumulates within the cell is not degraded, and translocated 
to the nucleus where is complexed with transcription factor 
avian musculoaponeurotic fibrosarcoma (Maf), activating 
transcription factor 4 and Fos-related antigen proteins form-
ing a heterodimer. This complex induces transcription of all 
genes that have antioxidant response elements in the regula-
tory region, thus activating the antioxidant response (36,39).

ROS AND RNS IN PHYSIOLOGICAL CONDITIONS
For many decades it was thought that ROS only had a toxic 
role in the cell by damaging cellular components. However, 
now it is known that controlled levels of oxidizing agents 
play fundamental roles in many cellular processes (12,26). 
Some specific ROS have been shown to modify the func-
tion, localization, and activity of proteins through oxidative 
post-translational modifications (PTMs) (26). ROS and RNS 
can modify proteins reversibly at cysteine and methionine 
residues and at those residues that contain sulfur. Proteins 
containing oxidized reactive cysteines are subject to changes 
in localization, and physical interactions, and undergo further 
post-translational modifications (40).
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The role played by oxidation on STAT1 and STAT3 proteins 
has been studied over the years (41–44). These are redox-
sensitive proteins, but the effect of oxidation depends on the 
biological system examined and on the type of oxidative insult 
(45). H2O2 and electrophiles derived from lipid peroxidation or 
metabolism play important roles in major signaling pathways 
and the regulation of transcription factors (46). In some studies, 
it has been shown that H2O2 activates NF-kB by activating 
protein kinase C (PKC) (47). Among the pathways with redox 
regulation, those for cell adhesion have been identified. ROS 
levels can signal changes in oxygen concentration, in fact, in 
a 2022 study, it was seen that under hypoxic conditions the 
release of mitochondrial ROS increased, and this phenomenon 
caused the stabilization of the hypoxia-inducible transcription 
factor (HIF-1a) (48). Some studies have highlighted the role 
of NO radicals and superoxide in the regulation of vascular 
function (49,50). In immunological defense, ROS play an im-
portant role (51). Lymphocytes, granulocytes, and phagocytes 
produce, for defense against microbes, high levels of ROS 
(52). The increase of inflammatory cytokine TNF expression 
that occurs during systemic infection causes an increase in 
the production of ROS and RNS (51,53). This crosstalk leads 
to increased macrophage-killing activity and necroptosis by 
activating the ERK1/2 and NF-kB pathways (51). It has been 
shown that ROS also induce dendritic cells to differentiate 
and to perform their function of presenting antigen to T cells 
(54,55).

Further evidence of the importance of ROS in human ho-
meostasis is the fact that hydrogen peroxide acts as a cofactor 
for thyroid peroxidase, the enzyme involved in the synthesis 
of thyroid hormones (56).

Neutrophils, once activated by inflammatory mediators, are 
capable of engulfing microorganisms and inactivating them 
through the phagosome, a cellular compartment in which a 
complex of ROS and enzymes are enclosed (29). These cells 
are large producers of ROS which they exploit as a response 
to infections. The NOX enzyme was first described in neu-
trophils (57).

Furthermore, ROS and RNS are considered “alarm mol-
ecules” because in case of poor availability of extracellular 
nutrients they send intracellular signals to the autophagic 
mechanism which, when activated, restore homeostasis (40).

ROS AND RNS ROLE IN AGING
The term “hormesis” describes those substances whose effect 
depends on their dose (58). The Swiss physician Paracelsus and 

father of toxicology said, “Only the dose makes the poison” 
(59). In 2006 Tapia described the concept of mitohormesis as 
the theory in which sub-lethal mitochondrial stress induces 
a hormetic response that promotes health and vitality, where 
low levels of ROS and RNS are required for a range of events 
leading to benefits ranging from the transient cytoprotective 
longevity to that of organismal level (60).

Aging is a natural and physiological process characterized 
however by the shortening of telomeres and more frequent 
DNA damage. These damages cause the activation of the DNA 
damage response (DDR) which generates an increase in ROS 
levels. This condition causes cell cycle arrest or senescence. 
Senescence results in mitochondrial dysfunction due to a 
decrease in the GRSF1 factor and a further increase in ROS 
levels (61).

Among the techniques proposed to delay aging and re-
lated diseases is that of targeting ROS-producing senescent 
cells (52). According to Denham Harman’s 1956 free radical 
theory of aging (FRTA), the loss of function that occurs in 
old age results from the cellular accumulation of free radicals 
(62). In addition to having confirmed this theory, more recent 
studies have highlighted that oxidative stress can also play a 
role in pathologies whose frequency increases with age, such 
as cancer, neurodegeneration, arthritis, atherosclerosis, and 
metabolic pathologies such as diabetes and obesity (63–65).

ROS AND RNS IN PATHOLOGICAL CONDITIONS: 
CAUSE AND CURE
The uncontrolled increase in ROS causes oxidative stress 
which harms all cellular components its involvement in many 
pathologies is known (Table 3) (50,66–68). Such pathologies 
include neoplastic transformations in the lung, liver, kidney, 
breast, and colon, but also neurodegenerative diseases, ath-
erosclerosis, male infertility, vitiligo, obstructive sleep apnea 
syndrome, and neuronal disorders such as depression (69,70). 
The role they play in disease may vary from onset to progres-
sion, but they can also influence the prognosis and the effect 
of therapy (56).

Currently, the involvement of ROS and RNS in the develop-
ment and progression of tumors has been widely demonstrated 
and has also been shown to influence their heterogeneity (71). 
For example, it has been shown that the increase in ROS causes 
a rapid expression of activating protein-1 (AP-1), important in 
cell transformation and tumor progression, and a stabilization 
of HIF-1α (72). In renal cell carcinoma, for example, stabili-
zation of HIF-1α by ROS promotes tumor growth, invasion, 
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and angiogenesis (56). In patients with chronic hepatitis C, 
oxidative stress has been shown to alter the state of chromatin 
leading to abnormal methylation of tumor suppressor genes, 
thus promoting hepatocellular carcinoma (20). Colorectal 
cancer is promoted by the formation of ROS and electrophilic 
species, such as acetaldehyde and lipid peroxidation products, 
which are formed following the processing of some substances, 
including ethanol (73–78). The increase of ROS acts by in-
creasing the inflammatory state which favors the process of 
tumorigenesis, inducing the expression of CYP2E1 involved 
in the metabolic activation of some gastric carcinogens and in-
hibiting the expression of antioxidant molecules (79). In some 
tumors, increased ROS production has been demonstrated even 
in those non-tumor cells that play a crucial role in the tumor 
such as cancer-associated fibroblasts (CAF), cells of the im-
mune system, pericytes, adipocytes, and endothelial (71). It 
has also been shown that the progression and suppression of 
cancer depend on the levels of intracellular ROS (69). In their 
breast cancer study, Wang et al. demonstrated that the curcumin 
analog molecule WZ35 had a greater effect than curcumin in 
increasing ROS production. The increase of ROS activates the 
YAP and JNK pathways which leads tumor cells to apoptosis 
with beneficial effects on tumor progression (80). However, 
tumor cells often develop resistance to apoptosis; this causes 
an increase in chemoresistance. Nrf2 is implicated in this 
process and is therefore a possible target to overcome chem-
oresistance due to ROS (81). Genetic mutations in the Keap1/
NRF2 pathway are involved in many tumors and sometimes in 
chemotherapy resistance (82–86). Despite the implication of 
ROS in different tumor aspects, the majority of studies using 
ROS-based therapies are mostly in phase I or II (81).

Oxidative and nitrosative stress can lead to heart failure. 
Furthermore, ROS at high levels in cardiomyocytes can lead 
to damage at the level of proteins and channels involved in 
contraction-decontraction (87). Moreover, ROS have a profi-
brotic action which leads to remodeling of the extracellular 
matrix (87).

Oxidative stress plays an important role in cardiac ar-
rhythmias, including atrial fibrillation (AF) (88,89). AF is the 
most common arrhythmia and the one most correlated with a 
high mortality rate (90). Studies conducted, mainly on animal 
models, demonstrate that ROS influence miRNAs which, in 
turn, are directly or indirectly responsible for arrhythmogenesis 
(90). Since oxidative stress is implicated in AF and its risk fac-
tors, it is increasingly being evaluated as a possible upstream 
target of anti-AF therapies (89,91).

ROS also play a role in the pathogenesis and worsening of 
sickle cell anemia. Indeed an increase in oxidative stress is 
correlated to greater severity of the pathology (92).

A 2022 study conducted on patients with chronic obstruc-
tive pulmonary disease showed that serum 8-OHdG levels are 
related to the severity and adverse prognosis of the disease 
because they increase with the loss of lung function. Despite 
this evidence, how 8-OhdG is involved in the pathology is 
still unknown (93).

Many studies confirm that oxidative imbalances contrib-
ute to the pathogenesis of pulmonary hypertension. For this 
reason, therapeutic strategies that aim to directly or indirectly 
reduce ROS and RNS in PH have been studied with promis-
ing results (94).

The central nervous system is among the compartments 
most at risk for the effects of oxidative stress. The brain re-
quires a large amount of oxygen and is also a compartment 
very rich in lipids (95). It is known that oxidative stress has 
a key role in the development of neurodegenerative diseases 
such as AD, PD, Huntington’s disease, and amyotrophic lateral 
sclerosis (95).

AD is a severe incurable neurodegenerative disease. In 
most cases it is sporadic and the risk increases with age (96). 
It is characterized by increasingly marked memory loss, a 
progressive loss of cognitive abilities, and an inability to do 
the simplest things (97). Accumulation of amyloid beta has 
been observed to be the initiating cause of the development 
of AD (98). Oxidative stress and mitochondrial dysfunction 
contribute to the development of the disease and it is known 
that ROS increase the levels of beta amyloids (99,100). To date, 
antioxidants are used to limit the damage of oxidative stress at 
the mitochondrial level, among these are MitoTEMPO, MitoQ, 
MitoVitE, 4,5-dihydroxy-benzene-1,3-disulfonate (Tiron), 
astaxanthin. Furthermore, to inhibit the effect of inflammatory 
processes, N-acetyl-5-methoxytryptamine, or melatonin, is 
used to limit the release of NO (101).

PD is the second most common cause of neurodegenera-
tion. It is characterized by the degeneration of dopaminergic 
neurons located within the substantia nigra (98). Many thera-
peutic approaches targeting mitochondrial abnormalities and 
oxidative stress are still being studied to counteract AD and 
PD (98,102). Antioxidants are a very powerful tool in combat-
ing oxidative stress and improving the effects of age on the 
brain (103). Although oxidative stress is an early molecular 
process involved in the development of these diseases, the 
Food and Drug Administration (FDA) has not yet approved 
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any antioxidant therapy (96,104,105).
Vitiligo is an autoimmune disease characterized by the 

loss of skin pigmentation due to the attack of melanocytes by 
immune cells (106). It has been shown that oxidative stress 
and free radicals are important factors in the development 
of the pathology. Oxidative stress induced by hydrogen per-
oxide leads to melanocyte stress resulting in the production 
of damage-associated molecular patterns and the release of 
melanosomal antigens which increase the immune response 
(107). In addition to phototherapy and phenol treatment, many 
alternative treatments that target oxidative stress are emerg-
ing. There are many studies using antioxidant substances that 
target the Nrf2 pathway and the Hsp70 chaperone (108–111). 
Despite promising results, their therapeutic use has not been 
approved (108).

Physiological levels of ROS are essential to guarantee the 
processes that the spermatozoon must carry out, such as capaci-
tation, hyperactivation, and the acrosome reaction. Excessive 
levels of ROS are the main cause of most male infertility (112). 
The lack of essential cytoplasmic enzymes makes spermatozoa 
very susceptible to damage caused by oxidative stress. The 
cytoplasmic membrane of the spermatozoon is strongly subject 
to lipid peroxidation as it is rich in unsaturated fatty acids. 
High levels of ROS are related to an increase in immature 
sperm, because of the effect they have on the production of 
male hormones (113). In the case of oxidative stress, cortisol 
is released by the adrenal gland. This hormone negatively 
regulates the hypothalamic-pituitary-gonadal axis, decreasing 
testosterone levels and consequently sperm maturation (112). 
In unfavorable oxidative conditions, sperm count, motility, and 
morphology are compromised. The condition of oligospermia 
is due to the damage induced by ROS on sperm cells causing 
their apoptosis. Furthermore, oxidative stress also causes a 
reduction in sperm motility, thus decreasing the chances of 
reaching the oocyte (114,115). Correct sperm morphology is 
important for successful fertilization and a healthy pregnancy 
(116). Furthermore, the sperm genome is very sensitive to 
damage caused by stress due to its limited levels of repair 
enzymes. DNA fragmentation caused by ROS is related to a 
greater risk of embryonic anomalies such as genetic mutations 
or chromosomal rearrangements (114). There are no clini-
cally stable treatments for idiopathic (without an identified 
cause) male infertility. First of all, a healthy lifestyle, without 
smoking or alcohol, and with a healthy diet, is recommended 
to have a greater chance of conceiving (117–122). Empirical 
medical treatment for idiopathic infertility may be hormonal 

treatment or antioxidant supplementation (123). Many studies 
with antioxidant therapy have demonstrated positive results on 
the viability, morphology, motility, and integrity of the sperm 
genome, and on fertility in general (124–127). Among the 
molecules tested for supplemental antioxidant treatment, are 
vitamins C and E, folic acid, zinc, L-carnitine, and coenzyme 
Q10 (122,128).

THE MURBURN CONCEPT AND THE DIFFUSIBLE 
REACTIVE SPECIES (DRS)
The term Murburn first used by Kelath Murali Manoj describes 
the mechanism of some enzymes with redox activity. Literally 
this term derives from “closed burning”, an oxidative process. 
DRS are involved in this process. The enzymes that carry out 
the Murburn system are defined as Murzymes while the term 
Murzone indicates the region where DRS interact with the 
terminal substrate. The reaction can occur under both aerobic 
and anaerobic conditions (129). Among the murzymes, there 
are free ions, radical species, or molecules with cofactors 
that have an extended pi- electronic system or metal centers 
with d- electron or proteins that have many charged residues. 
These include chloroperoxidase, hemoglobin, plastocyanin, 
cytochrome c, and lactate dehydrogenase (130). The reaction 
that occurs, according to the Murburn scheme, does not fol-
low standard models of kinetics; in fact, it is subject to mul-
tiple equilibria, and the product is formed if the reactants are 
present at discrete concentrations. DRS are important for the 
performance of routine metabolic and physiological functions 
including cellular respiration, homeostasis, thermogenesis, and 
drug metabolism (131,132).

CONCLUSION
The balance between oxidizing and antioxidant substances 
is essential for maintaining the body’s homeostasis. The 
increase in levels of oxidizing substances to the detriment of 
antioxidants causes oxidative stress. This latter is implicated 
in the development and progression of many pathologies. 
Over the years, this phenomenon has aroused much interest 
in scientific research for the development of therapies based 
on those pathways implicated in maintaining ROS and RNS 
adequate levels. Various therapeutic approaches targeting 
different molecules are currently being studied, but despite 
the promising results none have yet been officially approved. 
However, antioxidant molecules are often used as adjuvants 
in therapy for various pathologies.
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