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Abstract: Oxidative stress (OS) has greatly interested the research community in understanding
damaging processes occurring in cells. OS is triggered by an imbalance between reactive oxygen
species (ROS) production and their elimination by the antioxidant system; however, ROS function
as second messengers under physiological conditions. ROS are produced from endogenous and
exogenous sources. Endogenous sources involve mitochondria, nicotinamide adenine dinucleotide
phosphate hydrogen (NADPH), oxidases (NOXs), endoplasmic reticulum (ER), xanthine oxidases
(XO), endothelial nitric oxide synthase (eNOs), and others. In contrast, exogenous ROS might be
generated through ultraviolet (UV) light, ionizing radiation (IR), contaminants, and heavy metals,
among others. It can damage DNA, lipids, and proteins if OS is not controlled. To avoid oxidative
damage, antioxidant systems are activated. In the present review, we focus on the basic concepts of
OS, highlighting the production of reactive oxygen and nitrogen species (RONS) derived from internal
and external sources and the last elimination. Moreover, we include the cellular antioxidant system
regulation and their ability to decrease OS. External antioxidants are also proposed as alternatives to
ameliorate OS. Finally, we review diseases involving OS and their mechanisms.

Keywords: oxidative stress; reactive oxygen species; antioxidants; redox signaling; ROS sources;
antioxidant systems; cancer; kidney diseases

1. Introduction: Reactive Oxygen Species (ROS) and Reactive Nitrogen Species (RNS)

Reactive oxygen species (ROS) and reactive nitrogen species (RNS) are defined as un-
stable species containing oxygen (O2) and nitrogen that react quickly with other molecules
in the cells [1]. This review considers ROS and RNS as reactive oxygen and nitrogen species
(RONS) for practical purposes. The RONS containing one or more unpaired electrons are
known as free radicals, while RONS without unpaired electrons are called non-free radi-
cals. Free radical species include superoxide anion radical (O2

•−), hydroxyl radical (•OH),
alkoxyl (•OR), nitric oxide (NO•), and peroxyl radicals (•OOR); non-free radicals comprise
hydrogen peroxide (H2O2), nitrogen dioxide (NO2), and peroxynitrite (ONOO−), among
others [2]. O2

•− is the principal precursor of RONS produced by the cells, and an increase
in this radical is related to oxidative stress and cellular damage [3,4]. Thus, antioxidants
are a powerful tool to control the overproduction of ROS and avoid oxidative damage.

While there are excellent reviews of redox state and oxidative stress [2,5,6], we wanted
to review the basic concepts of oxidative stress, antioxidants, redox signaling, and RONS
sources, having academic readers or those just starting out in this area of study in mind.

2. Signaling and Physiological Functions of RONS

RONS are products of aerobic metabolism that regulate cellular processes such as
survival, growth, proliferation, apoptosis, and others. Although RONS can cause damage
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to DNA, lipids, and proteins, they function as signaling molecules at low levels, partici-
pating in signaling pathways as second messengers [2]. RONS induce posttranslational
modifications (PTM) in redox-sensitive residues such as cysteine (Cys), methionine (Met),
lysine, arginine, proline, histidine, threonine, and tyrosine, Cys and Met being the most
physiologically relevant [7–9]. Cys and Met residues contain sulfur groups on the chain
sides, which makes them most prone to oxidation by RONS. The oxidation state depends
on the microenvironment and pH because they modify the side chain of the protein pKa.
For instance, thiol groups (SH) of Cys exposed to cytosol are deprotonated to thiolated (S-)
to physiological pH, making them more sensitive to oxidation by RONS, which depend on
pKa [10]. The principal RONS participating in cellular signaling are O2

•− and H2O2, H2O2
being a more stable reactive species than O2

•− [11]. Because H2O2 is highly diffusible, it is
more suitable than O2

•− for biological signaling [12].
H2O2 is generated by different sources, including growth factors, chemical stressors,

or chemokines. It is maintained under low concentrations to a nanomolecular range of
1–100 nm, being the central molecule implicated in cell signaling by regulating redox
reactions; however, the final concentration of H2O2 depends on removal systems [13].
H2O2 easily crosses membranes by aquaporins and holds redox signaling through Cys
residues. H2O2 oxidizes Cys residues in proteins producing sulfenic acid (R-SOH). If
oxidation continues, R-SH is converted to sulfinic acid (R-SO2H), and later, if oxidation
continues, to sulfonic acid (R-SO3H) [14]. The oxidation by H2O2-producing R-SO3H is
irreversible, deactivating the protein suffering this modification. In cellular signaling, the
inactivation of proteins is relevant for kinases and phosphatases because their inactivation
avoids phosphorylation or the elimination of phosphate groups.

O2
•− commonly does not cross membranes, except through the voltage-dependent

anion channel (VDAC), and is maintained to 10−11 M [15]. O2
•− is involved in activating

the mitogen-activated protein kinase (MAPK) pathway through the Ras/Rac/Raf-1-MAPK
pathway, which implies the generation of O2

•− by endothelial cells via angiotensin II (Ang
II). Moreover, Ang II induces the generation of O2

•− through the nervous system, which
increases vasopressin secretion and sympathetic outflow [16]. Another example of O2

•−

cellular signaling function involves the activation of the extracellular signal-regulated
kinase (ERK) pathway, which is also a member of the MAPK family. Mechanistically,
O2
•− is generated through quinone 2,3-dimethoxy-1,4-naphthoquinone (DMNQ) and

activates to peroxisome proliferator-activated receptor-γ (PPAR-γ), which stimulates ERK
signaling [17].

Other cellular effects of O2
•− are found in cancer cells. Cancer cells commonly support

high oxidative stress levels, and RONS are utilized by these cells to turn on or turn off
signaling pathways to grow, proliferate, and evade apoptosis. For instance, Yang et al. [18]
found that the overexpression of v-Ha-ras augments O2

•− production, inducing human
keratinocyte (HaCaT) growth, suggesting that ras induces transformation in cancer cells.
Therefore, O2

•−-induced cellular signaling is required by living cells for the activation and
deactivation of signaling pathways and their regulation.

3. Oxidative Stress

Oxidative stress involves an imbalance between the production of RONS and their
elimination by the antioxidant system (described later). Redox balance also requires the
regulation of master-switch signaling pathways such as nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-kB)/NF-κB inhibitor (IκB), nuclear factor erythroid-2
related factor 2/Kelch-like ECH-associated protein 1 (Nrf2/Keap-1), and Akt/Forkhead
Box O3 (FOXO3), among others [19]. For instance, Nrf2 moves to the nucleus when Keap-1
suffers conformational changes due to the oxidation of residues Cys 226, Cys 613, and
Cys 624 by RONS [20,21]. Nrf2 in the nucleus induces the expression of antioxidant
enzymes, such as glutamate-cysteine ligase modifier (GCLM) subunits, heme oxygenase
(HO-1), NADPH quinone oxidoreductase 1 (NQO1), glutathione S-transferase (GST), and
glutathione peroxidase (GPx), among others [20,22,23].
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The phosphatidylinositol 3-kinase (PI3K)/AKT signaling pathway regulates oxidative
stress by inducing the activation of the transcription factor FOXO3, promoting the transcrip-
tion of catalase (CAT) and SOD2 enzymes [24]. FOXO3 also regulates oxidative stress in
mitochondria by interacting with peroxisome proliferator-activated receptor coactivator-1α
(PGC-1α), the master biogenesis regulator, to augment the transcription of antioxidant
enzymes [25]. PI3K can also regulate the activity of NF-κB/IκB via ROS. Mechanistically,
the activation of PI3K activates the small GTPase RAC1, which stimulates NOXs, inducing
ROS production. ROS could deactivate and send proteasome degradation to the NF-κB
inhibitor, IκB [26]. The latter is because IκB contains Cys residues, which can be oxidized,
releasing NF-κB to induce the expression of antioxidant response [27].

Therefore, oxidative stress is highly controlled in cells. However, disturbances in cells,
such as the reduction in antioxidant enzymes or the elevation of RONS, can lead to a state
of oxidative damage.

3.1. Sources of Oxidative Stress

RONS can be provided from extracellular or intracellular sources. Extracellular sources
include ultraviolet (UV) light, ionizing radiation, heavy or transition metals, and others (re-
vised later). In contrast, intracellular sources comprise mitochondria, peroxisomes, ER, and
nicotinamide adenine dinucleotide phosphate hydrogen (NADPH) oxidases (NOXs) [28],
which will be reviewed below.

3.1.1. Endogenous Sources

In human cells, more than 50 enzymes produce O2
•− and H2O2, with mitochondria

and NADPH oxidases being the principal sources for making them [29]. In the following
sections, we reviewed the involvement of ROS sources and their contribution to redox
signaling and oxidative stress.

Mitochondria

Mitochondria produce 1–3% ROS during the generation of ATP using the mitochon-
drial membrane potential through ATP synthase [30]; however, this percentage is commonly
maintained at low levels because of the presence of an antioxidant system in mitochon-
dria. Several processes in this cellular compartment are redox-dependent. Some examples
include the reactions of enzyme members of the tricarboxylic acid (TCA) cycle such as
pyruvate dehydrogenase (PDH), isocitrate dehydrogenase 2 (IDH2), and α-ketoglutarate
dehydrogenase [31–33]; the reactions occur in complex I (CI) and III (CIII) because of
contained Fe-S clusters and Cys groups. Fe-S is also contained in the mitochondrial enzyme
aconitase 2 (Aco2), whose activity is inhibited under oxidative stress, releasing Fe2+ and
subsequently deactivating Aco2 [6]. Another TCA cycle enzyme affected by ROS is citrate
synthase, supported by the fact that antioxidants prevent its deactivation [34]. Furthermore,
CI and CIII generate O2

•− by having semiquinone (Q) and flavin (F) groups [35,36]. NOX4
is also present in the mitochondria and principally causes H2O2 in a mechanism explained
in the following sections (Figure 1).

Indeed, the presence of NOX4 in mitochondria has been of great relevance, for example,
in kidney diseases and cancer contexts [37,38]. In kidney disease, NOX4 interacts with
mitochondria to augment ROS overproduction, which is related to the overactivation of
redox signaling [37,39], whereas, in cancer cells, NOX4 functions as an energy sensor,
associated with chemoresistance, and its inhibition sensitizes cancer cells to cell death [38].
Thus, in both cancer and renal diseases, the overactivation of NOX4 is deleterious. Another
ROS source in the mitochondria is the electron transport system (ETS), which consists of CI-
CIV, where the flow of electrons couples with proton gradient generation and crosses to the
inner mitochondria membrane (IMM) to produce ATP through ATP synthase. Furthermore,
ETS has two carriers, quinone and cytochrome c (cyt c), localized between CI and CII and
CIII and CIV, respectively [40].



Oxygen 2022, 2 440

Oxygen 2022, 2, FOR PEER REVIEW 6 
 

 

 
Figure 1. Endogenous sources of RONS. The binding of growth factor (GF) to growth factor receptor 
(GFR) leads to the activation and assembly of nicotinamide adenine dinucleotide phosphate hydro-
gen (NADPH) oxidases (NOXs) through Rac1. The activation of NOXs principally produces super-
oxide anion radical (O2•−) that is rapidly dismuted to hydrogen peroxide (H2O2) by cytosolic super-
oxide dismutase 3 (SOD3). H2O2 can easily cross the cytosolic membrane through aquaporin present 
in the cytosolic membrane and can modify protein-containing sulfhydryl groups (-SH). The oxida-
tion of -SH can lead to protein inactivation, which produces oxidative stress. Mitochondria produce 
ROS by the electron transfer system via complex I (CI) and CIII. The main products are O2•− and 
H2O2, transferred from CI to the mitochondrial matrix and CIII towards the cristae lumen and inter-
membrane space. These ROS can alter redox-sensitive proteins into mitochondria, such as aconitase 
2 (ACO2), α-ketoglutarate dehydrogenase (α-KDH), and isocitrate dehydrogenase (IDH), members 
of the tricarboxylic acid (TCA) cycle. Also, O2•− is reduced to H2O2 by SOD2. NOX4 is localized in 
the mitochondrial membrane and produces H2O2, which causes the opening of mitochondrial aden-
osine triphosphate (ATP)-sensitive potassium K channel (mtKATP) to decrease the mitochondrial 
membrane potential (↓ΔΨm), causing mitochondrial dysfunction and later oxidative stress. Peroxi-
some also generates H2O2 through β-oxidation, eliminated by CAT and peroxiredoxin 5 (Prx5), but 
the high production of H2O2 causes oxidative stress. Protein folding in ER is an essential source of 
H2O2 and uncontrolled conditions activate ER stress, promoting the activation of the unfolding pro-
tein response (UPR). UPR activation induces Ca2+ release, which can damage mitochondria. Oxida-
tive stress causes the activation of signaling pathways to control it, such as nuclear factor erythroid 
2-related factor 2 (Nrf2) and Forkhead box O3 (FOXO3), activating an antioxidant response. Aster-
isks (*) represent TCA cycle enzymes producing ROS. Created with biorender.com, accessed on 30 
August 2022 (published with permission from biorender.com). 
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XOs are enzymes localized in the cytosol involved in the catabolism of purine nucle-

otides. XO functions by oxidizing hypoxanthine and xanthine bases to uric acid, the final 
product of purine catabolism, reactions where H2O2 is produced. Thus, H2O2 is the prin-
cipal product of this enzyme [53]. The importance of XO is highlighted for its contribution 
to inflammasome activation in macrophages [54]. The XO-induced inflammasome activa-
tion by releasing H2O2 promotes the activation of PI3K/AKT, the signaling pathway that 
induces NLRP3 activation through the generation of mitochondrial ROS (mtROS) [54]. In 

Figure 1. Endogenous sources of RONS. The binding of growth factor (GF) to growth factor receptor
(GFR) leads to the activation and assembly of nicotinamide adenine dinucleotide phosphate hydrogen
(NADPH) oxidases (NOXs) through Rac1. The activation of NOXs principally produces superoxide
anion radical (O2

•−) that is rapidly dismuted to hydrogen peroxide (H2O2) by cytosolic superoxide
dismutase 3 (SOD3). H2O2 can easily cross the cytosolic membrane through aquaporin present in
the cytosolic membrane and can modify protein-containing sulfhydryl groups (-SH). The oxidation
of -SH can lead to protein inactivation, which produces oxidative stress. Mitochondria produce
ROS by the electron transfer system via complex I (CI) and CIII. The main products are O2

•− and
H2O2, transferred from CI to the mitochondrial matrix and CIII towards the cristae lumen and
intermembrane space. These ROS can alter redox-sensitive proteins into mitochondria, such as
aconitase 2 (ACO2), α-ketoglutarate dehydrogenase (α-KDH), and isocitrate dehydrogenase (IDH),
members of the tricarboxylic acid (TCA) cycle. Also, O2

•− is reduced to H2O2 by SOD2. NOX4
is localized in the mitochondrial membrane and produces H2O2, which causes the opening of
mitochondrial adenosine triphosphate (ATP)-sensitive potassium K channel (mtKATP) to decrease the
mitochondrial membrane potential (↓∆Ψm), causing mitochondrial dysfunction and later oxidative
stress. Peroxisome also generates H2O2 through β-oxidation, eliminated by CAT and peroxiredoxin
5 (Prx5), but the high production of H2O2 causes oxidative stress. Protein folding in ER is an
essential source of H2O2 and uncontrolled conditions activate ER stress, promoting the activation
of the unfolding protein response (UPR). UPR activation induces Ca2+ release, which can damage
mitochondria. Oxidative stress causes the activation of signaling pathways to control it, such as
nuclear factor erythroid 2-related factor 2 (Nrf2) and Forkhead box O3 (FOXO3), activating an
antioxidant response. Asterisks (*) represent TCA cycle enzymes producing ROS. Created with
biorender.com, accessed on 30 August 2022 (published with permission from biorender.com).

The electron donors fade ETS CI and CII NADH and FADH2, which provide the TCA
cycle or β-oxidation, beginning the electron transport. Then, electrons are transferred to
ubiquinone (CoQ), and four electrons are pumped from the mitochondria matrix to the
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intermembrane space (IMS). CII does not pump electrons and is part of the TCA cycle
enzyme, the succinate dehydrogenase (SDH), but this complex transfers two electrons to
CoQ. Both CI and CII reduce COQ to ubiquinol (QH2). CIII transfers two electrons from
QH2 to cyt c and pumps four protons to IMS. Finally, CIV captures four electrons from
cyt c, transferred to oxygen to produce H2O. Four protons are translocated to IMS. The
proton flow induces a pH and electrochemical gradient, which is used by ATP synthase to
produce ATP through oxidative phosphorylation, known as OXPHOS.

Because electron leak is common during OXPHOS, several proteins of ETS suffer
redox modifications that function as protective mechanisms to avoid the deactivation of
mitochondrial proteins. As mentioned before, CI and CII are the primary producers of
ROS, although CII also generate them to a lesser extent. This way, CI and CII release O2

•−

and H2O2 to the mitochondrial matrix, while CIII releases them towards the cristae lumen
and intermembrane space [41]. O2

•− does not readily pass through cell membranes and
is relatively short-lived. An increase in proton motive force slows electron flow in the
ETS, augmenting ROS generation because electrons can interact with molecules such as
molecular oxygen, which generates ROS. In the mitochondria, O2

•− is produced in the
mitochondrial electron transport chain (ETC).

NADPH Oxidases (NOXs)

NOXs comprise seven members, including NOX1, NOX2, NOX3, NOX4, NOX5,
DUOX1, and DUOX2, present in cellular membranes and essentially produce O2

•−. The role
of NOXs was discovered in neutrophils by a respiratory burst realized by NOX2, which pro-
duces large ROS quantities for bacterial elimination. Other NOX functions include gene ex-
pression regulation, proliferation, hormone synthesis, and cell differentiation [3,42]. NOXs
comprise almost six subunits: the membranes-bound subunits gp91phox and p22phox
and the cytoplasmic regulatory subunits p40phox, p47phox, and p67phox, and the GTPase
Rac1 [43,44]. The subcellular localization of NOXs depends on cellular types.

NOXs produce O2
•−, attributed to the catalytic subunit gp91phox (or NOX2) activated

when cytoplasmatic subunits are assembled. Mechanistically, the binding of growth factor
to growth factor receptor (GFR) activates PI3K, which activates the catalytic activity of
GTPase Rac1. The latter induces the assembly of cytosolic subunits to stimulate gp91phox.
Then, electrons of NADPH are transferred to O2 to produce O2

•−, which is converted to
H2O2. Although low quantities of H2O2 can freely diffuse through the membrane, it is
easily transported by aquaporins, which activate redox-signaling pathways (Figure 1).

NOX4 is localized in mitochondria and does not contain cytosolic subunits, producing
H2O2 as the principal ROS. NOX4-induced H2O2 has been reported to cause the opening of
the mitochondrial adenosine triphosphate (ATP)-sensitive potassium K channel (mt-KATP),
which decreases mitochondrial membrane potential (Figure 1) [45]. The latter induces
mtROS overproduction, inducing mitochondrial dysfunction. The interplay between
mitochondria and NOX4 has been associated with cardiovascular and kidney diseases [39].

Peroxisomes

Peroxisomes induce the catabolism of fatty acids (FAs), producing H2O2 as the prin-
cipal subproduct, generated through oxidases such as fatty acyl-CoA and D-amino acid
oxidases. Because peroxisomes contain high levels of CAT and peroxiredoxin 5, H2O2 is
rapidly degraded to H2O (Figure 1). One of the functional consequences of peroxisomal
H2O2 is the ability to deactivate phosphatidylinositol-3,4,5-trisphosphate 3-phosphatase
(PTEN) and/or activate FOXO3 [46]. Moreover, it has been reported that peroxisome-
induced ROS might regulate autophagy, a process involving the degradation and recycling
of cellular components. This regulation was attributed to the presence of tuberous sclerosis
complex (TSC), regulating mTORC1 response to ROS into peroxisomes, which deactivates
mTORC1 to begin the first steps of the autophagy mechanism [47].
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Endoplasmic Reticulum (ER)

Another critical source of ROS is ER, which generates principally H2O2 during the
folding of proteins. The formation of H2O2 is attributed to disulfide isomerases, which
generate one oxidizing equivalent for every disulfide formed. Thereby, H2O2 is the resulting
subproduct of protein folding.

ER and mitochondria maintain contact through mitochondrial membranes, known as
MAMs, functioning as a regulator of lipid transport, Ca2+ signaling, and cell death; thus,
any disturbance in ER affects mitochondria [48,49]. This is the case for ER stress triggered
by hypoxia, oxidative stress, saturated FA deposition, and others, causing the accumulation
of unfolded proteins in the ER lumen. The latter induces the release of glucose-related
protein 78 kDa (GRP78) and the posterior activation of unfolded protein response (UPR).
UPR comprises three signaling pathways: the protein kinase activated by double-stranded
RNA(PKR)-like ER kinase (PERK), the activating transcription factor 6 (ATF6), and the
inositol-requiring transmembrane kinase/endonuclease alpha (IRE1α) [50]. The principal
objective of UPR is to reestablish homeostasis and restore the functions of ER, including
protein folding, synthesis, and transport (Figure 1) [51].

PERK is a transmembrane protein dimerized and autophosphorylated to activate the
regulatory subunit of the translation initiation component (eIF2 complex), eukaryotic initia-
tion factor 2 alpha (eIF-2α), which decreases protein synthesis. The phosphorylated eIF-2α
(peIF-2α) augments the transcription of ATF4 to trigger the transcription of chaperones, an-
tioxidant response, amino acids, and autophagy. However, the sustained activation of this
pathway can lead to apoptosis mediated by C/EBP homologous protein (CHOP). Another
pathway involves the Ser/Thr IRE1α, which is activated and autophosphorylated to induce
the splicing of the noncoding sequence of the X box-binding protein 1 (XBP1) mRNA. This
splicing leads to the formation of XBP1s (the active form) that induces the transcription of
UPR-targeted genes [52]. Under chronic ER stress, IRE1α forms a complex with the tumor
necrosis factor receptor-associated factor 2 (TRAF2) to promote the activation of cell death.
Finally, ATF6 dissociates from GRP78 and translocates to the Golgi apparatus to induce
ATF6 processing in its N-terminal domain, allowing its translocation to the nucleus.

Xanthine Oxidases (XOs)

XOs are enzymes localized in the cytosol involved in the catabolism of purine nu-
cleotides. XO functions by oxidizing hypoxanthine and xanthine bases to uric acid, the
final product of purine catabolism, reactions where H2O2 is produced. Thus, H2O2 is the
principal product of this enzyme [53]. The importance of XO is highlighted for its contri-
bution to inflammasome activation in macrophages [54]. The XO-induced inflammasome
activation by releasing H2O2 promotes the activation of PI3K/AKT, the signaling pathway
that induces NLRP3 activation through the generation of mitochondrial ROS (mtROS) [54].
In organs such as the heart and kidney, hypoxanthine and xanthine substrates are also pro-
duced by the ATP breaking during ischemic episodes, inducing H2O2 and O2

•− production
following reperfusion [2]. Deleterious consequences have been suggested regarding XO
overactivation in cardiovascular diseases because H2O2 and O2•− are generated, which
decrease nitric oxide production [55]. Furthermore, XO-released H2O2 and O2

•− can cause
the oxidation of lipids or proteins, which alters homeostasis by affecting signaling pathways
or disrupting cellular membrane integrity [56]. Therefore, XO is required for the immune
response, but its overactivation causes damage.

Myeloperoxidase (MPO)

MPO is a peroxidase enzyme containing a heme group. This is mainly expressed in
neutrophils and monocytes and has microbicide activity against pathogens by producing
hypochlorous acid (HOCl) and its intermediates [57]. In addition to the protective role of
MPO against pathogens, this has an essential role as a local mediator in tissue damage and
inflammation in inflammatory diseases, released into phagolysosomes and extracellular
compartments. Thus, MPO is required for immune response.
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MPO activation is also strongly related to atherosclerosis and cardiovascular dis-
eases since mice overexpressing MPO show accelerating atherosclerotic plaque develop-
ment [58]. Moreover, MPO activation is present in the initiation and progression of cardiac
diseases [59] and inflammatory events in kidney and pulmonary diseases [60,61].

Endothelial Nitric Oxide Synthase (eNOS)

NOS hydroxylates L-arginine to Nω-hydroxy-l-arginine, which later is oxidized to
L-citrulline and NO• [62]. NO• is an essential molecule of cellular signaling that functions
protectively in vascular endothelium, as eNOS is the most critical enzyme for NO• produc-
tion [63]. In addition, NO• is synthesized by the isoform neuronal NOS (nNOS), expressed
in neurons, and inducible NOS (iNOS), associated with inflammation.

eNOS is constitutively expressed, requiring the presence of increased intracellular
calcium (Ca2+). The principal mechanism for eNOS activation consists of increased Ca2+-
calmodulin binding, but posttranslational modifications such as phosphorylation, lipid
attachment, or S-nitrosylation regulate eNOS activity. eNOS requires dimerization, the
substrate L-arginine and the cofactor (6R)-5,6,7,8-tetrahydro-l-biopterin (BH4). NOS cat-
alyzes the electron transfer mediated by flavin from C-terminal domain-bound NADPH to
N-terminal heme. Calmodulin augments the electron transfer from NADPH to the heme
center, where electrons reduce O2.

3.1.2. Exogenous and Environmental Sources

The primary source of reactive oxygen species (ROS) in the body is physiological
metabolism; however, ROS can also be generated through exposure to external factors
such as ionizing (IR) and ultraviolet (UV) radiation, biological organisms, pollutants, food,
medicines, and drugs such as alcohol and tobacco (Figure 2).

UV Light

UV light is part of the solar emission spectrum that lies between the electromagnetic
radiation spectrum of X-rays and visible light. It has wavelengths ranging from 100 nm
to 400 nm [64]. UV light can be subdivided according to its wavelengths into several
categories: UVA (320–400 nm), UVB (290–320 nm), and UVC (220–290 nm) [64]. UVA and
UVB are essential for producing vitamin D; however, overexposure to these causes skin
damage, sunburn, and even the initiation of carcinogenic processes [65,66]. In contrast,
UVC rays are completely absorbed by atmospheric ozone and have little effect on human
health. However, accidental human exposure to these rays, mainly from lamps that kill
microbes, causes corneal burns and snow blindness [64,67].

Humans are exposed to UV radiation through sun exposure and artificial sources [68].
UV radiation generates ROS, including O2

•−, singlet oxygen (1O2), •OH, and H2O2,
through various mechanisms that directly affect cellular components or photosensitiza-
tion [69]. These mechanisms include structural damage to the enzyme CAT [70] and
increased nitric NOS synthesis [71]. UV radiation also decreases the expression of protein
kinase C (PKC), causing an increase in the production of ROS [72]. In addition, UV rays
have been shown to damage DNA due to the reported rise in 8-OHdG, a marker of oxidative
DNA damage. This marker is usually associated with •OH; however, it has been proposed
that the 8-OHdG generated by UV radiation is formed through a mechanism involving
1O2 [73]. UV radiation also damages mitochondrial DNA (mtDNA), deteriorating the ETC
and, therefore, inducing ROS production. This can further damage mtDNA, creating a
vicious cycle [74]. Likewise, UV radiation causes the activation of the enzyme NOX, the
elimination of a proton and an electron from lipid molecules, which produces lipid radicals.
It promotes the release of mediators of inflammation, generating oxidative stress [64,75].
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Figure 2. Exogenous sources of reactive oxygen species. (ROS). ROS can be generated through ex-
posure to external factors such as ionizing (IR) and ultraviolet (UV) radiation, pollutants, food, med-
ications, and drugs such as alcohol and tobacco. The mechanisms of ROS production by external 
factors include mitochondrial damage, the decreased activity of antioxidant enzymes and the glu-
tathione (GSH)/glutathione disulfide (GSSG) ratio, the activation of nuclear factor kappa-light-
chain-enhancer of activated B (NF-kB), the increased activity of enzymes such as nicotinamide ade-
nine dinucleotide phosphate hydrogen (NADPH) oxidase (NOX) and nitric oxide synthase (NOS), 
an increased concentration of redox-active metals such as iron (Fe2+), the incomplete reduction of 
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Figure 2. Exogenous sources of reactive oxygen species. (ROS). ROS can be generated through
exposure to external factors such as ionizing (IR) and ultraviolet (UV) radiation, pollutants, food,
medications, and drugs such as alcohol and tobacco. The mechanisms of ROS production by ex-
ternal factors include mitochondrial damage, the decreased activity of antioxidant enzymes and
the glutathione (GSH)/glutathione disulfide (GSSG) ratio, the activation of nuclear factor kappa-
light-chain-enhancer of activated B (NF-kB), the increased activity of enzymes such as nicotinamide
adenine dinucleotide phosphate hydrogen (NADPH) oxidase (NOX) and nitric oxide synthase (NOS),
an increased concentration of redox-active metals such as iron (Fe2+), the incomplete reduction of
molecular oxygen (O2), and the radiolysis of water (H2O). The production of ROS causes damage
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220–290 nm. Created with biorender.com, accessed on 3 September 2022 (published with permission
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It should be noted that the epidermis is the part most damaged by UV rays. Oxidative
damage has been observed in cutaneous chromophores such as DNA, urocanic acid, aro-
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matic amino acids, retinoids, carotenoids, bilirubin (BR), flavins, hemoglobin, melanin, and
NAD(P)H. Chromophores can be directly damaged or act as photosensitizers, resulting in
increased ROS [76,77].

Finally, increased UV radiation-induced ROS activates different signaling pathways,
especially in the pathophysiology of skin diseases. The principal signaling pathways
activated for this mechanism are MAPKs, including ERK and c-Jun-N-terminal kinase
(JNK), leading to the subsequent activation of the activator protein 1 (AP-1) [78]. UV
radiation also causes the release of labile iron (Fe), which is involved in the activation
of NF-kB [79,80]. AP-1 and NF-kB are essential in regulating various genes involved in
processes such as the cell cycle, proliferation, and apoptosis [79].

Ionizing Radiation (IR)

IR is produced naturally in the environment by natural radioisotopes found in the
ground and cosmic rays reaching the Earth’s surface [81,82]. IR is a form of energy transfer
that can cause the ionization of matter [83]. This energy is transmitted by electromagnetic
waves, including X-radiation, gamma radiation, and UV radiation [84]. Currently, IR has
different uses both in medicine and outside of it. These uses include radiation therapy, can-
cer treatment, smoke detectors, the sterilization of medical equipment, and food irradiation
to kill bacteria and pasteurize food [85]. However, IR in large quantities induces a broad
spectrum of alterations, such as oxidative stress.

IR penetrates living organisms’ cells, which induces the ionization of organic and
inorganic compounds [86]. IR causes the radiolysis of water molecules, which is the primary
process for forming ROS [87,88]. ROS also occur because mitochondria are susceptible to
IR, which causes mitochondrial dysfunction and therefore increases ROS production [89].
Einor et al. [90] performed a meta-analysis with 41 studies on various biological matrices
and showed that IR generates ROS even at low doses. In addition, irradiation has been
reported to increase concentrations of malondialdehyde (MDA), NO•, and calcium ions
while decreasing SOD and CAT activity and glutathione (GSH) concentration in models
both in vivo and in vitro [91–93].

On the other hand, IR also alters the nuclear and mitochondrial DNA molecule and
the proteins responsible for stabilizing it, making the DNA more susceptible to damage by
ROS, generating deletions, mutations, and other lethal genetic effects [94–96]. In addition,
genes that encode antioxidant enzymes can suffer mutations. For example, in a clinical
study conducted by 29 doctors from the radiology and radiotherapy departments of Chu
Hedi Chaker Sfax, Tunisia, a close relationship between the low-activity GSTP1 genotypes,
GSTT1 null, GSTM1 null, and stress biomarkers was found, especially with the MDA level
and the activities of the SOD and CAT enzymes [97]. Likewise, in another clinical study
conducted on American radiological technologists who became ill with breast cancer, it was
shown that the mutation in the PTGS2 gene, which encodes the cyclooxygenase-2 enzyme
(COX-2), can modify the risk of breast cancer due to occupational exposure to radiation [98].
Furthermore, a meta-analysis demonstrated increased mutations in more than 30 species
exposed to radiation in the Chernobyl disaster 25 years later [99].

In addition to mutations, exposure to IR generates epigenetic modifications [100]. In
workers exposed to radon in the uranium mines, significant hypermethylation of the DNA
of tumor suppressor genes was detected [101]. Aberrating hypermethylation was also
observed in a fraction of patients with renal cell carcinomas that lived in radio-contaminated
areas after the Chernobyl accident [102]. Finally, Szumiel [103] proposes an interdependence
between the oxidant stress induced by IR, the alterations in the mitochondrial DNA, and
the epigenetic changes in the nuclear DNA, where the production of ROS induced by IR
causes mutations in the mitochondrial DNA, which in turn contributes to the production
of ROS, generating a vicious circle. Mitochondrial DNA mutations affect the epigenetic
control mechanisms of the nuclear DNA by decreasing the activity of methyltransferase
and, therefore, causing the global hypomethylation of DNA.
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Contaminants

Accelerated urban development and rapid population growth contribute significantly
to poor environmental quality. This causes living organisms to be surrounded by heavy
metals, pesticides such as deltamethrin and paraquat, or air pollutants such as particulate
matter (PM) [104]. The intracellular mechanisms associated with the toxic effects of most of
these compounds are related to the generation of RONS [105,106].

Heavy or Transition Metals: Heavy metals are one of the primary contaminants associ-
ated with cell damage and refer to elements with a high atomic weight and densities five
times higher than water [107]. Some heavy metals such as copper (Cu), Fe, cobalt (Co),
selenium (Se), chromium (Cr), nickel (Ni), arsenic (As), and zinc (Zn) are present in living
beings and participate in a variety of biological processes [107]. However, the increase
in the concentration of these metals, in the form of free ions, generates cell damage. In
addition, there are highly toxic metals, many of which do not have a biological function,
causing damage even at low concentrations. These metals include lead (Pb), aluminum
(Al), mercury (Hg), and cadmium (Cd) [108,109].

Heavy metals, according to their redox function, are divided into two groups: redox-
active (Fe, Cu, Cr, Co) and redox inactive (Cd, Zn, Ni, Al, etc.). Redox-active metals are
directly involved in cells’ redox reactions and participate in the Haber–Weiss and Fenton
reactions together with H2O2, and O2

•− to produce •OH [110]. Redox-inactive metals
also produce ROS through indirect mechanisms such as ETC disruption, interaction with
the antioxidant defense system, or the induction of lipid peroxidation due to increased
lipoxygenase (LOX) [111,112]. Furthermore, heavy metals such as Cd inactivate antioxidant
enzymes by binding to their Cys residues, leading to misfolding and the inhibition of
activity and/or interference with enzymatic redox regulation [113]. Likewise, it is known
that there are enzymes that use metal ions as cofactors; therefore, the displacement of one
metal ion by another causes the inhibition or loss of enzymatic activity [114]. Heavy metal-
mediated free radical formation causes a variety of DNA base modifications, increased
lipid peroxidation, and changes in calcium homeostasis and sulfhydryl groups [107].

Pesticides: Pesticides are chemicals used as bactericides, fungicides, herbicides, insecti-
cides, or rodenticides [115]. They have been grouped into different families: organochlo-
rines, organophosphates, organofluorines, carbamates, pyrethroids, bipyridyl herbicides,
triazine herbicides, triazoles, and chloroacetanilide herbicides [116]. The World Health
Organization reports that three million workers experience severe pesticide poisoning each
year, of which approximately 18,000 die [117]. Among its damage mechanisms is the induc-
tion of oxidative stress. Pesticides increase ROS and RNS production by activating NOX,
NO•, and Ca2+ levels [118]. They also inhibit hydrolases, particularly acetylcholinesterase.
The inhibition of acetylcholinesterase is associated with increased ROS in agricultural work-
ers exposed to organophosphate pesticides and bipyridyl herbicides (e.g., paraquat) [119].
Furthermore, cytochrome P450 is a potent source of pesticide-induced ROS. Pesticides
are metabolized by the cytochrome P450 enzyme, generating reactive metabolites and
increasing ROS production [120,121]. These enzymes also catalyze an organic substrate’s
oxygenation, and molecular oxygen reduction can occur. If this process is not strictly
controlled, the possibility of mitochondrial uncoupling arises and subsequently leads to the
formation of ROS [122,123]. Oxidative stress is also induced by increased lipid peroxidation
and a decrease in antioxidant capacity caused by pesticides [124]. The increase in RONS
induces the oxidation of lipids, proteins, and DNA. Furthermore, pesticides cause the
activation of the Keap1/Nrf2 antioxidant response element (ARE) [125]. For example, per-
methrin (PER), a compound that kills lice and mites, has been shown to increase Nrf2 gene
expression in rat cerebellum and cardiac cells [126]. Nrf2 expression was also increased in
rat adrenal pheochromocytoma PC12 cells through 26S proteasome inhibition [127] and
in human neural progenitor cells (hNPC) treated with paraquat for 24 h [118]. This effect
could be due to the fact that the key cysteine residues in Keap1 are oxidized, and therefore,
its ability to act as an E3 ligase adapter is inhibited, leading to the increased nuclear translo-
cation of Nrf2 and the consequent transcription of antioxidant genes [128–130]. Pesticides



Oxygen 2022, 2 447

also cause the activation of adapter protein tumor necrosis factor receptor 1 (TNFR1)/tumor
necrosis factor (TNF-α), MAPK, NF-κB, and mitochondrial apoptosis pathways [125].

Air Pollutants: Atmospheric pollutants are another of the main environmental causes
of ROS production, which is why they represent an environmental risk factor in today’s
world [131]. Among these pollutants are PM. PM is made up of solid and liquid particles
in the air that are small enough to be inhaled. PM originates from automobile exhausts,
combustion, mining, industrial sources, fine dust from the earth, road and tire abrasion,
construction work, dust, and agricultural sources [132]. The composition of PM depends on
its source and atmospheric chemistry but typically includes transition metal ions, organic
compounds (primarily polycyclic aromatic hydrocarbons (PAHs)), and organic matter [133].
Adsorption on the surface of PM causes oxidative stress. PM has been reported to increase
the production of ROS, such as H2O2, 1O2, O2

•−, and •OH, by lowering the mitochondrial
membrane potential and altering calcium homeostasis [134]. In addition, a reduction in
the GSH/glutathione disulfide (GSSG) ratio has been observed. The alteration in redox
homeostasis induced by PM alters the activation of signaling pathways such as ERK and
MAPK, leading to the activation of the transcription factor NF-κβ to produce inflammatory
cytokines that can lead to different adverse effects such as cardiovascular, atherosclerotic,
and neuronal effects [135,136].

Foods

Currently, it is known that specific dietary patterns lead to an increase in ROS in the
body. In particular, Western diets characterized by the excessive consumption of saturated
fats, refined sugars, and animal proteins, as well as low consumption of plant-based fiber,
increase protein carbonylation and lipid peroxidation products while reducing the state of
antioxidant defense, causing oxidative stress. It has also been reported that the permanent
availability of oxidizable substrates at rest (such as carbohydrates: glucose and D-galactose)
leads to a decrease in oxidative phosphorylation, which generates the possibility that a more
significant number of electrons leak from the ETC, causing the generation of ROS [137,138].
Something similar happens with the accumulation of triglycerides, which stimulate β-
oxidation and, therefore, ETC. In addition, they produce low-density lipoproteins (LDL)
that form oxidized LDL (Ox-LDL) [139,140]. ROS induced by high-fat diets trigger the
activation of NF-κB-dependent proinflammatory molecules [141] and increase iNOS activity,
causing excessive NO• production [142]. Therefore, high-calorie diets not only cause
oxidative stress but are also associated with diseases such as diabetes, obesity, and metabolic
syndrome, among others [143].

Alcohol and Smoking

Alcoholism and smoking have also been associated with oxidative stress and, therefore,
with various diseases. Alcoholism is a pathology resulting from high alcohol intake [144].
Alcohol consumption, both acute and chronic, causes an increase in ROS, partially related
to the acetaldehyde formed as a product during ethanol metabolism. Acetaldehyde alters
calcium homeostasis and increases ROS production, which can cause ER stress [145]. In
addition, it has been found that the most outstanding production of ROS by alcohol arises
from complexes I and III of the mitochondria ETC. Alcohol also raises Fe levels in the
body, contributing to the Fenton reaction and •OH production, and also reduces endoge-
nous antioxidant levels, creating a more significant imbalance that promotes oxidative
stress [146].

On the other hand, cigarette smoke has been considered a dangerous substance for
health that causes premature aging. Cigarette smoke comprises more than 5,000 chemicals,
including nicotine, polycyclic aromatic hydrocarbons (PAHs), tar, nitrosamines, carbon
monoxide, NO•, and phenolic hydrocarbons. Of these compounds, 150 are toxic, and
60 have been established as carcinogenic [147]. Several studies have reported that cigarette
smoke induces the excessive production of ROS. In addition, cigarette smoke contains
free radical substances, including H2O2 and •OH, which are inhaled directly into the
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respiratory tract. Furthermore, like alcohol, smoking reduces the availability of endogenous
antioxidants, generating oxidative stress, which, in turn, can cause the activation of NF-κB
and the subsequent expression of proinflammatory mediators [148].

Medicines

There is a large amount of clear evidence linking the excessive production of ROS
with the consumption of different drugs. These drugs include anticancer therapies, nons-
teroidal anti-inflammatory drugs (NSAIDs), antiretroviral agents, antipsychotics, and pain
relievers [149]. Medications can generate ROS due to the generation of reactive interme-
diates during their metabolism that can partially reduce molecular oxygen. For example,
chlorpromazine, a neuroleptic drug belonging to the group of phenothiazines widely used
in treating some psychiatric disorders, causes the generation of 1O2 and O2

•− due to
photodechlorination, which transfers electrons from chlorpromazine in an excited state
to molecular oxygen [150]. In addition, doxorubicin, an anthracycline antibiotic used in
numerous chemotherapy regimens to treat hematologic and solid tumors, has been shown
to generate anthracycline semiquinone free radicals during its one-electron reduction by
mitochondrial reductases [151]. The reaction of doxorubicin with Fe during its metabolism
also generates a Fe II-Dox free radical capable of reducing molecular oxygen [152]. ROS
production may also be due to drug-induced skin photosensitivity [153]. Photosensitiz-
ing drugs absorb the sun’s radiation, mainly UVA rays, giving rise to chemical reactions
such as the excessive production of ROS. Photosensitivity can manifest as a phototoxic
or, more rarely, photoallergic reaction. For example, ibuprofen causes dose-dependent
phototoxic hemolysis after UVA radiation [154]. In comparison, ketoprofen is the most
frequent cause of photoallergy and induces cellular lipid peroxidation and damage to
DNA and cell membranes [155,156]. Likewise, amlodipine and nifedipine generate ROS by
absorbing UVA radiation [157]. Other drugs associated with photosensitization include
nonsteroidal anti-inflammatory drugs (NSAIDs), cardiovascular drugs, psychotropic drugs,
antimicrobials, antihyperlipidemic drugs, and antineoplastic drugs [158,159]. For more
information on photosensitive drugs, see the work by Kowalska et al. [160].

On the other hand, some drugs increase ROS levels through NOX activation. An exam-
ple of these drugs is cisplatin, an antineoplastic agent used to treat different cancers [161].
Furthermore, cisplatin causes the depletion of critical antioxidants, mitochondrial mem-
brane potential changes, calcium handling, and apoptosis [162]. Many drugs have also been
associated with mitochondrial alterations, mainly in the ETC, which increases ROS [163].
For example, NSAIDs increased ROS production via ETC inhibition in rat cardiomyoblast
cells and murine neonates [164]

Oxidative stress induced by drug use leads to different clinical consequences, such
as nephrotoxicity, hepatotoxicity, and cardiotoxicity. Hepatotoxicity has been a cause of
NSAID use. Diphenylamine, a structural component of most NSAIDs, has been shown
to cause mitochondrial dysfunction, causing mitochondrial inflammation and liver dam-
age [165]. In addition, in vitro studies have shown that salicylate (aspirin’s primary metabo-
lite) causes Reye’s syndrome, characterized by liver problems, by increasing sensitivity
to open mPTP [166]. Paracetamol also induces hepatotoxicity through mitochondrial dys-
function. The reactive metabolite of acetaminophen binds to mitochondrial proteins and
induces oxidative stress, resulting in a mitochondrial permeability transition [167]. On the
other hand, it has been reported that 20% of acute renal failure in the community and in
hospitals is due to drug use [168]. Mechanisms associated with drug nephrotoxicity include
impaired perfusion, the induction of inflammation, the formation of free radicals, and many
other mechanisms [169]. For example, NSAIDs and rifampin are common causes of acute
inflammation of the interstitial tissue, while acyclovir and antibiotics such as ampicillin
have been common causes of insoluble crystal formation in kidney tissue [170]. Finally,
some drugs cause heart damage; among the best known is doxorubicin. A study conducted
in H9c2 cardiomyoblast cells and rats reported that DOX increases mitochondrial ROS pro-
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duction, which activates ERK-mediated HSF2 nuclear translocation and the upregulation
of AT1R, causing heart failure both in vitro and in vivo [171].

4. Oxidative Stress-Induced Oxidative Damage

RONS are frequently generated in regulated amounts; however, dysregulation often
leads to toxic oxidative stress, altering biomolecules and redox signaling [19,172]. Both
endogenous or exogenous sources of oxidative stress may lead to oxidative stress, causing
oxidative damage (oxidation modifications) to nucleic acids, proteins, lipids, and carbo-
hydrates [19]. The damage to membrane lipids, structural proteins, enzymes, and nucleic
acids leads to aberrant cell function [172].

4.1. DNA Oxidative Damage

The deoxyribonucleotides that compose DNA are damaged by oxidative stress, re-
sulting in modified products. The ROS that causes direct damage to nucleic acids is •OH,
which is highly reactive. •OH reacts with DNA by adding to the double bonds of the
purine (adenine, guanine) or pyrimidine (cytosine, thymine) bases of DNA and through
the abstraction of a hydrogen atom from the methyl group of thiamine and each of the
CH bonds of the sugar 2-deoxyribose [173–175]. The generated products of these reactions
can lead to chain injuries, cross-linking DNA with proteins, intramolecular cyclization, or
clustered sites [175]. It is well known that the •OH preferentially oxidizes the guanine base
of DNA, primarily forming 8-hydroxy-2′-deoxyguanosine (8-OHdG; not exclusively, but it
is by far the most studied) [173,175]. 8-OHdG affects mechanisms such as replication and
transcription (Figure 3) [173,176].

DNA damage has been observed in multiple diseases such as cardiovascular, inflamma-
tory, or neurodegenerative diseases, natural aging, or exposure to drugs and environmental
contaminants [173,177–180]. Therefore, oxidative damage to DNA has frequently been
related as an important factor of mutagenic lesions in cancer development [173,181].

4.2. Lipid Peroxidation

Lipid peroxidation results from oxidants (such as RONS) attacking unsaturated lipids,
causing the formation of lipid oxidation products. These lipoperoxidation products include
4-hydroxy-2-nonenal (4-HNE), MDA, oxylipins, isoprostanes, and oxysterols, among oth-
ers [182]. These products are highly reactive and interact with biomolecules such as DNA,
proteins, or other lipids, leading to numerous biological effects [182–184].

4-HNE is one of the main lipid oxidation products that result from enzymatic and non-
enzymatic oxidative pathways from oxidized phospholipids containing polyunsaturated
fatty acid (PUFA) n-6 chains [185]. 4-HNE can increase ROS formation and inflammation,
alter cell signaling, and cause cell damage and apoptosis [183].

Another product of lipid peroxidation is MDA, which may result as a product of enzy-
matic arachidonic acid oxygenation or as a final product of n-3 and n-6 fatty acids oxida-
tion [183]. Similarly, it is a highly reactive molecule, so it is typical for cross-linking products
to form or to alter cells’ structure, function, and response [182,183]. In addition to MDA and
4-HNE (Figure 3), oxylipins are bioactive lipid metabolites derived from PUFAs through
auto-oxidation, cyclooxygenase, lipoxygenase, cytochrome P450, 15-hydroxyprostaglandin
dehydrogenase, and soluble epoxide hydrolase enzymes. Oxylipins may exhibit positive
and negative effects [186]. These products involve inflammation, pain response, cell adhe-
sion, apoptosis, angiogenesis, blood coagulation, and blood vessel permeability [186,187].
Moreover, linoleic acid (LA) reserves and oxidative stress in the body increase oxidized
LA metabolites (OXLAMs) such as 9- and 13-hydroxyoctadecadienoic acid (HODE) and
9- and 13-oxo-octadecadienoic acid (oxo-ODE) [188,189]. HODEs and isoprostanes are
associated with coronary artery diseases, dysregulated vascular permeability disease, and
nonalcoholic steatohepatitis [182,188,190].
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Figure 3. Oxidative stress-induced oxidative damage. Oxidation in purines and pyrimidines of DNA
by hydroxyl radical (•OH) leads to mutations, nucleotide damage, and single- and double-strand
breaks. •OH also oxidizes lipids to produce 4-hydroxy-2-nonenal (4-HNE) and malondialdehyde
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inactivation. The thunder symbol indicates damage; arrows indicate augment. Created with bioren-
der.com, accessed on 2 September 2022 (published with permission from biorender.com).

Other crucial oxidized lipid molecules are oxysterols. Oxysterols are cholesterol-
oxidized metabolites produced through enzymatic or non-enzymatic mechanisms, primar-
ily during OS conditions [191]. Oxysterols are bioactive lipids involved in cell signaling
and metabolic regulations, such as cholesterol, lipid, glucose, brain homeostasis, immune
regulation, and cell differentiation [191,192]. Nevertheless, some oxysterols are cytotoxic,
such as 7α-hydroxycholesterol [7α-OHC] and 7β-hydroxycholesterol [7β-OHC]). Oxysterol
deregulation is associated with age-degenerative and cancer-related diseases that include
Alzheimer’s disease, retinal degeneration, breast and colorectal cancer, cardiovascular
diseases, and diabetes [193,194].

In summary, many lipoperoxidation products may induce lipid peroxidation, causing
oxidative damage to cells and tissues due to promoting initial free radical events and
inducing oxidative stress that contributes to the amplification of oxidative cell injury.
The latter triggers the formation of protein and DNA adducts, necrosis, apoptosis, and
specifically ferroptosis (characterized by the accumulation of lipid peroxides), which leads
mainly to aging, neurodegeneration, cancer, and cardiovascular diseases [182,195–197].
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4.3. Protein Oxidation

The most common oxidant damage to proteins is the oxidation of the sulfhydryl group
(-SH) of proteins in amino acids with sulfur, such as Cys and Met, which are the most
susceptible (Figure 3). In addition, the formation of protein carbonyls such as aldehydes
and ketones is widespread [198]. The protein carbonyls derived from lipoxidation-derived
aldehydes such as acrolein, 4-oxo-2-nonenal, 4-HNE, 2,4-decadienal, and MDA are more
prevalent than those formed by the direct oxidation of side-chain amino acids [199,200]. The
oxidation products of proteins vary since the different radicals have multiple possible sites
of attack due to the varied nature of the amino acid side chains of proteins. The amino acid
residues most vulnerable to oxidation are lysine, arginine, proline, and threonine [198,201].
The radical reactions with proteins may occur by (1) hydrogen atom abstraction at posi-
tions adjacent to electron-delocalizing groups such as -SH, hydroxy groups (in serine and
threonine), carboxyl and amide (in aspartic acid, glutamic acid, asparagine, glutamine),
and the guanidine group in arginine; (2) electron abstraction from electron-rich sites; and
(3) addition to electron-rich centers [201,202].

Protein oxidation generates post-translational modifications that alter amino acid and
protein composition, structure, charge, hydrophobicity/hydrophilicity, and folding. These
alterations inhibit their functions, such as enzymatic activity, and induce conformational
changes, cross-linking, or aggregation [202,203]. The oxidized proteins also increase the risk
of developing neurodegenerative, cardiovascular, or pulmonary diseases [182,204–207].

5. Antioxidants

The biological antioxidant refers to any compound that is capable of delaying or
preventing the oxidation of a substrate [208]. Thus, antioxidants decrease oxidants such
as RONS, avoiding oxidative stress. In this way, antioxidants attenuate cell biomolecule
damage, such as lipids, proteins, and DNA [209]. Since the damaging effects on these
biomolecules contribute to cellular toxicity and disease, antioxidants prevent these ef-
fects [6]. The antioxidants group includes enzymes such as SOD, CAT, and GPx, which
reduce oxidants or free radicals, with the ability to induce the production of other free
radicals. In this case, SOD reduces the radical superoxide to H2O2, a ROS more stable that
can be reduced to H2O by catalase or GPx. Thus, these enzymes can efficiently degrade
ROS. In addition, antioxidants also involve some proteins such as lactoferrin, ferritin, and
caeruloplasmin that prevent RONS formation by sequestering prooxidants such as metal
ions or the heme group. It is essential to mention that the antioxidants of this group have
substrate specificity, which limits their antioxidant activity [210].

Antioxidants, known as “scavengers”, react with radicals by donating or accepting
electrons, transforming themselves into less-reactive radicals that can be easily removed.

5.1. Endogenous Antioxidants

Antioxidants can be classified as exogenous and endogenous. Note that there exist
other classifications; however, we use this classification according to the source of pro-
duction. Exogenous antioxidants are obtained from our diet; some examples are vitamins
A, C, and E. Endogenous antioxidants are synthesized by the cells and are known to be
much more powerful than exogenous antioxidants. For example, it has been found that
an endogenous antioxidant, catalase, is an enzyme that is not saturated by its substrate,
having high efficiency in the degradation of H2O2. On the other hand, exogenous antiox-
idants such as Vit C are associated with different antioxidant enzymes that restore their
activity in a decrease in these antioxidants, so Vit C loses its activity as an antioxidant.
Thus, endogenous antioxidants are the products of cellular metabolism, and these can be
enzymatic, such as SOD, CAT, and peroxiredoxin (Prx), or non-enzymatic, such as the GSH.
Both enzymatic and non-enzymatic endogenous antioxidants comprise a complex system
that overlaps activities to enhance cellular antioxidant defense to reduce ROS, avoiding
oxidative stress [6].



Oxygen 2022, 2 452

5.1.1. Enzymatic Antioxidants

As mentioned above, endogenous antioxidants can comprise non-enzymatic antiox-
idants, such as GSH, or enzymatic antioxidants, which include large molecules such
as SOD, CAT, Prx, GPx, HO-1, glutathione reductase (GR), GST, thioredoxin (Trx), and
thioredoxin reductase (TrxR). Enzymatic antioxidants encompass a complex system that
works synergistically to reduce ROS. These antioxidant enzymes will be described in the
following paragraphs.

Superoxide Dismutase (SOD)

SODs are present in all organisms that live in the presence of O2 and are a group of
metalloenzymes that catalyze the conversion of two molecules of sO2

•− into H2O2 and
O2. This reaction is accompanied by the oxidation–reduction reactions of the metal ions
present in the SODs’ active sites. In mammals, it can be found in three types of SOD:
CuZn-SOD (SOD1), present in the cytosol; Mn-SOD (SOD2) in the mitochondrial matrix;
and CuZn-SOD (SOD3) in the extracellular fluid. In these antioxidant enzymes, Cu, Zn,
and Mn are the metal ions that function as cofactors [211]. The active site of SOD enzymes
uses a ping-pong mechanism, where O2

•− reduces the metal ion, Cu, Zn, or Mn, and other
O2
•− oxidizes this reduced metal ion. The latter oxidized metal might be oxidated by

another O2
•− to start another dismutation of O2

•− to produce O2 and H2O2 [212].
SOD enzymes have distinct subcellular localizations, highlighting the need for tight

control of ROS homeostasis in the different cell compartments. Changes in SOD activity
in a compartment might lead to an H2O2 concentration gradient, increasing H2O2 flux
and the activation of redox-sensitive cell-signaling pathway [9]. O2

•− is produced by
several sources within the cell; for example, in the cytosol, O2

•− is produced by NOX,
xanthine oxidase, and the cytochrome p450 monooxygenases, which are present mainly
in the ER. O2

•− can be transformed to H2O2, which diffuses into the cytosol to produce
other highly reactive RONS, such as •OH and ONOO−, among others. In this way, the
reduction of O2

•− by SODs prevents the production of other RONS, avoiding oxidative
stress; however, the H2O2 flux could be decreased, inducing the turn-off of redox-sensitive
cell-signaling pathways. Thus, SOD regulation is crucial for controlling RONS in this dual
role of cellular damage and cell signaling. SOD enzymes are also anti-inflammatory agents
that prevent precancerous cell changes and Alzheimer’s disease. Since oxidative stress
contributes to cancer development, decreased SOD activity is a key factor in inducing
cancer [213]. Moreover, SOD has an essential effect on myocardial ischemia-reperfusion
injury, inflammation, and cerebral ischemia-reperfusion injury [214].

SOD consists of three isoforms, Copper/Zinc SOD (CuZnSOD), manganese SOD
(MnSOD), and cytosolic CuZnSOD. All SOD isoforms might suffer post-translational modi-
fications such as acetylation, nitration, methylation, and glutathionylation. For instance,
MnSOD can suffer glutathionylation, a protective modification implying the transfer of
the GSH group to Cys [215]. Other modifications such as nitration in Tyr residues damage
the enzyme. This modification has been found in ischemia reperfusion-induced kidney
injury, diabetic kidney disease, and aging [216–218]. Likewise, Mn-SOD activity reduction
is related to decreased mitochondrial S-glutathionylation in the damage induced by folic
acid [219].

Catalase (CAT)

H2O2 is degraded by different enzymes, including CAT, GPx, and other peroxidases.
CAT is a highly efficient enzyme in H2O2 reduction since this enzyme cannot be saturated
by H2O2 levels [220]. CAT breaks down two H2O2 molecules into one molecule of O2 and
two molecules of H2O2.

CAT possesses a monofunctional heme-containing prosthetic group of ferric proto-
porphyrin IX in its active site, which reacts with H2O2. The heme group is also tightly bound
to NADPH in the active conformation of the enzyme, allowing NADPH to obstruct the
formation of Fe(IV)O-ligated porphyrin in the inactive form. The first step of the reaction
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involves the formation of the intermediate “Enzyme[porphyrin Fe(IV)-O]”, which is a
covalent oxyferryl species (FeIVO) with a porphyrin π-cation radical through the reduction
of one H2O2 molecule [220]. In the second step reaction, “Enzyme[porphyrin Fe(IV)-O]” is
reduced through redox reactions by a two-electron transfer from an electron donor (the
second molecule of hydrogen peroxide) to produce the free enzyme, O2, and H2O [220].
Thus, these reactions allow CAT to minimize the formation of highly reactive ROS, •OH, by
breaking down H2O2 molecules. It is important to mention that •OH is produced by Fenton
and Haber–Weiss reactions, which are induced by high levels of H2O2 and O2

•−. Thus,
when CAT reduces H2O2, it results in a reduction in the production of •OH. In addition, the
enzyme can detoxify other proton donor compounds and act as a peroxidase. This enzyme
can be found in subcellular tissues such as peroxisomes and mitochondria, diminishing
RONS [221]. Note that redox-sensitive cell signaling depends on the levels of H2O2, so
CAT must be finely regulated. For example, it has been demonstrated that H2O2 activates
kinases but deactivates phosphatases in cell-signaling pathways such as mitogen-activated
protein kinase (MAPK) [9]. The regulation of the levels of H2O2 is essential to maintain a
redox state and cellular signaling, avoiding diseases associated with these processes [9]. In
this regard, CAT deficiency or malfunction is related to the pathogenesis of degenerative
diseases such as schizophrenia, Alzheimer’s and Parkinson’s diseases, bipolar disorder,
diabetes mellitus, hypertension, anemia, vitiligo, and cancer. Moreover, since oxidative
stress is associated with mutagenesis, inflammation, and apoptosis, CAT is an essential
enzyme implicated in preventing these processes [222].

CAT promoter is regulated by nuclear factor Y and specificity protein 1 transcrip-
tion factors, which bind to CCAAT and GGGCGG boxes, promoting gene expression. A
regulatory CAT region was identified which requires chromatin remodeling by retinoic
acid receptor alpha to induce CAT expression. The importance of this regulation is high-
lighted by the fact that cancer cells employ this mechanism for H2O2 adaptation [223].
CAT-induced chromatin remodeling has been suggested in MCF7 breast cancer cells [224].
In brain cancer glioblastoma, the overexpression of CAT protects against chemotherapy
and radiation due to CAT-induced glioma stem cell enrichment. CAT also decreased the
survival in a glioblastoma mouse model [225]. Therefore, CAT is a protective enzyme for
cancer cells.

Peroxidase (Prx)

Prx is a group of enzymes responsible for catalyzing the reduction of peroxides, with
antioxidant and redox signaling functions. Prx removes H2O2, lipid peroxide, ONOO−, the
oxidation of toxic reductants, the biosynthesis and degradation of lignin, auxin catabolism,
and responses to environmental stresses such as wounding. Prx has a high capacity to
protect proteins from oxidative damage induced by ROS. In addition, Prx 1 plays an
essential role as a tumor suppressor since Prx 1 deficiency increases susceptibility to Ras-
or ErbB2-induced breast cancer [226]. These enzymes have a conserved Cys residue that
serves as the site of oxidation by peroxides. Peroxides oxidize Cys-SH to Cys-SOH, which
reacts with another Cys residue to form a disulfide bond. The latter is subsequently reduced
by an appropriate electron donor to restore Cys-SH and start another oxidation–reduction
cycle at the active site of Prx.

Unlike most ROS-degrading antioxidant enzymes, Prx does not contain any redox
cofactors, such as a metal ion, heme, or flavin. Their location depends on the group to
which they belong [227]. For example, Prx 2-cysteine (Prx I-IV), Prx 2-atypical cysteine
(Prx V), and Prx 1-cysteine (Prx VI) can be found in the cytoplasm, mitochondria, nucleus,
peroxisomes, and lysosomes [228].

These Prx locations are associated with H2O2 production and H2O2-dependent in-
tracellular signaling [229]. Because Prx is essential in cell signaling and redox state, the
good function of these enzymes protects against cerebral ischemia-reperfusion injury and
Parkinson’s, and Alzheimer’s diseases, where oxidative stress and inflammation are in-
volved [230]. Moreover, in inflammation, phagocytes produce high levels of peroxides such
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as H2O2, lipid hydroperoxide, and ONOO− to kill microorganisms. It has been shown that
these peroxides also upregulate cell-inflammatory signaling pathways. However, this burst
of ROS must be regulated, and Prxs provide a cytoprotective effect during the inflammation
process decrease. Thus, Prx regulates peroxides that serve in cell-signaling pathways and
maintains a redox state, avoiding diseases and inflammation [229].

Glutathione Peroxidase (GPx)

Another enzyme that degrades peroxides and is produced endogenously, like CAT
and Prx, is GPx. GPx is an enzyme with different subcellular distributions. It has been
shown that GPx has a molecular mass estimated to be between 83 and 95 kDa, consisting
of a tetramer of identical subunits of 22–23 kDa [231]. GPx is a selenocysteine enzyme that
catalyzes the reduction of H2O2 to H2O and other organic peroxides to their corresponding
alcohol. GPx uses GSH as a cofactor, an obligate co-substrate in reducing H2O2 to water.
Not all GPxs contain selenocysteine, but all use GSH in their active site. These enzymes
that do not contain selenocysteine are identified as thioredoxin-dependent peroxidases
because they contain a Cys in place of the selenocysteine in the redox-active site.

In humans, there are at least eight mammalian GPx enzymes, GPx1–GPx8. Most of
them are selenoproteins (SecGPxs) that are expressed in different cell types; for example,
GPx-1, GPx-2, GPx-4, and GPx-6 are mainly expressed in embryos and olfactory epithelium.
GPx can be found in the cytosol (GPx1), in the gastrointestinal system (GPx2), in membranes
(GPx4), and in the mitochondria and extracellular space (GPx3) [232]. In GPx5, GPx7, and
GPx8, the active site Sec residue is replaced by Cys (CysGPxs). GPx-4, GPx-7, and GPx-8
are monomeric, while the others are tetrameric. The alternative use of Cys or Sec would
have the biological advantage of having sulfur instead of selenium in these enzymes.
However, it has been demonstrated that these GPxs containing Cys are as efficient as
their selenocysteine-containing homologs in reducing hydroperoxides. GPx is essential for
reducing lipid hydroperoxides and other soluble hydroperoxides after they are released
from membrane lipids. Therefore, GPx4 activity is a key enzyme in reducing lipid peroxyl
radicals that are associated with the production of aldehydes/ketones such as 4-HNE
and MDA, which are highly reactive ROS and can induce DNA damage, forming DNA
adducts [6]. The role of GPx4 has been highlighted in the cancer context. For instance, in
hepatocellular carcinoma, the expression of GPx4 is related to patient survival, reduced cell
proliferation, tissue remodeling, and immune response. The authors also showed that GPx4
overexpression in mice reduced cell proliferation, disturbed angiogenesis, and decreased
IL-8 and C-reactive protein, which displayed impaired tumor growth [233].

Since GPx is critical in H2O2 degradation, its deactivation induces oxidative damage
and the activation of nuclear factor-κB (NfκB)-related inflammatory pathways [234]. Thus,
GPx is implicated in developing and preventing diseases such as cancer, hypertension,
vitiligo, neurodegenerative disease, and cardiovascular disease [235]. GPx4 regulates and
prevents ferroptosis, a programmed cell death associated with the production of high
levels of lipid peroxidation, and as a consequence, GPx4 deficiency will induce ferroptosis
and the cell death of brain cells, provoking neurodegenerative diseases [236]. Regarding
cancer, GPx2 deficiency is associated with cutaneous squamous cell carcinomas since the
production of ROS induces mutations in DNA, carrying out the activation of oncogenes or
the loss of the activation of tumor suppressors [237].

Heme Oxygenase-1 (HO-1)

HO-1 is considered a cytoprotective enzyme because it reduces ROS and prevents
oxidative stress. HO-1 catalyzes the rate-limiting step in heme degradation, which results
in the formation of biliverdin, iron, and carbon monoxide (CO).

HO-1 is the only enzyme that catabolizes heme, as there are housekeeping genes
designated to control the heme of the cell. Since HO-1 produces CO, this enzyme is con-
sidered the main source of cellular endogenous CO production. It has been demonstrated
that the microsomal HO-1 system of mammals consists of three enzymes: HO, NADPH
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cytochrome c (p450) reductase, and biliverdin reductase (BVR). The latter enzymes use
the stoichiometric quantities of NADPH and molecular O2 for biliverdin (BR) production.
Three active isoforms of heme oxygenase exist—HO-1, HO-2, and HO-3. HO-1 is the
inducible isoform that is upregulated by different stress conditions, such as heavy metals,
nitric oxide, UV irradiation, infections, cytokines, and oxidized low-density lipoprotein
(LDL). HO-2 and HO-3 are constitutively expressed at basal levels in most human cells;
however, the higher concentration levels of these isoforms are expressed in neurons, the
spleen, and the liver.

The antioxidant properties of HO-1 are associated with biliverdin since biliverdin and
its product, bilirubin, drive a catalytic antioxidant cycle. This cycle involves the reduction
of biliverdin to bilirubin by BVR. Bilirubin is a potent antioxidant that reduces lipophilic
ROS, such as lipid hydroperoxides and peroxyl radicals, to alcohol or water, respectively.
Thus, when ROS oxidizes bilirubin, it is reconverted to biliverdin, which can be used for
another catalytic antioxidant cycle.

Interestingly, it has been reported that HO-1 might migrate from the cytosol into the
nucleus, which activates transcription factors that respond to an oxidant environment [238].
Note that this action is independent of HO-1 enzymatic activity, and nuclear translocation
was only observed under oxidative stress conditions [239]. HO-1 has more non-canonical
functions, including mediating protein–protein interactions, acting as a chaperone, im-
munomodulation, and transcriptional regulation [240]. Since heme degradation products
are biologically active, the deregulation of HO-1 is implicated in multiple pathological con-
ditions. For instance, HO-1 deregulation is associated with several diseases such as cancer,
inflammation/immune dysfunction, ischemia-reperfusion injury, and transplantation [241].

Glutathione Reductase (GR)

Although different organisms synthesize GSH, it is mainly recycled. When GSH is
oxidized to GSSG, the cellular machinery can restore GSH, reducing GSSG. GR is an essen-
tial enzyme that recycles GSH, reducing GSSG. Thus, GR is responsible for maintaining
the levels of GSH, the most abundant antioxidant in the cells [242]. GR has flavin adenine
dinucleotide (FAD) as a cofactor in the reaction of GSSG reduction to GSH. GR is found
in the cytoplasm and can regenerate GSH by reducing its oxidized form GSSG [243]. Dur-
ing this process, GSSG reduction to GSH depends on nicotinamide adenine dinucleotide
phosphate (NADPH). Interestingly, the reduction of GSSG provides two molecules of GSH.

GSH is highly relevant to maintaining a redox state because GSH is a cofactor for
antioxidant enzymes such as GPx, GST, and glyoxalases. Moreover, GSH detoxifies xeno-
biotics when associated with other antioxidants such as vitamin C or E; sequesters and
stores nitric oxide and cysteine, transporting them around the body; and is involved in
redox signaling [242]. Therefore, GR maintains the physiological levels of GSH, allowing
regulation of the redox state and cellular homeostasis. GR is localized in the cytoplasm,
nucleus, ER lumen, lysosomes, and mitochondria. Since RONS are involved in cell sig-
naling for vital processes such as growth, cell cycle, defense against pathogens, and cell
death, their regulation is crucial for maintaining homeostasis. GSH is an antioxidant that
regulates RONS precisely. Since GSH depends on its products and regeneration, enzymes
such as GR are essential for maintaining cellular homeostasis.

In contrast, GSSG cannot be restored in GR dysfunction, and RONS could induce
oxidative stress and the dysregulation of cell signaling. The latter is because oxidative stress
could keep cell signaling constant, inducing diseases such as cancer. GR deficiency is a rare
disorder; however, GR deficiency is associated with red blood cell enzymopathies [244].

Glutathione S-Transferase (GST)

GST is an enzyme related to the metabolism of xenobiotics and endogenous com-
pounds such as antibiotics. Since these enzymes detoxify xenobiotics, they are abundant
in the liver, an organ associated with purifying xenobiotics. GSTs are also associated with
transporting and detoxifying bilirubin, a toxic heme metabolite. GSTs are related to the
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biosynthesis of eicosanoids that include prostaglandins and leukotrienes. GST is a cy-
tosolic and microsomal enzyme that participates in the second step of metabolism and is
responsible for conjugating toxic electrophilic compounds with GSH for their subsequent
elimination. In this reaction, GSTs catalyze the nucleophilic attack of the SH group of GSH
on an electrophilic center of a lipophilic second substrate, such as xenobiotics [245].

Thus, GST protects cellular biomolecules from attack by reactive electrophiles, both
endogenous and exogenous electrophiles. Since GSH conjugation with toxic electrophiles
leads to their elimination, GST protects against toxic compounds, inducing their elimina-
tion [246]. It is important to note that GST is able to interact covalently and non-covalently
with several toxic compounds, inducing their degradation. GSTs are localized in the cytosol,
mitochondria, and in microsomes. Mitochondrial and cytosolic GSTs are soluble enzymes,
but microsomal GSTs are associated with membranes and are involved in eicosanoid and
GSH metabolism [247]. GSTs also regulate cell signal transduction pathways implicated
in cell survival and apoptosis, regulating cell-signaling pathways such as the mitogen-
activated protein kinase (MAPK) signaling pathway, which is involved in cell survival and
death signaling [242]. Thus, GST decrease adversely affects the function of the nervous sys-
tem, leading to schizophrenia, diabetic nephropathy, and cancer, among others [248–250].
Regarding cancer, it has been shown that GSTs are associated with detoxification, and
their overexpression in cancer is a bad prognosis since GSTs induce multidrug resistance
involving several mechanisms. For instance, GSTs induce the clearance of anticancer drugs
and are related to the overexpression of efflux transporters such as multidrug resistance
protein 1 (MRP1) and ATP-binding cassette, increasing the efflux of anticancer drugs. Thus,
the overexpression of GST and efflux transporters induces resistance to the cytotoxic action
of anticancer drugs [247].

Thioredoxin (Trx)

In mammalian cells, Trx is one of the central antioxidant systems. Trx is a member
of a conserved family of redox-active proteins that contain an active site dithiol motif.
This enzyme maintains a reducing environment by catalyzing the flow of electrons from
nicotinamide adenine dinucleotide phosphate (NADPH) to Trx target proteins using highly
conserved thiol groups. Trx has a redox-active dithiol as a cofactor at its active site. The
amino acid sequence in the active site containing this dithiol, -Trp-Cys-Gly-Pro-Cys-Lys-, is
highly conserved, and the Cys residues are oxidized by the corresponding Trx substrate, as
shown in the following reaction:

Trx complements and overlaps the action of the GSH system in protecting against
oxidative stress and its toxicity. That is, Trx and GSH reduce peroxides through the activity
of multiple Trx peroxidases and GSH peroxidases. Although Trx is present at lower levels
than GSH, its role in regulating cellular redox events is more direct, making it an essential
enzyme to reduce protein oxidation and toxicity. In this way, Trx reduces oxidized proteins,
maintaining the proper functioning of proteins since protein oxidation induces their damage
and subsequent degradation [251]. Among these proteins are different peroxidases that Trx
reduces; therefore, Trx acts as a cofactor, binding partner, and protein reductant of other
peroxidases. This function influences and reduces the cellular toxicity induced by oxidative
stress and oxidative damage. For instance, Trx, as a cofactor for ribonucleotide reductase
and Met sulfoxide reductase, contributes to DNA repair.

Moreover, Trx reduces thiols of the transcription factors AP-1 and NF-κB, inducing its
binding to DNA [252]. Trx can be found in three isoforms: Trx-1, present in the endoplasmic
reticulum; trx-2, present in mitochondria; and Trx-3, also in mitochondria. It contains at
its active site two thiol groups (Trx-(SH)2), which can be oxidized to their disulfide form
(Trx-S2) by reducing compounds such as disulfide proteins (P-S2) or H2O2 [253]. Trx
is implicated in human diseases such as cardiovascular diseases, heart failure, stroke,
inflammation, metabolic syndrome, neurodegenerative diseases, arthritis, and cancer [254].
Furthermore, Trx also plays a critical role in tumor resistance, as Trx-1 also binds to proteins,
modulating folding and resistance to anticancer drugs [252].
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Thioredoxin Reductase (TrxR)

TrxR reduces Trx that has been oxidized by reducing its target proteins, thus regulating
the intracellular redox environment due to the maintenance of Trx. Mammalian TrxRs are
selenium pyridine-disulfide oxidoreductase enzymes containing the amino acid sequence
-Cys-Val-Asn-Val-Gly-Cys- at the redox catalytic site. The mechanism of action of TrxR
is the following: when TrxSH2 is oxidized to Trx-S2, Trx-S2 can be reduced by NADPH
through the catalytic action of the TrxR flavoenzyme. The reaction mechanism of TrxR is
shown below:

Therefore, the maintenance of an adequate intracellular redox environment is mainly
due to the action of TrxR and the TrxR/Trx system. TrxR complementing the TrxR/Trx
system is crucial for cell survival, as they are the central protein systems that control the
redox balance of proteins in the cytoplasm [255]. TrxR is an NADPH-dependent homodimer
that contains one FAD per subunit and is found in two isoforms: cytosolic TrxR-1 and
mitochondrial TrxR-2. It includes a residue of selenocysteine, which allows it to reduce to
Trx [253]. Since TrxR maintains Trx in good condition, the role of TrxR as a protector against
oxidative injury is essential, albeit indirectly, for cell growth and even cell transformation.

Furthermore, TrxR is crucial for recycling ascorbate from its oxidized form. The
latter is critical for humans, who lack the ability to synthesize ascorbic acid, an essential
antioxidant scavenger in protecting cells from oxidative stress and oxidative damage, so
TrxR activity is vital for maintaining cellular homeostasis and a good redox state [255].
Furthermore, because TrxR can reduce the number of substrates other than Trx, their role in
cell physiology likely remains to be discovered. TrxR is vital in human diseases, including
cancer, acquired immunodeficiency syndrome (AIDS), and autoimmune disease [255].
Decreasing TrxR levels and activity could be a potential therapy for cancer treatment
because TrxR overexpression is associated with resistance to anticancer therapy [256].
Therefore, TrxR inhibitors have a potential antitumor activity that would induce oxidative
stress, causing cell-cycle arrest and apoptosis.

5.1.2. Non-Enzymatic Antioxidants

Non-enzymatic antioxidants work by intercepting and terminating free-radical chain
reactions [257]. Some of these antioxidants are water-soluble and are found in the cytosol
or cytoplasmic matrix, while others are fat-soluble and are present in cell membranes [258].
Examples of non-enzymatic antioxidants are GSH, bilirubin (BR), melatonin, uric acid,
coenzyme Q, and others [259].

Glutathione (GSH)

GSH is a tripeptide composed of cysteine, glutamic acid, and glycine residues [260]. In
addition, it is the most critical low-molecular-weight soluble antioxidant and is ubiquitously
distributed in all cells. It is produced in many different tissues [245]; however, in the liver,
GSH synthesis is more intense [243]. The de novo synthesis of GSH begins with the union
of cysteine with glutamate to produce γ-glutamylcysteine by the action of the enzyme
glutamate cysteine ligase (GCL) called γ-glutamylcysteine synthetase. Subsequently, the
enzyme glutathione synthetase adds glycine to the dipeptide, forming GSH (γ-glutamyl
cysteinyl glycine). Both enzymes require ATP hydrolysis to perform their function [245]. It
should be noted that the rate-limiting step in de novo GSH synthesis is that catalyzed by
GCL, a target gene of Nrf2 [261].

GSH can exist in two redox forms, the reduced thiol and the GSSG [262]. Under normal
conditions, the reduced form predominantly represents more than 98% of total GSH [263].
GSH can be converted from reduced to oxidized form by the enzymes GPx and GR. GPx
oxidizes GSH to GSSG during the detoxification of H2O2 or other organic hydroperoxides.
However, GSSG can be reduced back to GSH by the action of GR and in the presence of
nicotinamide adenine dinucleotide phosphate in its oxidized form (NADP+) [264].

GSH fulfills various functions; however, the most important is acting as an antioxidant.
The antioxidant function of GSH consists of reducing the reactive oxygen species (ROS)



Oxygen 2022, 2 458

formed during enzymatic and non-enzymatic reactions [265]. In addition, it regenerates
other antioxidants, including vitamin C and vitamin E, and participates in the repair
of biomolecules with oxidative damage and the maintenance of the sulfhydryl groups
of proteins in a reduced state [266–268]. However, GSH also has other functions that
are not related to ROS. For example, the conjugation of GSH by the enzyme GST with
xenobiotic compounds produces non-toxic products, which affects their detoxification [269].
In addition, GSH participates in the metabolism of prostaglandins and leukotrienes and
is involved in the transport of amino acids and the absorption of micronutrients from the
intestine, mainly Fe and selenium [270,271]. It is also involved in the modulation of cell
differentiation and proliferation, apoptosis, enzyme activation, metal transport in cells,
neurotransmission, and as a source of cysteine during protein synthesis [272].

Finally, GSH depletion has been shown to result in a worsening effect in many disease
models. At the same time, the protective effects increase by recovering GSH levels with
precursors of its synthesis, such as N-acetylcysteine or 2-oxothiazolidine-4-carboxylic
acid [259,273].

Albumin (ALB)

ALB is composed of 585 amino acids, is the main extracellular protein responsible for
maintaining the redox state of plasma, and has numerous physiological functions [274].
These functions include regulating osmotic pressure, distributing fluids between the dif-
ferent body compartments, and transporting bile pigments, cholesterol, fatty acids, and
drugs [257].

The plasma concentration of ALB in healthy people ranges from 35 g/L to 50 g/L [275].
A lower concentration of ALB is related to the aging process and the development of non-
communicable diseases (also known as chronic diseases), which are strongly associated
with the action of ROS and the oxidant–antioxidant imbalance [276,277].

ALB exerts its antioxidant effect by binding to many types of molecules and ions
to prevent ROS production. For example, free ferrous and cupric ions bind to ALB, pre-
venting them from being catalysts in the Fenton reaction and generating •OH [257,278].
In addition, ALB directly neutralizes free radicals through its sulfur amino acids, Met
and Cys [279]. These residues represent between 40% and 80% of the total antioxidant
activity of ALB [280]. The free sulfhydryl group of Cys in ALB is capable of trapping
several reactive species, such as H2O2, O2

.−, HOCl, and ONOO−. When this happens,
Cys is oxidized to form sulfenic acid (ALB-SOH), which, in the presence of ROS, can be
further oxidized to sulfinic (ALB-SO2H) and sulfonic (ALB-SO3H) acids. These reactions
are irreversible and lead to the formation of final products. However, ALB-SOH is also
regenerated back to ALB in reduced form (ALB-SH) by reaction with a low-molecular-
weight thiol, e.g., free Cys or GSH. Under nitrosative stress, the reduced Cys of albumin
is transformed into s-nitroso-albumin (ALB-SNO) [257,281]. This reaction is also reversed
by Cys or GSH [282]. ALB also exerts indirect antioxidant effects since it binds to BR and
unsaturated fatty acids, preventing the oxidation of these compounds [283]. During patho-
logical conditions such as diabetes, chronic obstructive pulmonary disease (COPD), and
kidney disease, glucose- or acrolein-induced structural modifications of ALB can strongly
affect its antioxidant properties [284,285]. However, these modifications currently work to
monitor the progression of different diseases such as chronic kidney disease [286,287].

Bilirubin (BR)

BR is a highly hydrophobic, water-insoluble tetrapyrrole derivative that is generated
from the degradation of hemoglobin and other heme proteins (e.g., myoglobin, cytochromes,
CAT) by the mononuclear phagocyte system [288,289]. The formation of BR begins when
the heme residue of proteins is enzymatically broken down to biliverdin by the enzyme HO-
1. Subsequently, biliverdin is reduced to BR by biliverdin reductase (BVR) in an irreversible
process [257].
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In plasma, unconjugated BR (uBR) binds to ALB for uptake in the liver by passive
transmembrane diffusion combined with active transport mediated by various sinusoidal
transporters [288]. Once in the liver, uBR binds to ligandin to be transported to the en-
doplasmic reticulum, where it is conjugated with glucuronic acid by the action of the
enzyme uridine diphosphate glycosyltransferase 1A1 (UGT1A1) and is thus excreted in
the bile to the liver to intestine [288,289]. In some diseases where the liver is damaged, the
excretion of bile is obstructed, and the level of BR in the blood increases. For this reason,
BR is considered a marker of liver function. Various studies have shown that BR can be
toxic at high levels, especially in newborns [290]. In addition, hyperbilirubinemia can
produce imperceptible effects to severe brain damage and even death [291]. However, mod-
erate concentrations of BR have been associated with antioxidant and anti-inflammatory
properties [292,293].

As an antioxidant, BR captures 1O2 with high efficiency, reacts with O2
.− and peroxyl

radicals, and serves as a reducing substrate for peroxidases in H2O2 or organic hydroper-
oxides [294]. It should be noted that when BR acts as a reducing agent, it is oxidized to
biliverdin; however, BR can be regenerated again by the action of BVR through a cycle
that detoxifies excess oxidants up to 10,000 times [288]. There is evidence showing that
highly moderate levels of BR are positively associated with a reduced risk of cardiovascular
disease, Alzheimer’s disease, ischemia-reperfusion, diabetes, respiratory disease, cancer,
metabolic syndrome, and obesity, suggesting that increased BR production is an adaptive
response against oxidation [295–298].

Uric Acid

Uric acid is a low-molecular-weight organic compound generated by the purine
degradation pathway. The average concentration of uric acid in humans is 3.5 to 7.5 mg/dL,
which is higher than that of other mammals (0.5 to 1.5 mg/dL) since the latter can transform
the serum uric acid into allantoin. When uric acid concentrations are much higher than
those considered normal, it can lead to obesity, insulin resistance, and hyperuricemia [299,300].
Hyperuricemia can be a risk factor for cardiovascular disease in patients with diabetes
mellitus [301] and can cause pulmonary arterial hypertension [302].

On the other hand, uric acid is a hydrophilic antioxidant, providing approximately 60%
of the free radical scavenging activity in blood serum [303,304]. Uric acid removes ROS such
as ONOO−, 1O2, •OH, H2O2, and lipid peroxides [305]. When uric acid reacts with H2O2,
urate radicals are formed, which have a lower oxidizing potential than other free radicals.
Urate radicals can react with ascorbic acid and regenerate uric acid [306]. Furthermore,
uric acid removes NO2 and carbonate ions [307,308]. It forms stable complexes with
Fe ions and copper ions, inhibiting free radical reactions, such as the Fenton reaction
and the Haber–Weiss reaction [305]. Uric acid also confers protection and modulates the
physiological levels of antioxidant enzymes SOD1 and 3 [309]. Evidence shows that uric
acid has beneficial effects in many diseases associated with oxidative stress. Furthermore,
uric acid has been proposed to be more effective as an antioxidant than vitamin C [310].

Melatonin (MEL)

MEL (N-acetyl-5-methoxytryptamine) is a low-molecular-weight endogenous hor-
mone derived from tryptophan and released from the pineal gland in the dark. For a long
time, MEL was considered a hormone unique to vertebrates. However, recently it has
been seen that it is also found in bacteria, algae, higher plants, and invertebrates [311].
In fact, it is now known that due to its bacterial origin, mitochondria also synthesize
melatonin [312,313].

MEL is the hormone responsible for regulating different biological functions such
as sleep, circadian rhythm, immunity, reproduction, and blood pressure control [314,315].
Furthermore, MEL has been seen to have anti-inflammatory and antioxidant properties.
The antioxidant functions of MEL are to (a) directly neutralize free radicals such as hydroxyl,
(b) stimulate the activity of antioxidant enzymes, (c) increase the efficiency of mitochondrial
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oxidative phosphorylation and reduce electron leakage to decrease the generation of RONS,
and (d) increase the efficacy of other antioxidants [312,316,317]. Furthermore, due to its
small molecular size and specific chemical structure (steroid hormone), MEL can cross
biological membranes and react with individual cell components [318]. Therefore, MEL
exerts antioxidant protection in both aliphatic and aqueous cellular environments. In fact,
MEL also exerts its antioxidant functions through its receptors located in the cell membrane
or intracellular organelles [319,320]. These antioxidant actions are indirect and probably
involve the stimulation of antioxidant enzyme activities. When MEL acts through its
receptors, it can achieve its effect at lower concentrations compared to when it functions
as a direct free-radical scavenger because signal transduction pathways associated with
the receptors serve to magnify the response. Another essential feature of the MEL is its
availability at multiple sites—unlike other antioxidants, such as vitamin E and C, which
are only available to humans through their diet [321–323].

The decrease in MEL secretion has been associated with premature aging, while the
adequate concentration of this molecule has beneficial effects on various conditions, such as
heart disease, neurodegenerative diseases, and diabetes mellitus, among others [312,324–326].

Coenzyme Q10 (CoQ10)

CoQ10 is a 1,4-benzoquinone derivative that provides antioxidant protection to cell
membranes and plasma lipoproteins [327]. It is synthesized in all body tissues, and de-
pending on its oxidation state; it can also be called ubiquinone (CoQ10-oxidized), ubiquinol
(CoQ10H2-reduced), and semiquinone (partially reduced, as a radical). CoQ10 is synthe-
sized from tyrosine and a polyprenyl group resulting from acetyl-CoA [328,329]. Moreover,
as its name implies, CoQ10 is ubiquitous and present in all human cells. It is mainly found
in the mitochondrial respiratory chain, cell membranes, and lipoproteins.

CoQ10 has several biochemical functions, including electron transport in the mito-
chondrial respiratory chain and electron transport out of mitochondria [330]. The activity
of CoQ10 is carried out in the lipid phase and participates in the redox reactions of dehydro-
genases, cytochromes, or other non-heme proteins [331]. In addition, CoQ10 works as an
antioxidant. Ubiquinol, the fully reduced form of CoQ10, scavenges free radicals from fat-
soluble antioxidants by affecting the initiation and propagation of ROS [332,333]. Ubiquinol
is also known to reduce oxidized α-tocopherol, and the reduced form of tocopherol shows
strong antioxidant properties and regenerates vitamin C [334,335].

The average concentration of CoQ10 in the blood ranges between 0.50 and
1.91 µmol/L [336,337]. Concentrations below these are associated with aging and diseases
such as hypertension, coronary artery disease, cardiovascular disease, diabetes mellitus,
and cancer [333,338], while CoQ10 supplementation shows decreased oxidative stress and
the increased activity of antioxidant enzymes [339], resulting in attenuation of the severity
of different diseases and conditions [333,338,340].

5.2. Exogen or Dietary Antioxidants

Exogenous antioxidants or dietary antioxidants can be obtained mainly through the
diet by consuming fruits, vegetables, derived products, and food supplements. These an-
tioxidants cannot be synthesized in the human body [341]. Some examples of these dietary
antioxidants are vitamins such as A, C, and E, some phenols, flavonoids, carotenoids, and
metals such as Zn or Se. These, along with endogenous antioxidants, can counteract the de-
teriorating effects of oxidative stress and maintain redox homeostasis [342,343]. It has been
suggested that an antioxidant-rich diet may benefit health [344,345]. Forman et al. [346]
proposed that dietary antioxidants’ primary mechanism of action is through the stimulation
of antioxidant enzymes and damage elimination and repair systems (e.g., the oxidative
activation of the Nrf2 signaling pathway).
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5.2.1. Ascorbic Acid

The L-enantiomer of ascorbic acid (vitamin C) is a hydrosoluble vitamin essential for
humans; it acts as a reduction agent and is involved in tissue integrity, collagen biosynthesis,
neuroprotection, hematopoiesis, and leukocyte functioning, as an efficient antioxidant
eliminating ROS, and as free-radical scavenger [343,347]. The average concentration in
plasma of vitamin C is approximately 60 to 90 µmol/L, and intracellular concentrations
range from 0.5 to 10 mmol/L [348]. Humans cannot synthesize vitamin C endogenously,
so the primary source is through the diet [349,350]. Poor intake of vitamin C through diet
can lead to its deficiency. This is known as scurvy, which can induce anemia, myalgia,
bone pain, easy bruising, swelling, petechiae, perifollicular hemorrhages, corkscrew hairs,
gum disease, poor wound healing, mood changes, and depression [351]. In addition, in a
meta-analysis of observational studies by Guo et al. [352], an inverse association was found
between the levels of vitamin C in the diet and circulation and metabolic syndrome.

Vitamin C is present in fruits, vegetables, and legumes, such as citrus fruits, broccoli,
spinach, potatoes, kiwis, strawberries, tomatoes, and red peppers [348,349]. The micronu-
trient is absorbed by the intestine and excreted via the kidneys. Moreover, vitamin C
is transported across cell membranes by two sodium-dependent vitamin C transporters,
sodium-dependent vitamin C transporters (SVCT)1 and SVCT2 [350,353,354]. It has also
been mentioned that synthetic sources of vitamin C are chemically identical and have
comparable bioavailability with food-derived sources of vitamin C [350].

Vitamin C is a ubiquitous antioxidant located in the aqueous phase of cells and gives
stability to radicals by its excellent capability to donate electrons [341,355]. Ascorbic
acid undergoes one- and two-electron oxidations to produce the ascorbyl radical and
dehydroascorbic acid [350]. Ascorbic acid acts primarily as a donor of single hydrogen
atoms. This property allows ascorbic acid to reduce many free radicals; the radical anion
monodehydroascorbate reacts mainly with radicals [347]. Ascorbic acid may also have
prooxidant effects at higher concentrations. Moreover, this prooxidant activity of ascorbic
acid is frequently associated with metal ions (e.g., Fe and Cu) due to catalyzing their
reduction, causing ROS formation [347,356,357].

5.2.2. Polyphenols

Phenols are chemical compounds that are widely distributed in foods of plant origin.
Plants synthesize them in large quantities as a product of their secondary mechanism; some
are essential for plant physiological functions, and others participate in defense functions
against stress and environmental stimuli [358]. The main groups of polyphenols are
phenolic acids, stilbenes, lignans, phenolic alcohols, and flavonoids [358]. The antioxidant
activity of phenolic compounds is mainly due to structural characteristics (benzene ring
and number-position of hydroxyl groups), which allow them to participate in metabolic
oxidation–reduction reactions [359]. Their structure allows them to scavenge most types
of oxidizing species by transferring a hydrogen atom or electrons via proton transfer to
free-radical substrates, thus producing non-radical substrates. Although, they can act as
antioxidants through the uptake of metal ions through the formation of metal complexes
with their multiple hydroxyl and carbonyl groups [360]. In addition, it has been seen that
they can interfere with iNOS activity, mitigating the oxidative stress caused by NO•. It also
may inhibit the activity of ROS-generating enzymes such as XO and NOX and increase
the activation of antioxidant enzymes such as SOD, CAT, and GPx [361–364]. Phenolic
compounds are contained in foods mainly as polyphenols: flavonoids (flavones, catechins,
anthocyanins, phytoestrogens) and lignans; these have antioxidant activity, so they are
considered natural exogenous antioxidants [359,365,366].

5.2.3. Flavonoids

Flavonoids are the most abundant subclass of polyphenols in plants. They are low-
molecular-weight compounds composed of two phenyl rings joined through a heterocyclic
pyran ring and are hydroxylated in their aromatic rings [367]. Flavonoids occur pre-
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dominantly as glycosides (O-glycosides and C-glycosides). More than 4000 varieties of
flavonoids have been identified. Several subgroups of flavonoids are classified according
to their chemical structural characteristics, such as the presence of functional groups, the
oxidation state of the heterocyclic ring, and the number and position of hydroxyl groups,
among others [361]. Therefore, it can be mentioned generally that the main subgroups are
flavonols, flavones, flavanones, isoflavones, anthocyanidins, and flavanols (catechins and
proanthocyanidins) [367,368].

Among the foods with high polyphenols are various berries, cocoa, grapes, and tea;
their derived products are also foods rich in antioxidants. Berries include black, blue, straw,
and raspberries, particularly rich in anthocyanins [366,369,370]. Moreover, flavanols in
cocoa are mainly in the form of epicatechins, catechins, and procyanidins. In the case of
wine, the primary polyphenols are catechins and proanthocyanidins [371,372]. Similarly,
coffee and tea are relatively high in antioxidants and, due to frequent consumption, are
important sources of antioxidants in the diet [369]. In tea, most flavonoids are found as
catechins. In black tea, polymerized catechins such as theaflavins and thearubigins are
predominant. In contrast, in green tea, the main flavonoids present are epigallocatechin
gallate (EGCG), epigallocatechin (EGC), epicatechin gallate (ECG), epigallocatechin gallate
(ECG), and epicatechin (EC), all of them monomeric catechins [373,374]. The catechins
EGCG, EGC, ECG, and EC have been attributed to possessing antimutagenic, antidiabetic,
anti-inflammatory, and cancer preventive properties, all of these probably related to their
activity as antioxidants [373].

5.2.4. Resveratrol

3,5,4′-trihydroxy-trans-stilbene, more commonly known as resveratrol, is a phytoalexin-
type polyphenol (antimicrobial) belonging to the stilbene family [375]. It has been observed
that resveratrol as a phenolic compound can directly remove some RONS such as •OH,
O2
−, H2O2, and ONOO− [376–378]. However, many of the beneficial effects of resver-

atrol in vivo are mediated through gene regulation. Resveratrol has been identified as
an activator of histone sirtuin 1/NAD+-dependent protein deacetylase (SIRT1), which
modulates gene expression by targeting transcription factors such as NF-κB, FOXO, and
PGC-1α, some proteins such as eNOS, and molecules such as histones [379]. Similarly, it
has been observed that resveratrol can improve the expression of enzymes such as SOD,
GPx1, and CAT [376]. Furthermore, even though the mechanism through which resveratrol
can activate Nrf2 is not clear, there is evidence that resveratrol increases the transcriptional
activity of Nrf2 and upregulates Nrf2/ARE-dependent antioxidant enzymes such as NQO1
and HO-1 [376,378,380]. Therefore, resveratrol can help decrease ROS production and
accelerate ROS detoxification. Resveratrol has been attributed properties such as antigly-
cation, antioxidant, anti-inflammatory, neuroprotective, antiaging, cardioprotective, and
anticancer [375,381].

6. OS and Diseases

Metabolic disorders and OS are tightly related. Metabolic disorders provided by
elevated body weight include metabolic diseases such as diabetes and obesity. Accord-
ing to the World Health Organization (WHO), over 1.9 billion adults suffer from being
overweight. One of the principal risk factors for developing metabolic disorders is a high-
energy diet, which can overstimulate the mitochondria because of metabolic overload.
This stimulation further upregulates ETS, resulting in the excessive production of ROS as
byproducts [382]. This suggests a crucial role of mitochondria in metabolic disorders. Sup-
porting the latter, patients with elevated body mass index (BMI) secrete 8-epiprostaglandin
F2, an isoprostane produced by the non-enzymatic peroxidation of arachidonic acid in
membrane phospholipids, through urine [383].

Furthermore, adipocytes in obese people show an overactivation of NOXs and ER
stress, inducing chronic sustained inflammation. Oxidative stress is directly correlated with
an increase in LDL proteins and inversely correlated with HDL decrease, proposing that
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OS regulates lipid metabolism. Accordingly, LDLs are the lipids with the most propensity
to oxidize, and they are known as oxidized LDLs (oxLDLs). OxLDLs can be engulfed by
macrophages, forming macrophage foaming cells [384]. The antioxidant system is also
reduced in obese patients, contributing to metabolic syndrome.

Diabetes is another complication of metabolic alterations. During this disease, ad-
vanced glycation end products (AGEs) activate NOXs as described above. This NOX
activation generates RONS; thus, high levels of these radicals generate OS (for more details,
review [385]). ROS participates in the dysfunction of β-pancreatic cells, promoting type
2 diabetes development. Moreover, diabetes-induced ROS induces the overexpression
of p27, an inhibitor of the cell cycle, and represses cyclins D1 and D2, arresting the cell
cycle [386]. High glucose levels also produce ROS, activating interleukins such as IL-
TNF-α, IL-1β, IL-6, and IL-18, thus contributing to inflammation, characteristic of diabetic
patients [387].

In cancer, RONS regulate cancer cell proliferation and differentiation, acting as sec-
ond messengers in several signal transduction pathways sensitive to cancer [6]. Cancer
comprises a multistage cellular process involving initiation, promotion, and progression,
and RONS intervene at each step. In initiation, RONS are implicated as mutagenic because
of radicals’ ability to interact with DNA bases, triggering mutations in key genes. These
mutations might carry out the activation of proteins that induce a proliferative phenotype
or the uncontrolled growth of cells, thus producing proliferation. The promotion stage
comprises, in fact, proliferation by the activation of signaling pathways by H2O2. The
constant production of H2O2 deactivates phosphatases, avoiding the turn-off of signal-
ing pathways such MAPKs [388]. Finally, in the progression stage, genomic instability is
present, which involves the production of oxidized DNA pair bases such as 8-OHdG. It
has been reported that 8-OHdG traps topoisomerases, causing DNA breaks [389]. The
latter, along with deficient DNA system repairing, leads to the formation of chromosomal
aberrations, consequently resulting in dysfunctional proteins.

7. Concluding Remarks

RONS are required for several cellular functions; however, high concentrations pro-
duce OS, contributing to several pathological conditions. Although mitochondria and
NOXs are the principal RONS sources, RONS might provide other internal or external
sources. Therefore, antioxidant systems are used by the cells to avoid RONS surpassing the
canonical concentrations. Additionally, natural antioxidants obtained from the diet might
help to maintain low RONS concentrations.
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