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Aims and Scope of the Series
Biochemistry, the study of chemical transformations occurring within living 
organisms, impacts all of the life sciences, from molecular crystallography and 
genetics, to ecology, medicine and population biology. Biochemistry studies 
macromolecules - proteins, nucleic acids, carbohydrates and lipids –their building 
blocks, structures, functions and interactions. Much of biochemistry is devoted 
to enzymes, proteins that catalyze chemical reactions, enzyme structures, mech-
anisms of action and their roles within cells. Biochemistry also studies small sig-
naling molecules, coenzymes, inhibitors, vitamins and hormones, which play roles 
in the life process. Biochemical experimentation, besides coopting the methods 
of classical chemistry, e.g., chromatography, adopted new techniques, e.g., X-ray 
diffraction, electron microscopy, NMR, radioisotopes, and developed sophisticat-
ed microbial genetic tools, e.g., auxotroph mutants and their revertants, fermenta-
tion, etc. More recently, biochemistry embraced the ‘big data’ omics systems.
Initial biochemical studies have been exclusively analytic: dissecting, purifying 
and examining individual components of a biological system; in exemplary words 
of Efraim Racker, (1913 –1991) “Don’t waste clean thinking on dirty enzymes.” 
Today, however, biochemistry is becoming more agglomerative and comprehen-
sive, setting out to integrate and describe fully a particular biological system. The 
‘big data’ metabolomics can define the complement of small molecules, e.g., in a 
soil or biofilm sample; proteomics can distinguish all the proteins comprising e.g., 
serum; metagenomics can identify all the genes in a complex environment e.g., the 
bovine rumen.  
This Biochemistry Series will address both the current research on biomolecules, 
and the emerging trends with great promise.
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Preface

An oxidative imbalance caused by the inability to detoxify the reactive products 
that are created by the generation of reactive oxygen species (ROS) during cellular 
metabolism is known as oxidative stress. Increased levels of free radicals produced 
by biological oxidation lead to cell death, oxidative damage to cellular structures and 
components, disruption of intracellular protein structure and function, membrane 
damage from polyunsaturated fatty acid peroxidation with lipids, nucleic acid base 
modifications, and chromosome changes.

Superoxide and the hydroxyl radical are the two main oxygen free radicals. They are 
created through chemical reduction processes starting with molecular oxygen. These 
free radicals can harm cells and cause apoptosis, which can contribute to a number 
of serious conditions, including  diabetes, cancer, myocardial infarction, and stroke. 
Free radicals and DNA interactions are assumed to be the cause of many malignan-
cies, which subsequently result in mutations that alter the cell cycle and neoplasia. 
Because free radicals are necessary for life, the body minimizes radically induced 
damage to protect against excessive production of free radicals by several enzymatic 
mechanisms. Antioxidants play a crucial role in these defense mechanisms. A careful 
equilibrium between oxidants and antioxidants allows healthy organisms to resist the 
damaging effects of ROS. Hence, the steady creation of free radicals in aerobic organ-
isms must be balanced by a constant consumption of antioxidants. Antioxidants, 
whether they are enzyme- or non-enzyme-based, work to stop free radicals from 
forming and to find, neutralize, or repair the harm they do. Many natural and exog-
enous antioxidants are used to protect against oxidative damage and chronic illnesses.

Several antioxidant mechanisms found in both plants and the human body maintain 
the equilibrium of ROS. The mitochondrial respiratory chain, which naturally pro-
duces ROS, plays a role because ROS can, in some circumstances, be both damaging 
to cells and advantageous to metabolism. In contrast, under pathological or stressful 
conditions, ROS overwhelm antioxidant systems, resulting in an imbalance that, in 
turn, leads to oxidative stress and irreversible changes in cell compounds, such as 
proteins, carbohydrates, and lipids, as well as the ability to interfere with standard 
cellular-signaling mechanisms. A growing understanding exists that elevated ROS 
may contribute significantly to the pathogenesis of many chronic diseases, including 
cancer, atherosclerosis, cardiovascular disease, diabetes, Parkinson’s and Alzheimer’s 
disease, liver injury, and immune dysfunction, as well as the process of normal aging.

The potential ability of antioxidants to prevent cancer by neutralizing ROS that might 
harm DNA has long been a theory. Vitamin E, flavonoids, and polyphenols are a few 
antioxidants that have been studied in recent years for their potential or claimed 
benefits against oxidative stress. 

Elevated amounts of exogenous antioxidants have been shown to inhibit the kinds of 
free radicals linked to the emergence of cancer in laboratory and animal studies. In 



IV

cooperation with the National Cancer Institute, several randomized studies assessing 
the value of antioxidant supplements for cancer prevention have been carried out. 
There is no evidence to support their effectiveness in preventing primary cancer. 
According to a US investigation, there is insufficient solid scientific data to support 
the benefits of vitamin and mineral supplements in preventing cancer. Antioxidants 
can help some types of patients who have a real, documented imbalance, but they 
might not provide any additional benefits for someone who consumes enough nutri-
ents in their diet.

This book provides a guide to the pathophysiology of oxidative stress and the latest 
therapeutic advances in modulating antioxidants.

Dr. Suna Sabuncuoğlu
Professor, 

Faculty of Pharmacy, 
Department of Toxicology,

Hacettepe University,
Sıhhiye, Ankara, Turkey

Ahmet Yalcinkaya
Department of Medical Biochemistry and Microbiology,

 Uppsala University, 
Uppsala, Sweden
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Chapter 1

The Role of Oxidative Stress in the 
Onset and Development of  
Age-Related Macular Degeneration
Emina Čolak, Lepša Žorić, Miloš Mirković, Jana Mirković, 
Ilija Dragojević, Dijana Mirić, Bojana Kisić  
and Ljubinka Nikolić

Abstract

Age-related macular degeneration (AMD) is a complex, degenerative and progressive 
chronic disease that leads to severe visual loss. The prevalence of early AMD accounts 
for 18% in the population between 65 and 74 years of age and even 30% in subjects older 
than 74 years. The articles published in the last decade point out to a significant role 
of oxidative stress in the onset and development of age-related macular degeneration. 
Generally, reactive oxygen species (ROS) are produced in the eye during light absorption 
and physiological metabolic processes. The level of oxidative stress is kept under control 
by the action of antioxidants and reparative enzymes. Excessive synthesis of ROS leads 
to increased oxidative modification of lipids, proteins and DNA, causing oxidative dam-
age of cytoplasmic and nuclear cell elements and changes of the extracellular matrix. 
The accumulation of oxidatively modified compounds in drusen deposits will initiate 
the onset and development of AMD. The objective of this review was to highlight the 
mechanisms of oxidative stress in order to elucidate their significance and association 
with the pathogenesis of AMD.

Keywords: age-related macular degeneration, antioxidants, oxidative stress, reactive 
oxygen species (ROS), retinal pigment epithelium (RPE)

1. Introduction

Age-related macular degeneration (AMD) is a complex, degenerative, progressive, 
multifactorial disease with multiple genetic and environmental factors contributing 
to its onset and progression [1].

Age-related macular degeneration (AMD) represents damage of the retinal macula 
and thus the central visual field and is the leading cause of blindness and visual impair-
ment in people over 60 years of age [2, 3]. Prevalence of an early AMD (the presence of 
medium-sized drusen or drusen with degeneration or hyperpigmentation of the retinal 
pigment epithelium (RPE)) is 18% in the elderly population between 65 and 74 years of 
age and as much as 30% in the population older than 74 years [4].
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The initial site of damage, according to most researchers, is the retinal pigment 
epithelium, although some authors find primary damage in the choriocapillary or 
extracellular matrix of the sensory retina. Regardless of the location and mechanism 
of initial damage, there is an opinion that oxidative stress plays an increasingly impor-
tant role in the genesis of age-related macular degeneration.

The eye is a unique organ, because it is constantly exposed to radiation, atmo-
spheric oxygen, chemicals from the environment, but also to the physical damages 
[5]. Therefore, oxidative stress is one of the most important mechanisms of the onset 
of many eye diseases such as cataract, glaucoma, uveitis, retrolental fibroplasia, age-
related macular degeneration, as well as various forms of retinopathy [6]. Most free 
radicals are formed as bioproducts of normal cellular physiology. The most common 
damage to the eye by free radicals is caused by hydroxyl radical (OH·), superoxide 
anion radical (O2•–) and hydrogen peroxide (H2O2). Reactive oxygen species (ROS) 
cause oxidative damage to cytoplasmic and nuclear elements of the cell and make 
changes in the extracellular matrix. The degree of oxidative cell damage is limited 
by the action of various types of antioxidants and reparation of damaged structures. 
Throughout life, persistent oxidative stress which leads to oxidative damage to 
macromolecules and to the accumulation of these oxidatively modified compounds is 
one of the most important factors of tissue ageing. The retina is a typical example of 
tissue where oxidative changes occur, including loss of retinal cells, accumulation of 
lipofuscin within the retinal pigment epithelium (RPE), drusen formation, accumula-
tion of degrading products in the Bruch membrane and changes in choroidal capil-
laries. When these changes become pronounced, they contribute to the formation of 
macular degeneration. Recent studies have shown that antioxidants and ‘scavengers’ 
of free radicals have anti-inflammatory and protective effects on eye tissues, protect-
ing them from the harmful effects of oxidants [7].

The objective of this review was to describe the mechanisms of oxidative stress in 
order to elucidate their significance and association with the pathogenesis of AMD.

2. The classification of AMD

Based on the Beckman AMD classification system, the disease is classified into 
early-stage AMD, intermediate-stage AMD and late-stage AMD [8]. Early-stage AMD 
encompasses the presence of medium-sized drusen (63–125 μm) without any impair-
ment of visual function. Intermediate-stage AMD is defined by the presence of large 
drusen (>125 μm) or/and abnormalities in the RPE. Late-stage AMD (advanced AMD) 
is classified into two clinical entities: central geographic atrophy (GA, dry or nonexu-
dative AMD) and neovascular AMD (wet or exudative AMD) [9]. Irreversible loss 
of vision occurs in geographic atrophy when there is an irreversible loss of RPE and 
photoreceptor cells, usually in the perifoveal region of the macula. In the neovascular 
form of AMD, there is an invasion of new choroidal blood vessels (choroidal neovascu-
larization-CNV), followed by retinal detachment and RPE and vision loss [9].

3. Oxidative processes and the onset of AMD

Oxidative processes participate in almost all pathological processes in the eye. The 
presence of oxidative stress has also been registered in uveitis, diabetic retinopathy, 
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various forms of glaucoma, cataractogenesis and other degenerative processes [10]. 
As highly reactive intermediates, free radicals can lead to oxidative tissue damage 
through a number of mechanisms such as peroxidation of unsaturated fatty acids 
leading to disturbances in the permeability and fluidity of biological membranes, 
which is accompanied by increased membrane permeability. Oxidation of thiol 
groups of enzymes leads to a decrease in their activity and even inactivation of 
enzymes. Fragmentation of fatty acid chains leads to loss of membrane integrity, 
while disruption of lysosomal membrane continuity leads to release of hydrolytic 
enzymes and cell damage [11].

The oxidation of polyunsaturated fatty acids in the phospholipids of the cell 
membranes could damage the cell integrity and function. In addition to negative and 
destructive effects, this process may have important physiological functions such as: 
the lipid metabolism regulation, and changes in their physicochemical properties 
and permeability. Under controlled conditions, ROS enables the control of synthesis 
of biologically active prostaglandins and leukotrienes, proliferation and initiation of 
cell death.

Proteins are also targeted by free radicals’ action that could change their primary, 
secondary and even tertiary structure. Oxidative modifications of the primary 
structure of proteins resulting from the modification or loss of some amino acids or 
aggregation and fragmentation of proteins, which are reflected in changes in solubil-
ity and charge, are described [12]. These processes affect the integrity of the cell and 
its function and lead to oxidative tissue damage.

Oxidation of nucleic acids leads to changes in DNA structure, gene mutations, 
synthesis of inadequate genes or lack of synthesis of other genes. As a result of such 
processes, malignant cell transformations occur. Mitochondrial DNA is particularly 
sensitive to such transformations.

The degree of biomolecule damage depends on their vulnerability and intensity 
of oxidative stress. The repair of primarily damaged molecules results in structural 
changes that remain at the molecular, i.e. at the cellular level. At one point, the dam-
age becomes so great that it exceeds the critical mass. At that moment, the symptoms 
of illness appear [13].

Eye damages caused by these changes as well as the mechanisms of antioxidant 
protection show certain specifics, not only in the eye as a special organ but also in its 
highly differentiated and specialised structures. Oxidative stress in epithelial cells 
occurs mainly as a consequence of a photodynamic process or as a by-product of 
oxidative phosphorylation in mitochondria.

The retina is very complex in its structure, and it is one of the highest oxygen-
consuming tissues that continuously transforms light into vision, generating reactive 
oxygen species (ROS), such as the superoxide (O2•−), the hydroxyl radical (•OH), 
hydrogen peroxide (H2O2) and singlet oxygen (1O2) as normal metabolic by-products 
[14]. Generally, ROS are produced during oxidative metabolism under physiological 
conditions and participate in normal cellular metabolism [15]. Retinal photoreceptor 
membranes are rich in polyunsaturated fatty acids.

Photooxidative retinal damage is in the function of duration of intensity and 
wavelength of light. Changes that occur in the pigment layer of the retina are 
considered to be initial in the process of genesis of age-related macular degen-
eration. During ageing, functions of all senses gradually weaken. Degenerative 
processes in the eye and especially in the lens are the first signs of ageing that are 
noticed [10].
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4. The synthesis of free radicals during light exposure

It is well established that light exposure has the potential to cause detrimental 
effects in RPE and retina as well as in many other organs and tissues, such as the skin, 
cornea, conjunctiva and lens [16].

Large quantities of ROS are produced by exposure to ultraviolet light (λ = 100–
400 nm) and to blue light (λ = 400–500 nm) [17]. The photoreceptors in the macula 
absorb parts of the light spectrum through rhodopsin, a photoreceptor molecule in 
rods [18].

Roehlecke and Schumann [19] suggested that the synthesis of ROS occurred 
directly in outer segments of photoreceptors in the reaction catalysed by the enzyme 
nicotinamide adenine dinucleotide phosphate oxidase (NOX) as well as by the 
mitochondrial activity of the outer segments after absorption of visible blue light 
(λ = 405 nm) with an output power of 1 mW/cm2 [19]. The authors found that the 
generation of ROS is highly increased in the photoreceptors of retinal explants after 
0.5–1 h of blue light absorption, due to increased NOX activity (especially NOX2 and 
NOX4). Under these conditions (light exposure of 1 mW/cm2), it is possible to do the 
following extrapolation to the superoxide anion [20]: 1) One granule of lipofuscin 
can synthesise 8 x 10−19 mol of superoxide anion/min; 2) since 1 mol contains 6.02 x 
1023 molecules, then 1 granule is capable of producing 4.8 x 105 molecules of super-
oxide/min; and 3) if we take into account that the average cell volume is 2000 μm3 
and if up to 19% of that volume is occupied by lipofuscin granules 1 μm in diameter, 
then each RPE cell has a synthesis capacity of 3.5 x 108 superoxide anions/per cell per 
minute [21].

This high level of free radical synthesis may explain why RPE cells contain a high 
concentration of various antioxidants [22]. The spectral dependence of lipofuscin 
explains the so-called ‘blue light hazard’ on retina. Light with a wavelength of 550 nm 
or less can cause ‘actin’ or photochemical damage, but is too low to cause thermal 
effects [23]. These photochemical lesions are expressed at the level of RPE, where 
the action spectrum of ‘blue light’ is similar to the bandwidth of the absorption 
spectrum of melanin [24] and lipofuscin [22, 25]. Photoreactivity analysis of blue 
light in freshly isolated RPE cells shows a high level of oxygen uptake with increasing 
age of the donor and that this ‘photo-uptake’ is predominantly related to lipofuscin 
[26]. These observations suggest a different function of lipofuscin in cells that may 
explain the association between high levels of lipofuscin and AMD. RPE cells are rich 
in antioxidants which may be enough to detoxify any reactive oxygen species [27]. 
Conversely, antioxidants may be insufficient to detoxify all radicals throughout life so 
that oxidative damage can manifest at some point in life (for example, in old age).

It has also been observed that lipofuscin photosensitivity reactions lead to 
increased intragranular lipid peroxidation, measured through the accumulation of 
lipid peroxides and malondialdehyde in pigment granules [26, 28]. Moreover, lipo-
fuscin can perform extracellular lipid peroxidation and enzyme inactivation. Freshly 
isolated lipofuscin granules incubated with visible light induced up to a 30% increase 
in lipid peroxidation, compared with the control. Granules incubation with catalase 
(antioxidant) and lysosomal enzymes (acid phosphatase), in the presence of light, 
causes as much as 30–50% reduction in enzyme activity. Lipid peroxidation and loss 
of enzyme activity can be prevented by antioxidants which indicate that lipofuscin 
photodamage is a product of action of free reactive oxygen species. It is generally 
accepted that RPE cell dysfunction is an early, crucial moment in the pathogenesis of 
AMD [29, 30].
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RPE cells have a variety of functions from metabolic to supportive, and they 
are vital for photoreceptors including maintenance of the blood-retinal barrier, 
participation in the visual cycle (uptake, transport and release of vitamin A and 
its metabolites) as well as in degradation and uptake of apical phagocited parts 
of the photoreceptor outer segments [31]. One of the leading factors of RPE cell 
dysfunction is age-related phagocytic and metabolic insufficiency of postmitotic 
RPE cells, leading to progressive accumulation of lipofuscin granules which are 
mainly composed of lipids (~50%) and protein (~44%) of phagosomal, lysosomal 
and photoreceptor origin (including the retinoid transporter-cellular retinaldehyde 
binding protein/CRALBP). These substances from the lipofuscin composition can 
be oxidatively modified either as a result of exposure to UV light or high doses of 
oxygen in the eye [29, 30].

The well-known cytotoxic constituent of lipofuscin is fluorophore bisretinoid 
which consists of two retinoid chains derived from the pyridinium ring (A2E) which 
together with other photoreactive molecules is a powerful photoinducible ROS 
generator with a strong effect on oxidative damage of lipids, proteins and DNA [31]. 
N-retinyl-N-retinyldiene-ethanolamine 2-(2,6-dimethyl-8-(2,6,6- trimethyl-1-cy-
clohexene-1-yl) -1E, 3E, 5E, 7E-octyltetraenyl]-1-(2-hydroxyethyl)-4-[4- methyl-
6-(2,6,6-trimethyl] or A2E increases the RPE sensitivity to blue light and exhibits 
several toxic effects on RPE cells [32, 33]. By the action of light of wavelength, 
λ = 430 nm, A2E is converted to A2E-epoxide by binding to oxygen. The resulting 
epoxide can destabilise the membranes of mitochondria and lysosomes [34] and can 
also inhibit cytochrome oxidase, leading to disruption of electron flow in the respira-
tory chain [35]. This process, in addition to producing more ROS (reactive oxygen 
species), reduces the efficiency of energy metabolism. An alternative A2E toxic 
pathway has been described by Finnemann [36], who in a study with A2E-laden RPE 
cells demonstrated the presence of destabilised lysosomes, resulting in incomplete 
digestion of phagocited photoreceptors of the outer segments during 24 h. Since 
phagocytosis is a circadian regulated process, this will constantly increase the non-
degraded phospholipids that are a source of ROS. Mitochondrial destabilisation and 
incomplete digestion of lipids and proteins caused by lysosome destabilisation lead 
to increased free radical accumulation. In a closed circle, this mechanism destabilises 
RPE cells, leading to their loss and this process conditions the initiation of drusen 
formation [37].

Although lipid peroxidation products are considered to be the main substrates for 
the genesis of lipofuscin and its cytotoxic constituents, other identified lipofuscin 
proteins also play a significant role in cytotoxicity [30, 31].

The study of King et al. conducted on the human adult RPE cell line-19 (ARPE-19) 
revealed that the mitochondrial electron transport chain was an important source of 
ROS which played a critical role in the death of cells exposed to short-wavelength blue 
light (425 ± 20 nm) [38].

Except lipofuscin, several other retinal pigments, such as rhodopsin and melanin, 
were shown to be involved in the oxidative stress process [39]. Grimm et al. reported 
rhodopsin-mediated blue-light-induced damage in the retina, which occurred after 
short time exposure to the blue light [40].

In the RPE, lipofuscin is derived primarily from phagocytosis of shed photorecep-
tor outer segments and is considered a heterogeneous waste material that accumulates 
with age in active postmitotic cells, such as those of the RPE [41]. The RPE cells are 
able to phagocyte the photoreceptors of outer segments (POSs) that contain a high 
amounts of unsaturated fatty acids [42]. During phagocytosis, a high quantity of 
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oxygen is consumed and a significant production of ROS occurs (generated by NOX 
or peroxidase) via the oxidation of fatty acids in the POSs [43]. Mitter et al. in their 
study have shown that autophagy plays a significant role in protection of the RPE 
from oxidative stress [44]. Recent evidence showed that dysfunctional autophagy/
mitophagy in the RPE may lead to mitochondrial disintegration by affecting the 
mitochondrial fission/fusion ratio, resulting in excessive amounts of ROS [45].

5.  The synthesis of oxidatively modified compounds in the eye, by the 
action of free radicals

Excessive synthesis of free radicals in the eye is associated with the production 
of oxidatively modified compounds and cytotoxic damage of ocular structures. The 
cell types with relatively high levels of polyunsaturated fatty acids (PUFAs), such as 
retinal cells, are highly sensitive to lipid peroxidation. Polyunsaturated fatty acids in 
phospholipids and glycolipids are the basic substrate of oxidative damage to lipids 
caused by free radicals.

Lipid peroxidation, a complex process involving the interaction of oxygen-derived 
free radicals with polyunsaturated fatty acids, finally results in a variety of primary 
compounds: highly reactive compounds (alkyl radicals, conjugated dienes, peroxy 
and alkoxy/oxyl radicals and lipid hydroperoxide). During further decomposition of 
primary compounds, a series of secondary products are produced such as: short-chain 
evaporable hydrocarbons, aldehydes and end products of lipid peroxidation (i.e. iso-
prostanes, MDA, 4-hydroxy-2,3, trans nonenal and 4,5-dihydroxydecenal) [46, 47].

MDA is a secondary product of peroxidation of unsaturated fatty acids, (particu-
larly arachidonic acid) and is a physiological ketoaldehyde [48]. In a higher concen-
tration, it reacts with free amino groups of proteins (especially with lysine cysteine 
or histidine residue). Such modified protein structures have immunogenic features. 
Some studies have shown that an increased titre of these autoantibodies directly 
correlates with the extent of oxidative damage and may predict the progression of 
some diseases. It was suggested that reduced ability to protein proteolysis after their 
oxidative modification with MDA and 4-HNE represents one of the main factors of 
lipofuscin synthesis during the development of AMD [49].

Lipid peroxidation highly reactive end products, such as 4-hydroxylnonenal 
(4-HNE), malondialdehyde (MDA), oxidised nucleotides and carboxyethyl pyrrole 
(CEP), have been demonstrated to be associated with drusen formation and RPE 
atrophic modifications in both human and animal eye [50].

Recently, Kim et al. [51] found that the injection of hydroperoxy-octadecadienoic 
acid (HpODE), (a peroxidized lipid) into the subretinal space of a murine AMD 
model, could initiate an early increase in the expression of markers of oxidative stress 
and lipid peroxidation, especially high levels of 4-HNE and MDA [51]. Zor et al. [52] 
documented a significantly increased MDA values (~15%) in patients with neovascu-
lar AMD compared with the controls [53].

F2-isoprostane (F2-IsoPs) is another marker of lipid peroxidation which is con-
sidered to be an important ‘in vivo’ marker of oxidative damage in AMD [54, 55]. 
Sabanayagam et al. [56] demonstrated that the presence of F2-IsoPs in urine was 
positively associated with AMD.

Oxidative DNA damage of both nuclear and mitochondrial genomes can result 
in strand breaks, base modifications and DNA-protein cross linkages which are 
all strongly implicated in ageing and age-related diseases [57, 58]. Over 20 base 



9

The Role of Oxidative Stress in the Onset and Development of Age-Related Macular Degeneration
DOI: http://dx.doi.org/10.5772/intechopen.105599

modifications related to ROS attack of DNA are identified, with the following oxida-
tive DNA damage products: 8-oxo-7,8-dihydroadenine, 8-oxo-7,8-dihydroguanine, 
8-oxo-7,8-dihydro-2′-deoxyguanosine (8-oxodG) and 5,6-dihydroxy-5,6-dihydro-
thymine as well as the ring-opened lesions of 4,6-diamino-5-formamido-pyrimidine 
and 2,6-diamino-4-hydroxy-5-formamido-pyrimidine [59]. The 8-oxodG, which 
is formed through the oxidation of guanine at the C8 position in the guanine base, 
serves as a reliable biomarker of oxidative stress and oxidative modification of DNA, 
and it is associated with ageing and ageing-related diseases [58].

Age-related increases in lipofuscin, 8-oxoguanine, CEP, 4-HNE and MDA expres-
sion have been observed in the ageing retina [60–62] which have been reported to 
cause inflammatory responses and AMD features [63].

6. The pathophisiology of AMD-Drusen formation

Age-related macular degeneration is characterised by degenerative changes involv-
ing the outer portion of the retina, RPE, Bruch’s membrane and choriocapillaris. Drusen 
are considered as a hallmark of AMD and as an amorphous deposit that accumulates 
extracellularly in the zone between the RPE and the inner collagen zone of the Bruch’s 
membrane [64]. Clinically, they are divided into two main phenotypes: ‘soft and hard’, 
depending on their relative size and shape. A few smaller hard drusen (<65 μm) can 
be found in at least 95% of the elderly population, but do not represent AMD. Only 
the presence of larger drusen (>125 μm), especially soft drusen (> 125–250 μm) in the 
macula, is considered as a major risk factor for the development of advanced forms of 
AMD, i.e. exudative-neovascular forms, especially if they are combined with pigmenta-
tion disorders [65].

In the later stage of AMD, neovascularization, exudative changes or disciform 
scars can occur. In the atrophic form of AMD, there is a loss of pigment epithelium 
or ‘attenuation’ of the choriocapillaris but without neovascularization [66]. Early 
pathological changes include basal deposits in the Bruch’s membrane which occur 
exclusively in pathological samples and have two types: a) basal laminar deposits con-
sisting of basement membrane proteins and long collagen filaments located between 
RPE and basement membrane and b) basal linear deposits that are more specific for 
early AMD changes and consist mainly of membrane material located in the Bruch 
membrane, externally from the RPE basement membrane. The combination of these 
deposits with secondary changes in RPE results in the formation of drusen [67].

Many different molecules have been identified in drusen, including glycoconjugates 
and other compounds also found in atherosclerotic plaque (hence the link between 
atherosclerosis and AMD formation by some authors), including vitronectin, apopro-
tein B and E, α-crystalline, HtrA1 and lipids [68–70]. Macrophages found in drusen 
regression suggest a possible hypothesis that macrophages are involved in the process 
of degradation of deposits within the Bruch membrane [71]. Activated microglias have 
also been found in AMD degenerative lesions [72]. Discrete nodules or hard drusen 
deposits consisting of hyaline-like material were found between the RPE and the Bruch 
membrane. Soft drusen are usually large and occur with detachment of RPE cells and 
diffuse changes of the Bruch membrane. They can occur in deeper damages of the 
RPE and choroids and lead to choroidal neovascularization or cell death in the RPE as 
well as geographical atrophy. Autofluorescent pigments, such as lipofuscin, which are 
accumulated in RPE cells, reach a size that often leads to decreased cellular function, 
retinal ageing and degeneration, mostly in the form of geographic atrophy [73].
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Lipofuscin in RPE is the most common cause of fundus autofluorescence. These 
are spherical particles of micrometre size with characteristic yellow fluorescence 
when exposed to blue light. The main component of lipofuscin is N-retinylidine-N-
retinyletanol-amine (A2E), a quaternary amine and retinoid bioproduct of visual 
cycle [74]. Lipofuscin synthesis is a pathogenic reaction in which the resulting A2E 
interferes with the function of RPE cells and leads to their apoptosis. Choroidal 
neovascularization can occur in the macular, peripapillary and peripheral regions. 
Early choroidal neovascularization occurs below the RPE cells to later break through 
the RPE layer and develop an exudative, haemorrhagic or disciform form of AMD. 
In the neovascular form of AMD, lipid accumulation occurs below the RPE or 
neuroretin. In the haemorrhagic form of AMD, blood penetrates through the RPE 
into the subretinal space and sometimes through the retina to the vitreous. In the 
disciform form of AMD, fibrous tissue with neovascularization and changes in RPE 
cells proliferates and may partially or totally replace neuroretin [75]. Additional 
pathological lesions include serous exudation, haemorrhage, gliosis and calcifica-
tion. Macrophages have been proven both morphologically and functionally in the 
neovascular form of AMD [76]. Activated macrophages and microglias can secrete 
chemokines and cytokines, causing further cell damage, degradation of the Bruch’s 
membrane and angiogenesis [77].

7. Oxidative stress and choroidal vascular changes in AMD

Among AMD cases, approximately 10–15% have neovascular AMD characterised 
by abnormal vascular morphology and growth [8]. Vascular endothelial growth factor 
(VEGF) upregulation plays a crucial role in the development of neovascular AMD. 
Yi and assoc. [78] documented an increased VEGF expression in a study using laser 
to induce choroidal neovascularization (CNV) in rats. This author suggests that the 
macrophages could be probably the most important source of VEGF in the early phase 
of AMD [78]. VEGF expression in subfoveal fibrovascular membranes was concen-
trated in cells resembling fibroblasts, implicating a significant role of fibroblasts in 
the progression of CNV [79]. The results showed that even temporary overexpression 
of VEGF in RPE cells was sufficient to induce CNV in the rat eye [80]. Wang et al. 
reported that IQ protein motif-containing GTPase activating protein 1 (IQGAP1), 
scaffold protein with a Rac1-binding domain, regulated VEGF activation by bind-
ing to Rac1GTP in choroidal endothelial cells, activating their migration [81]. IQ 
motif-containing GTPase-activating protein 1 (IQGAP1) is a ubiquitously expressed 
scaffold protein that is involved in multiple cellular functions such as cell survival and 
trafficking [82].

The vascular endothelial dysfunction is considered as a crucial event in develop-
ment and progression of choroidal vascular dysfunction [82]. Nitric oxide and nitric 
oxide synthase enzymes have been shown to be involved in the upregulation of VEGF. 
Nitric oxide synthases (NOSs) are a family of enzymes that catalyse the conversion of 
L-arginine into nitric oxide (NO). They are classified into three isoforms: endothelial 
NOS (eNOS), neuronal NOS (nNOS) and inducible NOS (iNOS) [83]. The eNOS 
maintains the physiological function of the vascular endothelium [84]. It was demon-
strated that eNOS mediated endothelium-dependent vasodilation in retinal arterioles 
and ophthalmic arteries [85]. NO is considered not only a mediator of vasodilation, 
but also a regulator of various vascular functions. For example, physiologically, 
NO can dilate a blood vessel, inducing relaxation of vascular smooth muscle cells 
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(VSMCs), inhibiting cell proliferation and regulating angiogenesis and vascular 
permeability [86]. Bhutto et al. [87] reported that eNOS and nNOS expression was 
significantly decreased in the eyes of AMD patients. This author suggested that the 
decreased expression of eNOS and nNOS might reduce the NO production that could 
induce hemodynamic changes in CNV [87].

It was documented that excessive amounts of NO can have detrimental effects 
on cells and tissues, implicated that the production of NO is not always beneficial. 
In that case, NO can be an important stimulator of CNV. Ando et al. suggested that 
blockade of nNOS and iNOS could reduce CNV formation [88]. Excessive amounts 
of nitric oxide can react with the superoxide anion to form peroxynitrite, a very toxic 
and reactive radical which compromises vascular endothelial function [89].

There is some evidence that ROS and vascular dysfunction may together con-
tribute to the pathology of neovascular AMD. It was demonstrated that NOX was 
the connection between VEGF and ROS in human choroidal endothelial cells [90]. 
The family of NOX consists of seven isoforms such as: NOX1, NOX2, NOX3, NOX4, 
NOX5, dual oxidase (Duox) 1 and Duox2) which are differentially expressed in 
tissues and cells [91]. NOX1, NOX2 and NOX4 are expressed in choroidal vascular 
endothelial cells [92]. ROS generated by NOX function as signalling molecule promot-
ing endothelial cell proliferation, migration and tube formation [92]. Some studies 
documented that ROS generated from NOX2 could activate the transcription factors 
NF-κB and activator protein 1 (AP-1) and increase the expression of intracellular 
adhesion molecule (ICAM)-1 and VEGF leading to vascular hyperpermeability and 
retinal neovascularization [93]. Moreover, NOX4-derived ROS generation is essential 
for the expression of hypoxia-inducible factor 1-alpha (HIF-1α) which was linked to 
cell proliferation and migration of vascular smooth muscle cells [94].

8. Other mechanisms involved in the development of neovascular AMD

One of the risk factors for AMD may be increased collagen synthesis in the  
choriocapillaris which is then incorporated into the Bruch’s membrane, creating 
thickenings that precede the appearance of linear deposits [95]. Chromatographic 
analysis of the drusen showed that they contained more than a hundred differ-
ent proteins originated from retinal pigment epithelial cells, neuronal retinas and 
choriocapillaris. However, their composition differs depending on the existence i.e. 
absence of AMD. It is thought that certain ingredients can promote angiogenesis. 
The integrity of the RPE cellular structures in a culture that is chronically exposed to 
oxidative stress is impaired by the action of hydrogen peroxide due to the interruption 
of intercellular compounds. This is one of the possible mechanisms of breaking the 
blood-brain barrier in the pathogenesis of AMD [96].

Programmed cell death (apoptosis) is an essential protective mechanism of the 
organism against the accumulation and spread of damaged or unnecessary cells. An 
increased degree of apoptosis is observed in most ageing cell populations. A similar 
thing happens in RPE cells. There is an opinion that mitochondria play a key role in 
the regulation of apoptosis. Reactive oxygen metabolites that are formed in RPE cells 
exposed to the blue part of the spectrum originate in mitochondrial processes [97]. 
Oxidative stress can reduce the sensitivity of senescent cells to apoptosis through 
defective oxidative phosphorylation. The process of drusen formation is very similar 
to apoptotic process in the retina and predisposes the development of neovasculariza-
tion during the progression of AMD [98].
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In postmitotic tissues, during ageing, the oxidatively modified and damaged 
mitochondrial DNA are accumulated in mitochondria. It is believed that their genetic 
material is the main substrate of oxidative damage in the retinal pigment epithelium. 
With inefficient damage repair, redox potential of mitochondria in the human RPE 
retinal cells is compromised over time in photoreceptors as well [99].

It was suggested that other types of regulated cell death (e.g. pyroptosis, necrop-
tosis and autophagy) may contribute to development of AMD [100]. Ferroptosis is a 
newly discovered, iron-dependent, regulated cell death pathway that is initiated by 
lipid peroxidation. It is implicated in neurodegeneration, ischemia–reperfusion injury 
and myocardial infarction [101]. It is characterised by iron-dependent accumula-
tion [102, 103]. In contrast to apoptosis, ferroptosis is a pro-inflammatory condition 
that arises due to the release of intracellular content after the rupture of plasma 
membrane [104]. Under normal conditions, ferroptosis is a mechanism that protects 
cellular integrity, but leads to cell death when cellular integrity is compromised, while 
apoptosis represents a suicide mechanism that eliminates certain types of cells from 
the whole organism at specific time points [105].

It was documented that angiotensin II (Ang II) was implicated in the pathology of 
AMD. It was shown that Ang II can mediate various pathological processes in ocular 
blood vessels such as proliferation and migration of smooth muscle cells and peri-
cytes, increase of VEGF expression and potentiation of VEGF-dependent angiogenic 
activity [106, 107]. Receptors for AngII have been identified in retinal and optic nerve 
blood vessels. Some studies have shown that blocking the renin-angiotensin system 
may delay the breakdown of the blood-retinal barrier and prevent retinal neovascu-
larization and the development of AMD [108].

9. Conclusion

In this review, we tried to highlight the pathways of oxidative stress and their 
implication in the pathogenesis of AMD. Considering the unique structure and 
function of the retina in the eye, as well as the environment in which it is located, it 
indicates a significant synthesis of free radicals during normal physiological processes 
as well as during light absorption. The presence of free fatty acids and their exposure 
to free radicals make lipid peroxidation processes a daily occurrence in the eye. This 
was confirmed by many studies that found high concentrations of MDA, 4-HNE and 
other lipid peroxidation products in the eyes (and blood) of AMD patients. Oxidative 
damage of mitochondria and nuclear DNA was also observed in AMD patients, as well 
as increased products of oxidative damage of proteins. An impairment of autophagy 
and other types of cell death such as pyroptosis, necroptosis and ferroptosis were also 
described in AMD patients. The upregulation of VEGF and isoforms of NOX with 
impairment of NO synthesis have significant implications in the development of new 
blood vessels and the onset of choroidal neovascularization (CNV) in the patho-
genesis of advanced-wet AMD. In view of all the above, further research is certainly 
needed in order to find adequate methods for disease prevention as well as adequate 
drugs for the treatment of various forms of AMD.
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Abstract

Oxygen is a key element involved in a variety of vital physiological reactions in
aerobic organisms, including those produced in the electron transport chain, hydrox-
ylation, and oxygenation. Reactive oxygen species and reactive oxygen nitrogen spe-
cies (ROS/RONS) are naturally formed as by-products from these previously
mentioned processes and reactions involving the O2 molecules. Under healthy condi-
tions, the harmful effects of ROS/RONS in the organisms are controlled by antioxi-
dants, molecules of enzymatic or non-enzymatic nature, able to prevent, retard, or
eliminate oxidative damage. Nevertheless, when ROS/RONS production exceeds the
antioxidant capacity of one organism, oxidative stress emerges, leading to the appari-
tion of many diseases, some of which can depict significant losses in the field of animal
production. Thereby, looking for increasing animal productivity, procedures to miti-
gate the effects of oxidative stress on living organisms are tested in laboratory animal
models, and the obtained results are used to develop strategies that avoid oxidative
stress in farm animals either invertebrates (mollusks and crustacean species) or ver-
tebrates (fish, birds, and mammals). In this chapter, oxidative stress will be addressed
from the field of animal health and welfare and its impact on animal production,
presenting some strategies, studies conducted, and recent perspectives to mitigate the
effects of oxidative stress and improve the productivity indicators in farm animals.

Keywords: oxidative stress, environmental stress, livestock handling, anti-stress
procedures, animal production

1. Introduction

Our planet was formed as a condensed mass of cosmic debris about 4.5 billion
years ago. It had a primitive ocean, atmosphere, climate, and recurrent cataclysmic
events. This hostile and hellish environment eventually became more suitable for the
first forms of life, but this was a life without oxygen [1]. In the atmosphere, oxygen
appeared primarily as a result of solar radiation disruption of water (H2O) into
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hydrogen (H2) and oxygen (O2) and, much later, by the photosynthetic process.
Consequently, anaerobic life forms have to adapt to using oxygen and/or contend with
the potential dangers elicited by oxygen and its metabolic by-products.

Oxygen is a key element involved in a variety of vital physiological reactions in
aerobic organisms, including those produced in the electron transport chain, hydrox-
ylation, and oxygenation. Only a very small proportion of oxygen used in cells (about
1%) is transformed into reactive oxygen-nitrogen species (ROS) and reactive oxygen
and nitrogen species (RONS), which are primarily a result of essential biochemical
pathways associated with aerobic metabolism, which takes place in the mitochondria
and peroxisomes [2] and includes not only some radicals such as hydroxyl radical
(HO-), peroxyl (ROO-), but also other molecules such as superoxide anions (O2-)
hydrogen peroxide (H2O2), reactive aldehydes (ROCH), and nitric oxide (NO).
Intending to mitigate the adverse effects caused by ROS/RONS, organisms use anti-
oxidants defense system composed of endogenous molecules and molecules having
nutritional nature, able to retard or inhibit the damage produced by free radicals when
present in a lower concentration are concerning them [3]. The cellular antioxidant
systems composed of several enzymes, including superoxide dismutases (SOD), cata-
lases (CAT), and glutathione peroxidases (GPx), together with other antioxidant
molecules such as thioredoxin 2 (TRX2), glutaredoxin 2 (GRX2), cytochrome c oxi-
dase (complex IV), coenzyme Q, ascorbic acid, tocopherol, vitamin E, and carotene,
among others [3–5].

Stress is the response reflex reaction exposed by the incapacity of an organism
to face its environment. This condition may lead to unfavorable consequences,
ranging from discomfort to death: a concise review of the impact of stress on
growth, production, reproduction, and disease [6]. When ROS/RONS production
exceeds the antioxidant capacity of one organism, oxidative stress emerges.
Oxidative stress may be involved in several pathological conditions, including
conditions relevant to animal production and the general welfare of individuals [7].
Farm animals usually suffer from the onslaught of oxidative stress as a result of
the unsuitable enclosure and overpopulation of stables, nutritional and health
conditions, and their handling according to the production cycle established for each
species [8–10].

The aim of this chapter is to present some studies on oxidative stress carried out in
experimental living models, making emphasis on how experimental data gained in
these research studies can be applied to farm animals through some ways to measure
and nutritional strategies to reduce the adverse effects that oxidative stress produces
on the health and physiological development of wild and farm animals.

2. Generation of oxidative stress

We can group the stressors in three categories: endogenous and pathogenic illness
and external. ROS/RONS production is a key mechanism involved in the damage
caused by different diseases and infections provoked by both pathogenic and
no-pathogenic organisms.

2.1 Endogenous sources

The ROS/RONS has both enzymatic and non-enzymatic nature. Numerous bio-
chemical processes also generate those types of reactive species including such acting
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as intercellular signals with remarkable incidence in specific biological processes and
functions [11, 12]. In the cell, mitochondria have the ability to produce ATP through
respiration and mitochondrial oxidative phosphorylation, the most important source
of ATP [13]. The mammalian cytochrome P450 CYP-dependent ROS/RONS electron
transport system and the mitochondrial electron transport chain are the most impor-
tant source of ROS/RONS. In mitochondria, the formation of such reactive substances
by the activity of NADPH oxidase (NOX) enzymes can also be possible, generating
superoxide anion (O2

�) from cytoplasmic NADPH [14]. In endoplasmic reticulum,
cytochrome P450 (CYP) enzymes play an important role in the activation of oxygen,
generating O2•

� while catalyzing NADPH-dependent reactions in electronic transport
chain. Cytochrome P450 is the main way of xenobiotic detoxification, including
drugs, medications, chemical products, alcohol, aromatic substances, pesticides, and
other industrial byproducts. Cytochrome P450 houses enzymes catalyzing the oxy-
genation of organic substrates and the simultaneous reduction of molecular oxygen,
and it plays a key role in the reduction of O2, hydroperoxides, arene, N-oxides, azido
and azodic compounds, halogen, nitrogenic compounds, hydroxylamines, and other
xenobiotics. Some intermediaries of the processes mentioned above ROS/RONS initi-
ate lipid peroxidation and directly damage the DNA and the cellular membranes [15].
Peroxisomes are the important generators of ROS/RONS. The main function of per-
oxisomes is to break down long fatty acid chains through beta-oxidation and synthe-
size necessary phospholipids, such as plasminogen, which in vertebrates are critical
for correct function of the brain, lung, and heart. Furthermore, this subcellular struc-
ture aids certain enzymes with energy metabolism in many eukaryotic cells as well
with cholesterol synthesis in animals [16]. The major sources of ROS/RONS in central
nervous system are the microglia cells, which support neuronal survival through the
secretion of growth factors and anti-inflammatory cytokines. Activated microglia cells
produce various pro-inflammatory mediators, nitric oxide, and ROS/RONS; however,
their prolonged activation can cause many neurodegenerative disorders, as it was
previously exposed, the phagocytosis is an important ROS/RONS generator, and
this process is intrinsically linked to pathogenic infections as a part of immune
response [17, 18].

In animals, oxidative balance could be broken by different organic, nutritional,
and environmental conditions leading to different pathologies including neurodegen-
erative, cardiovascular, hepatic, renal, metabolic, and autoimmune diseases, and even
behavioral and reproductive disorders [11, 19–21]. Farm animals live usually suffer
from the onslaught of oxidative stress due to unsuitable enclosure and overpopulation
of stables, nutritional and health condition, and their handling according to the pro-
duction cycle established for each species.

2.2 Exogenous sources

Exogenous conditions can promote the production of ROS/RONS and induce oxi-
dative stress in the organism. Factors such as illness and pathological process, drugs
and medicaments, exposure to radiations, chemical by-products of industry, pollu-
tion, and adverse environmental and living conditions induce oxidative stress [22].
ROS/RONS such as hydroxyl radicals and superoxide are critical in the apoptosis of
infected cells as it has been demonstrated [23]. Pathogenic bacteria can provoke
inflammation and destruction of infected cells and tissues. Experimental data suggest
that periodontal disease-induced oxidative stress and inflammation is mediated
through purine degradation pathway, a major biochemical source for ROS/RONS
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production [24]. The connection between bacterial pathogens and unfolded protein
response (UPR) evidences that pathogenic bacteria induce oxidative stress in the
endoplasmic reticulum. This suggests this is the route to access and gain nutrients
from the host, obviating the need to become internalized or inflict irreversible cell
damage [25]. Other example is the case with idiopathic pulmonary fibrosis (IPF), a
fatal lung disease of unknown origin characterized by chronic and progressive ROS/
RONS interstitial pneumonia, which progressively impairs lung function [26].
Oxidative stress induces hypoxic tissue condition and injuries in different cell and
tissues [27].

3. Role of ROS/RONS in healthy organisms.

The positive roles of ROS/RONS are widely recognized in signal transduction
[28, 29], in the induction of endothelial cell migration and proliferation, apoptosis
[30], macromolecule oxidation, structural and functional modulation, regulation of
gene expression [31–33], mRNA stability, and methylation-mediated DNA epigenetic
factors [33, 34]. Phagocytosis and other important aspects of immune defense gener-
ate ROS/RONS [35, 36].

Determination of the ROS/RONS sources and the etiology of oxidative stress are
important for their implication in human health. The application of specific therapies
and clinical treatments to reestablish oxidant/antioxidant balance in the organism is
an important part of recovery of health from a convalescent diseased condition. The
studies in different animal models definitively contribute to this goal, but the results
can be also suitable to extend and apply to other animal species including wild, pets,
and farm animal to mitigate the effects of oxidative stress. For farm animals, live in
stable conditions and cycles of handles led to the periodical changes in their habitat
conditions causing oxidative stress with adverse consequences in the productive and
economic indicators of livestock activity [9, 37–39]. The results obtained and the
perspectives are encouraging with the consequent improvement of their health, opti-
mal development, and quality of life.

3.1 Cellular models

Escherichia coli has largely been used as model microorganism in biological research
studies including the generation of ROS/RONS and oxidative stress [40]. Specific
protein groups were identified in E. coli due their antioxidative properties including
molybdenum-binding enzymes and fimbriae assembly proteins for understanding
important features of the structural proteome to enable modeling of different stress
responses [41]. To mitigate the damage of oxidative stress, different stress response
regulons are activated in bacteria, depending on the type of stressor [42].

Yeasts such as Saccharomyces cerevisiae and Schizosaccharomyces pombe are model
species for basic studies in cell biology, based on powerful genetic tools that allow
gene disruption and phenotypic analyses together with more sophisticated functional
screens [43, 44]. Yeast remains single a cell but eukaryotic organism, ant it is evolu-
tionarily more advanced than E. coli harboring more complex cellular structures and
biological processes. One of the themes in which yeast studies have provided consid-
erable information is the cellular response against oxidative stress and the defense
functions involved in such response [45, 46]. Yeast allows study of oxidative stress
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and effects in different cell macromolecules, which has been related to a number of
human diseases. Although the studies in E. coli offer a general spectrum of oxidative
stress and how it impacts in cell physiology, the studies in yeast bring the opportunity
to see the oxidative stress in eukaryotic cells, where the physiological and molecular
processes are more complex.

To elucidate the individual effects of numerous oxidative stress-inducing agents
that surround the all living beings and test different strategies to manage the adverse
consequence of oxidative stress and restore the oxidant/antioxidant balance, fre-
quently it is necessary to test and elucidate the influence and role of oxidative stress
by external agents on general cellular processes. Different unicellular lines can be
used also, but when it is necessary to study these effects in specific differentiated
cells, these can be taken from animal tissues and organs to carry out transient tests
with them [47–50]. Primary cell culture consists of a temporary or transient culture
of differentiated cells removed from tissues and plated in appropriate media and
provides an opportunity to assess such effects, as well as testing some methods to
assess oxidative stress conditions. Some of the most used animal and human culture
cells are blood erythrocytes, leucocytes, leukemia cells, hepatocytes, human hepa-
toma, pheochromocytoma cells, colo-adeno carcinoma cells, among others [51–53].
The tests in primary cell cultures are very convenient because the methodology is
simple and well established, and also, the tests are usually fast and low cost. But
primary cell cultures are different from those isolated directly from tissue, and
originally these cells were parts of organs and tissue in living organisms, in contact
with other differentiated cell and constant and active interaction with them. Without
such interaction, the isolated cells are very vulnerable to many agents, including
those promoting oxidative stress. The mentioned facts imply that often the results
obtained in culture cell could differ with tests performed in living animal models and
encouraging results in cellular lines became disappointing in when tried in vivo
[51, 52]. Cellular primary culture and cellular lines are exposed to high oxygen
concentrations so the balance between oxidative processes generating RONS and
antioxidant cellular defenses is altered in favor of oxidative stress. In addition, the
fragile stability of cultured cells is also present in the conservation of original char-
acteristic (genotype and phenotype) due the high mutation rate in cellular lines
[51, 54, 55].

4. Experimental model and farm animal

4.1 Invertebrates

Invertebrates have been valuable research models in the discovery of many bio-
logical principles owing to the numerous advantages they provide. During the life
cycle, many in pathogen-rich environments manage harsh weathers, exposed to a
number of chemical compounds, and they are well adapted to both terrestrial and
marine ecosystems. Their remarkable ability to successfully face enormous oxidative
stress generated in all these circumstances makes them attractive models for research.
In addition to mollusks, one of the most recurring invertebrate animal models is
Caenorhabditis elegans, a free-living nematode that lives in temperate soil environ-
ments, and Drosophila melanogaster, a widely used model organism, has provided
insight into eukaryotic genetics and human disease.
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4.1.1 Mollusks

Mollusks (Mollusca) are the second largest phylum of invertebrate animals by the
total number of species. The survival of aquatic mollusks depends on their ability to
sense and respond appropriately to biotic and abiotic changes in their habitat. The
studies and changes in their immune responses can also serve as indicators of changes
in ocean environments. Therefore, studies into understanding new factors in their
immune systems may aid new biomarker discovery and are of considerable value. In
general, these studies were focused on ecotoxicological aspects in mussels such as
Mediterranean mussel (Mytilus galloprovincialis), Atlantic ribbed Mussel (Geukensia
demissa), Rooved carpet shell Ruditapes decussatus, Blue mussel (Mytilus edulis), Soft
Shell Clam (Mya arenaria), Eastern Oyster (Crassostrea virginica), and Atlantic Jack-
knife Clam (Ensis leei) among others [56–58]. Aquatic and terrestrial mollusks are
exposed to metallic polluted water and substrates with contaminants show a reduction
of lower rates of reduced glutathione (GSH) when lived in a water or substrate
deliberately contaminated with copper and zinc [59]. But at slightly lower levels,
effect has been reported in terrestrial mollusks due to the fact that in terrestrial
mollusks the rate of ingestion is slower. This behavior induces lipid peroxidation that
is well correlated with the reduction in the whole antioxidative enzymes [60]. Not
only water and soil pollution induces oxidative stress affecting oxidant/antioxidant
balance, abiotic environmental conditions due to the seasonal variation in water
temperature, salinity, the rate of dissolved oxygen, the nutritional value and quantity
of food available [56, 60], UV radiation, pH, and dissolved O2, [61]. Bivalve mollusks
from freshwater to marine ecosystems are suspension feeders and have been widely
studied in ecotoxicology as indicator species for monitoring of environmental pertur-
bations. They have highly efficient cellular internalization system for external com-
pound and micro- and nanoparticles able to modify and disturb vital physiological
functions including intracellular digestion and cellular immunity [56, 62].

Mollusk communities are getting endangered by oxidative stress and different
mollusks have been used as biological models to study the effect of oxidative stress
and the antioxidant mechanisms to alleviate the relating damage. The most important
studies on OS were focused on the impact of pollution-induced OS generating physi-
ological and morphological modifications due to carcinogenic and toxic nature of
many chemical compounds. The most frequent consequences are neoplasies as blood
neoplasm, hematopoietic neoplasm, disseminated neoplasies, hemic neoplasies, leu-
kemia, and proliferate cellular disorder [63]. Many compounds such as polyaromatic
hydrocarbons (PAH), polychlorinated biphenyls (PCB), and heavy metals (Pb, V, Cr,
Ni, Cu, Mn, Zn, Cd) are implicated in the induction of the production of RONS
although many specific aspects of the mechanism remain unknown [64]. The alter-
ation in catalases, superoxide dismutase, glutathione peroxidases, glutathione S-
transferase, and other enzymes was observed as well as higher rates of reduced
glutathione. These alterations of OS indicators were found mainly in gills and in the
digestive gland, the most exposed organs, indicating the activation of antioxidant
defenses [56].

4.1.2 Shrimps

In the last two decades, there has been an increase in crustacean aquaculture
production, reaching approximately 9.3 million tons in 2018. The increase in produc-
tion output is primarily due to aquaculture intensification, such as improved feed
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efficiency, feed formula, and feeding management techniques and technological
improvements, with considerable impact on protein efficiency and nitrogen retention.
Intensive aquaculture is associated with several stressing factors, including increased
stress resulting from high stocking density, which can cause high mortality. To face
these stress conditions, white shrimp (Litopenaeu vannamei) and shrimp in general
display an innate immune system that is characterized by defense mechanisms based
on cellular and humoral reactions that are mainly related to the hemolymph. Hemo-
cytes have been identified as immune defense components that exhibit high phago-
cytic activity [65]. The modulation of immunological parameters in response to
adverse conditions is an important indicator of shrimp health status. High stocking
density conditions require the adaptation of shrimp to lower rate of dissolved oxygen
levels, reduced space, and increased interactions with other organisms, which lead to
increased energy consumption for the maintenance of physiological conditions These
facts have direct effect on cellular hemocyte composition [66, 67].

Fatty acids are essential for the constitution of the body and maintenance of vital
metabolic activities. The n-3 highly unsaturated fatty acids (n3-HUFAs), such as EPA
and DHA, are important components of the phospholipids of the cell membrane,
determining their fluidity, and they are involved in other functions, such as the
reproductive and immune functions of aquatic organisms [68]. Crustaceans have
difficulty in converting polyunsaturated fatty acids into highly unsaturated fatty acids
(HUFAs) through the elongation of carbon chains and the desaturation of fatty acids
[69]. Moreover, it has been determined that high levels of n3-HUFAs can be easily
oxidized, leading to oxidative stress [70, 71]. Determination of the optimum amount
of fatty acids required in shrimp diet is very important. A decrease in growth and an
increase in mortality at dietary lipid levels greater than 10% have been reported
previously [72]. Additionally, it has been observed that high lipid levels in feed can
affect the lipid composition of shrimp tissues, resulting in high concentrations of
lipids in the digestive gland and muscles [73]. Increases in respiratory burst capacity,
total hemocyte count (THC), and CAT and GPx activities are well correlated with
increasing dietary lipid levels, suggesting that the optimum lipid supplementation
level is between 10% and 12% [74].

The best performance with respect to zootechnical and immunological parameters
was observed in shrimp when they were fed with high-carbohydrate diets, and the
highest growth rate and hemocyte number obtained in shrimp fed diets with approx-
imately 40% carbohydrate under different stress conditions [75]. Providing shrimps
with diets rich in nutrients (e.g., proteins, lipids, carbohydrates, vitamins, minerals,
and additives) is a suitable approach for improving performance of animals, faster
development, and increases in productivity as well as more resistance against oxida-
tive stress [76]. Due its economic importance, the different dietary carbohydrate/
protein and lipid/protein ratios on the growth performance, protein efficiency, nitro-
gen retention, and immunological and oxidative stress status of white shrimp are
cultured under an intensive system [77].

4.2 Vertebrates

4.2.1 Fishes

Fish, like all living organisms, suffer from the consequences of oxidative stress
caused by the generation of reactive ROS/RONS species induced by different factors
such as diseases and the processes associated with them, capture, transport, and
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handling of fish, hypoxia, environmental temperature, inadequate salinity of the
waters, both by chemical nature of dissolved salts and per their concentration, mal-
nutrition, pollution by different types of contaminants. The sea and freshwaters are
prone to contamination by flowing into both surface and underground water reser-
voirs, through rain runoff and natural or artificial drainage lines to rivers, lakes, and
seas. Among these contaminants, we can highlight those that induce the generation of
ROS/RONS at levels that overload the antioxidant defense of the organism altering the
normal morphological and physiological functioning of the organs and tissues [78].
The first important indicators to test pollution and environmental affectations in
water-inducing oxidative stress are the deterioration of DO level (dissolved oxygen in
water), pH, temperature, and other basic parameters of aquatic environment [79].
Described alterations led significant affectations on fish morphology, growth rates,
and reproductive functions with adverse combinational and cumulative affectation in
quantity and quality of fish production.

Zebrafish is a valuable and one of most versatile experimental animal models
particularly in Ref. to fish biological and genetic studies due its small size, rapid
development, and genetic and biochemical homology with higher vertebrates. It has
been used for drug screening, determination of bioactivity, toxicity, and collateral side
effects of novel drug candidates, but it is also a useful experimental model to study
oxidative stress-linked disorders [80]. Zebrafish larvae were used to evaluate the
antioxidant activity of 15 commercially available flavonoids against UV-induced pho-
totoxicity, along with the computational quantitative structure–activity relationships
(QSAR) method to investigate the correlations between the observed biological activ-
ities and the physicochemical properties of the different compounds. Among these
compounds, chrysin and morin showed higher ROS-scavenging rates (99 and 101%,
respectively) and lower toxicity (LD50 > 100 ppm) [81]. Flavonoids are the most
abundant polyphenols in our diet and the most studied ones. They are characterized
by a common benzo-γ-pyrone moiety, variously substituted with hydroxyl and
methoxyl groups. Based on their chemical structures, flavonoids may be divided into
six major subclasses: flavonols, flavones, flavanones, flavanols, anthocyanins, and
isoflavones [82–84].

The studies on oxidative stress carried on this model help to understand the effect
of oxidative stress in ecological and economic fields applied to both wild and aqua-
culture species. About 60 million people around the world are involved in the primary
sector of capture fisheries and aquaculture, and this economic field involved in cap-
ture, fish handling, processing, and selling, making this activity an important source
of human food and animal feed [85, 86]. Industrial fishing is highly developed sector
but capture fishing pressure faces growing environmental problems and other opera-
tive adverse factors, as overexploitation of marine and freshwaters species, climate
change, and toxic pollution. Recent data from the Food and Agriculture Organization
of the United Nations (FAO) indicate that the share of marine fish stocks within
biologically sustainable levels is declining [87]. Worldwide, the most important fish
species used in fish aquaculture are carp (Cyprinus carpio and Cyprinus ssp), salmon
(Salmo ssp), tilapia (Oreochromis spp. y Tilapia sp), catfish (Silurus ssp), and trout
(Oncorhynchus) [87].

Different taxa and different species of the same taxa of fishes exhibit differential
tolerance to oxidative stress [88]. The oxidative stress can affect reproduction, fecun-
dity, and genetic degeneration in progeny, leading to the extinction of some of the fish
species [89]. Some chemicals such as duroquinone-inducing oxidative stress affect the
spermatozoa of common carp (C. carpio) and reproductive damages were also
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reported in fathead minnow (Pimephales promela). Inadequate aquatic environment
greatly affects the growth and development of fish affecting food chain and entire
trophic communities, causing significant losses to traditional fishing production and
that is carried out in a semi-intensive and intensive way in aquaculture farms [89].

4.2.2 Poultry

Poultry in commercial settings is exposed to a range of stressors. A growing body
of information clearly indicates that excess ROS/RONS production is the major detri-
mental consequence stressor inducing oxidative stress in poultry production [90]. In
addition, other environmental stressors such as NH3 pathogenic infections are con-
sidered also as risk factors for oxidative stress in all animals that are raised under the
intensive mode of livestock production [91]. Farm chickens live in a pro-oxidative
environment, due to the high population densities, fluctuations in temperature, and
high levels of ammonia due to bird droppings and handling of animals during the
entire productive cycle, affecting poultry health and production parameters. The
genetic selection on fast growth rates and complexion, selected under commercial
criteria with lean and large breast, makes farm chickens and other farm birds more
susceptible to oxidative stress [92]. The economic impact of oxidative stress farm bird
industry is enormous. Poultry is one of the most and fastest-growing animal produc-
tion sectors and has a substantial contribution to food security due to the accessibility
and nutritional value of its products, particularly meat and eggs, for the majority of
the world’s population. This livestock sector exhibits one of highest rate of growth and
technological innovation and improvement and is listed among the largest world
agricultural commodities. The poultry sector, which has a market value of $ 310.7
billion in 2020, is expected to grow to $ 322.55 billion in 2021 and record at compound
annual growth rate (CAGR) of 3.8%. The market is expected to hit $ 422.97 billion in
2025 [93].

The main source of RONS in chicken muscles is the leakage of electrons from the
respiratory chain in mitochondria during the reduction of molecular oxygen to water
process observed in all aerobic organisms, as in other studied animal models [14].
Among animal source foods, poultry meat has also been recognized as a material
highly sensitive to oxidative processes owing to the high unsaturation degree of the
muscle lipids and the susceptibility of meat to undergo oxidative reactions involves
many other endogenous (i.e., antioxidant enzymes) and external factors including
environmental conditions during the period of growth and fattening, for animals
destined for meat; and of growth and productive period of eggs. According to the
literature reports, heat and diet are the most remarkable means of oxidative stress in
domestic birds. These adverse factors may lead to biological damage, serious health
disorders, lower growth rates, and, hence, economic losses [92]. Supplementation of
feed using antioxidant dietary has been proposed to alleviate the oxidative stress of
poultry produced in hot climates although low temperature also decreases the level of
antioxidant activity lowering the antioxidant defenses in the animal in different tis-
sues and organs [94, 95].

Oxidative stress can affect important organs and tissues, including liver, kidney,
reproductive organs, and immune function. The liver plays a crucial in avian species,
compared with the majority of most mammalians, including rodents, ruminants,
swines, equines. Liver is the most important organ for “de novo” lipogenesis in birds
and about 90% of fatty acids that are synthesized in liver, where the rest, the minor
proportion, is contributed from adipose tissue. This fact is even more significant in
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commercial poultry due to the fact that dietary fat content is relatively low [96]. Fatty
acids synthesized by the liver are transformed, by the biochemical route of low-
density lipoproteins (VLDL), which act as an energy source to other tissues for
immediate use or storage. The critical role of avian liver in lipid metabolism is also
highlighted during egg production, which demands a shift of hepatic lipids to the yolk
to nourish the embryo [96, 97]. RONS can oxidize and damage cellular proteins and
lipids, but are normally kept in check by the liver’s robust system of antioxidants and
antioxidative enzymes that quickly neutralize excess RONS to maintain the redox
balance [90, 98]. It has been observed that in the liver cells the mitochondrial function
and other complex activity in low-feed efficient broilers. This fact is associated with
higher oxidative stress and differential protein expression [99].

The levels of essential microelements in poultry feed must be high enough to
satisfy the birds’ requirements and, at the same time, low enough to ensure the safety
of both animal feed and meat and eggs for human nutrition. The essential role of
vanadium (V), chromium (Cr), and nickel (Ni) in poultry nutrition is still under
investigation, while their toxicity was well established a long time ago. Vanadium
plays a role in lipid metabolism and its deficiency in feed can be associated with
decreased levels of blood and bone iron, which can result in abnormal bone develop-
ment. A range of experiments indicated the crucial role of trivalent Cr (Cr3+) in the
maintenance and regulation of blood glucose levels (via the glucose tolerance factor –
GTF). Dietary Cr3+ improves insulin effectiveness by enhancing its binding to recep-
tors and the sensitivity of the target cells [100]. In chickens, insulin promotes high
rates of protein synthesis and the better amino acid transport and lower rates of
protein degradation. This fact increases the weight of pectoral muscles and the meat of
these broilers contained less fat and cholesterol causes disorders of carbohydrate and
protein metabolism, reductions in insulin sensitivity in the peripheral tissues, and
decreases in growth rate [100]. The dietary addition of Cr propionate improved feed
efficiency and decreased mortality [101].

The essential function of Ni has been established in rats, poultry, swine, goats, and
sheep. Ni plays a role either as a structural component in specific metalloenzymes
(urease, hydrogenase). This element acts also as a cofactor in facilitating intestinal
absorption of ferric ions. Experiments have suggested its importance in cardiovascular
pathology; that is, elevated serum Ni concentrations are observed in patients with
acute myocardial infarction and stroke [102]. Ni ions have a high affinity for proteins
and amino acids and cause protein oxidation in cells. Its binding to chromatin in
somatic cells can result in oxidative and structural damage to cell proteins. Currently,
eight enzymes containing Ni have been identified [103].

Selenium is an essential micronutrient and well antioxidant naturally found in soil,
water, and some foods. Selenium compounds in trace quantities are indispensable for
proper physiological functioning of vertebrate organisms. The beneficial effects of
selenium are related to the selenoproteins, playing relevant role in the many physio-
logical functions, including endocrine, muscular, cardiovascular, nervous, reproduc-
tive, antioxidant, and immune functions [10, 104, 105]. Selenium compounds
improve immune responses modulating the production of certain cytokines secreted
by cells of the immune system and enhancing the resistance of the immune cells to the
oxidative stress. Selenium supplementation had inhibitory effects on tumor necrosis
factor alpha (αTNF) levels in heat-stressed broiler chicks, but the details are not
completely elucidated and are in continuous investigation [10, 106]. These mentioned
microelements in inorganic formulations are suitable for consumption in all animals as
dietary supplement, but in trace well-established amounts, above which they are
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harmful to the health causing severe intoxication and inducing oxidative stress. The
damage by these stressors has been observed, with particularly severity, in liver and
kidneys and gonads, suggesting that these organs are greatly vulnerable to metal
intoxication with the logical affectation of hepatic, renal, and reproductive functions
[55, 107]. Environmental problems also affect the farm animals in intensive hus-
bandry, and ammonia (NH3), a severe air pollutant, is an important factor for the
formation of secondary particles in the heavy haze pollution [108, 109]. It is known
that high concentrations of atmospheric ammonia induce alterations in the hepatic
proteome of broilers [91, 110].

4.2.3 Rodents

Rodents are mammals of the order Rodentia, which are characterized by a single
pair of continuously growing incisors in each of the upper and lower jaws. About 40%
of all mammal species are rodents. Difference has been extensively served as experi-
mental models: guinea pigs (Cavia porcellus), mice (Mus musculus), rats (Rattus
norvegicus domestica) syrian hamster (Mesocricetus auratus), or rabbits (Oryctolagus
cuniculus). It has been firmly established that rats, mice, and humans each have
approximately 30,000 genes of which approximately 95% are shared by all three
species [111]. Other advantages for using rodents as animal model for scientific
research are relatively small and require little space or resources to maintain, have
short gestation times and large numbers of offspring, and have quite rapid develop-
ment to adulthood and relatively short life cycle spans. Mice have a gestation period of
about 3 weeks, a fourth week period of weaned, and reach sexual maturity by 5–
6 weeks of age. This short life cycle allows large numbers of mice to be generated for
studies fairly quickly. However, in many areas of research rats are preferred, includ-
ing cardiovascular research, behavioral studies, and toxicology.

The rabbit (O. cuniculus) is phylogenetically closer to primates than other rodents
[112] and is large enough to permit non-lethal monitoring of physiological changes.
The rabbit is also standard laboratory animal in biomedical research, and transgenic
rabbits are used as animal models for a variety of human genetic and infection
diseases. It is routine, the use of rabbits includes antibody production, development of
novel surgical techniques, physiological clinical methods, and toxicological studies for
the testing of new drugs and development of new medical treatments. There are a
great number of research studies where mice and rabbits, including genetically
transformed animals, were used in many important topics, including lipoprotein,
atherosclerosis, cardiovascular research, and hypertrophic cardiomyopathy. Some of
these mutants haven conceived to constitutively develop oxidative stress, which in
some cases lead to the status for the spontaneous development of tumors. One of the
most remarkable cases is the mutants where gene encoding for well-known tumor
suppressor p53 is knocked out. In humans around 50% of cancer studied cases have
shown this suppressor gene mutated [113]. The p53 gene is induced and expressed in
response to different type of stresses, including oxidative stress. This is an example
when genomic stability and integrity are endangered via DNA damage under oxida-
tive stress. Many genes, acting in basic functions as a transcription factor p53 gene, are
targets of oxidative stress. There many other genes encoding for regulatory proteins or
functional RNA, regulated either positively or negatively, are targets for oxidative
stress attack. These target genes are usually involved in various cellular processes
converging into genome stability maintenance such as cell cycle arrest, senescence,
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apoptosis, and DNA repair, suggesting a possible reason to explain the tendency in
those mutants to develop cancerous tumors [114].

Mouse is the most widely used model in biochemical research, and mice provide
ideal animal models for biomedical research and comparative medicine studies
because they have many similarities to humans in terms of anatomy and physiology.
Oxidative stress mutant mouse models were either specifically designed to assess the
oxidative role of candidate molecule or shown to be oxidative models “by chance.”
The models genetically modified mutant mice are transgenic animals where a deregu-
lation of redox status has been modified by genetic transformation [115, 116]. One of
these mutant mouse models lacks the transcription factor Nrf2, which is very impor-
tant in the regulation of expression of phase II-antioxidant enzymes genes. Each
mutant has a knock-out of one of the components of the cellular antioxidative defense
disabling an adequate full response to oxidative stress. Some mutants also are suscepti-
ble to neoplastic tumors induced by increased ROS/RONS level. This applies to super-
oxide dismutase 1 (SOD1) and 2 (SOD2), and such animals develop liver cancer and are
conducive to the development of cancerous tumors. The case for peroxiredoxin 1
(PRDX1)-deficient animals that die from malignant cancers after surviving hemolytic
anemia, and for OGG1-deficient mice in which a defect in the elimination of oxidative-
damaged DNA facilitates lung tumor development [117]. Studies in mice and other
rodents can be preliminary steps not only to applied successfully assayed prophylactics,
drugs, and treatments to human health but also to wild and farmer mammalian ani-
mals. Some rodents are not only experimental models, but at the same time they are
animals of economic interest and the basis of an important food industry, that is, the
case of rabbits, for example. This is an important fact that allows extending obtained
results on the causes and effects of oxidative stress not only under animal husbandry
conditions but also under production conditions, providing a robust basis for applying
appropriate strategies in other farm animals such as pigs and cattle.

4.2.4 Swines

Swines (Sus domesticus) are an important species in livestock production. Total
global pork exports for 2021 are expected to reach 11.8 million tons, mainly with
China as a lider, followed by the EU and United States, and the global pork meat
market size is constant growth and the projection by 2027 is expected to reach US
$257,874.5 million [118]. Many breeds of pig exist, with different colors, shapes, and
sizes. According to The Livestock Conservancy, as of 2016, three breeds of pig are
critically rare (having a global population of fewer than 2000 [119].

As other farm animal, pigs are exposed to various types of stressors during their
life cycle: dietary, social, environmental stress, but also metabolic stress through high
performance in intensive livestock farm. Some stages are especially critical and can
induce ROS/RONS and induce oxidative stress. In the weaning phase, piglets often
show growth depression and are vulnerable more susceptible to diseases, a phenome-
non known as post-weaning stress syndrome [120]. Pigs suffer oxidative stress during
late pregnancy, high lactation, and weaning. Weaning is one of the most stressful
stages in piglets that results in intestinal, immunological, and behavioral changes and
animals became more vulnerable to different disease. During this period, pigs are
subjected to a number of stressors, including abrupt separation from the sow, trans-
portation and handling stress, a different food source, social hierarchy stress, co-
mingling with pigs from other litters, a different physical environment (room, build-
ing, farm, water supply, etc.), increased exposure to pathogens, and dietary or
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environmental antigens. The piglet must adapt to all of these stressors rapidly to be
productive and efficient. If the incidence of the different stressors in this stage is too
great for the pig, it can lead to poor performance and increased mortality due the
oxidative stress. When the piglet is weaned, their young organisms must be abruptly
adapted from highly digestible and palatable liquid milk from its mother that is
equally spaced throughout the day to a solid dry diet that is less digestible and
palatable. As a consequence, feed intake is usually reduced initially after weaning and
the piglet becomes malnourished with reduced transient growth rate [121]. In addi-
tion, we must point out the trauma that the definitive separation from their mothers
causes to young pigs, which also stresses them. Weaning induces both transient and
long-lasting modifications of absorptive, secretory, and barrier properties of piglet
intestine a well as modification in absorptive, secretory, and barrier functions of the
intestine. In the moment piglet stops feeding on breast milk, begins a period of
adaptation to many changes stressing their routine normal behavior: the separation of
mother and the change in their routine feed. This is a period of variable duration, a
period of reduced feed intake. It is considered that by the end of the first post-weaning
week, metabolizable energy intake is reduced to about 60–70% of pre-weaning milk
intake, and it takes about 2 weeks to complete recovery to the pre-weaning energy
intake values [121]. Low-feed intake predisposes the pig to intestinal barrier dysfunc-
tion, which is often accompanied by intestinal inflammation and negatively affects
villus height and crypt depth.

Environmental problems also affect the farm animals in intensive husbandry, and
ammonia (NH3), a severe air pollutant, is an important factor for the formation of
secondary particles in the heavy haze pollution [108, 109]. However, there were a few
studies on the effects of NH3 on pigs but for sure the high-density feeding in livestock
houses caused air pollution, and the main by gas pollutant is NH3 resulting from
microbial decomposition of nitrogen-containing organic matter. Some studies have
indicated that oxidative stress is one of the toxicity mechanisms of NH3 [122]. When
pigs were exposed to 100 ppm, NH3 during 6 days the pigs reduced food intake and
lost weight and increases up to 100 and 150 ppm provoke acute inflammatory reac-
tion. The effect of ammonia is observed in tracheal epithelium, and this organ is an
important barrier between internal organ and tissues and the environment. Ammonia
can cause dramatic changes when inhaled, including smooth muscle hyperplasia,
pulmonary fibrosis, basal layer thickening, cell composition changes, and inflamma-
tory cell infiltration, loss of cilia or the production of more mucus covered on the basal
layer of tracheal cilia. The increased mucus secretion can lead to the development of
chronic respiratory diseases including chronic obstructive pulmonary disease (COPD)
and asthma [123]. NH3 exposure leads to loss of cilia or the production of more mucus
covered on the basal layer of tracheal tissue as revealed by microscopy observation
[122]. The epithelial tissue of trachea forms a cellular barrier limiting the internal
organism with the environment. The attack to this barrier by external irritant and
harmful substances, particularly gases, combining with other stressor and pathological
conditions, alters the function of respiratory structure inducing dramatic chance and
muscle hyperplasia, pulmonary fibrosis, damages to the respiratory tissues, inflam-
mation, increase of secretion (mucus), and obstructive respiratory diseases and
asthma. All these pathological conditions are accompanied by oxidative stress. Oxida-
tive stress indexes such as superoxide dismutase (SOD), reduced glutathione (GSH),
reduced glutathione peroxidase (GSH-Px), and malondialdehyde (MDA) in the tra-
cheal tissue allow the inhalation of ammonia with the damage-producing oxidative
stress. The activities of SOD and GSH-Px and the level of GSH in the trachea tissue
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were significantly decreased compared with the control group, when animals were
exposed. On the contrary, MDA content in the trachea tissues of pigs exposed to NH3

was significantly higher than that in the control group [122]. Transportation of ani-
mals is important economic activity in many of the livestock production but is an
important stressor affecting many of the farm animals but the transport of animal is
also an important stressor that can induce the generation of ROS/RONS and drive the
affecting organisms to oxidative stress provoked morbidity, mortality, carcass trim
loss, and undesirable meat characteristics [124]. Due to the relevance of this topic
within the cattle sector, we will deal with it in the section corresponding to cows.

4.2.5 Cows

Cattle (Bos taurus) are large domesticated bovines and the most widespread species
of the genus Bos [125]. In dairy cows, oxidative stress has a negative impact on
immune and reproductive functions: increased mastitis frequency and higher somatic
cell counts in milk, decreased fertility, increased embryo mortality, post-partum
retained placenta, and early calving. Animal metabolic and physiological traits
respond quite differently to different oxidative stress factors and management strate-
gies, but the specific cellular mechanisms of action are not often described, although
our observation points out that in general, the mechanism is the same as already was
described but particularities derived from intrinsic physiology of each animal species
and the characteristics of handling with them during the entire productive cycle.
Some oxidative stress factors considered and described are linked with the microbial
pathogenic cells inducing mastitis, metritis, and degenerative diseases. In dairy cows,
feeding management is based on the use of different concentrates and forage ratios
that certainly have effect on some expressed genes associated with oxidative stress
pathways. In cows, microbial infections are one of the causes of oxidative stress.
Microbial activities cause driver of degenerating oxidative stress diseases. Mastitis and
metritis are some of the diseases that have been correlated with other pathogens as:
Streptococcus dysgalactiae, Streptococcus uberis, E. coli, and Klebsiella, non-aureus Staph-
ylococci (NAS), Staphylococcus aureus, and Enterococcus spp. have been correlated with
mastitis occurrence and with oxidative Stress [126]. Mastitis is an intra-mammary
infection driven by host-pathogen interactions that cause severe economic losses,
including decrease in milk production and quality, premature culling, lower concep-
tion rates, and treatment costs in dairy cattle. Therefore, host-microbial interactions
have been studied, aiming to optimize the lactating performance of cows [127] and
depending on the pathogenic microbes’ primary reservoir and mode of transmission.
Mastitis has been categorized into contagious and environmental forms. Some detri-
mental microbes such as S. dysgalactiae, S. uberis, E. coli, and Klebsiella, non-aureus
Staphylococci (NAS), S. aureus, and Enterococcus spp. have been well correlated with
mastitis occurrence, but unfortunately, the mechanisms underpinning host-microbial
interactions inducing mastitis are unclear [128], but probably it is related to a drop in
the immune defenses of the animal and what favors the opportunistic infection of
these pathogens. The pathogenic invasion mainly occurs from environmental
microbes through the mammary teat canal opening in the direction of the tissues, and
then to the epithelium cells of the duct, causing inflammation and development of
granulation tissues that finally appear as polypoid swelling. Pathogens in the epithe-
lium that remain undestroyed by neutrophils will cause edema, leading to
vacuolization and desquamated condition of epithelial acini. The pathogenic bacteria
undergo a rapid multiplication, leading to reductions in healthy milk secretory tissue,
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scanty milk with blood traces as well as gangrene and thrombosis damaging the udder
tissue, which can potentially lead to toxemia and death in acute cases. Mastitis milk is
source of zoonosis-like tuberculosis, brucellosis, and gastroenteritis. A number of
previous studies analyzed the microbiome of mastitis cows compared to healthy ones,
indicating a lower microbial diversity in mastitis bovine milk, quantified by a lower
Shannon Diversity Index, also called the Shannon-Wiener Index, which is a method to
evaluate the diversity of species in a community. The correlation analysis between
milk metabolites of the intra-mammary infected cows and their microbial populations
has been described [127]. In the case of Metritis, a uterine wall inflammation also is
associated by an increasing in n Fusobacterium, Bacteroides, and Porphyromonas has
been associated with metritis [128, 129], while a reduction in the same bacteria has
been associated with the antibiotic treatment of this disease. From published data, we
can say that both diseases and associated microflora induce oxidative stress.

The increases in ROS/RONS species can provoke lipid peroxidation and other cell
disorders including the activation of apoptosis so it is necessary to maintain a robust
antioxidant defense to maintain the functional status of the organisms. Dairy cows
need an adequate intake of coarse fiber to ensure proper rumination, saliva
processing, and rumen buffering; it is recommended that at least 40% of the feed
particles containing dietary ingredients in total mixed rations (TMR) for dairy cows
be larger than 8 mm [130]. However, commercial cow lactation diets are typically
high in concentrate to maximize nutrient intake and milk production efficiency,
resulting in diets with low or moderate physically effective neutral detergent fiber
(PeNDF) [131]. However, high-concentrate diets are likely to result in metabolic and
systemic dysfunction, leading to a rise in the concentration of ruminal volatile fatty
acids and a corresponding decrease in ruminal pH [132]. Low pH causes a lysis of
rumen microbes and release of endotoxins lipopolysaccharide (LPS) from Gram-
negative bacteria, and increases the permeability of the rumen barrier in cows but also
in other ruminants. LPS in the rumen fluid is absorbed mostly by the rumen wall, then
travels through the ruminal veins to the liver via the portal vein [133], and subse-
quently reaches the mammary gland, triggering inflammatory responses that result in
decreased production. In some tested dairy cattle fed with high concentrate, the
oxidant and antioxidant biomarkers such as LPS concentration in the rumen fluid,
hepatic vein plasma, portal vein plasma, and jugular vein plasma were higher than in
cattle fed with low concentrate [126].

Malondialdehyde (MDA) is a well-accepted and used biomarker to determinate
lipid peroxidation and SOD activities. MDA is increased in high concentrate feed
formulations for cow, and it is accompanied with a reduction of total antioxidant
capacity (T-AOC), GPx, and CAT activity. Regarding the composition and structure
of milk metabolites, blood metabolites, hormones, and enzymes, a substantial differ-
ence was observed in high concentrate compared to low-concentrate cattle. It was
reported that albumin and paraoxonase concentrations are inversely related to oxida-
tive stress due to their contribution to the protection of low-density lipoprotein and
high-density lipoprotein against lipid peroxidation, along with protein carbonyl and
lactoperoxidase. Increased LPS levels in portal and hepatic veins further damage
hepatocytes and impair liver function, shown by enhanced TNF receptor-associated
factor 6 (TRAF6), p-NF-B, p38 MAPK, IL-1, and serum amyloid A (SAA) levels in the
liver [134]. LPS increases the concentration of LPS-binding protein (LBP), serum
amyloid A (SAA), and haptoglobin (HP) in peripheral blood during SARA [135]. The
high concentrations of LPS can induce the production of ROS/RONS by Kupffer cells
and neutrophils. Kupffer cells, also known as stellate macrophages and Kupffer-
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Browicz cells, are specialized cells localized in the liver within the lumen of the liver
sinusoids and are adhesive to their endothelial cells, which make up the blood vessel
walls. Inadequate regulation of ROS accumulation within metabolically active tissues
results in oxidative stress. Isoprostanes (IsoP) are also important biomarkers of lipid
peroxidation damage because they form when ROS oxidizes arachidonic acid. Indeed,
IsoP was found in the blood and milk of dairy cows during periods of high oxidative
stress, such as the peripartum and mastitis periods [136].

Handling of cows also derived in oxidative stress increasing the susceptibility to
different diseases with increased incidence and severity of disorders during the tran-
sition period (around 3-week prepartum late pregnancy through 3-week post-
partum). Transition period is characterized by dramatic physiological and immuno-
logical changes from stages of prepartum gestation stage to lactation. It is known that
during late pregnancy, glucose and amino acid requirements increase in order to
support fetal development. Transition cows may display an overt systemic inflamma-
tory response around the time of calving even without signs of microbial infections or
other pathologies [137]. Low-grade chronic inflammation in transition cows has
adverse effect and can aggravate metabolic stress due the increasing lipolysis and, in
general, affecting hepatic functions. Pro-inflammatory cytokine TNF-α was observed
in serum of cows with fatty livers, and its concentration is well correlated with bio-
markers of inflammation and the increment with a concomitant impairment of health
and milk production [138]. It has been suggested that inflammatory-associated path-
ways are involved in adaptations to lactation. Many health disorders of dairy cows
could be explained by the abrupt changes in nutrient requirements taking place in the
lapse of calving, when the stressors lead the organism to oxidative stress. To mitigate
the damage by oxidative stress through the maintenance of an adequate level of
endogenous non-enzymatic antioxidants (BSA, glutathione) as well as enzymatic ones
(superoxide dismutase (SOD), Catalase (CAT), glutathione peroxidase (GPx)) and
exogenous antioxidant (vitamins, betaglucane, carotenoids, and flavonoids)
according to the necessity, so it is important to know the requirements of the
organism [139].

Transportation of animals is an essential component of livestock production and
presents both economic and animal welfare concerns. Economic costs associated with
transport are very high and negative data such as including morbidity, mortality, and
carcass trim loss, and lower meat quality [39]. Transportation of cattle can contribute
to the development of oxidative stress in several ways. Psychological stress and food
deprivation stimulate fatty acid and amino acid mobilization for use as metabolic fuel,
which increases mitochondrial ROS/ROSN production. During the transportation, the
cows do not take food. This food deprivation and water deprivation provoke physical
exertion in the animal that can stimulate an inflammatory response, which results in
ROS/RONS production by phagocytic immune cells and as a by-product of eicosanoid
biosynthesis. This costly condition, transportation stress, is a predisposing factor for
bovine respiratory disease (BRD). In case of beef, animals may be transported several
times during their lives: from birthplace to an auction market, stocker or
backgrounding handling, feedlot, and finally to a processing facility implying great
economic loss. Usually, when cattle have arrived to final destination, the privation of
food and water continued until the animals are weighted. Public and consumers have
increased their concern in how animals are raised and handled before slaughter, and
the effects of transit on animal well-being is focus of interest [39].

As other organisms with highly developed central nervous systems, oxidative
stress can be caused by psychological stressing factors derived from handling, fatigue,
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and potential for injury during the transport operation. The joined actions of different
types of stressors activate several biological pathways known to lead to the develop-
ment of oxidative stress. If some bioindicators of oxidative stress are compared
between the calves that are not transported with those that are transported consider-
able distances, we find great differences between both groups. Lipid peroxidation was
218% greater, and antioxidant capacity was 186% lesser in leukocytes isolated from
transported calves [140]. The same tendencies were found when cells were incubated
with antioxidants (α-tocopherol or ascorbic acid) at concentrations greater than
0.1 mg/mL [141] as well as increased lipid peroxidation (177%) and decreased antiox-
idant status (11%) in the serum of beef calves after transit relative to pretransit values.
The post-transit serum malondialdehyde (MDA) concentrations were 43% greater in
calves, which later died of acute BRD, and calves that experienced ≥3 episodes of BRD
had twofold greater MDA concentrations after transit than healthy calves [142]. It was
observed greater linoleoyl tyrosine oxidation products before and after transit in blood
samples from calves that eventually had pulmonary adhesions at slaughter, providing
evidence that oxidative status may be a contributing factor in the development of
BRD. ROS/RONS species produced by immune cells to eliminate pathogenic bacteria
are able to damage and even kill the pulmonary cells, provoking inflammation in this
damaged tissue resulting in respiratory dysfunction. These data indicate that transit-
induced oxidative damage can impair immune-cell and respiratory function, which
ultimately increases morbidity and mortality. Oxidative stress induced by transporta-
tion accomplished by increasing of respiratory rates because the effort to repair,
degrade, or replace damaged biomolecules as well as deployment of antioxidant
defense requires a great amount of energy. Indeed, a negative relationship between
oxidative stress and feed efficiency in livestock has been observed and described
[143]. During the trip, while trucks or cargo trains are moving, cows usually tend not
to lie down, but when travel is very long, the animals will trait to lie down if adequate
space is available.

5. General assessment to preventive strategies

Strategies based on dietary antioxidants may alleviate the impact of other sources
of oxidative stress in farm animals and inhibit the negative influence of this stress on
livestock production. These strategies generally involve reducing the concentration of
polyunsaturated lipids in diets as well as supplementation with α-tocopherol (around
200 mg tocopherol/kg feed) and ascorbate (up to 1000 mg ascorbate/kg feed) alone or
in combination with other elements with antioxidant potential, such as selenium,
magnesium, and zinc in poultry [144–146]. The vitamin E, α-tocopherol, is an effec-
tive inhibitor of lipid peroxidation and well scavenger of free radicals such as peroxyl
and alkoxyl and lipid radicals by transferring hydrogen, resulting in non-radical mol-
ecules. In addition to increasing the concentration of dietary antioxidants in tissues,
these strategies, including dietary fat modification, may also support antioxidant
protection by promoting the concentration and activity of endogenous antioxidant
enzymes such as glutathione peroxidase (GSHPx). Selenium yeast may be, according
to some recent reports, a promising dietary strategy to improve the oxidative stability
in farm animals [90, 147]. In broiler chickens, dietary organic selenium improves
antioxidant capacity and enhances growth performance in broiler chickens and the
supplementation with algae-based selenium yeast in addition to improving not only
the antioxidant defense capacity in live broilers, but also allowing to preserve the
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quality of the meat after slaughter by increasing lipid and protein oxidative stability of
meat through promotion of antioxidant enzyme activity [148].

To establish the composition of antioxidant diet, it is necessary to define the
specific nutritional requirements of the species, taking into consideration not only
basic feeding parameters but also all the other feeding parameters would make essen-
tial micronutrients act as anti- or pro-oxidants. Molecular mechanisms triggered after
feeding high-concentrate inducing sub-acute ruminal acidosis (SARA), a digestive
disorder also known as chronic or subclinical acidosis, in dairy cows [149]. This is a
relevant health problem in most dairy herds. This is digestive disorder characterized
by changes in oxidative stress parameters, including the genomic signaling pathways
in different organs and tissues: mammary gland, liver, hind-gut, and uterus and in
epithelial tissue. Cows with SARA often develop complications or other diseases and
associate physiologically with immunosuppression, inflammation, and oxidative
stress. The prevention of SARA includes the establishment of feeding and manage-
ment guidelines seeking to minimize rumen acidotic load including probiotics, fiber,
and vitamins as well as yeast-derived supplements [150]. In our experience, this
nutritional strategy improves overall animal performance in all aspects of their life
and in productive parameters not only in cattle but also in other ruminants. A simple
practical method for assessing the performances in dairy cows is the so-called body
condition score (BCS). BCS helps to identify animals at increased risk of metabolic
diseases and oxidative stress [151, 152]. By managing the BCS we can establish the
relationships between animal health, reproductive function, milk production, and
overall development of the cows. This index is associated with key hepatic enzymes
associated with animal metabolism and related biomarkers, including oxidative stress
biomarkers in liver tissue and plasma. Cows with high BCS show higher plasma
concentrations of fatty acids compared with the other ones with normal BCS although
concentration of reactive oxygen metabolites found in both groups was similar. High
BCS cows showed lower overall concentrations of β-carotene and tocopherol,
explaining the lower indicator (ferric reducing ability of plasma) of antioxidant
capacity and showed lower hepatic protein abundance of the 1-carbon metabolism
enzymes cystathionine-β-synthase, betaine-homocysteine methyltransferase, methio-
nine adenosyltransferase 1 A, glutathione metabolism-related enzymes, and glutathi-
one S-transferase α4 and GPx3. The published data suggest that the BCS values are
well correlated with milk yield, immune response, and synthesis of antioxidant
[126, 153, 154]. In deterioration of physical environment during the dry season and in
the first time in body condition postpartum has been related to higher probabilities of
metabolic and infection diseases [20, 155, 156]. The activity of specific additives is to
efficiently manage the effect of oxidative stress derived from the determination of
every specific functional element in the diet and determination of the optimized
quantity and proportion in the feed formulation. Among such additives, we have
amino acids, vitamins, microelements, prebiotics, and probiotics, and all of themmust
be continuously evaluated and valorized in animal nutrition, especially when natural
antioxidant defenses have been breached. Little information exists on optimum inclu-
sion levels and synergetic effects of rumen protected amino acids on their oxidative
status. Increasing antioxidants activity has a beneficial effect on animal health and can
decrease the incidence rate of metabolic disorder diseases such as ketosis [157]. Other
additives are analogues that can be used to improve antioxidant defense of the organ-
ism like N-carbamylglutamate (NCG). NCG is a metabolically stable analogue of N-
acetylglutamate synthase that produces endogenous arginine, and it is proven that can
stimulate and improve the immune function and oxidative status in suckling lambs
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[74]. Dietary supplementation with L-arginine (Arg) and N-carbamylglutamate
(NCG) on intrauterine growth-retarded (IUGR) suckling lambs. Methionine supple-
mentation coupled with choline enhanced gene expression of TLR2 and L-selectin, a
part of pathogen recognition mechanisms [31]. Cells incubated without choline had
high mRNA abundances encoding IL1B, IL6, IL10, myeloperoxidase (MPO), glutathi-
one reductase (GSR), GSS, cystathionine gamma-lyase (CTH), and cysteine sulfinic
acid decarboxylase (CSAD), suggesting higher inflammation and oxidative stress
[158, 159].

6. Practical examples

Our group carried out a series of experiments using a mixture of hepatoprotectors
and antioxidant compounds (HPAC) in the stressed mice by intramuscular via for
1 month. HPAC mixture is an injectable aqueous solution composed of salts (sodium
acetate, potassium chloride, calcium chloride, and magnesium sulfate), amino acids
(phenylalanine, leucine, isoleucine, valine, tryptophan, arginine, cysteine, histidine,
lysine, methionine, and threonine), vitamins (nicotinamide, pyridoxine, cyanocobal-
amin, riboflavin, pantenol, ascorbic acid, and tocopherol), and polysaccharides (dex-
trose, yeast β-glucan soluble fraction). Stressed mice were obtained according to the
protocol described in the previous section and the same biomarkers were measured as
well. The results showed that the mixture made up of hepatoprotectors and antioxi-
dants at optimized proportions could prevent an oxidative stress-mediated damage in
liver, kidney, and immunological functions. The obtained results clearly indicated the
direct relationship between the excess of free radicals found in immune-depressed
animals and their susceptibility to disease [159]. The results also showed interrela-
tionship between important physiological functions and the oxidant/antioxidant bal-
ance in the organism. Non-treated control group presented alteration in oxidative
status. In another research, a high-producer β-glucans strain of S. cerevisiae was

Figure 1.
Dynamic of weight gain week on BalC mice subjected to induced environmental stress and treated with HPAC. The
treatments correspond to: N-not treated and not stressed (not stressed), NS-not treated and stressed,T-treated but
not stressed,TS-treated and stressed. The best response to induced stress and the best weight recovery was observed in
the group that received HPAC-treatment at days 1, 3, 6, and 9 of the experimental trial. The values shown in
Tables 1 and 2 correspond to this experiment [10].
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selected from our culture collection to evaluate its ability to assimilate selenium by
growing it in YPD (Yeast Extract, Peptone, Dextrose) medium supplemented with
inorganic sodium selenite. This strain was also used as a host to express the murine
lactoferrin gene under the control of the promoter of the S. cerevisiae glyceraldehyde-
3-phosphate dehydrogenase (GPD) gene. The yeast strain was cultivated to obtain
biomass made up of high β-glucans levels, the incorporated selenium and recombinant
murine lactoferrin. This biomass was harvested and dried to obtain probiotic supple-
ments T1 and T2. The amount of bioselenium and murine lactoferrin were determined
in the resulting product and used to feed BALB/c mice during 30 days (Figure 1).
Several parameters served to monitor evaluate the immune stimulatory effect and the
physiological state of the animals during the test. Measurements were carried out at 0,
15th, and 30th days. The results showed the composite supplement improves the
physiological and immunological conditions of the tested animals compared to the
control group (Tables 1 and 2). The results obtained pave the way for developing food
supplements with similar characteristics for economically important species [10].

Organic
System

Test T Day
1

s Day
15

s Day
30

s Observed Tendency

Hepatic Alanine
Transaminase

U/dL

ND 26.41 1.57 26.45 2.74 27.93 2.15 Without significant
changes

NDT 25.37 1.56 42.5 1.65 54.76 198 Increment

T 26.18 2.01 67.72 2.92 37.94 2.26 Increment, but
recovering the
normal values

Aspartate
Transaminase

U/L

ND 65.38 1.95 66.41 2.05 67.42 2.58 Without significant
changes

NDT 63,14 1.65 86.76 1.43 89.83 1.74 Increment

T 64.78 2.81 83.42 2.27 65.72 2.36 Increment, but
recovering the
normal values

Alkaline
Phosphatase

U/L

ND 39.32 2.21 40.15 2.05 39.54 2.75 Without significant
changes

NDT 38.87 1.95 156.89 2.05 162.54 2.62 Increment

T 40.07 2.32 142.95 2.15 56.56 1.59 Increment, but
recovering the
normal values

Malondialdehide
MDA

Nmol/mg.pr

ND 3.56 1.47 3.51 1.48 3.53 1.54 Without significant
changes

NDT 3.49 1.23 7.05 1.36 12.05 1.04 Increment

T 3.45 1.06 6.52 1.34 6.43 1.24 Increment, but
recovering the
normal values
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Organic
System

Test T Day
1

s Day
15

s Day
30

s Observed Tendency

Renal Urea BUN
mg/dL

ND 20.41 1.45 21.01 1.32 21.32 1.43 Without significant
changes

NDT 22.21 1.23 20.43 1.32 22.23 1.35 Increment

T 21.04 1.25 20.31 1.67 21.05 1.39 Without significant
changes

Uric Acid
mg/dL

ND 0.15 0.01 0.16 0.01 0.15 0.01 Without significant
changes

NDT 0.12 0.03 0.16 0.04 0.12 0.02 Increment

T 0.15 0.01 0.15 0.01 0.16 0.02 Without significant
changes

Creatinine
mg/dL

ND 0.74 0.02 0.72 0.01 0.73 0.02 Without significant
changes

NDT 0.69 0.05 0.78 0.02 0.97 0.03 Increment

T 0.75 0.03 0.71 0.02 0.73 0.03 Without significant
changes

Serum
Oxidative
Status

Serum Albumin
mg/dl

ND 2.61 0.01 2.65 0.12 2.67 0.03 Without significant
changes

NDT 2.56 0.02 3.04 0.11 3.20 0.19 Increment

T 2.73 0.01 3,15 0.12 2.69 0.03 Increment, but
recovering the
normal values

Serum
Glutathione
Peroxidase *
(GSH-Px)
nmol/ml

ND 28.5 1.09 28.18 1.34 29.31 1.81 Without significant
changes

NDT 26.99 1.43 29.87 1.28 48.65 1.58 Increment

T 27.7 1.38 28.73 1.68 28.89 1.21 Increment, but
recovering the
normal values

Serum Total
Antioxidant
Capacity
nmol/L

ND 0.96 0.04 0.92 0.04 0.96 0.05 Without significant
changes

NDT 0.95 0.06 1.89 0.07 1.99 0.08 Increment

T 0.97 0.04 1.42 0.06 1.08 0.06 Increment, but
recovering the
normal values

ND: No supplemented diet no stressed; NDT: no supplemented diet stressed; T: Supplemented diet stressed. Biomarkers in
hepatic, renal and serum oxidative status show some increments in individuals fed with a supplemented diet, but at the
level of the entire organism no retard was observed in their development, weight gain or behavior; compared with
individuals that were fed with normal diet (Figure 1) [10].

Table 1.
Blood biochemical tests performed in peripheral blood of BALB/c mice to evaluate hepatic, renal and serum
oxidative status.
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Biomarker Test T Day 1 s Day 15 s Day
30

s Observed
Tendency

Leucocytes
Cells x 103/
μL

Lymphocytes
Cells x 103/μL

ND 12.23 0.43 12.55 0.73 12.29 1.05 Without
significant
changes

NDT 12.54 0.65 16.47 0.64 18.65 0.54 Increment

T 12.08 0.71 16.31 0.87 18.55 0.32 Increment

Neutrophils
Cells x 103/μL

N 6.51 0.41 6.71 0.51 6.23 1.15 Without
significant
changes

NDT 6.09 0.32 7.89 0.43 7.45 1.20 Increment

T 6.88 0.52 7.84 0.61 8.86 1.07 Increment

Monocytes
Cells x 103/μL

ND 0.74 0.23 0.79 0.12 0.79 0.15 Without
significant
changes

NDT 0.69 0.13 0.81 0.12 0.91 0.12 Increment

T 0.79 0.16 0.89 0.16 0.91 0.14 Increment

Phagocytosis
assay
(%)

Phagocytosis
in Monocytes

(%)

ND 36.09 1.52 38.55 1.29 37.49 1.32 Without
significant
changes

NDT 35.12 1.45 37.09 1.61 65.05 1.28 Increment

T 35.68 1.71 57.21 1.53 70.63 1.51 Increment

Phagocytosis in
Macrophages (%)

N 33.21 1.31 35.57 1.45 35.23 1.51 Without
significant
changes

NDT 33.42 1.03 57.5 1.26 66.98 1.34 Increment

T 35.88 1.22 67.34 1.05 78.16 1.42 Increment

Cytokines
pg/L

Interferon gamma
(IFN-γ).
pg/L

ND 130.19 1.27 141.21 1.15 149.25 1.54 Without
significant
changes

NDT 139.04 1.54 1.49.97 1.24 216.34 1.33 Increment

T 141.31 1.79 187.95 1.38 312.55 1.67 Increment

Interlukin 2
(IL2)
pg/L

N 210.19 1.32 200.52 0.13 231.49 0.59 Without
significant
changes

NDT 216.45 1.27 234.09 0.18 356.43 0.76 Increment

T 221.31 0.79 289.92 1.62 382.55 0.63 Increment

Interlukin 12
(IL2)
pg/L

N 322.45 1.05 327.31 1.61 339.67 1.25 Without
significant
changes

NDT 310.45 1.25 315.32 1.57 456.87 1.49 Increment

T 315.86 1.32 436.57 1.47 532.48 1.37 Increment

Interlukin 4
(IL2)
Pg/L

N 273.81 1.12 296.45 1.31 326.68 1.09 Without
significant
changes
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7. Concluding remarks

The role of oxidative stress on biological systems is important but controversial, it
is important in organic functions particularly in signal transduction. Oxygen partici-
pates in an important way in the energy cycle of living beings. It is essential for
cellular respiration in aerobic organisms but many of living process generate reactive
oxygen species and reactive oxygen and nitrogen species (ROS/RONS) that in excess
can drive the organism to oxidative stress, a consequence of the disturbance of the
balance between pro-oxidants and antioxidants, with a shift in favor of the ROS/
RONS and significantly damaging the physiological functions of the organism. The
aerobic organisms should keep the oxidant/antioxidant balance using different anti-
oxidant mechanisms. The cellular antioxidant defenses include the use of free amino
acids, vitamins, proteins, polysaccharides, sugars, and certain ions as antioxidant
compounds as well as enzymes such as superoxide dismutase and (SOD), glutathione
peroxidase, and catalases.

A group of stressors contributes to a greater generation of ROS/RONS that can be
caused by the intracellular and organic metabolic processes themselves, and factors of
infection by pathogens and environmental conditions. Oxidative stress is a permanent
research target due to the importance it generates for human health, and many
investigations materialize in different study models from bacteria, simple eukaryotes
such as yeast, cell lines, first culture cells, animals, and plants. Using accepted models
that exist for different diseases, we can see how the oxidative condition of the organ-
ism influences each of these diseases. Oxidative stress also affects the condition of all
living organisms and significantly affects all living organisms, including those that are
of economic interest, particularly under the conditions imposed by intensive animal
production, so the stress is generates due to overpopulation in farms and management
in the different steps of the production cycle. The incidence of oxidative stress in
animals, both experimental models and farm production animals, was analyzed in
some species of interest. To prevent and improve the damage caused by the digestive
process, the use of active antioxidants in food is recommended, as well as improve-
ments in living conditions.

Biomarker Test T Day 1 s Day 15 s Day
30

s Observed
Tendency

NDT 267.98 1.25 338.76 1.47 367.78 1.26 Increment

T 281.23 1.28 351.2 1.39 425.82 1.46 Increment

Interlukin 10
(IL2)
pg/L

N 359.51 1.41 373.65 1.46 321.43 0.75 Without
significant
changes

NDT 361.09 1.45 389.65 1.34 423.67 1.25 Increment

T 348.23 .1.49 537.69 1.51 754.31 0.65 Increment

ND: No supplemented diet no stressed; NDT: no supplemented diet stressed; T: Supplemented diet stressed. The treated
individuals are in a state of alert that does not represent damage to the vital functions but shows that increments in
immune functions are observed in both individuals fed with supplemented diet and stressed as well as in individuals fed
with no supplemented diet and stressed the values in immune functions were lower than in those fed with supplemented
diet (Figure 1) [10].

Table 2.
Analysis of immunological status leucocyte blood cells counts and cytokine production in BALB/c mice.
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Chapter 3

Acute Changes in  
Lipoprotein-Associated Oxidative 
Stress
Ngoc-Anh Le

Abstract

As inflammatory and oxidative stress are associated with cardiometabolic diseases, 
detection of abnormal fasting levels of inflammatory and oxidative biomarkers are 
indicative disease presence and may be too late for any preventive management. 
Metabolic flexibility refers to the ability of various metabolic processes to compensate 
for these acute changes and return all metabolites to baseline levels. By monitoring 
responses of key biomarkers to a standardized physiologic challenge, it is possible to 
assess the ability of the body to restore homeostasis, that is a measure of metabolic 
flexibility. Acute changes in lipoprotein-associated biomarkers of oxidative stress 
have been demonstrated following meal consumption. These include changes in 
circulating levels of oxidized low-density lipoproteins (LDL), levels of autoantibodies 
to malondialdehyde-modified LDL, as well as the oxidative susceptibility of isolated 
plasma LDL. These responses depend on the type and amount of dietary fats in the 
meal. Management with certain lipid-lowering drugs could also be shown to affect 
these meal-induced changes. However, plasma levels may be underestimated as we 
can demonstrate a spike in lipoprotein-associated biomarkers of oxidative stress 
resulting from the release oxidatively modified epitopes from the arterial wall by an 
intravenous bolus of heparin.

Keywords: lipoproteins, low-density lipoproteins, autoantibodies, MDA-LDL 
postprandial, metabolic flexibility, heparin

1. Introduction

Cardiometabolic diseases (CMD), specifically cardiovascular diseases and type 2 
diabetes mellitus account for 17.5 and 1.5 million annual deaths, respectively [1, 2]. 
These noncommunicable diseases arise from metabolic abnormalities that should be 
preventable, especially if they can be identified at early stages. Current understand-
ing would suggest that the onset and progression of CMD are the result of cumula-
tive disturbances in cardiometabolic pathways [3]. Ongoing clinical diagnoses are 
typically based on cut-off values of various metabolites that have been associated 
with advanced diseases. Although these cut-off values have been established by 
major studies in a large number of participants, they are typically measured after 
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8 h of fasting. Since a typical individual may be consuming 2–3 meals daily, it is 
evident that metabolic processes are carried out in a non-fasting state throughout 
the day. It has been estimated that an individual adhering to the typical western 
diet may have triglyceride levels above fasting levels throughout 75% of the day [4]. 
Furthermore, some individuals may be exposed to a significant level of physical 
activity as part of their daily routine. Both meal consumption [5, 6] and physical 
activity [7, 8] are associated with transient spikes in oxidative stress. Indeed, while 
regular physical activity is believed to be associated with health benefits, excessive 
exercise has been reported to result in elevated biomarkers of oxidative damage in 
skeletal muscle and blood [8].

Metabolic flexibility or phenotypic flexibility is a term used to describe a battery 
of metabolic/physiologic processes that allow the body to regain homeostasis after 
various types of physiologic stresses [9, 10]. For instance, the oral glucose tolerance 
test is a widely accepted physiologic challenge to identify individuals with disturbed 
glucose metabolism (i.e. impaired flexibility) despite having normal levels of fasting 
glucose [11]. High-fat challenge tests have also been used to study lipid metabolism 
and metabolic flexibility [12]. The mode and intensity of acute exercise have also been 
reported to result in transient changes in several markers of chronic systemic inflam-
mation, including C-reactive protein (hsCRP) and interleukin 6 (IL-6) [13].

While regulated oxidative stress is necessary for normal cellular metabolism, 
imbalance between reactive oxygen species (ROS) generation and ROS scavenging is 
recognized as a central step in the initiation and progression of CMD. However, direct 
measurement of ROS in the circulation is not feasible in view of their short biological 
half-lives which is of particular importance as all substrates in the body are potential 
targets of oxidative modification caused by ROS. A prime example of oxidation 
targets is polyunsaturated fatty acids (PSF) which are characterized by the multiple 
double bonds in their hydrocarbon chain [14]. Among other potential circulating 
biomarkers, plasma lipoproteins, and in particular, triglyceride-rich lipoproteins, 
come in direct contact with endothelial cells along the vasculature as part of their 
normal function to transport lipid throughout the body [15]. Free fatty acids, a key 
by-product of triglyceride metabolism, are highly susceptible to oxidative modifica-
tion, move readily in and out of the sub-endothelium and are taken up by various 
tissues. Oxidative modification of lipids results in the formation of reactive aldehydes 
such as malondialdehyde (MDA) and 4-hydroxynonenal (HNE) [16]. MDA and 
HNE-modified metabolites can be detected in plasma [17].

2. Metabolism of triglyceride-rich lipoproteins and free fatty acids

Triglycerides (TG) and their structural component free fatty acids (FFA) repre-
sent the key source of energy in humans. In the fasting state, triglycerides are con-
tinuously synthesized and secreted by the liver after packaging in very-low-density 
lipoprotein (VLDL) particles for distribution and storage throughout the body. 
VLDL unload their cargo of triglycerides by attaching themselves to the endothelium 
with the subsequent release of free fatty acids and monoglycerides. The neutral and 
oxidized FFA released by the hydrolysis of triglyceride-rich VLDL can induce endo-
thelial inflammation [18]. In the same process, any excess ROS generated by activated 
macrophages in the arterial wall could diffuse through the endothelium and seed lipo-
proteins while they are still in circulation [19]. The residual product after the delivery 
of TG is the cholesterol-rich low-density lipoprotein (LDL) particles (Figure 1A).
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In addition to the daily flux of endogenous TG secreted by the liver in the form of 
VLDL, approximately 90 g of fat are absorbed each day and packaged by the intestine 
within chylomicrons (Chylo) to transport newly ingested dietary fat [4]. For indi-
viduals with normal fasting TG levels (< 1.70 mmol/l, < 150 mg/dl), postprandial TG 
may be increased by 1.20 mmol/l (106 mg/dl), or approximately 70% [20]. VLDL and 
Chylo are commonly referred to as TG-rich lipoproteins (TRL).

Three key enzymes are responsible for the metabolism of circulating TG and FFA. 
They include heparin-releasable lipases, lipoprotein lipase (LpL) and hepatic lipase 
(HL), and hormone-sensitive lipase (hsL). Both TRL (VLDL and Chylo) share a com-
mon pathway requiring LpL-induced conversion of TG into non-esterified fatty acids 
(free fatty acids or FFA), that are taken up by cells and re-assembled as TG for storage 
in various tissues [15]. HL is primarily responsible for the breakdown of TG from the 
partially hydrolyzed TRL [15]. During fasting, when plasma insulin level is low, hsL 
is actively breaking down stored TG with the release of FFA back into the circulation 
to be transported back to the liver by albumin [21]. During postprandial lipemia, hsL 
is inhibited and there is a net increase in LpL-induced FFA release from Chylo for 
storage [21]. These metabolic processes are schematized in Figure 1.

LpL and HL are anchored to the luminal surface of vascular endothelial cells 
via membrane-bound heparan sulfate proteoglycans and could be released into the 
bloodstream by intravenous heparin [22]. Plasma TG levels are significantly reduced 
by as much as 80% following the release of the lipases by heparin [23, 24]. This acute 
reduction in plasma TG was explained by the failure of released FFA to inhibit LpL 
activity in the circulation [25]. LpL was originally described as the “clearing factor” 
[26, 27] for its ability to clear the turbidity due to elevated TG in plasma.

The residual product following the hydrolysis of VLDL by LpL is the cholesterol-
rich LDL [28] that has been implicated in the initiation and progression of athero-
sclerosis [29]. According to the oxidation hypothesis of atherosclerosis [30, 31], only 

Figure 1. 
Metabolism of triglyceride-rich lipoproteins (TRL) during fasting and postprandial state. TRL are attached to 
lipoprotein lipase via heparan sulfate proteoglycans allowing free fatty acids (FFA) to move in and out of the 
vascular space. Under inflammatory conditions, excess reactive oxygen species generated could diffuse to the lumen 
and potentially seed the surface of TRL while they are attached to the vessel wall. Without adequate anti-oxidant 
protection, the affected lipoproteins will undergo oxidative modification and thus acting as a biosensors of 
oxidative stress in the extravascular space.
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oxidatively modified LDL can be taken up by macrophages subsequently leading to 
the formation of foam cells, endothelium dysfunction, and the development and/or 
progression of atherosclerosis [32, 33]. As such, research on lipoprotein-associated 
oxidative stress has predominantly focused on oxidatively modified LDL. Starting 
with the detection of oxidatively modified LDL in atherosclerotic lesions [34, 35] and 
the evidence for an in vivo process for LDL oxidative modification [36], a number of 
studies linking circulating levels of oxidized LDL to cardiovascular disease emerged 
[37–39]. However, there is also increasing evidence that oxidative modification of 
lipoproteins is not limited to LDL but can affect other lipoproteins [40] with the 
susceptibility to oxidative modification being dependent on their fatty acid composi-
tion [41, 42]. We subsequently reported that the oxidative susceptibility of plasma 
LDL could be affected acutely following meal consumption [43].

3. Lipoprotein-associated oxidative stress

3.1 Autoantibodies against malondialdehyde-modified lipoproteins

While the presence of malondialdehyde-modified LDL (MDA-LDL) [38, 39, 44, 45] 
and autoantibodies against oxidatively modified LDL (AAb-oxLDL) [46–49] has been 
well accepted, the relationship between these biomarkers and atherosclerosis remains 
unclear. High levels of oxLDL have been reported to be associated with the presence 
and severity of CAD [17, 35, 38, 39, 44]. However, in spite of angiographically docu-
mented improvement in atherosclerosis with aggressive lipid-lowering intervention, 
plasma levels of oxLDL were actually increased [50]. Similarly, the association between 
AAb-oxLDL and atherosclerosis is not clear. In LDL-receptor deficient mice, levels of 
AAb-oxLDL positively correlated with atherosclerosis progression [51]. In the Watanabe 
rabbit lacking LDL receptor, these same investigators reported protection from athero-
sclerosis when levels AAb-oxLDL were increased by immunization with MDA-LDL [52]. 
Contradictory results have also been reported in humans with levels of AAb-oxLDL 
being associated with disease in some studies [46, 53, 54] but not in others [48, 49].

According to the oxidation hypothesis of atherosclerosis, only the smaller LDL 
particles could go through the endothelium, be trapped in the sub-endothelium, and 
undergo oxidative modification [30]. oxLDL would be in equilibrium between the 
endothelium and vascular space. An alternate scenario would allow plasma lipopro-
teins rich in highly oxidizable polyunsaturated fatty acids to attach to the arterial wall 
and be exposed to ROS generated in the sub-endothelium. Depending on the metabolic 
state preceding blood collection, levels of lipoprotein-associated biomarkers may 
be transiently affected resulting in different relationships between biomarkers and 
disease status. We have designed four different studies to examine this hypothesis.

In the first study, we administered a standardized mixed meal in the form of a 
600 kcal shake to a group of patients with documented CAD and a small group of 
young healthy volunteers with no known risk factor for CAD [55]. Following the con-
sumption of the shake, we observed a significant and transient reduction in plasma 
levels of autoantibodies (AAb) specific to MDA-LDL. This acute change was demon-
strable only in individuals with documented CAD and not in healthy volunteers 
[55]. We have interpreted this reduction in AAb as suggestive of acute meal-induced 
increase in the levels of oxidatively modified lipoproteins. Thus, the time of the last 
meal prior to blood collection and the clearance of the intestinal lipoproteins would 
affect the levels of AAb-oxLDL.
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In the second study, we examine the effect of different fatty acid compositions 
in the shake. In a small group of patients with metabolic syndrome, we examined 
the postprandial response with four different oral challenges administered in 
random order. The oral challenges were either enriched in different fatty acids, 
including polyunsaturated fatty acids (PSF), monounsaturated fatty acids (MSF), 
saturated fatty acids (SF), whereas one contained no fat (glucose). Details on 
the preparation of the shake have been presented elsewhere [56]. As expected we 
reported that this meal-induced reduction in AAb against MDA-LDL was specific 
for test meals rich in highly oxidizable polyunsaturated fatty acids (PSF) and could 
not be observed with challenges containing saturated fatty acids (SF), monoun-
saturated fatty acids (MSF), or only glucose (Figure 2) [56]. Thus, the composi-
tion of the last meal prior to blood collection could have an impact on plasma levels 
of AAb-oxLDL.

In the third study, we examine the effect of therapy with a lipid-lowering drug 
known to have antioxidant properties on this postprandial response. For this we 
chose simvastatin, a well-known cholesterol-lowering drug that has previously been 
reported to have antioxidant properties [57], In a group of hypercholesterolemic 
patients we examined the postprandial response at baseline and after four months 
of treatment with simvastatin (40 mg/day). The composition of the test meal and 
laboratory analyses have been previously described [55]. We observed no difference 
in fasting levels of AAb against MDA-LDL (Figure 3A) despite a 30% reduction in 
LDL. However, the meal-induced reduction in AAb against MDA-LDL was completely 
blunted (Figure 3B) indicative of a reduction in oxidative stress in the arterial wall 
with simvastatin therapy. This result would suggest that the oxidative state of the 
arterial wall could have an impact on plasma levels of AAb-oxLDL.

Figure 2. 
Meal-induced changes in levels of AAb against MDA-LDL: Effect of meal composition. Following an oral 
challenge, there was a transient reduction in the circulating levels of autoantibodies (AAb) to malondialdehyde-
modified lipoproteins. The acute change was observed only with a challenge enriched in the highly oxidizable 
polyunsaturated fatty acids (PSF) and not with monounsaturated fatty acids (MSF), saturated fatty acids (SF), 
or glucose.
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In the fourth study, we used an intravenous bolus of heparin (60 IU/kg body 
weight) to dislodge metabolites that would be attached to heparan sulfate proteo-
glycans lining the arterial wall (unpublished data, pre- and post-heparin plasma 
samples were made available courtesy of Dr. RB Goldberg and colleagues at the 
University of Miami).

In addition to the measurements of AAb against MDA-LDL and LDL-IgG immune 
complexes as previously described [55] we also measured levels of oxLDL and myelo-
peroxidase in pre-and post-heparin samples by immunoassay (Mercodia, Winston-
Salem, NC, USA). MPO is an enzyme released by leukocytes with the specific task of 
producing reactive oxidants for the destruction of ingested microorganisms within 
phagosomes [58, 59] and has been linked to atherosclerosis [60]. MPO is also recognized 
as a key catalyst for lipoprotein oxidation [61]. Concentrations of apoB and apoA-I, 
the key structural protein in TRL + LDL and HDL, respectively, were also measured 
by immunoturbidometric method (Sekisui Diagnostics, Burlington, MA, USA) on the 
AU480 automatic chemistry analyzer (Beckman Diagnostics, Brea, CA, USA).

Figure 4A illustrates acute reductions in plasma TG by 59.1% and 55.8% for 
individuals with normal glucose tolerance test (NGT) as compared to individuals with 
impaired oral glucose tolerance test (IGT + DM), respectively. Concomitant with this 
reduction in plasma TG, circulating levels of oxidatively modified LDL (oxLDL) were 
significantly increased, 27% and 23% (p < 0.001) in NGT and IGT + DM, respec-
tively. Plasma levels of AAb against MDA-LDL (15.6% and 21.8%) and LDL-IgG 
immune complexes (21.9% and 16.9%) were also increased, independent of diabetes 
status (p < 0.001). We also note a significant increase (9.4% and 9.3%, p < 0.001) in 
plasma levels of myeloperoxidase (MPO) by immunoassay. There was no difference in 
levels of CHOL, apoB, or apoA-I between the pre- and post-heparin plasma samples 
(Figure 4B). Thus, lipoprotein-associated markers released into the circulation by the 
bolus of heparin were preferentially oxidatively modified. This is direct evidence that 
levels of oxidatively modified biomarkers in plasma may be underestimated due to 

Figure 3. 
Effect of simvastatin therapy on levels of autoantibodies against MDA-LDL A. Following 4-month treatment 
with simvastatin (40 mg/day), there was no difference in the levels of AAb to MDA-LDL in fasting plasma. 
B. At 2 h following the consumption of a mixed composition shake enriched in polyunsaturated fatty acids, the 
22% reduction in AAb levels observed during the placebo period could not be demonstrated after simvastatin 
management.
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retention along the arterial wall of these metabolites. Depending on the propensity of 
oxidatively modified lipoproteins to adhere to the arterial wall, plasma levels of both 
oxLDL and AAb-oxLDL may not reflect the true levels of these biomarkers.

3.2 Lipoprotein oxidative susceptibility

Considering the abundance of both nonenzymatic (glutathione, uric acid, biliru-
bin, vitamin E, vitamin C, etc.) and enzymatic antioxidants (superoxide dismutase, 
glutathione reductase, catalase, etc.) in the body, the mechanism(s) by which an acute 
increase in oxidatively modified lipoproteins would occur is unclear. The concept of 
oxidative susceptibility may be helpful to explain this observation. Oxidative suscep-
tibility of isolated lipoproteins is based on the kinetics of the formation of conjugated 
dienes when exposed to a highly oxidative environment. By exposing the preparation 
of purified lipoproteins to Cu++ as an artificial catalyst of oxidation, Esterbauer et al. 
[62] characterized the oxidative process in terms of changes in absorbance at 234 nm, 
corresponding to absorption by newly formed dienes. They defined the oxidative 
process in three phases, lag phase corresponding to the initial formation of dienes 
in the presence of endogenous antioxidants, propagation phase associated with the 
accelerated formation of dienes after antioxidant properties have been depleted, and 
decomposition phase. As endogenous antioxidants are consumed by initiating free 
radical species during the lag phase, lipoprotein particles that are more susceptible to 
oxidative modification would have shorter lag phase.

Increased oxidative susceptibility of plasma lipoproteins has been linked to 
CAD [63], stroke [64], diabetes mellitus [41] as well as kidney disease [65] among 
other chronic conditions. Oxidative susceptibility of LDL has also been shown to be 
affected by diet [66–68] and physical activity [69]. Data from our group indicate that 
lipoprotein susceptibility is acutely affected by meal consumption and can be altered 
by lipid-lowering therapy.

Figure 4. 
Acute effects of intravenous heparin. A. At 15 min following a bolus intravenous injection of heparin to release 
lipoprotein lipase from its heparan sulfate proteoglycan anchor, there is a significant reduction in plasma TG 
concomitant with significant increase in plasma levels of oxLDL, AAb against MDA-LDL, IDL-IgG immune 
complexes and MPO. There was no difference in response whether the participants have a normal glucose 
tolerance test (NGT, open bars) or impaired test (DM + IGT, hatched bars). B. Intravenous heparin has no effect 
on plasma levels of cholesterol, apoB (key protein on TRL and LDL) or apoA-I (key protein on high density 
lipoproteins).
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Figure 5 illustrates the time-dependent formation of conjugated dienes (as 
assessed by optical density at 234 nm) for preparations of LDL isolated at t = 0 h 
(LDL0) and at t = 4 h (LDL4) following meal consumption. In the absence of Cu++ as 
a catalyst, there was minimal formation of conjugated dienes with either the fasting 
LDL or the postprandial LDL samples. Upon incubation with Cu++, there was rapid 
formation of conjugated dienes with the lag time of postprandial LDL (LDL4) being 
significantly shorter than that of fasting LDL (LDL0), 38.7 min versus 142.4 min [43], 
respectively. We hypothesize that, in individuals with metabolic syndrome, postpran-
dial lipoproteins might be seeded with ROS during their contact with the arterial wall 
and therefore could be more susceptible to oxidative modification when compared to 
fasting lipoproteins.

Figure 6 presents changes in oxidative susceptibility of fasting and postprandial 
LDL following a 6-month treatment with a TG-lowering medication (ABT-335, 
Trilipixc) in a patient with metabolic syndrome. As shown (Figure 5A), in the 
absence of Cu++, fasting LDL from this participant underwent spontaneous oxida-
tive modification. The rate of formation of conjugated dienes was significantly 
slowed down after ABT-335 therapy. In the presence of Cu++, the lag time of fast-
ing LDL was increased from 28.7 min to 149.5 min after therapy. The lag time for 
postprandial LDL was minimally increased after therapy, 25.5 min versus 35.5 min, 
respectively [43].

3.3 oxLDL versus LDL

A more direct assessment of the meal-induced in oxidation biomarkers is the 
direct measurement of oxLDL and total plasma apoB by immunoassay following meal 
consumption (unpublished data). Apolipoprotein B (apoB) is the primary structural 

Figure 5. 
Effect of postprandial lipemia on susceptibility to oxidative modification of fasting and postprandial LDL. In the 
absence of the oxidant catalyst Cu++, the rate of formation of conjugated dienes is minimal for both LDL isolated 
from fasting plasma (LDL0, light solid line) or from plasma collected at 4 hr (LDL4, short dash line) after meal 
consumption. In the presence of Cu++, there was generation of conjugated dienes with the rate being significantly 
faster with postprandial LDL (LDL4, long dash line) than with fasting LDL (LDL0, heavy solid line).
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protein in TRL and LDL. In a preliminary study, we examine the change in plasma lev-
els of oxLDL (Mercodia, Winston-Salem, NC, USA) and apoB (Sekisui Diagnostics, 
Burlington, MA, USA). Figure 7 illustrates representative time-dependent changes in 
these metabolites following the standardized oral challenge for two participants. In 
both individuals, there was minimal change in total plasma apoB following the meal. 

Figure 6. 
Effect of ABT-335 on susceptibility to oxidative modification of fasting and postprandial LDL. A. For an 
individual with metabolic syndrome, fasting LDL undergo spontaneous oxidative modification as demonstrated 
by the generation of conjugated dienes in the absence of Cu++ (dashed line). After a 6-month therapy with ABT-
335, the rate of spontaneous oxidative modification of fasting LDL is significantly reduced (solid line). B. In the 
presence of Cu++, the rate of formation of conjugated dienes for fasting LDL was approximately 4-fold during 
the placebo period (dashed line) as compared to after treatment with ABT-335 (solid line). C. In the presence of 
Cu++, the rate of formation of conjugated dienes for postprandial LDL was not affected by the treatment with 
ABT-335.

Figure 7. 
Postprandial changes in levels of oxLDL and apoB A. Following the oral challenge, there is minimal change in 
total plasma apoB while the plasma level of oxLDL increase by 50% after 4 hrs and by 250% by 6 h. B. In this 
individual, the meal-induced change in oxLDL level is more modest with only a 150% increase by 6 h. Total 
plasma apoB remains minimally affected by the oral challenge.
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Plasma oxLDL levels were increased in both instances, reaching a maximal increase 
of 2.5-fold (Figure 7A) and 1.5-fold (Figure 7B) 6 h after meal consumption. While 
apoB and oxLDL levels have been examined previously this is the first data suggesting 
that they are not affected to the same degree during postprandial lipemia. Further 
investigation is needed to confirm this observation and to determine when oxLDL 
levels return back to pre-meal levels.

4. Metabolic flexibility

There has been a recent shift away from the traditional definition of health 
formulated by the WHO in 1948 as “a state of complete physical, mental, and social 
well-being and not merely the absence of disease or infirmity” [70]. The current 
concept of health is based on the definition by Huber et al. [70] in terms of flexibility, 
adaptability, elasticity, and robustness. In other words, health should be defined in 
terms of adaptation and flexibility to continuously changing external inputs [71]. This 
ability to adapt to a specific metabolic challenge is referred to as metabolic flexibility 
or phenotypic flexibility [10, 71].

The most commonly used challenge test in the clinical environment is the oral 
glucose tolerance test which is the primary tool for the diagnosis of diabetes [72]. 
Ceriello et al. [5, 6, 73–75] have published extensively on the acute effect of oral glu-
cose administered by itself or as part of a mixed meal on biomarkers of inflammation 
and oxidative stress. Van Ommen and his colleagues have characterized a number of 
metabolic processes that could be associated with clusters of metabolites using their 
“PhenFlex challenge” [9, 10, 71, 76–78].

The studies by both the Ceriello team and the Van Ommen team, though very 
comprehensive, utilized non-physiologic dosage of fat in their challenges, 75 grams 
[5] and 60 grams [76], respectively. Especially, since the typical consumption of 
a 600-kcal meal with 30% fat composition as recommended by the AHA would 
correspond to only 20 grams of fat. Furthermore, the PhenFlex challenge consisted 
primarily of monounsaturated fatty acids (47%) and saturated fatty acids (39%). The 
high content of monounsaturated fatty acids may blunt any inflammatory effects of 
dietary fat [79, 80]. The low contents of highly oxidizable polyunsaturated fatty acids 
(only 14% of the fat intake) on the other hand, might not be sufficient to elicit any 
lipoprotein-associated oxidative stress.

To date, most studies utilizing metabolic challenges have limited themselves to 
looking at the transient changes in the levels of various metabolites as a function 
of time. Since the metabolism of many of these metabolites is inter-related, we 
propose to examine phenotypic flexibility in terms of trajectory analysis using two 
metabolites that are under coordinated control. With an oral meal challenge, the 
simplest pair of metabolites is glucose and insulin. We used postprandial glucose 
and insulin data from a group of patients with type 2 diabetes mellitus participat-
ing in a randomized double-blind, multicenter clinical trial comparing the efficacy 
of mid-mixture lispro versus glargine [81]. Figure 8 presents the postprandial 
changes in the mean levels of insulin and glucose as a function of time during 
glargine (Panel A) or MM-lispro (Panel B) therapy. In panel C (Figure 8C), each 
data point represents the normalized levels of insulin and glucose at a specific time 
following meal consumption. Both trajectories start out at (1,1) and return back to 
the starting point after 8 h. Under glargine (dashed), the maximum excursion for 
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glucose at t = 2 h is at 1.7 (or 70% greater than fasting level) and at 1.5 for insulin. 
In contrast, with the administration of pre-meal lispro (solid line), the maximum 
excursion of glucose is 1.3 at t = 1 h corresponding to an insulin level of 2.7 which 
reflects the combined concentrations of endogenous and exogenous insulin. This 
trajectory analysis can be characterized by several parameters, including the 
maximum excursion, slope of the maximum excursion, perimeter of the trajectory, 
and area enclosed within the trajectory. A large maximum excursion distance would 
suggest great impact of the challenge while a large perimeter and enclosed area 
would be indicative of poor metabolic control.

5. Conclusions

CMD are chronic conditions associated with inflammatory and oxidative 
stress and tend to progress over time. Abnormal fasting levels of inflammatory 
and oxidative biomarkers are typically indicative of presence of advanced disease 
conditions and may be too late for any preventive management. The ability to 
assess how rapidly the body can respond to a challenge and maintain metabolic 
homeostasis may be useful in establishing early signs of metabolic disturbances. 
It is crucial to note that the challenge should be similar to physiological influences 
and must be reflective of typical daily activities. While the use of an oral meal 
challenge may be used to demonstrate the beneficial effects of some nutrients, the 
composition of the challenge must include elements known to elicit the maximal 
responses in terms of inflammatory and oxidative stress. Furthermore, in addition 
to examining the time-dependent changes, it would be helpful to identify bio-
markers that are metabolically linked as that may provide data that could elucidate 
potential regulatory pathways.

Figure 8. 
Trajectory Analysis. Time-dependent changes in Insulin (filled squares) and glucose (filled diamonds) for a group 
of diabetic patients stabilized on glargine (Panel A) or MM (Panel B). Panel C: each data point represents the 
normalized value of glucose versus the normalized value of insulin at different times.
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Abstract

This chapter discusses the most important mechanisms of action of oxidants in 
the pathogenesis of chronic pulmonary oxidative diseases and the possible use of 
redox modulators in the prevention and treatment of oxidant/antioxidant intracellular 
imbalance. Recent acquisitions on cellular physiology reported the key role, in micro-
molecular doses, of reactive oxygen species (ROS) as signaling molecules although 
excessive ROS contribute to the development and progression of a large spectrum of 
diseases, including chronic obstructive pulmonary disease (COPD) and idiopathic 
pulmonary fibrosis (IPF). Therefore, a correct understanding of the roles of redox 
regulation in the respiratory system during the impairment of oxidative balance and the 
subsequent development of chronic lung diseases appears to be important. Moreover, 
an interdependence between oxidant and inflammatory mediators has been shown 
in several experimental studies on chronic lung diseases, making more intriguing the 
comprehension of the pathophysiological phenomena and the therapeutic approach. 
This chapter discusses the role of various exogenous substances targeting oxidant/
antioxidant balance in the treatment of COPD and IPF and their very limited beneficial 
effects due to the reduced bioavailability in the human body. Finally, the importance of 
novel routes of administration or a combination of redox modulators will be discussed 
as a promising avenue for the prevention and treatment of this common and highly 
disabling disease.

Keywords: redox modulator, chronic lung disease, reactive oxygen species,  
oxidative stress, antioxidant

1. Introduction

Clinical and experimental studies suggest that oxidative stress (OS) and cellular 
redox balance have been implicated in the pathobiology of two major chronic lung 
diseases: chronic obstructive pulmonary disease (COPD) and idiopathic pulmonary 
fibrosis (IPF) [1]. Chronic obstructive pulmonary disease (COPD) is a pathological 
condition of the lung where both oxidative imbalance and inflammation play an 
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important role in the development and progression of the disease [2]. In support 
of this hypothesis, a large series of scientific studies reported in COPD an elevated 
oxidant generation from environmental exposures, mainly tobacco smoke and air 
pollutants, associated with increased amounts of reactive oxygen species (ROS) and 
reactive nitrogen species (RNS) released from leukocytes and macrophages dur-
ing the inflammatory process in the lungs [3]. The increased levels of oxidants may 
have multiple consequences, such as induction of proteases, inactivation of defense 
mechanisms, and activation of growth factors and inflammatory pathways [4]. More 
interestingly, COPD is widely recognized as not simply an inflammatory/destructive 
lung disease but also a chronic degenerative systemic disease with extrapulmonary 
manifestations, such as cardiovascular disease, skeletal muscle dysfunction, osteo-
porosis, and neurological degeneration [5, 6]. Thus, it appears clear that, in the lung 
cells of COPD patients, a vicious cycle of persistent inflammation accompanied by 
chronic oxidative stress begins locally but rapidly becomes a chronic challenge for 
the organism, if the process is not properly controlled or neutralized [7]. It therefore 
seems obvious that, to prevent the onset and the progression of this disease, the 
reduction of exogenous exposition to oxidants (e.g., smoking cessation), downregula-
tion of endogenous ROS generation and inflammation, and an increase in antioxi-
dants could represent the best therapeutic options [8–10]. As far as IPF, it has been 
ascertained that many exogenous substances, such as asbestos, radiation and drugs, 
are involved in the pathogenesis of pulmonary fibrosis through an augmented genera-
tion of ROS and a subsequent imbalance between oxidant and antioxidant substances 
in the lower respiratory tract [11, 12]. In bronchoalveolar lavage fluid of patients with 
IPF it has been found that an increased level of 8-isoprostane (a marker of oxidative 
stress) respects healthy patients [13]. Mitochondrial generation of ROS in epithelial 
lung cells is also increased in patients with IPF, and this phenomenon could lead to an 
increased apoptosis of the cells. The antioxidant system is reduced as suggested by a 
decrease in glutathione content in the lining fluid of the epithelial cells in IPF patients 
[14]. Unlike COPD patients, patients affected by idiopathic fibrosis show an increased 
level of antioxidants and detoxification enzymes in the areas of epithelial regenera-
tion (in fibrotic lesions the antioxidants are low). It seems that a global alteration of 
redox balance is more important than the trend of the single oxidant or antioxidant 
factors. This redox deregulation causes an activation of the epithelial TGF beta and 
proteases and an increase in extracellular matrix production that may ultimately con-
tribute to the development of the end-stage fibrosis [15–17]. Despite the clear involve-
ment of oxidant stress in chronic lung diseases, current potential treatments, such 
as the administration of several antioxidants, failed to protect the respiratory system 
against COPD and IPF. In the next paragraphs, we will briefly take into consideration 
the cross-talk between inflammatory and oxidative stress mediators and the possible 
role of the indirect stimulator of antioxidant and anti-inflammatory mediators, such 
as exercise, caloric reduction, or ozone therapy, in the prevention and treatment of 
chronic lung diseases.

1.1 Oxygen and oxidant molecules in the respiratory system: the necessary evil?

1.1.1 Source of oxidative stress in the chronic pulmonary diseases

In the lung, the main sources of oxidants are high oxygen tension, environmental 
factors, such as cigarette smoke and airborne particulates, and infections. If the 
 concentrations of oxidants remain high for a long time in the pulmonary tissue, 
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chronic oxidative stress could begin. As far as the oxygen tension in the atmosphere, 
there is no doubt that it represents both challenges and opportunities for life. It is uni-
versally accepted that the energy generates through O2 electron transport is a crucial 
mechanism for the evolution of complex multicellular organisms. However, about 
2–3% of oxygen used by mitochondria, via the complex I, II, and III, during the pro-
cess of oxidative phosphorylation will leak from the respiratory chain to form superox-
ide anion O2

∙−. On the basis of recent experimental findings, the mitochondrial source 
of superoxide anions is much less quantitatively relevant with respect to the previous 
estimation. Other mitochondrial enzymes, such as dihydrolipoamide, dehydrogenase, 
and monoamine oxidase, are able to produce ROS [18, 19]. NAD(P)H oxidases present 
in cell membranes of fibroblasts, endothelial, and vascular smooth muscle cells, and 
particularly phagocytes, produce superoxide as a basic defensive process [20]. Other 
enzymes, such as nitric oxide synthase (NOS), xanthine oxidase, cytochrome P450, 
lipoxygenases, and even heme oxygenases (HOs), during the abnormal situation as 
inflammation, may be implicated in superoxide production. The reduction of super-
oxide anion, discovered by McCord and Fridovich in 1968, is performed by mitochon-
drial (SOD Mn), cytosolic (SOD Cu/Zn), and extracellular superoxide dismutases 
(SODs), that catalyze the dismutation to hydrogen peroxide as follows:

 − →+ +2 2 2 22O  2 H  H O  O  (1)

Hydrogen peroxide (H2O2) is not a radical molecule because it has paired electrons 
but it has been included among the reactive oxygen species (ROS) for its oxidant 
property [21]. As it is a unionized molecule, in the presence of an extracellular-
cytosolic gradient, it passes throughout the cell membrane but the intracellular 
concentration is only about 1/10 of the extracellular one. The hydrogen peroxide has 
a half-life of about 1–2 seconds in plasma but less than 1 second in blood. The con-
centration of H2O2 in plasma is about 2.5 micromoles; it appears ubiquitous and it has 
been detected in urine and in exhaled air of patients affected by chronic lung diseases 
[22]. Hydrogen peroxide, due to its relatively mild reaction, can serve as the main 
component of intracellular signal transduction. However, when the concentration of 
ROS exceeds the homeostatic level, it can generate another most potent free radical, 
the Hydroxyl radical (OH-) via the Fenton-Jackson reaction.

 −→++ ++++ +2 2H O  Fe  OH  OH +Fe  (2)

Hydroxyl radicals can cause covalent cross-linking of enzymes or propagates 
deleterious free radical reactions in a large series of molecules, such as DNA, proteins, 
and lipids. As far as the lipid interaction, hydroxyl radicals can eliminate a hydrogen 
atom from PUFA resulting in the formation of lipid radicals, which can interact fur-
ther with oxygen to generate the lipid peroxyl radical. A lipid peroxidation occurs if 
the lipid peroxyl radical is not completely reduced by antioxidants. Lipid peroxidation 
products (LOP) are generally stable, can diffuse within or even escape from the cell 
and attack the target far from the site of the original free radical event. To avoid all 
these undesirable consequences, glutathione peroxidase and catalase are enzymes that 
play a pivotal role in preventing hydroxyl radical formation because they can defini-
tively convert the hydrogen peroxide to water [23, 24]. For many years ROS generation 
was regarded as a damaging side effect of aerobic metabolism and only toxic effects 
were attributed to ROS. Recently, in contrast, it was recognized that ROS are part of 
cellular redox homeostasis and the complete elimination of these molecules would 
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disrupt rather than extend the normal function of the organism [25]. In fact, the 
physiological production of ROS regulates many redox-dependent signaling processes 
that control proliferation, migration, differentiation, or cell survival by inducing 
specific and reversible posttranslational modifications on redox-sensitive proteins. 
Whether ROS will act as damaging, protective, or signaling factors depends on the 
delicate equilibrium between ROS production and scavenging at the proper time 
and side [26, 27]. In conclusion, oxygen and its derived species could be considered 
essential consequences and drivers for evolution and survival over Earth’s history, but 
an abnormal presence of ROS is associated with the development of chronic oxidative 
stress diseases. Only the correct understanding of the physiologic O2 concentration 
and ROS threshold may provide novel insight into innovative strategies for treating a 
large number of degenerative pathologies, including chronic lung diseases [28, 29].

1.2 The antioxidant system in lung

In the human body, all organs contain a large number of antioxidant molecules 
to prevent inappropriate ROS production or unwanted action of ROS in cells. In the 
lung, the respiratory tract epithelial lining fluid (RTLF) represents a physical barrier 
between the external environment and the underlying respiratory tract epithelial cell 
layer. In this lining fluid, most of the inhaled toxicants are cleared from the lungs also 
thanks to the mucociliary action. A large amount of nonenzymatic low molecular 
weight antioxidant scavengers are contained in the RTLF, and these substances are 
able to directly counteract and detoxify the inhaled oxidants and thereby prevent the 
direct contact of inhaled toxicants with the underlying epithelium. The major anti-
oxidant molecules in the RTLF are glutathione (GSH), ascorbic acid, uric acid, and 
vitamin E. Additionally, airway epithelial cells secrete certain antioxidant proteins 
into RTLF, which also function as antioxidant scavengers. Other ROS metabolizing 
enzymes in the lung tissue are superoxide dismutases (SODs), catalases, peroxire-
doxins, glutathione peroxidase, thiol reductases that reverse the modifications of 
cysteine after oxidation, thioredoxin (TRX, glutaredoxin (GRX), phase-2 detoxifying 
enzymes (e.g., glutathione S-transferases (GST), metal-binding proteins (transferrin 
and lactoferrin). Under physiological conditions, there is an equilibrium between 
intracellular ROS and endogenous antioxidants. The mechanism of antioxidant 
defense is complex and compartmentalized allowing independent regulation of cyto-
plasmic, mitochondrial, and nuclear levels of ROS. Superoxide dismutase (SOD) are 
intracellular enzymes and represent the first line of protection against ROS. They cat-
alyze the dismutation of O2

·− in H2O2. There are three types of superoxide dismutase 
with different localization: Copper-zinc SOD (SOD1 and cytoplasmic), manganese 
SOD (SOD2 and mitochondrial), and zinc SOD (SOD3 and extracellular SOD) [30]. 
The action of SOD must be coupled with that of enzymes that degrade H2O2, such as 
catalase or glutathione peroxidase, in order to avoid increasing concentration of H2O2, 
which in presence of iron induces the formation of OH radical by the Fenton reaction. 
Catalase, various peroxidases, including glutathione peroxidase and glutathione S 
transferase, can convert H2O2 to H20. Other enzymes act with direct detoxification 
of ROS. Glutathione is a tripeptide formed by glutamic acid, cysteine, and glycine. 
It is represented in a simplified way by GSH (reduced form) or glutathione disulfide 
(GSSG) oxidized form. GSH can remove the ROS either by a direct chemical reaction 
or via peroxide reduction as the co-factor of GSH peroxidase inducing a cycle between 
the reduced and the oxidized form of glutathione [31]. The reduced form is main-
tained by GSH reductase. The thioredoxin/thioredoxin reductase system facilitates 
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the reduction of other proteins by the formation of disulfide bridges between cysteine 
residues. Recent experimental findings suggest that each component of this defense 
system has a specific function and these components are not interchangeable. This 
is an important concept because it means that an increased amount of one does not 
compensate for a deficiency of other [32].

2.  Reactive oxygen species and inflammatory mediators: the dangerous 
crosslink

Reactive oxygen species are generally considered as proinflammatory molecules and 
most studies assumed that increased production of any ROS will result in cellular and 
organ dysfunction because of a rapid transition from one reactive oxygen intermediate 
to another. On the contrary, a large series of experimental findings suggest that differ-
ent ROS may have distinct effects on individual cell activation. ROS have far-reaching 
effects on the respiratory tract and the parenchyma and increase the inflammatory 
response ROS activates nuclear factor-kappa beta (NF-kB), which turns on multiple 
inflammatory genes, resulting in enhancing the inflammatory response, oxidative stress 
leads to the activation of histone acetyltransferase activity, which opens the chromatin 
structure and is with increased transcription of multiple inflammatory genes [33]. 
Oxidative stress can also affect the function of antiproteases, such as alpha1-antitrypsin 
and secretory leukoprotease inhibitor, and thus accelerates the breakdown of elastin 
in the pulmonary parenchyma [34]. Patients with COPD, especially in severe disease 
and during exacerbations, have evidence of systemic inflammation measured either as 
elevated circulating cytokine, chemokine, and acute phase protein levels or as anoma-
lies in circulating cells [35]. Persistent inflammation is associated with worse clinical 
results. Smoking itself can produce systemic inflammation (e.g., increased total number 
of leukocytes), but in patients with COPD, the degree of systemic inflammation is a 
sum of local and systemic inflammation [35]. The systemic inflammation in patients 
with COPD may contribute to its systemic manifestations and could aggravate extra-
pulmonary manifestations. A clinical study measured a series of plasma inflammatory 
markers (C-reactive protein, IL-6, CXCL8, fibrinogen, TNF-a, and leukocytes) in 
COPD patients and the results showed that 70% of patients with COPD had some com-
ponents of systemic inflammation, and 16% had persistent inflammation [36]. Patients 
with persistent systemic inflammation had increased mortality and more frequent 
exacerbations. Systemic inflammation appears to relate to an accelerated decrease in 
lung function and is increased further during exacerbations. Moreover, oxidative stress 
drives accelerated aging through activation of phosphoinositide3-kinase (PI3K) and 
reduction in sirtuin-1 levels, which leads to cellular senescence and release of inflam-
matory proteins, which further increase oxidative stress [37, 38]. In patients affected 
by pulmonary fibrosis, evidence strongly suggest the important contributions of the 
oxidants and inflammatory mediators to the pathogenesis of IPF [39–41]. A large series 
of studies suggested an important contribution of ROS and RNS to the proteases/anti-
proteases imbalance through both activation of matrix metalloproteinases (MMP) and 
inactivation of protease inhibitors. It has also been suggested that ROS can both activate 
and inactivate MMPs, it depends on the local amount and distribution of ROS [42]. The 
oxidative stress and the proteolytic activation are mutually reinforcing processes that 
leading to tissue injury and lung fibrosis [43–45]. It is therefore clear that the preven-
tion or the therapy of chronic lung disease must take into account the interdependence 
between oxidant and inflammatory systems because they are closely related.
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2.1 Redox modulation in the prevention and treatment of chronic lung diseases

A large series of studies suggested a connection between impairment of the 
antioxidant defense system controlled by nuclear factor erythroid 2-related fac-
tor (Nrf2) and chronic lung disease development and progression [46]. Nrf2 plays 
a central role in controlling redox homeostasis and it is involved in the induction 
of several enzymes implicated in the antioxidant defense such as heme oxygenase 
(HO)-1, glutamate-cysteine ligase modifier subunit (GCLM) and glutamate-cysteine 
ligase catalytic subunit (GCLC) but also in the anti-inflammatory regulation, such 
as transforming growth factor (TGF)—beta and nuclear factor kappa (NF-k)beta. 
In homeostatic conditions, Nrf2 is tied in the cytosol to its repressor Kelch-like 
ECH-associated protein 1 (Keap1) and cullin3-dependent E3 ubiquitin ligase. Two 
domains of Keap1 protein contain key reactive cysteine residues and the modification 
of these residues causes the disruption of the Nrf2-keap1 complex and the consequent 
activation of Nrf2. The free Nrf2 migrates in the nucleus and binds, as a heterodimer 
with small Maf proteins, to the antioxidant response element (ARE) in the upstream 
promoter region of antioxidant and phase II detoxifying enzymes genes and initiates 
transcription and expressions of these proteins [47]. Stimulation of Nrf2 is upregu-
lated during short exposure to a low-intensity stressor. It has been reported a clear 
association between reduced Nrf2 signal pathway and the development and progres-
sion of COPD [48, 49]. For example, in an experimental setting with genetically null 
Nrf2 mice exposed to chronic cigarette smoke, increased alveolar destruction and 
inflammation were observed compared to mice with normal expression of Nrf2. In 
fact, in Nrf2 −/− mice, the level of histone deacetylases 6 (HDAC6) was increased 
and this data suggests that Nrf2 could counteract the increased expression of HDAC6 
by oxidative and proteolytic stress [50–52]. In fibroblast of IPF patients, it has been 
reported a decrease in expression and nuclear localization of Nrf2, with a reduction of 
related genes (HO-1, NQO1, and epoxide hydrolase). Moreover, an increase in alpha-
smooth muscle actin and collagen was observed suggesting a conversion from fibro-
blast to myofibroblast phenotype [53]. Nrf2 is a key factor in aging and a predisposing 
factor for chronic lung diseases. In fact, the capacity to respond to oxidative stress 
through the Nrf2 activation decreases with aging. This phenomenon is probably due 
to many factors like the reduction of positive regulators of Nrf2 (PI3K, P62, CPB, and 
BRCA1) and the increase in the Nrf2 suppressors (Keap1, Bach1, and cMyc) with age 
[54, 55]. All together these experimental data strongly suggest that compounds able 
to activate Nrf2 or stabilize Keap1/DJ-1/Maf proteins could exert an important role in 
the prevention and therapy of chronic lung diseases, especially in situations where the 
endogenous antioxidant system is weakened (advanced COPD) or is less adaptative/
compensatory or decreased (e.g., in IPF or aging lung) [56]. In fact, on the basis of 
the previously exposed mechanisms involved in the pathogenesis of COPD and IPF, it 
is possible to speculate that decreasing ROS overproduction or increasing antioxidants 
in the lung could lead to reduced pulmonary damage and a consequent systemic 
polymorbidity [57]. The most important Nrf2 activators are dietary and synthetic 
products containing sulforaphane, curcumin, and caffeic-acid phenethyl ester, which 
are able to induce ARE-regulated gene expression and could be also useful in chemo-
prevention [58, 59]. Chalcones have been tested as both redox modulators and anti-
inflammatory molecules because they simultaneously inhibit the NF-kB pathway and 
activate Nrf2/ARE pathways with consequent induction of the expression of phase II 
detoxifying enzymes. Thiol compounds (N acetylcysteine and carbocysteine) have 
been tried in the prevention and treatment of COPD and IPF [60–62]. Unfortunately, 
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the clinical trials of these compounds and other molecular antioxidants, such as 
vitamin C and E or superoxide dismutase (SOD), showed contrasting results in the 
treatment of chronic lung diseases [63]. It has been suggested that the intracellular 
bioavailability and the heterogeneity of the patients could be the main issues in the 
efficacy of these therapeutic agents. Further studies on the combination of oral 
administration of several redox modulators were performed, but it has been reported 
that antioxidants, if exogenously oversupplied, can cause antioxidant stress because, 
as reported above, ROS are signaling molecules during the homeostatic cellular 
process and the full suppression of this molecules causes damage. Thus, the amount 
of ROS in the cellular environment can become protective or harmful depending on a 
fine and complex redox modulation at the proper side and time [64–67].

3.  The future challenge in the prevention and treatment of chronic lung 
diseases

To better achieve the therapeutical effects in COPD and IPF patients, clinical 
trials used redox modulators at high dosages for months. The aim of this protocol 
is to maintain a continuous high level of Nrf2 activation in the cells. Unfortunately, 
prolonged and excessive Nrf2 activation may have detrimental effects, as suggested 
by the relationship between Nrf2 overexpression and cancer promotion or cancer cell 
protection from chemotherapy in lung cancer [68]. In fact, in chronic lung diseases, 
the association with aging lungs and COPD or IPF alterations could produce cancer 
development in the presence of high levels of Nrf2 activators. Other protocols of anti-
oxidant’s administration reported that inhaled N acetylcysteine(NAC) monotherapy 
improves redox balance in IPF patients [69]. However, the only valid mechanism able 
to activate the Nrf2 pathway and the intracellular antioxidants generation is an “on 
and off” mechanism that could restore the oxidant/antioxidant balance and preserve 
the cells from the detrimental consequences of prolonged Nrf2 stimulation. For this 
purpose, particularly in the prevention of chronic lung diseases, it has been shown 
that regular exercise is one of the most successful interventions to prevent or delay 
chronic diseases. Aerobic exercise induces a number of biochemical signaling mes-
sages that result in changes in cell physiology, many of which are mediated by redox 
mechanisms. Calculated and transient redox stress caused by acute exercise increases 
Nrf2 activation in young animals and humans, thus improving cellular resistance 
to subsequent redox stressors [70, 71]. A significant increase in gene expression of 
Nrf2 and target SOD2 were shown in skeletal muscle of young fit males following an 
acute bout of cycling exercise lasting 90 min in normoxic recovery conditions. Mode, 
intensity, and duration of exercise could each impact the rate and amplitude of Nrf2 
cycling in vivo [72]. Caloric restriction is also an endogenous Nrf2 activator, studies 
have shown that nutritional components may modulate the Nrf2-Keap1 system, so 
it may be of fundamental importance to demonstrate the beneficial effects of this 
system in various chronic diseases [73–75]. Other studies reported that during ozone 
therapy (major ozonated autohemotherapy) a transient and calculating stimulation 
of Nrf2 occurs [76]. In fact, ozone therapy is able to activate Nrf2 for the production 
of antioxidants and phase II enzymes and at the same time, it is unable to prolong this 
activity after about 40–60 min. This mechanism of transient Nrf2 stimulation could 
be very useful in the lung cells undergoing oxidative stress in chronic lung diseases for 
restoring a normal redox system without the risk of cellular proliferation subsequent 
to a continuous prolonged Nrf2 stimulation.
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4. Conclusions

Experimental and clinical evidences strongly suggest that maintenance of a proper 
redox balance through regulation of the Nrf2/ARE pathway could be critical to the 
integrity and function of intracellular components in the respiratory system. It is 
clear that both development and progression of chronic lung diseases may be caused 
by an impairment of Nrf2 activation or excessive Nrf2 stimulation. The compounds 
that boost Nrf2 activity showed promising results but bioavailability and potential 
risks and benefits remain to be proved. An endogenous redox modulator like ozone, 
if correctly used, seems to be able to elicit a transient and calculate oxidative stress 
and enzymatic production of antioxidants and other detoxifying enzymes [77]. 
Exercise and caloric restriction are also possible indirect ways to stimulate the Nrf2/
ARE pathway [78, 79]. Future studies are needed to decipher the intracellular signals 
involved in the activation of Nrf2/ARE- mediate gene transcription by oxidative stress 
and to evaluate their role in the development of chronic lung diseases.

© 2022 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
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Chapter 5

Cognitive Impairment in  
Diabetes Mellitus and Its 
Management by Transcription 
Factor Nrf2-Mediated Antioxidant 
Defense System
Xian Zhou, Gerald Münch and Dennis Chang

Abstract

Diabetes mellitus has been an epidemic in the twenty-first century and an 
approximately 50% risk of diabetes predisposed to cognitive decline leading to 
dementia in humans. There is an urgent need to understand the pathophysiology and 
identify molecular targets of cognitive impairment in diabetes mellitus that might 
lead to improved therapy. Mounting evidence indicates that nuclear factor ery-
throid 2-related factor 2 (Nrf2) and its regulated downstream antioxidant genes are 
emerging therapeutic targets. In this chapter, we introduce cognitive dysfunction in 
diabetes mellitus and its hallmarks, particularly its pathological mechanisms related 
to oxidative stress in the brain, then justify the role of the transcription factor Nrf2-
mediated antioxidant defense system in attenuating cognitive decline in diabetes 
mellitus. Studies on Nrf2 inducers sourced from natural products (i.e., sulforaphane, 
astaxanthin, resveratrol, quercetin) that have shown potent cognitive improvement 
in diabetic models are discussed. These studies have demonstrated that Nrf2 inducers 
drive the antioxidant and anti-inflammatory responses in the hippocampus region 
and effectively improve the spatial and memory function in diabetic rats/mice. 
However, evidence from large and well-designed clinical trials is warranted to sup-
port Nrf2 inducers as promising therapeutic agents in the management of cognitive 
impairment in diabetes mellitus.

Keywords: cognitive impairment in diabetes mellitus, Nrf2, natural compounds, 
oxidative stress, NLRP3 inflammasome, neuroinflammation

1. Introduction

Diabetes mellitus (DM) is a chronic disease characterized by excessively high levels 
of blood glucose either resulting from insulin resistance or inadequate insulin secre-
tion [1]. High blood glucose levels (hyperglycemia) in DM can cause serious damage 
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to the heart, blood vessels, eyes, kidneys and nerves, and thus DM complications can 
significantly impact the quality of life and reduce life expectancy [2]. DM neuropathy 
is one of the major DM complications affecting 50% of DM sufferers which describes 
a type of nerve damage throughout the body induced by hyperglycemia [3, 4]. In the 
central nervous system, both type 1 (T1DM) and type 2 DM (T2DM) can cause nerve 
damage and result in various degrees of cognitive decline. Mounting epidemiological 
studies showed that the risk of cognitive decline in middle-aged diabetic patients was 
2–3 times higher compared with healthy peers [5, 6]. Moreover, the prevalence of 
cognitive impairment is predicted to increase dramatically in the future with a longer 
survival time for diabetic patients [7]. Cognitive decline among children with T1DM is 
mainly manifested as subtle changes in cognitive development, whereas adults present 
subtle decrements in cognitive performance compared to age-matched controls [8]. 
The severity of cognitive impairment may worsen substantially over time [9]. In T2DM 
adult patients, the cognitive impairment can be divided into three different stages 
based on the severity [10, 11]: diabetes-associated cognitive decrements, mild cogni-
tive impairment (MCI) and dementia. Diabetes-associated cognitive decrements refer 
to subtle changes in cognitive function. MCI affects one or more cognitive domains 
with largely preserved activities of daily life [12]. Dementia is the most severe stage 
that is defined as acquired objective cognitive impairment affecting multiple cognitive 
domains and daily activities [13, 14].

Cognitive impairment is a shared abnormality between DM and many neurode-
generative and neuropsychiatric disorders, such as Alzheimer’s disease (AD) and 
schizophrenia [15]. In DM, cognitive impairment can be prevented or slowed down 
by consistent blood sugar management and a healthy lifestyle. However, there is no 
effective therapeutic agent to treat the condition at present [16]. The pathological 
mechanism is not entirely clear. Despite the widespread view that hyperglycemia and 
insulin resistance are predominant risk factors, convincing evidence demonstrated 
that oxidative stress plays an important role in contributing to the development 
of cognitive impairment in DM [17–19]. High-fat diet (HFD) is shown to directly 
increase oxidative damage and impair cognitive and memory capacity [20]. The 
dysfunctional metabolism of blood glucose damages the basilar membranes of capil-
laries leading to a narrowed cavity in the cerebra, thus decreasing blood supply to the 
brain and resulting in oxygen-free radical injury [21]. Oxidative stress is observed 
in cognitive impairment by increased levels of reactive oxygen species (ROS) and 
malondialdehyde (MDA), and decreased phase II antioxidant enzymes activities of 
glutathione peroxidase (GPx), chloramphenicol acetyltransferase (CAT) and super-
oxide dismutases (SOD) [22, 23]. The brain is highly susceptible to such oxidative 
damage partially due to its high oxygen demand, and the fact that high amounts of 
polyunsaturated fatty acids are easily targeted by free radicals [24]. Consequently, 
persistent hypoxia and oxygen-free radical injury can lead to neuronal cell injury 
and apoptosis [25]. Insulin is shown to penetrate the blood–brain barrier (BBB), and 
protects neurons against excessive free radicals, and the action is related to the nuclear 
factor erythroid 2-related factor 2 (Nrf2) regulated pathway [25]. Noticeably, insulin 
shows no protective effect on Nrf2-knockdown PC12 cells after H2O2-induced dam-
age, while it significantly alleviated damage in Nrf2+/+ cells [25]. Furthermore, insulin 
was shown to inhibit oxidative stress in neuronal cells as a potential antioxidant agent 
through the Nrf2-Keap1/antioxidant response element (ARE) signaling pathway 
[26]. Thus, Nrf2 may play an important role to protect cells against oxidative stress 
as an oxidative stress-responsive transcription factor. Since the induction of Nrf2 is 
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shown to ameliorate cognitive impairment in neurological disorders [27], Nrf2 has 
been considered an emerging therapeutic target for the prevention and treatment of 
cognitive impairment in DM.

In this chapter, we aimed to investigate the mechanisms of Nrf2 as an antioxidant 
master regulator to attenuate the pathological development of cognitive impairment 
in DM. We also reviewed current evidence on Nrf2 inducers sourced from natural 
products as promising therapeutic agents to help manage the pathological conditions 
and symptoms of cognitive impairment in DM.

2.  Nrf2 acts as an important therapeutic target for cognitive  
impairment in DM

2.1 Ameliorate oxidative stress

Oxidative stress is constantly involved in the development and progression of cog-
nitive impairment in DM. The persistent hyperglycemia, excessive lipid, and high-level 
advanced glycation end products (AGEs) all contribute to the excessive production of 
ROS [28]. Thus, ROS stress is considered a link between neurodegenerative diseases 
and T2DM, which induced oxidized DNA, RNA, protein, and lipid products that 
are used as disease progression marks in patients with both AD and T2DM [1]. The 
overproduction of ROS also triggers a prolonged state of inflammation through the 
high generation of white adipose tissue that secretes proinflammatory mediators [29], 
and subsequent neuronal death that affects the function of organ systems [30, 31]. The 
chronic oxidative stress and the associated neuroinflammation, in turn, can exacerbate 
abnormal insulin secretion, insulin action, and immune responses [32].

A number of studies suggested that a high-fat diet induced-adiposity and insulin 
resistance increased cerebral oxidative stress and downregulated Nrf2 signaling 
[2, 20, 33–35]. This might be the main reason that triggers the declined cognitive 
performance in the aged brain [20]. In addition, the diabetes experimental models 
suggested that enhancing Sirt1/Nrf2 signaling pathway activity prevented oxidative 
stress-induced neuronal injury, and thus improved cognitive function [2]. Nrf2 is 
a core transcription factor of antioxidative stress which regulates the cellular redox 
status. It interacts with ARE and plays a wide range of cytoprotective roles in the 
prevention of oxidative stress, neurological damage and inflammatory responses [36]. 
Nrf2 modulates the expression of more than 200 downstream genes encoding Phase II 
response enzymes during the oxidative challenge, including heme Oxygenase (HO-1), 
glutathione S-transferase (GST), catalase (CAT), superoxide dismutase (SOD), and 
NADPH quinone oxidoreductase (NQO1) [37]. The mechanisms of action to suppress 
oxidative stress by the activation of Nrf2 is mediated through the restored production 
of many downstream antioxidant genes which directly reduce the intracellular ROS 
accumulation [38]. The upregulation of Nrf2 target genes in the CNS protects neurons 
against oxidative insults as shown by a broad array of published studies [24, 39–45].

2.2  Suppress NLR family pyrin domain containing 3 inflammasome-induced 
neuroinflammation

The nod-like receptor pyrin containing 3 inflammasomes (NLRP3) is a multimeric 
protein complex containing cytosolic NLRP3, the adaptor protein ASC and caspase-1. 
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Hyperglycaemia and other repetitive stress stimuli assemble and activate the NLRP3 
inflammasome which then triggers the activation of caspase-1 by proteolytic cleavage 
[46]. The latter converts pro-IL-1β into bioactive IL-1β and consequently initiates 
inflammatory responses. The sustained inflammatory responses can cause neu-
rotransmitter dysfunction which subsequently leads to a decreased production of 
brain-derived neurotrophic factor (BDNF), a protein responsible for the learning and 
memory process [47]. Thereby, it results in neuroinflammation-mediated neuronal 
damage as well as deterioration of cognitive function [48–50]. The aggravated 
neurodegeneration caused by the accumulation of IL-1β can be rescued by blocking 
IL-1β signaling in APP/PS1 mice [50–53], suggesting NLRP3 inflammasome-mediated 
neuroinflammation is an important therapeutic target. Moreover, inflammatory 
responses can also induce the overproduction of ROS which then exacerbate the 
oxidative damage to neurons [54].

Recent studies have shown that Nrf2/ARE signaling is directly implicated in 
the regulation of inflammation rather than relying on regulating oxidative stress 
to control inflammatory response [48, 49, 55, 56]. Although not fully understood, 
Nrf2 regulated AGEs/RAGE pathway is shown to mediate the activation of NLRP3 
inflammation by providing a priming signal at a transcriptional level [57, 58] which 
is essential for the assembly of the NLRP3 inflammasome [59]. Excessive activation 
of this process exhausts cytosolic NADPH, increases the accumulation of ROS, and 
disrupts Nrf2/ARE pathway, finally leading to oxidative stress [60]. Besides, several 
studies revealed that suppressed intracellular ROS accumulation by the activation 
of Nrf2 resulted in reduced activation of the NLRP3 inflammasome, and subse-
quently inhibited neuroinflammation [38]. Additionally, Nrf2 activation triggers 
the restored expressions of HO-1 and NQO1 which then further contribute to the 
suppression of inflammation-associated cytokine productions and NLRP3 inflam-
masome formation [61–63].

2.3 Alleviate endoplasmic reticulum stress

The endoplasmic reticulum (ER) is involved in glucose-modulated secretory 
protein folding, intracellular Ca2+ storage, synthesis of unsaturated fatty acids, ste-
rols, and phospholipids [64, 65]. High glucose levels in the body disrupt the internal 
balance of the ER, resulting in the accumulation of unfolded or misfolded proteins, 
which leads to ER stress (ERS) [66]. Oxidative stress also can induce ER stress 
responses [67] which are triggered by the accumulation of ROS [68].

Excessive ERS impairs neuronal function through various pathways. In hippocam-
pal cells, high glucose and palmitic acid-induced ERS significantly decrease proBDNF, 
but were restored when ER stress was reduced [69]. In the neuroinflammatory path-
way, ERS can activate the NLRP3 inflammasome and lead to the subsequent secretion 
of proinflammatory cytokines such as IL-1β [67, 68, 70] which is detrimental to the 
neuronal function as described above. In addition, ERS can further impair neuronal 
survival. The double-stranded RNA-dependent protein kinase (PKR)-like ER-resident 
kinase (PERK) pathway is one of the three ERS-related protective signaling path-
ways identified so far. PERK pathway can activate caspase-12, which is a specific 
mediator of ER stress-induced apoptosis, to impair protein synthesis and synaptic 
functions [70]. Excessive or prolonged ER stress could up-regulate the transcription 
factor C/EBP Homologous Protein (CHOP), which is a critical mediator of the Bax/
Bcl-2 -dependent pathway, thus converting neuronal cells from the pro-survival to 
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pro-apoptosis phase [71, 72]. Thus, ERS is considered a valuable therapeutic target in 
neuroprotection such as the cognitive decline in DM [73].

ERS can cause and exacerbate oxidative stress, whereas oxidative stress can 
worsen ERS. In response to ERS, the onset of the PERK pathway quickly activates 
Nrf2 as an antioxidant defensive system [66], although the clear link remains to be 
explored. As an endogenous defense system against oxidative stress, Nrf2 regulates 
the expression of a subset of detoxifying enzymes including NQO1 and γ-GCS. This 
suggests an important cytoprotective role of Nrf2 against ERS, and that the Nrf2 
pathway represents a useful therapeutic strategy in cognitive decline by attenuating 
ERS. However, the moderate self-defense response of PERK and Nrf2 maybe not be 
enough to prevent damage [73]. The other pathway that Nrf2 may exert a beneficial 
effect in attenuating ERS is that the Nrf2 activation contributes to the maintenance of 
glutathione levels, which, in turn, functions as a buffer for the accumulation of ROS 
during the unfolded protein response in ER and thus may attenuate ERS. In addition, 
the reduced level of ROS may reduce apoptotic induction as a consequent event after 
ERS [74].

2.4 Repair a leaking BBB

Impairment of BBB induced by hyperglycemia, oxidative damage, and inflam-
mation is a critical neurovascular complication of DM that adversely affects the 
microvascular environment, health, and function of the central nervous system. 
Many studies have demonstrated that hyperglycemia-driven neuroinflammation is 
a risk factor for BBB disruption leading to a high permeability of BBB [75–77]. The 
BBB leakage leads to many adverse impacts on the central nervous system including 
decreased waste transport, increased infiltration of immune cells and subsequent 
glial and neuron dysfunction, over-active immune sensitivity, hormone dysregula-
tion, and cognitive impairment [78]. The excessive production of ROS also induces 
endothelial oxidative stress and mitochondrial damage which has been recognized as 
a central pathological mechanism for BBB dysfunction in DM.

A study from Sajja et al. suggested a close link of Nrf2 protein expression to that 
of the BBB permeability, as evidenced by a significantly down-regulated brain Nrf2 
protein expression in the db/db diabetic mice with a strong increase in BBB perme-
ability (to 70 kDa dextran) [79]. The role of Nrf2 induction in the repairment of 
BBB appeared to be associated with the mitochondrial transporter ABCB10 which is 
considered as an essential player in mitochondrial function and redox balance at BBB 
endothelium. The ABCB10 knockdown resulted in a strong induction of Nrf2-driven 
antioxidant responses manifested as increased expression of Nrf2 and its downstream 
antioxidant genes [79]. In addition, several studies suggested that Nrf2-driven free 
radical detoxification pathways are essential in protecting against oxidative stress-
induced endothelial injuries [80], and thus may in turn contribute to the protection of 
BBB [81].

2.5 Protect mitochondria function

Mitochondrial dysfunction is implicated in the pathogenesis of most neurode-
generative disorders including cognitive impairment in DM [82]. Mitochondria is the 
main source of energy in the cell, by providing ATP through oxidative phosphoryla-
tion and harboring several metabolic pathways such as fatty acid oxidation (FAO) and 
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the tricarboxylic acid cycle (TCA) cycle [82]. Accumulated oxidative damage causes 
an altered oxidative phosphorylation and redox imbalance in mitochondria [83]. The 
long-lasting effect can lead to the des-regulation of mitochondrial protein homeo-
stasis, and consequent proteotoxic stress in the neurons [84]. Neurons in the central 
nervous system have a high requirement for energy as attributed to their constant 
activity and signaling, and thus are especially vulnerable to mitochondrial dysfunc-
tion. Decreased ATP production is a common hallmark of neurodegenerative diseases 
and can be caused by various mechanisms, such as the impaired activity of any of 
the complexes of the respiratory chain, alterations in glucose uptake, glycolysis, TCA 
cycle, or uncoupling [85].

Nrf2 can lead to mitochondrial bioenergetic improvement, although the 
mechanisms of action are not fully explored [82]. There are several mechanisms of 
action that underpin the role of Nrf2 in protecting mitochondrial function. Nrf2 
prevents the oxidative thiol modifications that can modulate the function of pro-
teins implicated in metabolic pathways [86–88]. The accumulative mitochondrial 
ROS can reversibly modify thiol groups presented in several enzymes implicated in 
carbohydrate and lipid metabolism. The activation of Nrf2 that scavenge or inhibit 
the overproduction of mitochondrial ROS may prevent the redox modifications of 
the sensitive thiol groups [89–91]. Consequently, such antioxidant modification 
enables the restoration of normal glycolytic metabolism and reduces neuronal 
apoptosis [92].

2.6 Modulation of glucose metabolism

Diabetic patients (both type 1 and type 2) have a higher risk of AD and vascular 
dementia, mainly caused by abnormal glucose metabolism induced by hyperglycemia 
and consequent cerebrovascular lesions in the frontal lobe [93]. The elevated glucose 
concentration leads to enhanced oxidative phosphorylation and increased levels of 
glutamate, an excitatory neurotransmitter, whose enhanced levels provoke cognitive 
dysfunction by causing neuronal damage.

Although the majority of evidence stands for the antioxidant properties of 
Nrf2 activation, Nrf2 is also involved in glucose metabolism [94, 95]. Nrf2 can 
directly activate the transcription of enzymes containing ARE-sequences in the 
gene promoters, which have been described in the promoters of the genes encod-
ing the peroxisome proliferator-activated receptor ɣ (PPAR- ɣ) [96]. PPAR-ɣ 
is known to regulate adipocyte differentiation and lipid metabolism, as well as 
the network regulation of glucose homeostasis [97]. It also exhibited a versatile 
role in early brain development and post-injury brain repair [98]. The activation 
of PPAR- ɣ is shown to repair damaged tissue through angiogenesis, alleviate 
neurological deficits, and exhibit neuroprotective activity [96]. Indeed, studies 
have revealed the connection of Nrf2 and PPAR-ɣ via a positive feedback loop that 
simultaneously strengthens each other’s expression [94, 95]. For example, PPAR-ɣ 
expression was found to be significantly lower in Nrf2 knockout mice [99]. It is 
also identified that one of the many Nrf2 downstream targets, TALDO1, contains 
an ARE sequence which is a key enzyme in the nonoxidative pentose phosphate 
pathway, providing ribose-5-phosphatase and NADPH for nucleic acid and lipid 
biosynthesis [92].

Taken together, the recently recognized abilities of Nrf2 to ameliorate oxidative 
and ERS, repair BBB, protect mitochondrial function and regulate glucose metabo-
lism make the Nrf2 activation an attractive and comprehensive therapeutic target for 
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the management of cognitive impairment in DM. A summarized diagram of Nrf2-
associated pathways in the pathological mechanisms is shown in Figure 1.

3.  Nrf2 activators from natural products that prevent or treat cognitive 
impairment in DM

Natural products have served as a rich source of novel drug discovery and devel-
opment. This section focuses on the promising Nrf2 inducers sourced from natural 
products that have shown beneficial effects in the prevention or treatment of cogni-
tive impairment in DM. A literature search was conducted in scientific databases 
(PubMed, MEDLINE and EMBASE) and Google Scholar for English-published stud-
ies between January 2000 and September 2022. Clinical and pre-clinical studies of 
natural products (i.e., herbal extracts, vegetables, plants, chemicals, nutraceuticals, 
and supplements sourced from plant or plant extract) that showed effects in attenuat-
ing cognitive impairment in DM and the mechanism of action was associated with the 
Nrf2 activation were included. Studies investigating pharmaceutical drugs, analog 
drugs, and synthesized compounds were excluded.

Nineteen preclinical studies demonstrated that various natural compounds attenu-
ated cognitive impairment in DM at least partially through the induction of Nrf2 (see 
Table 1). The effects on cognitive impairment by the natural products were mostly 
demonstrated in the diabetic animal models, either on high-fat diet (HDF) or strep-
tozotocin (STZ) injection-induced diabetic rats [111, 113, 114], db/db mice (model 
phase 1 to 3 of diabetes type II and obesity) [100, 115], or diabetic Goto-Kakizaki 
rats (non-obese type 2 diabetic model) [110]. One cellular study was included which 
utilized chronic high glucose-exposed SHSY5Y neurons [116]. The studies on natural 
Nrf2 activators with strong preclinical evidence and associated molecular mecha-
nisms are discussed in detail below.

Figure 1. 
A summarized diagram of Nrf2-associated pathways in the pathological mechanisms of DCI.
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Natural 
compounds

Source Administration Key results Mechanism related to 
Nrf2 activation

Sulforaphane 
[100, 101]

Vegetables 1 mg/kg, i.p. for 
28 days

Mitigated cognitive 
impairment of db/db mice; 
decreased Aβ oligomers and 
plaques, phosphor-tau and 
Thr231 in hippocampus

↑Nrf2 → ↑HO-1 and 
NQO1 → ↓ROS level

25 mg/kg, orally 
once daily for 
consecutive 
14 days

Prevented the memory 
impairment, decreased the 
apoptosis of hippocampal
neurons in STZ-injected 
SD rats

↓ Caspase-3 and 
myeloid cell leukemia 
1 (MCL-1);
↑ p-Akt,
p-GSK3β, NGF and 
BDNF

Troxerutin 
[102, 103]

Sophora 
japonica

60 mg/kg, 1 mL/
kg, i.p., 12 weeks

Improved learning and 
memory levels in STZ-
induced diabetic rats

↑Nrf2 → ↑SOD and 
↓MDA

150 mg/kg/day 
intraperitoneally 
for 6 weeks

Improved cognitive 
impairment in STZ-induced 
diabetic rats

↑ Nrf2 translocation 
→ ↑ HO-1 and 
NQO1 → NOX 
subunits → ↓MDA and 
↑SOD

Strawberry leaf 
extract [104]

Strawberry 
tree

200 mg/kg for 
4 weeks

Alleviated cognitive 
impairment in STZ-induced 
diabetic rats

↑Nrf2 -HO-1 signaling 
→ ↓ROS, ↓MDA, 
↑SOD and CAT; ↓IL-6 
and TNF-α; ↓caspase-3 
and caspase-9 in 
hippocampus

Betulin [105] Birch tree 
bark

20 or 40 mg/kg for 
4 weeks

Improved glucose 
intolerance and modify 
basal learning performance 
in STZ-induced diabetic rats

↑Nrf2 -HO-1 signaling 
and ↓NF-κB → ↑SOD 
and ↓MDA; 
↓inflammatory 
cytokines in serum 
and hippocampus

S-allyl cysteine 
[106]

Aged garlic 
extract

150 mg/kg/day for 
7 weeks (p.o.)

Lowered serum glucose, 
improved spatial recognition 
memory, discrimination 
ratio in novel object 
recognition task, and 
restored step-through 
latency (STL) in
passive avoidance paradigm 
in STZ-induced diabetic rats

↑Nrf2-HO-1 signaling 
and ↓TLR4-NF-κB 
signaling → ↓ 
acetylcholinesterase 
activity, MDA; ↑SOD 
and GSH

Caffeic acid 
phenethyl ester 
[107]

Propolis 200 and 400 mg/
kg p.o. for 14 days

Rescued the diabetic brain 
atrophy and diminish 
CA1 and CA3 cells of 
hippocampus and cerebral 
cortex in STZ-induced 
diabetic mice; decrease Aβ 
and p-tau (S396)

↑Nrf2-related anti-
oxidation mechanisms 
→ antioxidation, 
anti-inflammation and 
autophagy induction

AB-38b [108] Fructus 
Schisandrae 
chinensis

0, 10, 20 and 
40 mg/kg by 
gavage for 8 weeks

Increased the preference 
index to novel object and 
the number of neurons in 
hippocampal CA1 area of 
diabetic mice

↑Nrf2 expression and 
phosphorylation → 
ɣ-GCS
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Natural 
compounds

Source Administration Key results Mechanism related to 
Nrf2 activation

Fish oil 
supplementation 
[109]

Fish oil 1.5 g/kg/d (34% 
EPA, 24%
DHA) for 
10 weeks

Improved spatial learning 
and
memory in STZ-induced 
diabetic rats

Nrf2 and HO-1 
in cortex and 
hippocampus → 
↓oxidative stress → ↓ 
IL-1β, IL-6, and TNF-
α, ↑ IL-4 and IL-10

Soy isoflavones 
[110]

Soy 20 mg/kg once a 
day for 4 weeks

Alleviated the cognitive
dysfunction of the diabetic 
Goto-Kakizaki rats

↑ Nrf2, HO-1 and 
NQO1 → oxidative 
reactions

Resveratrol  
[111, 112]

Grapes, 
berries, etc.

30 mg/kg every 
other day for 
4 months by 
intragastric 
administration

Prevented the learning and 
memory
decline and hippocampal 
neuron
destruction and synaptic 
ultrastructural damage in 
HFD and STZ- induced 
T2DM mice

↑ Nrf2 → ↑ HO-1 and 
NQO1 proteins; ↑ SOD 
and CAT → ↓ TNF-α 
and IL-1β

20 mg/kg, 
intraperitoneally 
once daily for 
4 weeks

Significantly elevated total 
oxidant species (1.22-fold) 
and
Malonedialdehyde (MDA) 
(1.38-fold) contents in 
diabetic rat brain cortex 
tissues in STZ (55 mg/
kg)-injected Wistar rats

↓oxidative conditions

Thymol 
(2-isopropyl-5-
methylphenol) 
[113]

Thyme 20, 40 mg/kg for 
12 weeks

Reversed the gain of body 
weight and peripheral 
insulin resistance induced 
by
HFD; improved the 
cognitive impairments; 
decreased
HFD-induced Aβ 
deposition and tau 
hyperphosphorylation

↑ Nrf2-HO-1  
signaling → ↓ 
oxidative stress and 
inflammation

Astaxanthin 
[114]

Algae, yeast, 
salmon, 
trout, krill, 
shrimp, and 
crayfish

25 mg/kg 3 
times/week 
for 6 weeks by 
intraperitoneally

Ameliorated the impairment 
in the
neurons of HFD and STZ-
induced diabetic rats

↑Nrf2-HO-1 and ↓NF-
κB signalings → ↑ SOD 
and ↓ MDA; ↓IL-1β 
and IL-6

Notoginsenoside 
R1 [115]

Panax 
notoginseng

10, 30 mg/
kg once daily 
administrated 
intragastrically for 
10 weeks

Ameliorated cognitive 
dysfunction,
depression-like behaviors, 
insulin resistance, 
hyperinsulinemia, 
dyslipidemia, and
inflammation in db/db mice

↑Akt → ↑ Nrf2 and ↓ 
NLRP3

Albiflorin [7] Paeonia 
lactiflora

100, 200 mg/kg by 
gastric gavage for 
10 weeks

Improved spatial and 
learning ability; decrease 
in Aβ plaque density in the 
hippocampus of rats;

Regulate Nrf2/HO-1/
HMGB1/NF-κB → ↓ 
oxidative stress and 
inflammation
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3.1 Sulforaphane

Sulforaphane is a hydrolysis product of glucoraphanin, a group of sulfur-con-
taining glycosides, found in many raw vegetables such as broccoli, cauliflower, bok 
choy, and watercress [118–121]. Upon consumption, glucoraphanin is hydrolyzed to 
sulforaphane which has been demonstrated to penetrate BBB [122] and exhibit a neu-
roprotective effect via a number of mechanisms [123]. In particular, strong evidence 
has indicated that sulforaphane is a potent Nrf2 activator. The molecular mechanisms 
are linked with increased Nrf2 transcription by reducing methylation of the first 15 
CpGs of Nrf2 promoters [124], modulation of Kelch-like ECH-associated protein 1 
(Keap1) [125–127], prevention of ubiquitination of Nrf2 [128], and enhanced Nrf2 
translocation [128]. The activation of Nrf2 by sulforaphane was reported to mediate a 
long-lasting effect of the upregulation of cytoprotective enzymes (4-hour exposure of 
sulforaphane led to 24 hrs NQO1 and HO-1 mRNA elevation and over 48 hrs increase 
of corresponding proteins) [129].

Two in vivo studies have investigated the effect of IP/oral injection of sulforaphane 
on mitigating cognitive impairment in diabetic models [100, 101]. In particular, 
the study by Pu et al. suggested that the IP injection of sulforaphane (1 mg/kg for 
28 days) improved the spatial learning and memory function of db/db mice examined 
by the Morris water maze tests. Sulforaphane was shown to decrease the levels of Aβ 
oligomers, Aβ 1–42 plaques, phosphor-tau at Ser396 and Thr231 in the hippocampus. 
The molecular mechanisms were related to Nrf2-mediated upregulation of HO-1 
and NQO1 protein expression, and reduced ROS/RNS levels [100]. In line with the 
research finding, a study by Wang et al. revealed that the oral administration of 
sulforaphane (25 mg/kg) for consecutive 14 days prevented memory impairment in 
STZ-induced diabetic rats [101]. It was revealed that sulforaphane markedly reduced 
apoptotic neurons levels and it was associated with decreased phospho-protein kinase 
B (Akt), phosphor-glycogen synthase kinase 3β (GSK3β), nerve growth factor (NGF) 
and BDNF expressions. However, the link between the reduced neuronal apoptotic 
level and the Nrf2 activation remains to be explored. Broadly speaking, many stud-
ies have agreed the strong neuroprotective effect of sulforaphane by activating Nrf2 
antioxidant signaling cascade, and such activity can be used in many neurodegenera-
tive diseases including AD, traumatic brain injury, and ischemic stroke [130]. Future 
studies are suggested to explore the safety profile and pharmacokinetic characteristics 

Natural 
compounds

Source Administration Key results Mechanism related to 
Nrf2 activation

Quercetin  
[116, 117]

Fruits and 
vegetables

5, 10, 20 μmol/L 
for 72 h

Increased cell viability, and 
enhanced Glo-1 functions in 
SHSY5Y neurons

↑Nrf2 and p-Nrf2 
levels → ↑ ɣ-GCS 
protein and mRNA

50 mg/kg i.p. for 
18 days

Significantly mitigated the 
STZ-induced increase in 
cholinergic dysfunction in 
STZ (3 mg/kg)-induced 
brain mitochondrial toxicity 
in Alzheimer’s disease -like 
rats

↑α7nAChR/Nrf2/
HO-1-mediated
neuroprotection

Table 1. 
Summarized studies for natural products that attenuate cognitive impairment in DM and associated symptoms 
via the mechanism of Nrf2 activation.
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of sulforaphane to further demonstrate its therapeutic value in improving cognitive 
function in humans.

3.2 Astaxanthin

Astaxanthin is a red pigment belonging to a group of carotenoids that causes the 
pink-red color in salmon. Astaxanthin has various biological and pharmacologi-
cal activities such as antioxidant, anti-inflammatory, and antidiabetes [131]. Many 
studies demonstrated that astaxanthin exhibited potential neuroprotective effects, 
of which the mechanism was associated with Nrf2 activation [131–134]. Astaxanthin 
administration was shown to accelerate nuclear translocation of Nrf2 via inducing 
PI3K/Akt signaling, resulting in a decrease in ROS levels, and inhibiting apoptosis in 
neuronal cells [135].

Orally or parenterally administered astaxanthin has been shown to improve 
insulin resistance and insulin secretion, attenuate hyperglycemia, and exert protec-
tive effects against many DM complications including retinopathy, nephropathy, and 
neuropathy [136]. Specifically, for cognitive impairment in DM, astaxanthin admin-
istration improves cognitive function [137] and diminish oxidative stress, nitric oxide 
synthase, and inflammation in DM rat [137]. Furthermore, Feng et al. suggested that 
IP injection of astaxanthin (25 mg/kg) ameliorated the impairment in the neurons of 
HFD and STZ-induced diabetic rats, and the action was associated with upregulated 
the Nrf2-HO-1 signaling pathway which drove the increased expressions of SOD and 
declined MDA. The intermediate metabolites from the Nrf2-HO-1 axis contribute to 
the suppressed inflammatory response by inhibiting the activation of NF-κB leading 
to decreased levels of IL-1β and IL-6 [114].

3.3 Resveratrol

Resveratrol (3,4′,5-trihydroxy-stilbene, RES) is a very popular nutraceutical 
that is a naturally occurring compound found in grapes, cereals, vegetables, dry 
legumes and plant-derived beverages, including tea, coffee, and wine. A large num-
ber of studies supported its beneficial use in anti-diabetes, anti-inflammatory, and 
antioxidative conditions [138–142]. In diabetes, resveratrol is shown to exhibit an 
insulin-sensitizing effect, enhance glucose uptake and metabolism, preserve islet 
β-cells and release insulin from β-cells [138]. Among all the associated molecular 
mechanisms of resveratrol in treating diabetic complications, one of the key pathways 
was the upregulation of Nrf2 nuclear translocation which then induced the increased 
expressions of GSH, SOD, NQD1, and HO-1, reduced ROS production, and declined 
oxidative stress [138]. Two studies specifically investigated the protective effect of 
resveratrol on cognitive function in diabetic rats via regulating oxidative biomarkers 
and antioxidant enzymes in the brain [111, 112]. A study from Sadi et al. suggested 
that resveratrol significantly elevated total oxidant species in diabetic rat brain cortex 
tissues in STZ-injected Wistar rats [112]. Moreover, Wang et al. showed that resvera-
trol prevented the learning and memory decline in STZ-induced T2DM mice [111], 
and such action was linked with upregulated Nrf2 and its mediated HO-1 and NQO1 
proteins, SOD and CAT enzymes, as well as reduced IL-1β and TNF-α. A randomized, 
double-blind, placebo-controlled clinical trial demonstrated that a total of 48 patients 
with T2D received 800 mg/day of resveratrol for 2 months markedly increased Nrf2 
and SOD expressions in peripheral blood mononuclear cells. Resveratrol was well 
tolerated without causing any serious adverse events [143]. Thus, it is encouraging 
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that resveratrol may exhibit beneficial clinical outcomes in T2D patients with cogni-
tive decline as a stronger Nrf2 activator.

3.4 Quercetin

Quercetin is one of the most abundant polyphenolic flavonoids, which is  
present in fruits and vegetables and displays a strong health-promoting effect 
[144]. In addition, quercetin plays an indirect role in neutralizing oxidative stress 
by activating the Nrf2-ARE antioxidant pathway and inducing the expression of 
antioxidant enzymes like CAT and SOD. In lipopolysaccharides (LPS)-induced 
murine BV-2 microglial cells, quercetin produced a greater stimulating effect on 
Nrf2-induced increase expression of heme-oxygenase-1 (HO-1) protein than 
cyanidin against endotoxic stress via the participation of mitogen-activated protein 
kinase (MAPKs) [145, 146]. In particular, quercetin was found to increase cell 
viability and enhance glyoxalase-I (Glo-1) functions in SHSY5Y cells which were 
related to activated Nrf2 and phosphor-Nrf2 levels [116]. Furthermore, IP injec-
tion of quercetin (50 mg/kg) for 18 days significantly mitigated the STZ-induced 
increase in cholinergic dysfunction in STZ (3 mg/kg)-induced brain mitochondrial 
toxicity in AD-like rats, which the mechanism was associated with α7nAChR/Nrf2/
HO-1-mediated neuroprotection [117]. However, a clinical trial is warranted to 
further investigate the effect of quercetin in humans.

4. Conclusion and future perspectives

A number of natural compounds, such as sulforaphane, astaxanthin, resveratrol, 
and quercetin [115] were found to significantly improve the spatial and memory 
function in diabetic animals models (rats/mice) with the effective daily dosage rang-
ing from 1 mg/kg to 30 mg/kg. Most of the treatments were given after the induction 
of DM. In addition, most treatments from natural products were long-term treatment 
duration (14 days to 4 months) with a daily administration to see an obvious effect. 
The summarized information is listed in Table 1. However, clinical trials are largely 
lacking to further demonstrate their safety and efficacy in humans.

Nrf2 inducers sourced from natural products upregulated Nrf2 activity, Nrf2 
translocation (nuclear Nrf2 protein expression) and/or phosphorated Nrf2 expres-
sion. This leads to the activation of Nrf2-regulated downstream antioxidant genes 
including HO-1, NQO1, SOD and CAT [102–104, 106, 111, 114]. The reduced levels 
of ROS and MDA in the hippocampus were often reported as the consequent events. 
Interestingly, many studies also mentioned the inhibited NF-κB signaling in addition 
to the Nrf2-mediated antioxidant response [7, 106, 114]. The upregulated expression 
of HO-1 protein in response to the Nrf2 upregulation suppresses the NF-κB activation 
which governs the transcriptions and productions of proinflammatory cytokines. 
Thus, Nrf2/HO-1 pathway not only drives the antioxidant response but also plays a 
critical role in regulating the proinflammatory reactions. The suppressed proinflam-
matory response in the animals is evidenced by the reduced production of IL-6 and 
TNF-α and increased levels of IL-4 and IL-10 [109, 114]. However, the inner relation-
ship among Nrf2-mediated antioxidants and anti-inflammatory by the Nrf2 activa-
tors is not fully explored. 

It is worth mentioning that the Nrf2 activation in cognitive impairment was shown 
to be mediated by the induction of protein kinase B (Akt) as an upstream mediator. 
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A study from Zhai et al. suggested that notoginsenoside R1 (NR1) activated the 
Nrf2 pathway as well as inhibited NLRP3 inflammasome which both contributed to 
ameliorated cognitive function. However, the neuroprotective effect after the Nrf2 
activation and NLRP3 inflammasome inhibition was abolished by the co-treatment 
of Akt inhibitor and NR1 [115]. It has been well-studied that the activation of Akt 
regulates cell survival and apoptosis as well as glucose transport [147, 148]. NR1 was 
capable to improve glucose tolerance and insulin sensitivity in db/db mice and reduc-
ing neuron apoptosis in the hippocampal CA1 region, and the mechanisms may be 
associated with the activation of the Akt and Nrf2 signaling cascade [115]. These two 
studies highlight the possible molecular action of Nrf2 inducers mediated by the Akt 
pathway in protecting neuronal survival in the hippocampal region. Further studies 
are warranted to elucidate the link between Akt and Nrf2 pathways.

Taken together, this book chapter introduces cognitive impairment in DM as the major 
complication in both type 1 and type 2 DM, and explained the associated pathological 
mechanisms, particularly the detrimental role of oxidative stress that impairs cognitive 
and memory capacity. Nrf2, the core intracellular transcription factor of antioxidative 
stress, has been considered an emerging therapeutic target against cognitive impairment 
in DM. The induction of Nrf2 signaling drives the antioxidant defense system to amelio-
rate oxidative and ER stress, repair the BBB, protect mitochondrial function, and regulate 
glucose metabolism, which eventually protects neurons against oxidative stresses and 
hyperglycemia and helps to restore cognitive function. A number of studies, predomi-
nantly based on diabetic animal models, have demonstrated that Nrf2 inducers sourced 
from natural products such as vegetables, soy, garlic, and strawberry leaf improved 
cognitive and memory function. The associated mechanisms of action were shown as 
Nrf2-mediated antioxidant and anti-inflammatory responses. Although the results are 
supportive, conclusive evidence for each proposed therapeutic candidate is weak due to 
the low quantity of studies. The safety human trials to further demonstrate their safety 
and efficacy are warranted. However, the findings of this chapter may shed light on the 
development of natural Nrf2 activators as promising pharmacological agents to prevent or 
slow the progress of cognitive impairment in DM.
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Oxidative Stress in Substance 
Use Disorders: Endogenous and 
Exogenous Mechanisms of Repair
Pedro Lirio, Matheus Santos, Igor Silva and Livia Rodrigues

Abstract

Substance use disorders (SUDs) can be defined as patterns of symptoms caused by 
the abusive consumption of recreational or prescribed substances that an individual 
continues to use despite their negative effects. Oxidative stress is one of the main 
pathophysiological processes occasioned by SUDs in different brain areas. Oxidative 
damage and subsequent deleterious symptoms can happen because of the consump-
tion of psychoactive drugs, both stimulants and depressants. This chapter focuses on 
SUDs associated with depressant drugs, such as alcohol, opioids, benzodiazepines, 
and their effects on the central nervous system (CNS). We present the main char-
acteristics of the SUDs and later explore endogenous mechanisms of repair, such as 
neuroglia and the endocannabinoid system. We also examine the neuroprotective 
effects of exogenous substances such as phytocannabinoids (e.g., cannabidiol) and 
N-acetylcysteine (NAC), which have shown important roles in anti-inflammatory 
pathways and antioxidative cascades, and how these molecules can be potential tools 
in the treatment of neurological symptoms of SUDs.

Keywords: oxidative stress, substance use disorder, depressant drugs, N-acetylcysteine, 
phytocannabinoids

1. Introduction

Oxidative stress is a concept introduced in the 1980s and is related to the imbal-
ance or insufficiency of antioxidant systems to detriment of the production of 
reactive oxygen species (ROS) (Table 1), causing significant biological damage [1]. 
The production of ROS arises endogenously and exogenously. Cellular respiration is 
performed by mitochondria, in which there is a massive production of superoxide 
anion (O2−), (being one of the main endogenous sources of ROS) [2]. Activation of 
pro-inflammatory cytokines/chemokines exacerbated activation of the hypotha-
lamic–pituitary–adrenal axis, and consequent mobilization of mineralocorticoid 
receptors are other examples of endogenous forms of ROS production. Furthermore, 
the environment, pollution, and drug consumption, such as alcohol and opioids, can 
exacerbate the process of free radicals’ synthesis [3].
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The central nervous system (CNS) is a highly susceptible site for oxidative stress 
process to occur once it demands a high consumption of O2 and nutrients, such as 
glycose and lactate. CNS contains a high content of fatty acids and lipid-rich struc-
tures, which also leads to increased oxidative stress [4]. High concentration of ROS 
can lead to increased blood–brain barrier permeability, decrease of synaptogenesis 
and neuroplasticity and can cause mitochondrial dysfunction, due to the processes 
of lipid peroxidation and protein oxidation caused by the binding of free radicals to 
primordial functional structures of the CNS [5].

To balance the production of ROS and free radicals in the CNS there are endog-
enous mechanisms of repair, such as the glutathione antioxidant system, which 
consists of the most abundant non-enzymatic antioxidant system (mainly responsible 
for the metabolization of peroxides and inactivation of free radicals) and some 
others, like neuroglia and the endocannabinoid system, which both will be discussed 
later in this chapter [6]. Alongside the endogenous mechanisms of repair, some 
exogenous molecules can be useful to reduce oxidative stress and subsequent dam-
age. N-acetylcysteine or simply NAC plays a role in glutathione synthesis and shows 
prominent antioxidant properties. In addition, it has presented important therapeutic 
potential in the management of drug abuse [7, 8]. Moreover, recent studies have shown 
that phytocannabinoids, such as cannabidiol and Δ9-tetrahydrocannabinol (THC), 
presented antioxidant-like properties when involved in the regulation and balance of 
both prevention and recovery of damage caused by ROS and free radicals [9].

In this chapter, we will discuss about substance use disorders of depressant drugs, 
such as benzodiazepines, opioids, and alcohol, highlighting endogenous and exog-
enous mechanisms of repair and prevention of oxidative stress damage.

2. Substance use disorders: depressant drugs

2.1 Alcohol use disorder

Alcohol (ethanol) is one of the most consumed drugs in the world. Its consump-
tion is related to the causes of 6–9% of all neuronal, mental, and substance use dis-
orders [10]. Alcohol use disorder (AUD) is defined in DSM-V as a pattern of alcohol 
consumption that corresponds to two or more of 11 characteristics that an individual 
presented during a period of 12 months. These criteria can also be used for any other 
substance use disorder (SUD) [11].

In the U.S. alone, at least one-third of the population is likely to meet the crite-
ria for AUD at some point in their lives [12]. It is well known that abusive ethanol 

ROS Radicals Non-Radicals

•O2
− H2O2

•OH HOCl
ROO•

HCO3• ONOO−

HO2•

Table 1. 
Main ROS produced in CNS.
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consumption, including episodic binge drinking and more continuous pattern of 
drinking, can cause impairment in neuronal and cognitive aspects of individuals. 
Binge drinking, characterized by a heavy, fast, and episodic alcohol intake, is very 
popular among younger age groups. The prevalence of adolescents (15 to 19 years old) 
that consume alcohol in a binge pattern is similar to the overall population, with an 
almost 1:1 ratio in the Americas, Europe, and Western Pacific [13]. Likewise, binge 
drinking also presents potential damage to the brain, especially for adolescents and 
young adults, given that many areas of their brains are immature and still very plastic 
[14]. Although the impairments caused by AUD are explicit and abusive consumption 
of alcohol is a concern worldwide, studies are still needed to elucidate the conse-
quences of alcohol consumption in the central nervous system (CNS).

So far, the action of ethanol in the brain is seemingly general and interacts with 
different areas and neuronal circuits, modulating the release of different neu-
rotransmitters, such as GABA, glutamate, and dopamine. Nonetheless, alcohol has 
a widespread effect on the CNS; GABA receptors are the only ones known to have a 
binding site to ethanol, where it works as a positive allosteric modulator (Figure 1). 
This characteristic of the drug makes it even harder to specify its effects and mecha-
nisms of action [16]. The higher levels of oxidative stress indicate a higher chance of 
developing memory impairments in several modalities, such as working, spatial and 
recognition memory; increase in anxiety levels, that can contribute to the onset of 
generalized anxiety disorder; reduced attention and decision-making skills, which 
can lead to future SUDs as well as impairment in social skills, even though alcohol 
is considered a social drug. Damage in the central nervous system caused by AUD is 
mostly regarded as an interrelation between oxidative stress and neuroinflammation 
promoted by neuroglia when microglia and astrocytes are activated.

The activation of microglia and astrocytes through neuroinflammatory process are 
modulated by the release of pro- and anti-inflammatory cytokines and other inflam-
matory mediators that also participate in the oxidative balance of the CNS. Microglial 
activation caused by abusive ethanol consumption raises the levels of pro-inflam-
matory cytokines, such as TNF-α, IL-1, and IL-6, as well as inflammatory mediators 
COX-2 and nitric oxide [15, 17–19]. The pro-inflammatory response to alcohol is 
mediated by toll-like receptors (TLR), in which the TLR-4 has an important role in 
both microglia and astrocytes. Given that acute ethanol effects on GABAergic signal-
ing are mediated by TLR-4 [20], alcohol chronic consumption impairs the immune 
response through TLR-4 and can also lead to the development of neurological 
disorders, such as Alzheimer’s disease, demonstrating its key role in ethanol-related 
neurodegeneration [14, 21, 22]. Adolescent TLR-4 knockout mice did not raise alcohol 
preference over time when compared to control, as well as ethanol-induced levels of 
BDNF and Fos B in medial prefrontal cortex [23]. Thus, AUD appears to maintain and 
even escalate the ethanol intake, through the increase of glial inflammatory signaling, 
which in turn causes neurodegeneration and possible neuronal disorders [24].

Alongside the innate antioxidant and anti-inflammatory mechanisms, promoted 
by antioxidant enzymes, cytokines, and the glial cells, some exogenous and other 
endogenous substances are currently investigated as an alternative to neutralize 
neuronal damage caused by alcohol-induced oxidative stress. The endocannabinoid 
system (ECS) covers a vast area of the CNS and participates in the modulation of 
microglia inflammatory response, granting both phyto- and endocannabinoids 
an important role in alcohol-induced oxidative balance and neurodegenera-
tion. Cannabinoid receptor type 1 (CB1) activation can lead to a reduction of 
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  Figure 1.
  Anatomical distribution of the main neurotransmitter systems that alcohol interacts with, with special attention 
to areas related to the symptoms presented in AUD. Ethanol, as a depressant drug, interacts with GABAergic 
synapses across the brain, whereas it also interferes with excitatory glutamatergic neurotransmission in the PFC 
and HC, altering synaptic and extra-synaptic glutamate transport [ 15 ]. In ST and the neuroanatomical complex 
SN/VTA, monoamines, such as dopamine and acetylcholine, and their receptors are also affected by alcohol 
consumption.          
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pro-inflammatory cytokines, iNOS, ROS, and higher protection from excitotoxic-
ity, despite it being most expressed in neurons compared to glial cells [25–28]. 
Cannabinoid receptor type 2 (CB2) is more expressed in microglial cells. Thus, it 
is intrinsically involved in the regulation of the inflammatory response. Activation 
of CB2 is related to a decrease in the expression of pro-inflammatory cytokines, 
such as TNF-α, INF-γ, IL-1, IL-2, IL-6 and IL-12, iNOS, and chemokines [29–31]. 
It has been demonstrated that a chronic model of binge drinking in adolescent rats 
lead to an increase in levels of the enzymes that synthesize two important endocan-
nabinoids (eCBs): anandamide (AEA) and 2-arachidonoylglycerol (2-AG), as well as 
pro-inflammatory mediators, such as TLR4, TNF-, COX-2 and GFAP in the medial 
prefrontal cortex (mPFC) [32].

The metabolic modulation of AEA (and other N-Acetylethanolamines) by 
URB597, a FAAH selective inhibitor, prevented the production of ROS in both acute 
and chronic binge drinking models in adolescent rats [33]. Pretreatment with URB597 
was able to prevent an increase of INF-γ and TNF-α levels in prefrontal cortex (PFC) 
and hippocampus in a chronic binge model in adolescent rats, as well as reduced IL-4, 
IL-10, and BDNF expression in PFC [34]. AEA also interacts with PPAR receptors, 
which are well known to modulate anti-inflammatory and antioxidant responses 
through the upregulation of NRF2, a transcriptional factor responsible to maintain 
redox homeostasis that inhibits oxidative stress and neuroinflammation [35]. Thus 
far, URB597 show to be a very promising neuroprotective substance against alcohol-
induced oxidative stress and neuroinflammation.

N-acetylcysteine (NAC) is a promising, cheap, and accessible neuroprotective 
substance against oxidative damage caused by many SUDs, including AUD. In rodent 
models, NAC prevented the increase of pro-inflammatory and the decrease of anti-
inflammatory cytokines in frontal cortex and hippocampus, and reduced leptin and 
corticosterone levels and hypoactive behavior after alcohol cessation in a chronic 
treatment [36, 37]. It also reduced motivation, seeking-behavior, and reacquisition in 
a model of ethanol self-administration [38]. NAC also reduced the anxiety-like behav-
ior and oxidative stress levels in a withdrawal period after chronic ethanol exposure in 
zebrafish, with similar results obtained after acute exposure [7, 8]. Coadministration 
of NAC and acetylsalicylic acid provided some promising results on ethanol chronic 
intake and relapse, as this combination reduced both behaviors in rats. The synergism 
between these substances may act on the oxidative stress and neuroinflammatory 
cycle through different mechanisms, suggesting these cycles might contribute to 
relapse episodes and chronic alcohol consumption [39, 40].

2.2 Opioid use disorder

Opioid use disorder (OUD) refers to a problematic pattern of opioid use that affects 
2 million people aged 12 or older in the United States, according to the 2018 national 
survey on drug use and health [41] that meet the DSM-5 criteria for OUD, while other 
10 million misuse opioids—illegal or medically prescribed—in some degree [42].

OUD when regarded as the “opioid epidemic” is considered to be one of the most 
severe public health crisis in US history [38, 39], comprising at least four waves 
throughout the last decades, which have their own particularities when it comes to 
social, demographic, and health-related contexts [40, 41]. Over-prescribing licit 
pain relievers and low prices of street heroin and illicit fentanyl are examples of 
factors influencing the outspread consumption of opioids and subsequent OUD [42]. 
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Diagnosis and evaluation of the severity of OUD in a given patient are assessed by the 
display of aberrant behaviors included as criteria in the DSM-5. Mild OUD is diag-
nosed by the presence of 2–3 criteria, while 4–5 criteria are considered moderate, and 
6 or more are severe on the OUD spectrum [43].

Opiates, endogenous or exogenous, can act on three main receptors, but morphine 
and other alkaloid opioids have a high affinity for the receptor mu (μ), which is 
widely distributed in the brain. Receptor mu binding is responsible for the psycho-
tropic effects of opioids, and eventual respiratory depression and death by overdose. 
Even though the vast majority of deaths as a result of illicit drug consumption are 
attributed to opioid use [44], it is important to notice that prolonged use of opioids 
and non-fatal overdoses are clinically significant, as they can lead to neurocognitive 
impairments [45, 46]. Oxidative stress has been demonstrated to be one of the main 
mechanisms of neuronal damage induced by licit and illicit opioids, as shown by stud-
ies in both animal and human subjects.

In rodent models, heroin can induce oxidative damage in the DNA, proteins, and 
membrane lipids in the brains of mice [47], while in rats, the repeated administra-
tion of licit pain reliever morphine is known to induce blood–brain barrier (BBB) 
disruptions during the withdrawal phase [48, 49] and this damage appears to be 
accentuated by oxidative stress [50]. Oxidative markers are also altered in the brains 
of Wistar rats exposed to codeine, another common pharmacologically relevant 
opioid [51].

One common trait in the incidence of brain oxidative stress after exposure to 
opioids (Figure 2) is that not only oxidative damage is noticed, but some endog-
enous antioxidant mechanisms are also impaired. The glutathione antioxidant 
system seems to be one of the most affected, as a decrease in both brain intracellular 
reduced glutathione (GSH) levels and glutathione peroxidase (GSH-Px) activity 
has been observed in mice [52]. In humans, post-mortem studies seem to suggest a 
similar pro-oxidant pathway, as reduced glutathione has been found decreased in the 
frontal, temporal, parietal and occipital cortex, brain stem, hippocampus, and white 
matter of deceased individuals with OUD that consumed heroin [53]. In mice brain, 
not only glutathione peroxidase activity was found impaired after heroin exposure, 
but also many other classic enzymatic antioxidant mechanisms, such as superoxide 
dismutase and catalase [54].

Therefore, secondary endogenous mechanisms of neuroprotection and repair 
are of great importance, as they can be potential targets for therapies aiming to 
manage OUD and subsequent oxidative damage caused by it. The endocannabi-
noid system has a well-known interaction with the opioid receptor system regard-
ing anesthesia [55] and its role in the modulation of reward neural circuits have 
placed it as one of the most promising candidates for the non-opioid management 
of OUD [56, 57]. However, it is still not clear whether the endocannabinoid 
system could be further explored to counterbalance the deleterious pro-oxidative 
effects of OUD.

However, exogenous substances like NAC have demonstrated a lot of potential in 
treating OUD-associated oxidative damage. NAC is hydrolyzed after entering the cell 
and releases cysteine, a GSH precursor [58, 59]. As GSH levels are frequently impaired 
by OUD-induced oxidative stress, NAC appears as a frontrunner as a mitigator of ROS 
formation, as a consequence of opioid toxicity. Although the literature lacks more 
information regarding NAC-induced central neuroprotection against oxidative stress 
caused by OUD, in the periphery, NAC is capable of attenuating oxidative stress in the 
liver of tramadol-treated rats by stimulating the production of GSH [60].



123

Oxidative Stress in Substance Use Disorders: Endogenous and Exogenous Mechanisms of Repair
DOI: http://dx.doi.org/10.5772/intechopen.108886

  2.3 Benzodiazepine use disorder 

 Benzodiazepines (BDZ) have been widely used anxiolytics since their develop-
ment in the 1960s, comprising several drugs with anticonvulsant and sedative-
hypnotic properties employed in various types of anxiety-related disorders. However, 
long-term treatment with BDZs is demonstrated to induce physiological dependence 
even in therapeutic doses, leading to increased anxiety and insomnia as a result of the 
withdrawal from the drug after months of use. 

 Therefore, there is a concern that most prescribed BDZs can potentially lead to 
drug abuse by former medical users and even nonmedical and recreational use by 
self-medication. In the United States, 6 million citizens in an age range starting from 
12 years and older misused tranquilizers in 2016, making this class of drug the third 
most commonly misused illicit substance following marijuana (15%), prescription 
opioids (4.1%) and with numbers similar to those of cocaine abuse, comprising 
approximately 2.2% of the population [ 61 ]. 

 Consequently, it is possible to subcategorize BDZ use disorder into two patterns of 
abuse: deliberate abuse and unintentional abuse [ 62 ]. Deliberate abuse happens when 

  Figure 2.
  Anatomical distribution of the main neurotransmitter systems that opioids interact with, with special attention 
to areas related to the symptoms presented in opioid SUD. While opioids have their own receptors in the CNS 
through which they exert their effects, they can also interact with both GABAergic and glutamatergic synapses, 
especially in PFC, but also in NAcc, BLA, and VTA.          
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individuals misuse BDZs in order to achieve an altered state of mind due to the drug’s 
psychoactive effects. Other SUDs often accompany this type of use, and abusers 
might even take BDZs to self-medicate the withdrawal symptoms of other drugs. On 
the other hand, unintentional abuse is characterized by a prescribed BDZ medical 
use that is taken out of its original therapeutical purpose. Those individuals often 
overuse BDZ by taking a higher dose than necessary due to developed pharmacologi-
cal tolerance, by using a BDZ drug other than the prescribed one, or might continue 
taking the medication after the intended treatment to self-medicate episodic anxiety 
symptoms or even withdrawal symptoms caused by BDZs themselves. 

 In addition to this, it is fundamental to take into consideration the long-lasting 
effects that BDZ use disorder might have on brain physiology. When it comes to dam-
age caused by oxidative stress, however, it appears that this pathological process is not 
present in BDZ use disorder, in both deliberate and unintentional abuse. BDZs bind 
allosterically to GABAA receptors in several brain areas (  Figure 3  ), potentially reduc-
ing excitotoxicity induced by glutamate release and subsequent oxidative damage that 
arises from this. On the other hand, the pharmacological interactions between BDZs 
and other drugs are frequent in deliberate abuse and should be taken into consider-
ation when evaluating the extent of the neurotoxic effects of both drugs [ 63 ].  

 It is notably dangerous relationship between BDZ and opioids, especially the 
unintentional abuse of BDZ in concomitancy with OUD [ 64 ], as these drug classes 

  Figure 3.  
  Anatomical distribution of the main neurotransmitter systems that BZDs interact with, with special attention to 
areas related to the symptoms presented in benzodiazepine SUD. Given the pharmacological nature of such drugs, 
adverse effects on BZD abuse are mediated almost entirely by GABAergic transmission, mainly in subcortical areas.          
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are commonly prescribed together. Between 2002 and 2014, the proportion of opioid 
recipients prescribed concomitantly with a BDZ drug each year had a relative increase 
of 41% [65], and this pharmacological association is estimated to increase risk of an 
emergency room visit or inpatient admission for opioid overdose [66].

3. Conclusions

In summary, oxidative stress seems to be involved in alterations in neurochemistry 
of CNS, neuroinflammatory conditions, and cognitive dysfunctions related to exces-
sive consumption of different depressant drugs, such as benzodiazepines, opioids, 
and ethanol. Endogenous substances, such as endocannabinoids and exogenous as 
N-acetylcisteine or phytocannabinoids, have been highlighted as potential drugs/
mechanisms of prevention and repair of oxidative stress damage in CNS. Future 
perspectives include the more selective tests that can point to the mechanisms through 
which exogenous protective substances act on CNS and interact with endogenous 
mechanisms of repair on each specific SUD.
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Appendices and nomenclature

ROS  reactive species of oxygen
CNS  central nervous system
TL4  toll-like receptor 4
SUD  substance use disorder
AUD  alcohol use disorder
OUD  opioid use disorder
NAC  N-acetylcisteine
BZD  benzodiazepine
CBD  cannabidiol
THC  Δ9-tetrahydrocannabinol
COX2  cyclooxygenase 2
IL-1/6  interleukin 1/6
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TNFα  tumor necrosis factor α
GABA  gamma aminobutyric Acid
GSH  glutathione
GSH-Px  glutathione Peroxidase
AMG  amygdala
ACC  anterior Cingulate Cortex
BLA  basolateral Amygdala
CER  cerebellum
HC  hippocampus
NAcc  nucleus accumbens
PFC  prefrontal cortex
SN  substantia nigra
ST  striatum
TH  thalamus
VTA  ventral tegmental area
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Abstract

Cardiovascular diseases encompass a range of pathologies that affect the heart or 
blood vessels. Oxidative stress is an important factor that contributes to the develop-
ment of these pathologies. Adverse effects due to oxidative stress manifest when there 
is an imbalance between the production and elimination of reactive oxygen species 
(ROS), or when physiological mechanisms of repair for oxidative injury are overbur-
dened. This chapter focuses on ROS accumulation and antioxidant system deficien-
cies in the context of their influence on cardiovascular disease. We also discuss the 
importance of high throughput approaches, such as proteomics, with regard to their 
role in advancing the field of precision medicine for cardiovascular diseases, while 
keeping in mind the ultimate goal of improving patient care and quality of life.

Keywords: cardiovascular disease, endothelial dysfunction, reactive oxygen species, 
thiol compounds, oxidative stress

1. Introduction

Cardiovascular diseases (CVDs) constitute a major cause of global mortality 
and are an important source of rising healthcare costs; furthermore, they result 
in significant decreases in the quality of life (QoL) of those who suffer from these 
conditions [1, 2]. The great majority of CVDs are chronic diseases, and hence, ris-
ing incidence translates into higher prevalence, which leads to a healthcare burden 
that may persist over decades. Prevalence has long been on the rise in almost all 
countries, with reported increases from 271 million in 1990 to 523 million in 2019, 
while CVD-associated deaths have also followed suite, increasing from 12.1 million 
to 18.6 million in the same period [3]. CVDs encompass a range of pathologies that 
affect the heart or blood vessels, including ischemic heart disease, cerebrovascular 
disease (stroke), peripheral arterial disease, heart failure, and heart valve disease. 
Hypercholesterolemia, hypertension, and diabetes, which are associated with 
oxidative stress (OS) and inflammatory activation, are well-known risk factors for 
CVD [4–7].

OS originates in cells and tissues when the balance between oxidative and antioxi-
dative compounds (or mechanisms) is disrupted in favor of oxidation. This imbalance 
between ROS production and antioxidant defenses may be due to increased ROS 
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formation (e.g., superoxide, hydroxyl, nitric oxide, or hydrogen peroxide) and/or 
insufficiency in antioxidants (e.g., ascorbate, alpha-tocopherol, or thiol-based redox 
compounds) [8]. The consequences of OS include lipid peroxidation, membrane 
damage, and the activation of proteases, nucleases, and protein kinases. With respect 
to vascular functions, excess ROS regulates the release of factors that drive vasocon-
striction or vasodilation, leading to endothelial cell (EC) damage, vascular smooth 
muscle cell (VSMC) hyperplasia, and structural remodeling (Figure 1) [9, 10]. 
Regulation of vascular tone is critical for the maintenance of cardiovascular health. 
In this sense, OS plays an important role as an initiator of the EC dysfunction. In 
physiological conditions, maintenance of appropriate endothelial function provides 
vasorelaxant properties through the release of vasoactive substances. Nevertheless, 
under OS conditions, there exists an imbalance between the production of vasopro-
tective and vasorelaxant factors and vasoconstrictor substances by the endothelium 
[11]. In addition, oxidative stress could induce vascular inflammation and injury 
through activation of the transcription factors, upregulation of adhesion molecules, 
stimulation of chemokine production, and recruitment of inflammatory cells [9, 10].

In the following sections, we focus primarily on the OS-related mechanisms that 
have been associated with CVD development. Firstly, we discuss how ROS accumulate 
and the importance of this accumulation with regard to endothelial dysfunction and 

Figure 1. 
Cardiovascular risk factors disrupt oxidative metabolism and negatively affect the vascular system through lipid 
peroxidation, endothelial damage, immune cell activation, structural remodeling, or inflammation.
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the vascular system. Next, we concentrate on the role of thiols in the antioxidant 
system and the consequences of the suppression of this defense system. Finally, we 
highlight the importance of high throughput approaches, such as proteomics, with 
respect to their contributions to the advances in the field of precision medicine related 
to CVD, while keeping in mind the ultimate goal of improving patient care and QoL.

2. ROS accumulation: mitochondrial and ER-related stress

Endothelial damage, vascular dysfunction, cardiac remodeling, immune cell 
activation, and systemic inflammation are key processes implicated in CVDs, all 
of which are affected by ROS accumulation [12–15]. The primary oxidase system 
underlying OS in vascular disease is the NADPH oxidase (NOX) system, the main 
function of which is to produce ROS [16]. Importantly, while ROS production was 
originally considered to incite harmful effects, and low levels of ROS are necessary for 
physiological processes, including cell proliferation, migration, differentiation, and 
cytoskeletal organization [17]. However, excessive activation of NOX also activates 
other oxidase systems to maintain OS (Figure 2). These secondary mechanisms 
include, but are not limited to, endothelial nitric oxide synthase (eNOS) uncoupling, 
mitochondrial stress, and endoplasmic reticulum (ER) stress, which also contribute 
to redox changes in CVD [18–20]. eNOS is primarily responsible for the generation of 
vasoprotective nitric oxide (NO). Endothelial-derived NO is an important vasodila-
tor and a potent inhibitor of platelet aggregation and leukocyte adhesion. As such, 
NO is one of the most important anti-atherogenic factors in vasculature [21]. Under 
normal conditions, eNOS exists as a dimer that is stabilized by the essential cofactor, 
tetrahydrobiopterin (BH4). However, when BH4 is inactivated due to excess ROS, the 

Figure 2. 
Excessive activation of NADPH oxidase (NOX) increases the production of ROS to harmful levels. Subsequently, 
secondary mechanisms, such as endothelial nitric oxide synthase (eNOS) uncoupling, mitochondrial stress, and 
endoplasmic reticulum (ER) stress, are triggered, perpetuating oxidative stress and injurious effects in a vicious 
cycle.
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dimer breaks down, resulting in the production of vaso-injurious superoxide (O2−) as 
opposed to NO [22].

The cross-talk between the NOX system and mitochondria may cause ROS-
induced release of ROS, a positive feed-forward mechanism of ROS production. As 
a result, NOX-derived ROS increases the production of mitochondrial ROS, which in 
turn stimulates NOX activation [23–25]. One consequence of normal mitochondrial 
metabolism and homeostasis is the production of controlled levels of ROS caused by 
the reduction of O2 to O2− through the respiratory chain [26]. Under physiological 
conditions, these levels are safe and normal cellular activity is maintained through 
the protection of mitochondria by a multilayer network of antioxidant systems. 
One particular example is the manganese-dependent superoxide dismutase (SOD2) 
enzyme, which converts the O2− anion to hydrogen peroxide (H2O2), which is subse-
quently transformed to water by protective mechanisms, such as catalase, glutathione 
peroxidase, and peroxiredoxins [27]. Nevertheless, if ROS levels exceed the normal 
range, the resulting oxidative environment is harmful and cannot be compensated 
for by these protective mechanisms [23, 27, 28]. In relation to this, mitochondrial 
dysfunction also has important implications for CVD. The protective role of different 
antioxidant systems against atherosclerosis is related to H2O2 metabolisms, such as 
that driven by the catalase or paraoxonase family, as seen in mouse models [29–31]. 
Mitochondrial dysfunction is associated with the redox inactivation of the mitochon-
drial deacetylase Sirtuin 3 (also named Silent acting type information regulation 2 
homolog 3, SIRT3) and the mitochondrial antioxidant SOD2 also contributes to the 
development of hypertension [32, 33]. These discoveries brought forth the use of 
mitochondrial-targeted interventions as therapeutic agents. Mitoquinone (MitoQ ), 
a mitochondrial ROS scavenger, has been shown to reduce macrophage infiltration 
into atherosclerotic plaques in a mouse model of metabolic syndrome [34]. Moreover, 
MitoQ protects against the development of hypertension by improving endothelial 
NO bioavailability and reduces cardiac hypertrophy in models of hypertension [35]. 
Similar favorable vascular responses have been demonstrated in humans treated with 
MitoQ. After oral supplementation, MitoQ was associated with a decrease in plasma 
oxidized low-density lipoprotein (LDL), a circulating marker of OS, and the amelio-
ration of endothelial function [36].

The ER is increasingly being recognized as an important player in the redox 
pathophysiology of the cardiovascular system [37–39]. Protein folding contributes 
to the generation of ROS since ER oxidoreductases serve as terminal electron accep-
tors with oxygen. When ER stress develops, demands on protein folding are exces-
sively increased and oxygen is not completely reduced, leading to the generation of 
O2− anions with the consequent production of H2O2 or other ROS [40, 41]. The ER 
and mitochondria are closely associated as the protein folding process is energy-
dependent. As a consequence, ATP depletion may occur during ER stress, which can 
stimulate oxidative phosphorylation in the mitochondria due to increased ATP need, 
subsequently resulting in greater ROS generation. In addition, mitochondrial ROS 
production will also increase if unfolded proteins accumulate in the ER via the release 
of Ca2+ or interactions with SOD [42, 43]. Of note, ER stress has been shown to play 
an important role in vascular cell phenotypic switching, de-differentiation, calcifica-
tion, and apoptosis, contributing to endothelial dysfunction and vascular remodeling 
in hypertension and in atherosclerosis [44, 45].

With regard to these data, it has been inferred that compounds, which can allevi-
ate ER stress could be pharmacological options to elicit antioxidant effects. One 
example is the antihypertensive drug guanabenz, which is demonstrated to confer 
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protection against the detrimental accumulation of misfolded proteins in cardiac 
myocytes [46]. However, there is much controversy about this compound, since it has 
been reported to induce β-cell dysfunction in vitro and in vivo (in rodents) and it may 
lead to impaired glucose tolerance [47]. Other ER stress inhibitors, such as taurourso-
deoxycholic acid (TUDCA) or 4-phenylbutyrate (4-PBA), also have beneficial effects 
on the cardiovascular system. Administration of TUDCA has been shown to alleviate 
myocardial contractile dysfunction and reduce blood pressure in rodents [48–50]. 
Likewise, 4-PBA protects against atherosclerotic lesion growth [51], prevents cardiac 
rupture and remodeling by inhibiting cardiac apoptotic and fibrotic signaling path-
ways [52], and attenuates interstitial fibrosis and cardiac hypertrophy caused by pres-
sure overload [53]. These studies are among the studies that provide support to the 
proof of concept that modulation of ER stress can improve cardiovascular function.

3. Thiol-based redox compounds in CVD

Thiol-based redox compounds, such as thioredoxins (Trxs), glutaredoxins (Grxs), 
and peroxiredoxins (Prxs), are primary contributors to the intracellular redox state, 
thereby modulating metabolism, signaling, and cell survival pathways [54]. In 
proteins, the thiol groups of cysteine side chains are highly susceptible to reversible 
or irreversible oxidative modifications. Besides forming disulfide bonds between two 
different proteins, these protein thiols can also form disulfide bridges with low-
molecular-weight thiols like glutathione, they can be oxidized to sulfenic, sulfinic, 
and sulfonic, or suffer S-nitrosylation [55]. These modifications can alter the activity 
of numerous proteins that contain cysteines (Cys) as their anionic form. As such, thi-
olate (RS−) plays critical role in protein structure, function, and regulation. Although 
the Trxs and Grxs systems function differently, they both maintain a reduced intra-
cellular redox state in mammalian cells by reducing protein thiols. Oxidized Grx is 
reduced by reduced glutathione (GSH), and the oxidized glutathione (GSSG) is then 
recycled by glutathione reductase (GR) at the expense of NADPH. The Grx system 
involves the GR, Grx, and the glutathione redox pair (GSH/GSSG). Under oxidative 
conditions, in which the GSH concentration decreases and GSSG increases, Grx is 
more likely to be oxidized [55]. Thus, the GSH-to-GSSG ratio (GSH/GSSG) in the 
cell is an important marker of the redox environment and a major determinant of the 
cellular redox potential. Meanwhile, Prxs are a family of conserved abundant Cys-
based peroxidases that consist of six Prx isoforms (Prx1–6) in mammalian cells. This 
family plays an essential role in the detoxification of hydrogen peroxide, aliphatic and 
aromatic hydroperoxides, and peroxynitrite [56, 57].

Currently, the implications of these thiol-based redox compounds on CVDs 
are being widely studied [55, 58, 59]. Endogenous Trx has the potential to decrease 
reperfusion-induced arrhythmia [60] and is a central mediator of cardiomyocyte 
growth [61]. Upregulation of Trxs has been detected in ischemia [62, 63] and cardiac 
failure [64, 65], probably as a compensatory mechanism in response to myocardial 
injury. In fact, the role of Trx1, the cytosolic isoform of the Trx family, in myocardial 
hypertrophy is identified to be fundamental as it acts as a negative regulator under 
normal conditions but initiates hypertrophic signaling in the myocardium when it is 
oxidized due to stress [66, 67]. Moreover, the important role of Trx in hypertension 
has been demonstrated in mice, through experiments involving injection of human 
Trx and other studies in which Trx-overexpressing transgenic mice were assessed 
[68]. In these studies, Trx decreased age-related hypertension through different 
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mechanisms, such as preservation of functional eNOS and NO release, and mainte-
nance of relaxation responses. These researchers also found decreased arterial stiff-
ness and improved vascular flow as a result of both Trx injection and overexpression. 
In another study, Trx1 overexpression was found to decrease infarct size and improve 
myocardial function after infarction [69].

The Grx superfamily has also been associated with enhanced cell survival and 
improved resistance to OS in CVD. In fact, overexpression of Grx1 has been shown to 
reduce ventricular remodeling and improve cardiac function [70], effects that were 
later proposed to be associated with the induction of angiogenesis. Nevertheless, Grx 
may offer protection to the ischemic heart by inhibiting apoptosis as demonstrated 
by an in vivo study in which Grx up-regulation inhibited EC migration and impaired 
hind limb revascularization [71]. The cardioprotective effect of Grx1 via a decrease 
in OS-mediated apoptosis is well documented [72–74]. In human coronary arteries, 
Grx was expressed (together with Trx) in ECs, fibroblasts, and smooth muscle cells. 
Specifically, the macrophages infiltrating fibrous plaques of atheroma that are known 
to produce ROS strongly express Grx and Trx [75]. In the year 2000, a Grx isoform 
located in the cytosol was discovered, defined as Grx3 or protein kinase C-interacting 
cousin of thioredoxin (PICOT). Although there is little data available about this oxi-
doreductase, it has a promising cardioprotective effect against ischemia/reperfusion-
induced cardiac injury [76], as well as in aging and heart failure [77].

Apart from oxidoreductases, Prx proteins are essential for the regulation of OS 
and H2O2-mediated intracellular signaling. Some studies have shown that different 
isoforms of Prx protect against atherosclerosis. On the one hand, Prx1 scavenges 
H2O2 [78] and degrades lipids in macrophages, thereby reducing foam cell formation 
[79]. On the other hand, Prx2 and Prx4 modify the development of atherosclerotic 
plaques by altering immune cell infiltration [80, 81]. Moreover, Prx2 protects against 
neointimal thickening [82] and negatively regulates H2O2 generation and the forma-
tion of thrombosis [83, 84], whereas, its deficiency has been shown to promote the 
progression of the abdominal aortic aneurysm [85]. Indeed, Prx has an important 
influence on myocardial tissue and the overexpression of Prdx1 in cardiomyocytes 
was recently proposed to confer protection against cardiac hypertrophy and heart 
failure in the presence of pressure overload [86]. Prx3 ameliorates inflammation and 
protects the heart against left ventricular remodeling and failure after myocardial 
infarction [87], and both Prx3 and Prx6 may have a protective role during ischemia/
reperfusion-induced heart injury [88]. Together these data suggest that Prx could be a 
potential target in therapeutic strategies to combat CVD.

4. Redox proteomics to get inside oxidative stress

The regulation of redox signaling commonly involves the post-translational 
modification (PTM) of proteins, in which different amino acids, including methio-
nine and tyrosine, and most importantly Cys, are sensitive to oxidation and other 
modifications [89, 90]. As described above, the oxidation/reduction of thiol proteins 
has emerged as one of the major mechanisms through which reactive oxidants modu-
late cell signaling [91]. Accordingly, several proteomics-based techniques have been 
developed to enrich, identify, and characterize thiol-related redox modifications, 
referred to as redox proteomics [92]. The main aims of redox proteomics include (1) 
the identification of proteins that are modified or that interact with regulatory oxi-
doreductases, (2) the identification of residues susceptible to modification, including 
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specific ROS-induced redox modifications, and (3) the quantification of the propor-
tions of the modified protein(s) [93]. Crucially, RS− is very reactive, and thus in order 
to study reversible Cys oxidations, it is essential to block this reactivity to capture the 
in vivo thiol-redox status. For this reason, one of the initial steps in thiol proteomics 
is to block free thiols in a sample with an alkylating reagent, such as iodoacetamide or 
derivatives of maleimide [94]. This also enables the reversibility of thiol modifications 
to be used to selectively label and/or purify redox-modified proteins. After alkylation, 
proteins can then be reduced using a thiol reducing agent, such as dithiothreitol or 
tris (2-carboxyethyl) phosphine, and, newly-formed free thiols can also be studied. 
Differential thiol isotopic labeling allows samples of different groups to be combined, 
reducing run-to-run experimental variation and permitting relative quantification 
between different samples (Figure 3) [95]. Although redox proteomics is still in its 
infancy, assessment of possible biomarkers through mass spectrometry (MS)-driven 
strategies may be promising for the study of OS in different disease states. In contrast 
to direct measurement of ROS levels, which is a complex task given the short half-life 
and high reactivity of these species, redox proteomics allows the detection of the 
resulting oxidative damage to proteins. Thus, it provides mechanistic insight into 
cellular toxicity mechanisms. For that reason, some studies employing this approach 
have been performed in CVDs.

One of the first attempts to apply redox proteome analysis to heart proteins was 
performed using two different proteomic methods: gel-based (DIGE) and gel-free 
proteomics (ICAT) [96]. Heart tissue was analyzed with the purpose to identify and 
quantify redox-sensitive proteins, resulting in the elucidation of 50 proteins as potential 
targets of H2O2 oxidation through the ICAT method and 26 such proteins with the 
DIGE method, 13 of which were detected with both methods. Several years later, a dif-
ferent technique, named GELSILOX, was used to investigate the mechanisms of damage 
produced in the heart by ischemia/reperfusion injury and the effects of ischemic pre-
conditioning in mitochondria purified from cardiomyocytes [97]. Several proteins were 
identified that had previously been associated with redox changes but had not been dis-
tinguished in the context of ischemia/reperfusion damage. Although these were mainly 
proof-of-concept studies of the methodology used, they provide useful information 

Figure 3. 
Essential workflow for redox proteomics analysis includes blocking or alkylation of free thiols and reduction to 
form new free thiols that can also be studied. This allows the identification of proteins that are modified and the 
quantification of the relevant proportions of the modified protein.
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about the redox proteome of the cardiovascular system, including specific sites of oxi-
dation. More recently, the plasma redox proteome was analyzed using FASILOX, a novel 
multiplexed proteomic strategy of isotope labeling, followed by liquid chromatography 
(LC)-tandem MS [98]. A plasma signature was proposed for the stratification of young 
individuals and to detect those with a higher probability of suffering a future cardio-
vascular event. The same approach was used to analyze aortic valve tissue obtained 
from patients with calcific aortic valve disease [99], which revealed different protein 
profiles in calcified valve tissue in patients with and without atherosclerosis. Differences 
in the redox status of the aortic valve tissue were also found despite their high degree 
of calcification and affectation. Additionally, two specific sites of cysteine oxidation in 
albumin that had not been described previously were also found. The results of these 
studies highlight the enormous potential of redox proteomics, an approach that is set to 
become a key tool to obtain new insights into CVD-related protein modifications.

5.  Future perspectives: a focus on redox biology to improve patient 
management

Overall, excessive OS due to exaggerated ROS production or insufficient antioxi-
dant defense has been closely associated with CVD. Improving our understanding of 
these pathways may permit the modulation of redox biology, which can be instrumen-
tal in reducing the systemic impact of these alterations. From a clinical point of view, 
the combination of standard clinical evaluation with results from high throughput 
approaches is essential to take a step forward in precision medicine, currently a highly 
desired goal in medicine. By definition, precision medicine focuses on selecting the 
appropriate treatment for each patient based on individual phenotypes. This includes a 
reliable and accurate risk stratification that would allow better screening of patients at 
high risk and avoiding the use of unnecessary treatments with regard to potential side 
effects. Since the disruption in OS balance leads to a vicious cycle, it is crucial to iden-
tify high-risk patients to avoid the damage caused by an uncontrolled redox milieu.

CVDs are multifactorial diseases that are usually accompanied by other comor-
bidities, and OS incites a systemic effect that can damage different organs and 
systems. From a pharmacological point of view, this implies that modification of 
the redox state may also affect distinct organs in different patients, which may have 
beneficial and detrimental effects. This kind of treatment can theoretically improve 
the function of different systems and may be considered an integral treatment, 
although this unfortunately leads to less control over potential side effects. The only 
way to overcome this issue is to intensify research focusing on OS and its relationship 
with disease. Although molecules related to OS are well known but their possible roles 
as cardioprotective molecules are still not fully understood. More information about 
this facet of their activity will be essential to design successful new pharmacological 
approaches. However, we must be aware that there is a long way to go in this regard. 
Indeed, it should not be forgotten that alterations that alter multiple metabolic path-
ways may be detrimental when applied at inappropriate times or doses.
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Abstract

Oxidative stress (OS) is a term used to describe the homeostatic oxidation-favoring 
imbalance between the formation of reactive oxygen species (ROS) or other compounds 
causing oxidative stress and the countering activities/levels of enzymatic or non-
enzymatic antioxidants. The role of OS in reproduction cannot be underestimated in 
neither health nor disease. This chapter focuses on the roles of OS in spermatogenesis, 
steroidogenesis and male sexual activity, and also its effects in female folliculogenesis, 
steroidogenesis, ovulation, luteogenesis, and pregnancy. Furthermore, OS’s impact 
on the efficacy of Artificial Reproductive Techniques (ARTs) was assessed, and the 
impact of antioxidants on reproductive health and sterility were discussed in both 
males and females. Through available evidence, it appears that oxidative state impairs 
reproductive processes and causes general disruptions through inflammation, DNA 
damage, lipid peroxidation, protein alterations and mitochondrial dysfunction. It will 
be of importance to identify oxidative stress biomarkers specific for each reproductive 
process, and it seems that more research should be focused on epigenetic characteris-
tics together with oxidative stress in reproductive health and infertility.

Keywords: female reproduction, health, infertility, male reproduction, oxidative stress

1. Introduction

Oxidative stress connotes the damage that occurs when the activities of reactive 
oxidants overwhelms the in vivo capabilities of antioxidants [1]. This state is charac-
terized by an elevated amount of reactive species such as superoxide (O2

−), peroxyl 
(RO2), hydroperoxyl (HO2), and hydroxyl (-OH), which are products of reaction of 
oxygen with various unsaturated lipids. Furthermore, since antioxidants constantly 
respond to the overwhelming oxidative insult, the levels of enzymatic and non-
enzymatic antioxidants are often found to be decreased [2]. Among these parameters, 
those that demonstrate measurable changes are generally called OS biomarkers. 
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Previous investigations have implicated OS and its mechanisms in a number of 
diseases, including infertility [3].

Infertility is the inability to achieve conception following 12 months of continual 
unprotected copulation [4]. Infertility could be a result of dysfunctions from either of 
the partners or both, it was reported that about 48 million married individuals and a 
total of 186 million persons are affected by infertility [5, 6]. Similarly, a meta-analysis 
of researches on the prevalence of infertility suggests that about 10% of the world 
population lives with infertility [7].

While it must be mentioned that physiological levels of ROS are important for 
male reproductive processes, it is also essential to state that unchallenged activity of 
ROS will be, at least in turn, damaging to the health of the spermatozoa and gamete 
cells [8]. In men, free radical elevation in the ejaculate is mainly sponsored by high 
leukocyte counts as well as immature spermatozoa, which cause low fertility owing 
to lipid peroxidation, apoptosis and damage to the DNA of sperm cells [8, 9]. In 
addition, OS in male infertility is connected with a number of environmental and 
epigenetic factors like obesity, smoking, poor diet, infection, and exposure to some 
endocrine disruptors [8]. Furthermore, conditions like varicocele, testicular cancer, 
idiopathic male infertility and erectile dysfunction have been strongly associated with 
oxidative stress [10].

In females, disproportionate levels of anti- and pro-oxidants have been associ-
ated with conditions like polycystic ovary syndrome (PCOS), endometriosis and 
unexplained infertility [11]. One of the major ways in which oxidative stress impairs 
female fertility is its harmful effects on proteins and nucleic acids [11]. Other mecha-
nisms involved in oxidative stress-induced reproductive dysfunction in females 
include peroxidation of arachidonic acids, release of inflammatory mediators, and 
apoptosis [12].

Reports have shown OS to be a common denominator in the majority of infertil-
ity states in males and females [13]. Therefore, clarifying the role of OS in crucial 
reproductive processes (spermatogenesis, ovulation, and steroidogenesis) and 
identifying the vital modulatory roles of antioxidants in these conditions will help to 
elucidate the subject of infertility which is plaguing the world and can lead to valuable 
recommendations.

2. Reactive oxygen species

2.1 Definition of reactive oxygen species

Reactive oxygen species (ROS) is a combined terminology ascribed to oxygen 
radicals, such as hydroxyl (-OH), superoxide (O2

−), hydroperoxyl (HO2) peroxyl 
(RO2), radicals, and also, a number of non-radical oxidizing agents, such as hypo-
chlorous acid (HOCl), hydrogen peroxide (H2O2), and ozone (O3), which possess at 
least a single unpaired electron and can be transposed into radicals with ease [14]. 
They are toxic by-products of aerobic metabolism [15] and they are produced con-
tinually at basal levels during metabolic activities in the body. The body’s antioxidant 
system scavenges ROS and has the capability to neutralize potential harm under 
physiological conditions [16]. In addition, the redox homeostasis within the cell is 
maintained by the reducing nature of the internal environment of the cell, thereby 
preventing injury as a result of free radicals. The environment however, is sustained 
by a number of antioxidant substances and enzymes, which include glutathione 
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peroxidase, superoxide dismutase (SOD), glutathione, other thiols, thioredoxin, 
ascorbate (vitamin C) and tocopherol (vitamin E) [17]. Although studies have shown 
that ROS are involved in the pathogenesis of many diseases, they are also reported to 
be pertinent in a number of functions including signal transduction, gene expression 
and mitochondrial electron transport [18].

2.2 Types and sources of reactive oxygen species

The types of ROS are not to be limited to oxygen radicals (hydroxyl and superoxide), 
but also include some other molecular oxygen (O2) derivatives that are non-radical, 
such as hydrogen peroxide (H2O2) [19]. Therefore, various types of ROS have been 
reported: lipid peroxide (LO2) which possess no unpaired electrons, hydroxyl (OH−), 
peroxyl (ROO−), superoxide (O2

−), alkoxy (RO) radicals, radicals of nitric oxide 
(NO), nitrogen dioxide (NO2), peroxynitrite (ONOO−), ozone (O3), and perhaps 
singlet oxygen [2]. Even though lipid peroxide and hydrogen peroxide are exempted 
from the free radical list, they serve as reservoirs for peroxyl, hydroxyl and alkoxy 
radicals, which are very reactive. ROS are continually produced in living cells 
throughout life via two major pathways, which are characterized by their endogenous 
and/or exogenous origin(s).

2.2.1 Endogenous sources

Endogenous formation entails the production of ROS within the living organism 
due to cellular activities. Several enzyme groups have been implicated in catalyz-
ing this process. The seven isoforms of the expanding family of transmembrane 
NADPH oxidases (NOXs), a superoxide-generating system, is a good example of such 
enzymes [20, 21]. There are various endogenous sources of ROS in the cell; however, 
the most relevant and extensive are the mitochondria, endoplasmic reticulum, and 
peroxisomes. In the electron transport chain (ETC), there are two major sites in 
which the generation of mitochondrial superoxide radicals take place, Complex I 
(NADH dehydrogenase) and Complex III (ubiquinone-cytochrome c reductase) 
[2, 22]. About 1–2% of consumed oxygen molecules are converted into superoxide 
anions at these two sites [23, 24]. In the endoplasmic reticulum, which is a lipid and 
protein biosynthesizing organelle, there are two main mechanisms responsible for 
ROS generation [25]. The initial process is the generation of ROS as a by-product 
during electron transfer to molecular oxygen from protein thiol structures, which 
is associated with protein disulfide-isomerase (PDI) and endoplasmic reticulum 
oxidoreductin-1 (ERO-1) [19, 25]. The other procedure entails ROS production dur-
ing protein misfolding as a result of depletion of glutathione (GSH) [26, 27], this is 
followed by reparation of thiols thereby permitting their interaction with ERO-1/PDI 
and their re-oxidation [25]. The process leads to cycles of formation and breakage of 
disulfide bonds, and each cycle generates more ROS as a by-product [28]. Finally, in 
the peroxisome, ROS production takes place in diverse metabolic pathways including 
fatty acid α- and β-oxidation, phospholipid biosynthesis, polyamine oxidation, amino 
acid catabolism, and glyoxylate metabolism. Perhaps most importantly, the oxida-
tive phase of the pentose phosphate pathway [29] functions through the activity of a 
diverse set of enzymes that generate several types of ROS, such as hydrogen peroxide, 
hydroxyl radical, superoxide, nitric oxide radicals and peroxynitrites, as part of their 
physiological functions [30].
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2.2.2 Exogenous sources

ROS production can be prompted by a number of external/environmental 
 factors. These include ultraviolet light, narcotic drugs, chemicals, and pollutants 
(in food and air) [31, 32]. When cells are exposed to radiation, it in turn leads to the 
production of various radical and non-radical species from ionization of intracel-
lular water, including aqueous electrons, H2O2, and OH− [19]. Air pollutants such 
as cigarette smoke, motor vehicle exhaust and industrial contaminants encompass-
ing many types of NO derivatives comprise the main sources of ROS that affect 
and cause organism injury, either by direct contact with the skin or inhalation. 
Additionally, chemicals (e.g. paraquat) that react to form either peroxides, ozone 
or superoxide, and a number of drugs, such as bleomycin and adriamycin, whose 
mechanism of action is mediated through the generation of ROS, are also primary 
sources of ROS [13, 19, 33, 34]. Most notably, it is important to emphasize the fact 
that food is considered the most relevant source of oxidants [19]. A large proportion 
of consumed food is oxidized to a high extent and contain varieties of oxidants such 
as peroxides, oxidized fatty acids, transition metals and aldehydes. These oxidative 
compounds that are taken into the intestinal tract cause great oxidative pressure on 
the intestinal mucosa [33].

2.3 Physiological roles of ROS

Although ROS are considered detrimental to health when excessive in the 
body system, they also play a series of vital roles in human physiology [35]. ROS 
have been shown to regulate the diameter of blood vessels, where ROS from the 
mitochondria (specifically superoxide and hydrogen peroxide) facilitate physi-
ological reaction to factors including shear-stress in human coronary arteries [36, 
37]. Another physiologic role is their facilitation of oxygen sensing in the body 
[35] which is essential to cellular health due to the fact that it permits cells to 
initiate adaptive responses which will in turn increase the survival probability in 
anticipation of limited oxygen availability. The ETC in the mitochondria also acts 
as an oxygen sensor by producing more ROS in response to limited oxygen supply 
(hypoxia) [38]. Other important roles include maintenance of genomic stability 
and regulation of activities of the skeletal muscle [39–41]. ROS are also critical 
for the immune system, where the presence of pathogens results in elevated ROS 
generation which further results in the release of phagocytes that serve as a first 
defense mechanism [42].

2.4 Antioxidants

Antioxidants are the organism’s means of defense against the destructive effects 
of ROS production and accumulation [43]. The exposure of living cells to the harm-
ful effects of free radicals triggers reactions that activate multiple internal defense 
mechanisms, which helps the body in the removal of free radicals and their deriva-
tives [44, 45]. Antioxidants engage in three major functions: preventing, repairing, 
and deactivating the detrimental effects of ROS [46]. Generally, antioxidants in living 
cells can be classified into two primary groups based on their mode of action on the 
ROS, enzymatic and non-enzymatic antioxidants [45].
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2.4.1 Enzymatic antioxidants

Enzymatic antioxidants are antioxidants that function in the break-down and 
removal of free radicals. These are enzymes that convert harmful oxidative products 
to hydrogen peroxide (H2O2) and then to water in a multi-step reaction where cop-
per, zinc, manganese, and iron are obligatory cofactors [47]. Examples of enzymatic 
antioxidants are superoxide dismutase (SOD), glutathione peroxidase (GPx), catalase 
(CAT), glutathione reductase (GR) and peroxiredoxins (Prxs) [45], which must 
function in concert to exert the intended antioxidant effects. SOD is particularly 
significant as it has the ability to catalyze the reaction that turns superoxide anion into 
hydrogen peroxide and molecular oxygen, which is a very relevant first line defense 
against ROS activity [48].

2.4.2 Non-enzymatic antioxidants

Non-enzymatic antioxidants are those that function by interrupting ROS chain 
reactions [47]. Few examples are vitamin E, vitamin C, carotenoids, plant polyphe-
nol, ceruloplasmin, ferritin, thiols (e.g., glutathione) and albumin [45, 48]. Vitamin 
E act on cell membrane to prevent the generation of free oxygen radicals, Vitamin C 
prevents oxidative stress through mobbing of free oxygen radicals by neutralizing 
lipid hydroperoxyl radical depending of vitamin E driven mechanism and preserving 
proteins from alkylation through electrophilic lipid peroxidation by-products [45]. 
Plant polyphenols nullifying free radicals through donating of an electron or hydro-
gen atom [47].

3. Oxidative stress and male reproductive cells

3.1 Origin of ROS in the male reproductive system

There are different types of cells in human semen which include mature and 
immature sperms, leukocytes, round cells from diverse spermatogenic process 
stages and epithelial cells [8]. Of the aforementioned cells, the major sources of ROS 
are immature sperm cells and leukocytes [49]. Excessive ROS production has been 
reported to be associated with leukocytes (especially macrophages and neutrophils), 
eventually causing sperm dysfunction [8]. Reports have also shown that a positive 
association exists between immature sperm cells and the production of ROS. This 
effect may have a negative effect on ejaculate quality. Also the increase of immature 
sperm cells in semen is directly proportional to greater concentration of mature 
sperm cells with damaged DNA [50].

Apart from the aforementioned endogenous ROS sources in the reproductive 
system, male reproductive organs are exposed to many exogenous sources of oxi-
dants including those derived from individual lifestyle such as alcohol use, smoking, 
obesity, and poor dietary intake [8]. Environmental sources of ROS include pollution, 
exposure to heavy metals, phthalate, heat and mobile phone radiation [8]. ROS can 
also affect the male reproductive system through genitourinary tract infections or 
could be iatrogenic through exposure to drugs, or due to clinical varicocele [8]. The 
role of OS in male fertility is summarized in Figure 1.
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3.2 Oxidative stress and spermatogenesis

Spermatogenesis involves proliferation of spermatogonia, spermatocytes meiosis 
and spermiogenesis occurring in the seminiferous tubules located in the testis [13]. 
The process is extremely replicable generating about one thousand sperm cell per 
second. The illustration of the process involves mitotic division of spermatogonia 
giving rise to spermatocytes which go through meiosis and give rise to haploid cells 
known as spermatids that are finally transformed by spermiation to spermatozoa 
[51]. When there is a disturbance in this process it can result in male infertility. One 
of the factors that can disrupt the process of spermatogenesis is oxidative stress [13]. 
Approximately, ROS contributes to about 30–80 percent of male infertility and male 
gametes activities are altered by oxidative stress [8].

The oxidative stress caused as a result of free radicals have a significant impact in 
the production as well as increasing abnormal spermatozoa, decreasing spermatozoa 
count and promoting sperm DNA transformation and fragmentation [52–55]. That 
the greater susceptibility of spermatozoa to oxidative stress when likened to other 
cells is owing to the fact that mature sperm cell have cytoplasm in limited amount, the 
sperm structure having greater level of unsaturated fatty acids and the antioxidant in 
sperm cells are being suppressed by ROS concentration [56]. Oxidative stress can also 
result in arterial occlusion then severe damage to the cell of the reproductive system 
and as a result defects in spermatogenesis occurs [55].

3.2.1 The antioxidant system in semen

Semen antioxidant system consist of enzymatic and non- enzymatic factors and 
compounds with low molecular weight having antioxidant capacity acting upon one 
another to bring about protection against ROS [57]. It has been reported that if any 
of these is inadequate it may lead to total plasma antioxidant capacity reduction [57]. 
Three essential antioxidant enzyme in the semen are catalase, superoxide dismutase 

Figure 1. 
Role of oxidative stress in male fertility.
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and glutathione peroxide [57]. Superoxide dismutase (superoxide oxidoreductases – 
SOD) which are metaloenzymes capable of catalyzing superoxide anion dismutation 
reactions they are of two forms –intracellular and extracellular [58]. The intracel-
lular forms includes copper- zinc SOD having in the active center copper and zinc 
(Cu, ZnSOD, SOD–1) which is found mainly in the cytoplasm, and manganese SOD 
found majorly in the mitochondrial matrix and having in its active center manganese 
(MnSOD, SOD–2). Acting in the extracellular space is the extracellular form of SOD 
(EC–SOD, SOD–3) and it is associated with the surface polysaccharides and can be 
found free, they have an active center made of copper and zinc [59].

Catalase catalyzes the reaction in which hydrogen peroxide is decomposed to 
molecular oxygen and water. Having a heme system structure with centrally located 
iron atom. It can be present in human as well as rat spermatozoa and seminal fluid 
having the prostrate as its source [58], and it enhances nitric oxide induced capacita-
tion [57]. Also present as antioxidant system in the semen is the enzyme glutathione 
peroxidase (GPX), GPX has the capability of catalyzing organic peroxides, hydrogen 
peroxide as well as peroxides of phospholipids reduction [59].

3.2.2 Tests to measure reactive oxygen species in semen

Various tests which have been classified into direct and indirect assay are used in 
the determination of seminal ROS levels [60]. Report has shown hyperviscosity to be 
suggestive of oxidative stress due to its association with elevated malondialdehyde 
levels [60]. Factor such as increase in round cells or leukocytes being a respectable 
source of ROS may infer OS and abnormal sperm morphology [61]. Tests such as 
hypo-osmotic swelling indicate spermatozoa membrane damage as a result of lipid 
peroxidation therefore indicating greater ROS level in semen [62].

3.3 The effect of oxidative stress in steroidogenesis

So as to elucidate the role of oxidative stress in steroidogenesis, a number of  studies 
have been done on animal models through introduction of exogenous sources of 
oxidants. ROS can impair steroidogenesis through destruction of important components 
in the steroidogenic pathway [63]. In another animal study, steroidogenesis, as implied 
by the level of FSH, LH and testosterone was seen to be reduced in animals fed with 
selenium-deficient diet when compared with selenium-fed animals. This indicate a 
possible role of oxidative stress on steroidogenesis in selenium deficient animals through 
the ability of selenium as an antioxidant to reverse this reduction in steriodogenesis [64]. 
Also increase in oxidative stress may result in gonadal dysfunction, reduction in testos-
terone level and testicular tissue damage indicating that gonadal steroid biosynthesis 
can be affected by oxidative stress [64]. In a lipopolysaccharide induced oxidative stress 
model in rats, it was reported that a correlation exists between a progressive oxidative 
state and reduction in the steroidogenic acute regulatory protein [65].

3.4 Oxidative stress and its effect on intercourse (erectile dysfunction)

Reasonably sufficient erectile and sexual functionality is essential for men [66]. 
Sexual activities improve the quality of life in men and promote longevity [67]. It 
has been reported that erectile dysfunction (ED) is a major challenge in men, which 
is estimated to be encountered by 40% of ≥40-year-old males [67]. ED can develop 
due to psychological, endocrine, vascular, neurological, and immune factors acquired 
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via environmental exposure, lifestyle and underlying pathology [68]. The regular 
final mechanism of ED is vascular failure of the penis driven by significant corporal 
smooth muscle dysfunction which is mediated and skyrocketed via intracellular oxi-
dative stress cumulating in a rise in smooth and endothelial muscle cell dysfunction 
with increase in the rate of apoptosis [67]. Nitric oxide (NO) is essential for adequate 
erection via nitric oxide synthase transcription (NOS) to bring about vasodilation as 
well as penile engorgement with blood [68]. On this basis the regular vascular failure 
mediator in ED is inflammation and OS, this it does through NOS reduction and 
subsequent reduction in NO [68]. Dysfunctional endothelial cells and increase in cel-
lular adhesion molecules caused by inflammation enhance local arteriosclerosis and 
hardening of the vasculature which in turn result in local inflammation and OS [68].

3.5 Role of antioxidants in reversing oxidative stress-induced infertility in males

Genetic structure and metabolic process can influence the body’s ability to  produce 
antioxidants which has capacity to impede the effect of oxidative stress. Other factors 
such as pollutant, diet and chemicals can also contribute to a marked reduction in 
the body’s antioxidant capacity [55]. Therefore,, there is need for the introduction 
of exogenous antioxidant to supplement the antioxidant defense in the body [55]. 
Therefore, the following are some of the factors reported to be free radicals scavengers 
and efficient antioxidants capable of reducing testicular oxidative stress [55].

3.5.1 Vitamin C and vitamin E

Vitamin E also called α-tocopherol is an effective lipophiliic antioxidant which 
maintains and protects spermatozoa and also contributes to the liveliness of sper-
matocytes and sertoli cell lines [55]. Vitamin C also called ascorbic acid plays vital 
role in spermatogenesis. For this reason, inadequacies in either of these two vitamins 
result in testicular oxidative stress and disorders of spermatogenesis and testosterone 
production [69]. Furthermore, vitamins C and E therapies combat oxidative stress 
induced by cadmium, alcohol, endosulfan and arsenic and also bring about a reduc-
tion in resultant complications [70]. Vitamin E has the ability of attenuating lipid per-
oxidation in mitochondrial and testicular microsomes and also able to combat adverse 
effects of oxidative stress that occur as a result of exposure to some exogenous factors 
such as iron overload, ozone gas, aflatoxin and ozone gas thereby being effectual in 
the protection of testicular functions [71].

3.5.2 Zinc

Zinc has been reported to be an effective antioxidant agent as well as major con-
stituent of free radical-inhibiting enzymes like SOD [55]. Also, zinc through transfer-
ring and relocation of metals such as copper and iron is capable of preventing lipid 
peroxidation [72]. Studies have shown a reduction in antioxidant defense potential 
and a synchronous elevation in lipid peroxidation in testicular tissue in rats fed with 
zinc-deficient diet [70].

3.5.3 Selenium

Selenium is an important integrant of selenoproteins, it is essential in preventing 
OS, maintaining redox signaling state in cells and regulating thyroxine metabolism [55]. 
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This antioxidant prevents oxidative stress by reducing free radical population in the male 
reproductive cells and fluids [55]. It also protect some indispensable vitamins like vita-
min C and vitamin E in the body by acting synergistically with them thereby decreasing 
damages induced by free radicals to reproductive cells [55].

4. Effect of oxidative stress on female reproductive function

4.1 Effect of oxidative stress on folliculogenesis

It has been reported that increase in the levels ROS is related with reduction in the 
reproductive capability in females and infertility [73]. Reports have also shown that 
an elevation in the production of steroid hormone by developing follicles goes along 
with an increase in cytochrome P450 activity which results from the production of 
ROS such as hydrogen peroxide [74].

DNA damage and ovarian follicle apoptosis may be caused also by OS [75, 76]. It 
was noted that in dominant follicles that there is a simultaneous increase in estro-
gen and catalase in reaction to FSH stimulation which suggests a role of catalase in 
apoptosis prevention among follicles [77]. It was also reported that the oxidized form 
of LDL (oxLDL) and its receptor (LOX-1) are bestowed in follicular fluid or human 
granulosa cells and are elevated in oxidative stress states interfering with follicular 
maturation [78].

Growing follicles may be an inadvertent target of ROS especially in patients under-
going radiotherapy which generate a high amount of ROS [79, 80]. The ROS produced 
in granulosa cells may have a negative impact on oocyte fertilization as well as the 
rate and quality of implantation of the embryo [80]. Reports have also proven that 
germ cells are more vulnerable to deleterious effect of OS than somatic cells [81, 82]. 
Furthermore, reports has shown that OS from radiotherapy may result in ovarian 
atrophy, oocyte loss coupled with reduction in follicle store which may in turn result 
in menstrual irregularities, ovarian failure and ultimately infertility [80].

4.2 Effect of oxidative stress on steroidogenesis in females

When the ovary is over-exposed to hydrogen peroxide, it uncouples the LH 
receptor from adenylate cyclase. This causes disruption in protein synthesis and utiliza-
tion of cholesterol by the mitochondrion p450 side chain cleavage [83]. This disruption 
is likely facilitated by the reduced production of steroidogenic acute regulatory protein 
(StAR). The StAR enhance the movement of cholesterol to the inner membrane of the 
mitochondria where p450 side chain cleavage converts cholesterol to pregnenolone 
[83]. Also, a reverse transport of cholesterol and estrogen synthesis in the follicle is 
facilitated by Lecithin cholesterol acyltransferase (LCAT). Evidences exist that suggest 
that these transporters are subjects of oxidative stress. A study reported that exogenous 
antioxidants like vitamin C are accumulated in mature follicles to prevent LCAT from 
oxidative damage and for steroidogenesis enhancement [84].

4.3 The effect of oxidative stress on ovulation

Ovulation is a process involving local inflammatory response, which leads to ele-
vated levels of ROS [85]. The increased ROS levels may lead to potential destruction 
of the granulosa cells which are going through luteinization in the course of ovulation 



Importance of Oxidative Stress and Antioxidant System in Health and Disease

160

[86]. ROS are generated during ovulation in a similar way as it occurs in inflamma-
tion. It was reported that agents that inhibits inflammatory response also suppresses 
ovulation [87]. The source of ROS in this process seems to be from macrophages and 
neutrophils because they are common in the ovaries and they led to increase produc-
tion free radicals [88]. ROS has been shown to be generated during the ovulatory 
cascade. ROS in ovulation was noted to be mediated by protein kinase C and gonado-
tropin leading to production of nicotinamide adenine dinucleotide phosphate oxidase 
which engenders more reactive species in the course of ovulation [89].

4.4 Oxidative stress and its impact on artificial reproductive techniques (ARTs)

ARTs are advanced technological procedures which are used to treat infertility 
[90]. The quality of oocyte is greatly dependent on the follicular fluid microenviron-
ment, thereby affecting the fertilization and embryo rate and quality respectively 
[73]. Oxidative stress markers has being said to be present in the follicular fluid 
of patient undertaking embryo transfer (ET) or even in-vitro fertilization (IVF) 
[91–94]. A reduction in intra-follicular oxygenation is said to be interrelated with a 
reduction in the potential of oocyte development this is as a result of an increase in 
the frequency of oocyte cytoplasmic disorder, impairment in cleavage and abnormal 
segregation in oocyte chromosome caused by follicles that are poorly vascularized [8]. 
The increase in embryo fragmentation, which leads to an increase in apoptosis, has 
been reported to be caused by ROS [8]. Hence, elevation in the ROS level is detrimen-
tal to the growth of the embryo and Sperm-oocyte interaction [8].

4.5 Role of oxidative stress in pathological pregnancies

Pathological pregnancies such as pre-eclampsia have been reported to be a 
 complicated multisystem disorder affecting about 5–8 percent of all pregnancies and 
it contributes largely to fetal and maternal mortality and morbidity [95]. It has been 
reported that etiopathogenesis of preeclampsia may be caused by of oxidative stress 
and may be due to an elevation in the placenta metabolic activity as well as a reduction 
in its antioxidants scavenging power [95]. The role of oxidative stress in the female 
reproductive processes is summarized in Figure 2.

4.6  Role of antioxidants in reversing the effects of oxidative stress and infertility 
in females

Reports have shown that the female reproductive system is susceptible to  oxidative 
damage which if left untreated the damage process continues [8, 95]. There are 
various antioxidants that have been reported to scavenge free radicals and to keep 
the reproductive system healthy [96]. They include vitamins C, E and β-carotene, 
L-carnitine, acetyl L-carnitine and also metallo-enzymes such as catalase, superoxide 
dismutase (SOD, containing copper, manganese and zinc), glutathione peroxidase 
(GPx, containing selenium) and superoxide dismutase (SOD, containing manganese, 
copper and zinc) [96].

The antioxidants mentioned above when taken helps the total antioxidant system 
to be coordinated functionally [97]. Antioxidant system in the ovary such as of 
carotenoids, CAT, glutathione and vitamin E) are responsible for regulation of ROS 
[96]. It was documented that the effect of SOD is noticeable in the theca interna cells 
of antral follicles [96]. These cells during maturation phase protect oocyte from been 
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destroyed by redundant ROS [96]. Vitamin C which can be found in the cytosol of 
oocyte and extracellular fluid is used in the treatment of luteal phase disorder and 
recurrent abortions [8]. Vitamin C is given to patient during in vitro fertilization 
(IVF) embryo transfer as a supplement in hormonal stimulation to guarantee a large 
concentration of vitamin C in the follicular fluid which improved oocytes and embryo 
qualities.

4.7 Role of oxidative stress in embryo and fetal function

During of embryonic development, the embryo is vulnerable to OS [97]. The stage 
of one-cell embryo depends on Krebs cycle during early phases of development, on 
the other hand during the other initial embryo organogenesis, anaerobic pathway and 
glycolysis is relied on, so does blastocyst [97]. However, there is a larger dependence 
on aerobic and oxidative metabolism at the establishment of circulatory system lead-
ing to a higher production of ROS by the mitochondria but antioxidants are present 
as well to negate and detoxify ROS [95]. But with time there may be disruption in the 
antioxidant and oxidant balance by the exogenous agents responsible for the stimula-
tion of ROS which results in disruption in embryo and fetal functions [97].

5. Conclusions

Oxidative stress plays a notable role along the several processes involved in male 
and female reproduction. While a physiologic amount of reactive species are needed 
for optimal functioning of the male and female sex organs there are conditions which 
produces a considerable amount of reactive species and a concomitant depression of 

Figure 2. 
Role of oxidative stress in the female reproductive processes.
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the antioxidant system. This oxidative stress state impairs the reproductive processes 
and causes general disruption through inflammation, DNA damage, lipid peroxida-
tion, protein alterations and mitochondrial dysfunction.

It will be of importance to identify oxidative stress biomarkers specific for each 
reproductive processes and map out their standard range so as to advance measures to 
curtail the growing level of infertility among human population in future research.

It is also recommended that the role of genetics and oxidative stress in the etiology 
of infertility should be a priority for researchers.
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Chapter 9

Antioxidant Phytochemicals as 
Novel Therapeutic Strategies 
against Drug-Resistant Bacteria
Bhavana Gangwar, Santosh Kumar and Mahendra P. Darokar

Abstract

The antibiotic resistance in pathogenic bacteria is a major concern and the  
emergence of novel multidrug-resistant (MDR) strains are a growing threat worldwide. 
Bacterial resistance to antibiotics has become a serious problem of public health that 
concerns almost all antibacterial agents and that manifests in all fields of their applica-
tion. Therefore, novel antimicrobial compounds against new bacterial targets and drug 
resistance mechanisms are urgently needed. Plants are well-known sources of structur-
ally diverse phytochemicals such as alkaloids, flavonoids, phenolics, and terpenes, 
which plays important roles in human health. Plant-derived antimicrobial agents 
are an attractive and ongoing source of new therapeutics. Natural compounds that 
prevent and treat infections through dual action mechanisms such as oxidative stress 
against pathogens and antioxidant action in the host cell hold promising potential for 
developing novel therapeutics. Identification of detailed mechanisms of action of such 
phytomolecules with both antioxidant and antimicrobial activities may help to develop 
novel antimicrobial therapeutics and benefit overall human health. The purpose of this 
chapter is to summarize important antioxidant phytochemicals, and focusing on their 
potential role in the management of drug-resistant bacterial infections.

Keywords: antioxidant, drug resistance, oxidative stress, phytochemicals,  
drug-resistant bacteria

1. Introduction

Antimicrobial resistance has now become a serious public health issue world-
wide. Resistance to antimicrobials is a growing challenge that limits treatment 
options against serious pathogens and therefore new effective treatment strategies 
are needed [1]. Infections caused by Staphylococcus aureus, Streptococcus pyogenes, 
Streptococcus pneumoniae, Enterococcus faecalis, and Gram-negative bacteria such 
as Escherichia coli, Klebsiella pneumonia, Salmonella typhi, Pseudomonas aeruginosa, 
are among the most common bacteria that have developed drug-resistant to many 
antibiotics. According to the Centers for Disease Control and Prevention (CDC) 
2019 AR threats report [2] penicillin-resistant Pneumococcus, drug-resistant 
Campylobacter sp., methicillin-resistant Staphylococcus aureus (MRSA), vancomycin-
resistant Enterococcus faecalis (VRE), multidrug-resistant of Pseudomonas aeruginosa, 
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Salmonella typhi, Shigella sp., and Mycobacterium tuberculosis (MDR-TB) are serious 
threat and major causes of worldwide outbreaks of both the community infections 
and hospitals [3]. While carbapenem-resistant Enterobacterales, drug-resistant 
Gonorrhea and Clostridioides difficile are grouped among urgent treats [3]. The 
spread of multidrug-resistant (MDR) strains of pathogenic bacteria necessitate the 
discovery and deployment of new classes of antibacterial and compounds that can 
combat resistant strains and the spread of drug resistance.

During infections in humans, immune cells produce reactive oxygen and nitro-
gen species (RONS) which is used as part of warfare activity against pathogens  
[4, 5]. Oxidative stress induced by intracellular bacterial infection or other meta-
bolic processes can cause inflammation and cellular damage however RONS pro-
duction helps to kill bacterial pathogens. Unfortunately, pathogens have evolved a 
number of adaptive mechanisms against host-mediated defense systems and RONS 
[6, 7]. Microorganisms’ survival strategies against RONS include the expression 
of various enzymes catabolizing RONS such as catalase, peroxidases, and biofilm 
formation also helps pathogens overcome the immune defense system [8, 9]. 
Therefore, targeting bacterial redox systems could present an important tool to 
combat such infections. Indeed, significant progress has been made in identify-
ing several natural source of antioxidants that may also cause oxidative stress as a 
part of the antibacterial mechanism of action [10–12]. This emerging field needs 
further focus on the redox biology of antioxidants with antimicrobial activity by 
oxidative stress to cure intracellular bacterial pathogens.

Plants have an exceptional ability to produce cytotoxic agents to protect them-
selves from pathogenic microbes in their environment. Plant-derived secondary 
metabolites with antibacterial properties can be a source for designing novel thera-
peutics [13–15]. Historically, traditional medicines based on plants have made a con-
siderable amount of contributions to human health. Plants are rich in a wide variety 
of secondary metabolites such as terpenoids, alkaloids, polyphenols, and tannins 
with a diverse set of biological activities. During the last decades, there is increasing 
interest to explore ancient remedies. A significant number of works, e.g., biological 
screening, isolation as well as clinical trials have been done for a variety of plants to 
unlock the secrets of herbal remedies [15]. Antimicrobials with reuse potential, which 
can be used in combination with drug treatments against drug-resistant pathogens, 
are identified using this approach. For example, plants derived alkaloids such as 
tomatidine and berberine are reported to be highly effective against drug-resistant 
microbes and also show synergy with antibiotics against S. aureus, and E. coli [16]. 
Therefore, screening and identification of compounds responsible for antimicrobial 
activity can be the foundation of a novel class of drugs. In this chapter, we have 
summarized the importance of medicinal and aromatic plants in the management of 
drug-resistant bacterial pathogens.

2.  Role of oxidative stress and antioxidants mechanisms in health  
and infectious diseases

The paradox of oxidative stress is that it plays a dual role in the disease and health 
of humans. The importance of oxidative stress mechanisms in living cells is based on 
a balance between oxidants and antioxidants [17]. During metabolic reactions and 
infection, various types of RONS are produced in human by enzymes like myeloper-
oxidase, oxidases, and nitric oxide synthase, however, excess of these RONS can also 
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damage host tissues and thus are reduced by the human cellular antioxidative defense 
system that includes enzymes like peroxidases, superoxide dismutase (SOD), catalase 
(CAT), glutathione (GSH), and others which eliminates the excess of reactive oxygen 
species (ROS) such as hydroxyl radicals (OH.), superoxide anions (O2.−), alkoxyl 
radicals (RO.), and peroxy radicals (ROO.). As a result, we require antioxidant supple-
ments like vitamin C, vitamin E, carotenoids, and polyphenols to avoid oxidative 
stress [18, 19]. Supplementing a low amount of oxidative stress may also help to signal 
processes to express enzymes that detoxify the RONS [20]. This means low level of 
physiological oxidative stress can be beneficial to counteract excess oxidants produced 
during stress and infections that may result in cellular damage.

During phagocytosis, NADH-dependent oxidase (NOX) mediated burst of 
superoxide anion (O2−) causes bactericidal oxidative stress [8, 21, 22]. This free 
radical is converted to hydrogen peroxide (H2O2) by superoxide dismutases. Infection 
control requires the presence of the NOX protein and abnormalities in the genes that 
produce the NOX protein makes it more vulnerable to bacterial and fungal infections 
[8, 23, 24]. H2O2 produced during phagocytosis passes through bacterial membranes 
barrier and interacts with ferrous iron (Fe2+) and thiol groups (-SH) of the cysteine 
in proteins which can eventually inactivate the function of enzymes [25]. During the 
Fenton reaction, H2O2 oxidizes Fe2+ to Fe3+ and produces hydroxyl radicals (OH−), 
which further damage bacterial DNA, proteins, and lipids [22, 26]. Myeloperoxidases 
expressed in macrophages and neutrophils produce hypochlorous acid (HClO) from 
the reaction between H2O2 and chloride ion (Cl−). HClO has a stronger antibacterial 
effect than H2O2 [21, 22]. Later phases of phagocytosis activate inducible nitric oxide 
synthases (iNOS). Nitric oxide (NO•) is produced by these enzymes from L-arginine. 
Peroxynitrite is formed when nitric oxide reacts with the superoxide ion produced by 
NOX proteins. Peroxynitrite can directly oxidize the thiol groups of sulfur-containing 
amino acids, or it can break down into nitrogen dioxide and hydroxyl radicals, which 
can damage the sulfur-containing proteins in bacteria [26, 27].

3. Bacterial antioxidant and redox pathway mechanisms

As described above, during phagocytosis bacteria are exposed to several RONS 
but they can still be growing in the intracellular environment under these oxidative 
conditions [8, 22, 26, 28, 29]. It is important to note that microorganism also possesses 
several enzymes like catalase, peroxidases, and superoxide dismutase. These protect 
against oxidative stress with a complex set of enzymatic activities (Figure 1) that can 
be divided into two categories: (i) preventive mechanisms, which are based on protein 
scavengers to inactivate RONS, and (ii) the repair mechanism, which is based on the 
reduction of the thiol groups of oxidized protein to restore enzyme activity [8]

The expression of antioxidant enzymes is controlled by transcriptional regula-
tors that can interact with RONS based on thiol switches or metal centers. For 
example, OxyR is redox regulator that is reported to act as transcriptional activators 
or repressors in several bacteria [30]. Homologs of the MarR-family, thiol-based 
transcriptional regulators e.g. the sodium hypochlorite sensor (HypS) are found in 
the genomes of a variety of pathogens. Oxidation the thiol groups by RONS causes 
conformational changes in transcriptional regulators and modulates their binding 
capacity to promoters of genes encoding scavenger enzymes such catalases (Kat), 
superoxide dismutases, glutathione peroxidases (GPx), and peroxiredoxins (Prx). 
Many pathogens such as Mycobacterium tuberculosis are known to use combination 
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of these enzymes to overcome RONS challenges. Loss of one or more of these genes 
directly affects resistance to RONS and survival of bacteria [31, 32]. Extracellular 
thioredoxins (Etrx) found on the bacterial surface, have been found in human 
pathogens such as M. tuberculosis, S. pneumoniae, N. gonorrhoeae, as well as in plant-
associated bacteria such as Agrobacterium tumefaciens, and Bradyrhizobium japonicum 
[8, 33, 34]. Although the targets of Etrx proteins are unknown, deletion of the genes 
encoding Etrx proteins reduced the pathogenicity of M. tuberculosis and S. pneu-
moniae [33]. However, more research is needed to fully understand the role of such 
surfaceome-associated proteins and their involvement during infection.

4.  Plant as potential source of preventative and therapeutic agents of 
oxidative stress and disease

Medicinal plants and their extracted phytochemicals are widely used in the 
treatment of a variety of diseases, including bacterial, fungal, viral and cancer, as 
well as oxidative stress-related problems [35–37]. Due to the anti-oxidative, anti-
inflammatory, anti-microbial, and wound-healing characteristics natural phytochem-
icals (Figure 2) reduce the risk of diseases [9]. These substances have been studied 
extensively to facilitate their application as phytomedicine in the pharmaceutical 
field. Several phytomolecules such as quercetin prevents oxidative damage in human 

Figure 1. 
Overview of oxidative stress and response mechanism in bacteria. Oxidative stress is caused by the accumulation 
of reactive oxygen species (ROS) caused by both exogenous and endogenous sources. Bacterial cells are damaged by 
ROS because it causes DNA degradation, protein inactivation, membrane degradation, etc. Bacteria use a variety 
of mechanisms such as repair mechanisms and protective enzyme synthesis, metal homeostasis, the SOS response, 
and efflux pumps to counteract oxidative stress. OxyR, PerR, OhrR, and SoxRS are transcriptional factors that 
control the expression of oxidative stress response in bacteria.
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by influencing glutathione levels, enzymes, signal transduction pathways, and ROS 
production as well as show antibiofilm activity and bacteriostatic properties against 
several pathogens like E. coli, S. aureus and P. aeruginosa by means of promoting 
oxidative cellular stress targeting a wide range of cellular component [12, 38, 39]

Natural products have shown to be a never-ending source of novel medicines. 
Medicinal plants have been used in drug development since ancient times, and they 
continue to provide novel and important roles against a variety of medicinal targets, 
including infections, cancer, HIV/AIDS, Alzheimer’s disease, and malaria [40]. 
Ayurveda and Charaka Samhita have contributed significantly to the discovery of 
new drugs and chemical entities due to India’s abundant biodiversity and traditional 
medicinal herbs [41]. Ancient Chinese and African traditional medicine has a long 
history of medicinal plants for several physiological conditions [42]. Early pharma-
ceuticals such as cocaine, codeine, digitoxin, and quinine, as well as morphine, were 
discovered from medicinal plants, and are still used today [43]. Natural compounds 
or chemicals inspired by nature provide more than 80% of all medicines used today 
[44]. On the other hand, drug discovery from natural plants is a time-consuming and 
laborious process.

To date, several bioactive chemicals have been identified and described from 
medicinal plants that have been successfully exploited for biomedical purposes. 
There are more than 100 natural product-derived compounds already in clinical 
studies [44]. Traditional medicinal systems have a long history, dating back more 
than 60,000 years [45, 46]. Herbal remedies are used in all developed countries, 
and the WHO estimates that approximately 75% of the world’s population uses 
medicinal items as an alternative to allopathic medicines [47]. It is interesting to note 
that medicinal plants provide 35% of all drugs recommended and prescribed today 
[47, 48]. Natural source phytomedicine in pure is either used directly or converted 
using appropriate chemical or microbiological processes until used as medicine 
[37]. Alkaloids, phenolics, and terpenes are examples of natural chemicals that have 
been demonstrated to be effective against many pathogens. Pomolic acid, oleanolic 
acid [49], gallic acid, chebulagic acid, and other galloyl glucose [50] have also been 
reported to inhibit HIV integrase. Researchers continue to uncover phytochemicals in 
many plants that are important for drug development; Their actions may offer new 
hope in treating various infections or diseases as well as reducing toxicity.

Figure 2. 
Schematic representation of the potential roles of antioxidant phytochemicals.
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5. Classification of phytochemicals

Natural bioactive compounds or phytochemicals have significant physiological 
effects on human health. They are a major source of diver’s chemicals, making them a 
potential source of new drugs. Phytochemicals are classified as primary and secondary 
constituents according to their importance in plant metabolism (Figure 3). Generally, 
primary metabolite includes carbohydrates, proteins, lipid, and chlorophyll; the 
secondary metabolite has been classified into six major categories (i.e., phenolic, 
coumarins, glycoside, chalcones, terpenes, and alkaloid) based on chemical structures 
and characteristics.

5.1 Alkaloids

Alkaloids are produced by plants as protective agents against attack by preda-
tors. Alkaloids are basic compounds that contain heterocyclic nitrogen atoms that 
react with acids to produce salts. Most of all alkaloids are sour in taste. Morphine, 
the first alkaloid discovered in Papaver somniferum, has antibacterial properties [51]. 
Antimicrobial activities were discovered in diterpene alkaloids from Ranunculaceae 
plants [52]. Berberine is an isoquinoline alkaloid isolated from berberine species that 
has antibacterial and antiviral properties [53] Quinine, an alkaloid, was the first suc-
cessful antimalarial drug extracted from the Cinchona tree. Atropine, codeine, coni-
ine, caffeine, hyoscyamine, scopolamine, sanguinarine, etc., are the other examples 
of alkaloid found in nature. Alkaloids have diverse physiological effects and have been 
reported to possess antibacterial, anesthetic, antiinflammatory, antimitotic, analge-
sic, hypnotic, psychotropic, and antitumor activity, and many others.

5.2 Flavonoids

Flavonoids are polyphenolic chemicals found in vascular plants that come in the 
form of aglycones, glucosides, and methylated derivatives. Tomatoes, grapes, ber-
ries, apples, onions, kale, and lettuce are rich sources of flavonoids. Flavonoids are 
divided into two groups: flavone and isoflavone depending on the position of the 
benzenoid substituent. The majority of flavonoids are found in the conjugated form 

Figure 3. 
Phytochemical classification demonstrating the link between primary and secondary metabolism in plants.
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in nature and can be classified as monoglycosidic, diglycosidic, or polyglycosidic 
within each class. The carbohydrate unit might be L-rhamnose, D-glucose, galactose, 
or arabinose, and the glycosidic linkage is usually found at position 3 or 7 [37]. Plants, 
animals, human, and microorganisms all use flavonoids for a range of biological func-
tions. Flavonoids have been linked to improved human health, and they are currently 
being studied for antibacterial activity and chemoprevention [54, 55]. Apigenin, 
quercetin, kaempferol, fisetin, glabridin, and myricetin are most studied flavonoids. 
Flavonoids act as antioxidants and also insilico modeling and docking studies suggest 
potential as an antibiocbial activity. Apigenin, and quercetin are known to show anti-
bacterial activity [55]. Quercetin and its analog penta-O-ethylquercetin were found 
to be potential inhibitors of New Delhi metallo-β-lactamase-1 (NDM-1). Several 
researches have reported synergy between flavonoids and antibiotics against resistant 
strains of bacteria [55, 56].

5.3 Phenolics and polyphenols

Phenolic acids contain carboxylic acid functional group. The hydroxycinnamic 
and hydroxybenzoic structures are found in naturally occurring phenolic acids [57]. 
Phenolic compounds possess strong anti-inflammatory, antioxidant, and antimi-
crobial activities [57]. Plant phenolic compounds and phenolic compound-rich 
herbal extracts control cell proliferation, survival, and apoptosis via modulating the 
amounts of reactive oxygen species (ROS) in cells. Recent research has also shown 
that phenolic compounds undergo change in the gut microbiota, gaining new charac-
teristics that enhance their biological activity [57]. Tennins are polyphenolic chemi-
cals that can form complexes with nucleic acids, proteins, and polysaccharides among 
other elements [37]. Phenolic compounds such as catechins, epigallocatechin gallate, 
galangin are reviewed for their antibacterial activity [58]. Ferulic acid, coumaric acid, 
chlorogenic acid, and caffeic acid have shown efficacy against S. aureus [59, 60].

5.4 Terpenes

Terpenes are natural occurring chemicals found in plants and are known for 
the aromas and flavors. Terpene contains isoprene units made up of five carbons 
atoms. Terpene chemical formula is (C5H8)n and their hydrocarbons are character-
ized by number of isoprene units [61]. Terpenes are important for plant growth and 
development, physiological processes, and response to the environment. Cannabis 
is important terpenes known for several uses such as aroma and taste. Terpenoids 
are essential oils and volatile chemicals found in higher medicinal plants. 
Terpenoids also show antimicrobial activity [61]. Monoterpenes such as menthol, 
sabinene, limonene, and carvone have shown strong antibacterial activity against 
S. aureus [61, 62]. Sesquiterpene (Patchouli alcohol), Diterpene (Artemisinin and 
Andrographolide), and Triterpene (Oleanolic acid) also show antibacterial activity 
in bacterial strains [61, 63–65].

6. Antioxidant phytochemicals: mechanism of action

Antioxidants are a type of defense mechanism that protects the human body from 
oxidative damage caused by free radicals. There are many different types of naturally 
occurring antioxidants with different physical and chemical properties, processes, 
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and mechanisms of action. Antioxidant activity has been reported in medicinal 
plants rich in vitamins, carotenoids, flavonoids, polyphenols, and anthocyanins. The 
antioxidant mechanism of phytochemicals has been reviewed in detail [66]. Briefly, 
phytochemicals exert antioxidant activity by the following means; 1. Free radical 
scavenging activity; antioxidants are known to chelate free radicals, transition metals, 
and remove electrons or hydrogen from substance. 2. Inhibition of the expressions 
of free radical creating enzymes or induce the expressions of other antioxidant 
enzymes, e.g., modulation of host nuclear factor erythroid 2 (Nrf2), a master regula-
tor of antioxidant defense system, that controls over a dozen of enzymes such as 
glutathione S-transferases (GSTs) and NAD(P)H: quinone oxidoreductase 1 (NQO1) 
[66]. Resveratrol, anthocyanins, and curcumin are phytochemicals that modulate 
prostaglandin formation and Nrf2 activity, inhibit enzymes, and increase cytokine 
production, all of which may help reduce inflammation [67, 68]. 3. Prevents lipid 
peroxidation, DNA damage, and protein modification caused by ROS [66].

7. Anti-microbial phytochemicals: mechanism of action

The use of medicinal plants and their extracts for the treatment of all infectious 
ailments was widespread. In recent years, many research works have been conducted 
on the efficacy of plant phytochemicals as antibacterial agents in vitro and in vivo 
[16, 69]. Some of the important phytochemicals found active against Gram-negative 
and Gram-positive bacteria with their mode of action are listed in Table 1. Different 
antioxidant phytochemicals show various modes of action against pathogens such as 
inhibition of: (1) efflux pump, (2) DNA gyrase, (3) protein synthesis, (4) cell division 
and metabolic enzyme, (5) cell wall and cell membrane, (6) energy production, and 
(7) Biofilm. Here we focus more on oxidative stress as a new therapeutic strategy with 
the goal of unbalancing the redox defenses of bacterial pathogens. The intervention 
of redox homeostasis is becoming a potential target for combating drug resistance in 
bacteria. RONS-generating plant-derived antimicrobials have received a lot of atten-
tion in recent years [8]. Because of their ability to generate dose-dependent oxida-
tive shifts in the bacteria, some plant-derived chemicals have been shown to have 
antibacterial activity. Several pathways have been discovered using system biology 
approaches to disrupt the antioxidant systems of bacterial pathogens [70]. Ebselen 
(also known as PZ 51, DR3305, and SPI-1005) is reported for antioxidant activity in 
humans, however, in bacteria such as M. tuberculosis or S. aureus, it can inhibit growth 
by causing oxidative stress [71]. Allicin, a defensive molecule, produced by garlic 
(Allium sativum) is the most investigated. Allicin can oxidize proteins’ thiol groups in 
a dose-dependent manner. In S. aureus and Bacillus subtilis, allicin’s antibacterial effi-
cacy and oxidative role have both been proven. Allicin causes high disulfide stress in 
these bacteria, lowering their viability considerably. Curcumin, a strong antioxidant 
substance found in turmeric is reported as an antibacterial compound which disrupts 
bacterial quorum sensing system, cell wall and cell membrane, biofilm and virulence 
gene expression, and also shows synergy with antibiotics [72]. Recent published work 
on glabridin also showed dose-dependent activity as antioxidant, antibacterial as well 
as anti-biofilm against multidrug-resistant S. aureus [73, 74].

Some conventional antibiotics such as Norfloxacin, Kanamycin, Rifampicin, 
and Quinones can also generate RONS as part of their mechanism of action [8, 75]. 
Combining RONS-generating antimicrobials with antibiotics may have a synergistic 
effect against specific bacterial infections. Similarly, combining antimicrobials with 
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silver nanoparticles may improve RONS production and, as a result, can improve 
the treatment’s efficacy. These unique therapeutic techniques have the potential to 
improve the antibacterial activity of some repurposable medicines. Antimicrobials 
that have been clinically approved to treat common infections could even be 
employed in combination therapy against novel multidrug-resistant bacteria. Natural 
compounds can not only provide novel antimicrobial treatment options but can also 
lower the cost of antibiotics treatments in combination, reduce the dose of antibiotics, 
and therefore can slow the resistance development. Phytochemicals causing oxida-
tive stress with multitarget mode of action further warrant less chance of developing 
resistance in pathogens. However, the majority of this information is currently based 
on in vitro trials, and further study is needed to show that these innovative medicines 
are effective against harmful bacteria in-vivo.

8. Conclusion and future perspectives

Medicinal and aromatic plants are an appealing source for novel therapeutics in 
the era of antibiotic-resistant “superbugs.” Plants frequently produce phytochemi-
cals as pathogen-defeating compounds. Many phytochemicals derived from various 
plants, showed promising antibacterial, antifungal, and antiviral action against a 
variety of human diseases to date. Phytochemicals offer a lot of potentials when it 
comes to managing and treating microbial infections and wounds. Antibacterial 
mechanism of action of several phytochemicals is well-known, and knowledge of 
these bioactive substances has exploded in recent years. In general, phytochemicals 
disrupt the bacterial membrane, reduce certain virulence factors such as enzymes 
and toxins, and prevent the formation of bacterial biofilms, etc. Antimicrobial, 
antioxidant, and wound-healing phytochemicals promote blood coagulation, 
infection prevention, and wound healing. Phytochemicals, with dual potential 
of antioxidants and antimicrobial activity, in alone or combined with antibiotics 
can not only boost the human immune response to fight infection but can also 
present newer treatment strategies to combat drug-resistant microbes. Natural 
compounds such as curcumin, and carotenoids are antioxidants themselves but are 
also known to modulate Nrf2. Thus, identification, evaluation, and formulation of 
such natural antimicrobials with dual oxidative stress and antioxidant actions can 
play an important role to cure infectious diseases while at the same time can repair 
ROS-induced stress damage and inflammation in the host. It is critical to research 
and evaluate all accessible solutions that can combat infections, and antimicrobial 
resistance, and simultaneously improve human lives. Phytochemicals are not only 
less expensive and more accessible, but they are also safer, less toxic, and have 
wider acceptance than allopathic pharmaceuticals. However, before suggesting 
phytochemicals for medicinal purposes, standardization, safety, and scientific 
evaluation are required.
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Abstract

Oxidative stress occurs when the body’s enzymatic or non-enzymatic  
antioxidants are outweighed by endogenous or exogenous free radicals. Oxidative 
radicals, reactive oxygen species, and other biomolecule-damaging free radicals 
can be generated during normal cellular metabolism and react with proteins, lip-
ids, and DNA. In the domains of biology and medicine, free radicals have become 
increasingly important. They can accumulate in a variety of ways, both endog-
enously and exogenously. Mitochondria are the primary source of cell-level endog-
enous reactive oxygen species. In several chronic and degenerative disorders, this 
results in tissue destruction. In addition to being produced endogenously, antioxi-
dants can also be delivered exogenously to the biological system, most frequently 
through nutrition. Antioxidants are generally used to counteract the effects of free 
radicals produced by metabolic processes. In this chapter, the crucial function of 
reactive oxygen species in human health, as well as exploring the functioning of 
antioxidative defense systems in reducing toxicity caused by excess reactive oxygen 
species were discussed.

Keywords: cellular damage, free radicals, human diseases, cell signaling, antioxidant 
milieu

1. Introduction

Defending cells against the harm produced by free radicals is the goal of anti-
oxidants. Taking antioxidants may help to counteract some of the damage that free 
radicals can inflict. Carotenoids and other nutrients like beta carotene and lycopene 
have been shown to be effective antioxidants [1]. Free radicals can be generated 
during oxidation reactions, which can set off a cascade of events that damage cells. 
By eliminating free radical intermediates, antioxidants put an end to these chain 
events and block further oxidation reactions. They participate in processes that 
maintain cell health and repair DNA. Because of this, oxidizing substances like 
thiols or ascorbic acid frequently serve as antioxidants. Plants and animals utilize a 
wide variety of antioxidants, such as glutathione and vitamins C and E, as well as 
enzymes such as catalase, superoxide dismutase, glutathione peroxidase to mitigate 
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the deleterious effects of oxidation reactions [2]. If a cell’s antioxidant levels are low 
or its antioxidant enzymes are blocked, oxidative stress can cause the cell to become 
damaged [3, 4].

A wide variety of dietary supplements contain antioxidants which help 
people stay healthy while also reducing their risk of developing ailments like 
cancer and heart disease. In later, more extensive clinical tests, researchers were 
unable to demonstrate any benefit to taking antioxidant supplements; instead, 
they discovered that taking an excessive amount may be harmful [5]. Natural 
antioxidants have a variety of applications in industry, in addition to their usage 
in medicine. Some of these applications include acting as preservatives in food 
and cosmetics [6, 7].

2. Oxidants and free radicals

Any molecular species that has an unpaired electron in an atomic orbital and is 
capable of independent existence is referred to as a free radical. When an electron 
is missing from a pair, it causes the resulting species to be extremely reactive. Free 
radicals are capable of a diverse set of reactions, the most common of which are 
electron transfer and addition processes that lead to the creation of covalent bonds 
[8, 9]. Reducing free radicals are those that give up an electron to an acceptor, while 
oxidizing free radicals are those that take in electrons (accepting an electron from a 
donor). There is a thermodynamic hierarchy, often known as a pecking order, for the 
many types of electron transfer reactions. This is because radicals can have a wide 
variety of reactivities [1, 9].

2.1 Generation of free radicals and oxidants

Non-radicals can be converted into radicals through a variety of methods, includ-
ing the addition of a single electron to the molecule. A covalent bond (C–H, C–O or 
C–C) can be broken via homolytic fission, in which one electron from the bonding 
pair remains on each atom. While disulfide links can readily be broken, the O–O 
bond in H2O2 can be broken by exposing it to UV light, resulting in the formation 
of •OH, these covalent bonds are extremely difficult to dissociate. Exogenous and 
endogenous sources of free radicals exist [10, 11]. Different cell organelles, such as 
mitochondria, peroxisomes, and endoplasmic reticulum, as well as various enzyme 
activity, fatty acid metabolism, and phagocytic cells, are examples of endogenous 
sources. High temperatures and environmental pollutants, such as those produced 
by cooking (smoked meat or used cooking oil), H2O2, N2O2, deoxyosones, and 
ketamine, are examples of exogenous sources of radiation. Other exogenous sources 
include X-ray and beta-ray light, ultraviolet A light in the presence of a sensitizer 
and chemical reagents such as these (aromatic hydrocarbons, pesticides, polychlo-
rinated biphenyls, dioxins, and many others), microbial infections, drugs, and 
their metabolites [9, 11]. To combat bacteria and other invaders, activated immune 
cells (eosinophils, neutrophils, etc.) produce endogenous free radicals, as does the 
mitochondrial respiratory chain, enzymatic activity (xanthin oxidase, NADPH 
oxidase, lipo-oxygenase, NO synthase, etc.), and various pathological conditions and 
diseases [12, 13]. Air and water pollution, cigarette smoke, heavy metals or transition 
and other medications and chemicals, radiation and extreme temperatures produce 
exogenous free radicals.
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3. Oxidative damage to cellular molecules

3.1 Oxidative damage to protein

Free radicals, amino acid modification, cross-linkage formation due to lipid 
peroxidation, and protein fragmentation are all methods by which proteins can be 
damaged. Methionine, cysteine, arginine, and histidine are the most susceptible to 
oxidation in proteins. Proteins that have already been damaged by free radicals are 
more vulnerable to enzyme proteolysis. The oxidation of protein products can influ-
ence enzymes, receptors, and the transport of molecules across membranes [13].

Since oxidatively damaged protein products contain highly reactive groups, mem-
brane damage and other cellular activities may be impaired because of their existence. 
Peroxyl radicals, a type of free radical, are hypothesized to be responsible for protein 
oxidation. Carbonyls and other amino acid modifications can be created because of 
ROS damaging proteins and causing carbonyl and other amino acid alterations, such 
as the production of methionine sulfoxide and protein peroxide. From signaling path-
ways to enzyme activity to heat stability to proteolysis susceptibility, many elements 
of protein oxidation are affected [4, 9].

3.2 Lipid peroxidation

In a variety of physiological and pathological processes, Including aging, arte-
rial hardening, inflammation, and cancer development and progression, oxidative 
stress play an important role to increase biochemical lesions by reacting with other 
biomolecules [14]. Cell membrane-bound polysaturated fatty acids are subjected to 
lipid peroxidation, which progresses via radical chain reaction. ROS is hypothesized 
to be triggered by hydroxyl radicals, which remove hydrogen atoms, resulting in the 
formation of lipid radicals and diene conjugates. In addition, it generates a peroxyl 
radical when oxygen is added; this extremely reactive radical then attacks a differ-
ent fatty acid, resulting in lipid hydroperoxide (LOOH) and a brand-new radical. 
As a result, lipid peroxidation grows. Several chemicals are generated because of 
lipid peroxidation, including alkanes, malonaldehyde, and isoprotanes. Researchers 
have shown these chemicals to be biomarkers for lipid peroxidation in a variety of 
conditions including diabetes, ischemia reperfusion injury and neurodegenerative 
disorders [4, 15].

3.3 Oxidative damage to DNA

Oxidative DNA damage is an inevitable consequence of cellular metabolism. 
While guanine typically pairs with cytosine, the most common form of oxidative 
base damage, 8-oxo-7,8-dihydroguanine (8-oxoG), can lead to adenine mispairing 
through a conformational change. DNA and RNA can be damaged by oxidative stress, 
as numerous studies have demonstrated beyond reasonable doubt. Many diseases, 
including aging and cancer, have been linked to mutations in DNA. When free radi-
cals or ultraviolet radiation cause oxidative damage to DNA, the levels of oxidative 
nucleotides including glycol, dTG, and 8-hydroxy-2-deoxyguanosine rise [16]. One of 
the many illnesses linked to oxidative damage is cancer, and mitochondrial DNA has 
been found to be particularly vulnerable. The use of 8-hydroxy-2-deoxyguanosine as 
a biomarker for oxidative stress is well adopted. Oxidatively stressed cells have high 
levels of this marker [17].
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4. Biological activities of free radicals and oxidants

It is necessary for the maturation of cellular structures that both reactive oxygen 
species (ROS) and reactive nitrogen species (RNS) are present in low to moderate 
concentrations since they can operate as weapons for the host defense system. It is 
true that phagocytes (which include neutrophils, macrophages, and monocytes) 
create free radicals as a part of the body’s immune system’s fight against sickness. 
Reactive oxygen species (ROS) production by the immune system is clearly demon-
strated in patients with granulomatous illness (ROS) [18]. The membrane-bound 
NADPH oxidase machinery is faulty in these individuals; therefore, they are unable to 
create the superoxide anion radical (O2

•). The effect is that people get sick and become 
infected with numerous diseases that endure for a long time.

Several cellular signaling systems benefit from the physiological functions ROS 
and RNS play in their operation, as well (ROS and RNS). Nonphagocytic NADPH 
oxidase isoforms are crucial for the control of intracellular signaling cascades in 
fibroblasts, endothelial cells, vascular smooth muscle cells, cardiac myocytes, and 
thyroid tissue. Blood flow, clotting, and cognitive function are all affected by nitric 
oxide (NO), an intercellular messenger [18, 19].

In addition to its role in nonspecific host defense, NO is essential for the eradica-
tion of intracellular infections and malignancies. A mitogenic reaction is one of the 
many good effects of free radicals. At low to moderate levels of intensity, ROS and 
RNS are required for human health.

5. Mechanism of cell signaling mediated by RNS/ROS

Oxidation can take place in any of these macromolecules: DNA, proteins, and 
lipids when ROS are present. Oxidative stress is primarily caused by reactive oxygen 
species (ROS) in cells. Signaling molecules such as ROS are critical to the proper 
operation of the body’s physiological systems. In a physical sense, this is what is going 
on. Autophagy, apoptosis, necrosis, and other mechanisms that lead to cell death are 
activated when ROS levels are too high.

5.1 ROS induce autophagy

Lysosomes of the cell remove damaged organelles, protein aggregates, and 
foreign invaders via autophagy, a cellular breakdown process. Several human 
diseases, including as cancer, neurological disorders, infectious diseases, metabolic 
disorders, and the aging process, may be caused in part by problems with autophagy. 
Autophagy can be triggered in response to a variety of stresses, including starvation, 
ER stress, organelle breakdown, and pathogen infection. Activation of autophagy 
has been linked to reactive oxygen species (ROS). H2O2 will eventually cause oxida-
tive stress because of its buildup in the cell. The autophagic process relies heavily 
on the autophagy gene ATG4. There is evidence to suggest that H2O2 oxidizes this 
gene specifically in the absence of food. If H2O2 builds up, the ATG4’s activity can 
be oxidized. The lipidation of LC3/ATG8 is essential for the initiation of autophagy, 
which is facilitated by oxidized ATG4. For the buildup of LC3-PE on autophagosome 
membranes and the subsequent stimulation of autophagosome formation, ROS is 
necessary [20, 21].
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Reactive oxygen species (ROS) have the potential to regulate autophagy via 
activating the mitogen-activated protein kinase [MAPK] family. JNK1c-Jun-N-
terminal kinase (JNK), p38, and extracellular signal-regulated kinase are all members 
of this family (ERK). In the three-tier kinase cascade that activates the members of 
the MAPK family, MAPK kinase (MAPKK), MAPK kinase (MAPKK), and MAPK 
all participate. When JNK is activated for an extended period, the cell’s production 
of reactive oxygen species (ROS) increases significantly, increasing the risk of DNA 
damage. The identification of cellular redox stress is the final step in the activation 
of the p53 pathway. Many autophagy-inducing genes can be activated by p53 as a 
transcription factor. As a result, JNK and Sestrin2 may be activated, resulting in the 
phosphorylation and activation of TSC2 and the resulting autophagy [22].

Additional signaling pathways that participate in ROS-mediated autophagy and 
contribute to the process include Akt/mTOR (mechanistic target of rapamycin), as 
well as AMPK The well-known kinase Akt/mTOR, which in turn oxidizes the phos-
phatase and tensin homolog, is controlled by reactive oxygen species (ROS) (PTEN). 
Inhibition of mTOR and activation of AMPK are required for autophagy activation, 
and these two processes are controlled by the VPS34 complex [23].

5.2 ROS trigger apoptosis

Death receptors and mitochondrial pathways initiate cell apoptosis in response 
to both external and internal stimuli. Because an increase in oxidative stress disturbs 
the homeostatic equilibrium within cells and causes long-term oxidative changes to 
fat, protein, or DNA, ROS levels rise. TRAIL and nuclear factor kappa B (NF-kB) are 
activated by reactive oxygen species (ROS) and result in the death of cancer cells. 
Apoptosis can be induced by ROS-driven activation of JNK, a MAPK family member 
like JNK. Mitochondrial malfunction and apoptosis are becoming more obvious roles 
for JNK [24]. Several studies have shown that Shikonin, a naturally occurring naph-
thoquinone derivative, can kill cancer cells. Shikonin boosted ROS production and 
apoptosis, as well as the production of JNK and p38 in K562 cells, which were then 
treated. Programed cell death in cancer cells increases because of ROS/JNK activa-
tion [25]. The redox sensitive MAPK kinase and Apoptosis Signal Regulation Kinase 
1 (ASK1) are positioned upstream of ROS/JNK. The antioxidant protein ASK1 is 
prevented from conducting its work by Grx and Trx1, which are antioxidant proteins. 
Components associated with the tumor necrosis factor receptor are recruited to the 
complex when ROS cause Trx1 to dissociate from the ASK1-Trx1. Activated ASK1 
signals can activate AP-1-dependent proapoptotic genes and mitochondrial signaling. 
By altering the mitochondrial ASK1/ASK2/Trx2 complex, ROS can also lead to the 
release of cytochrome C. Increase ROS levels in the ER and stimulate mitochondria 
to do this. Antioxidant flavone can protect against myocardial ischemia/reperfusion 
injury, which can lead to apoptosis [26, 27].

5.3 Necrosis induced by ROS

In contrast to apoptosis, necrosis is a unique form of cell death. The receptor-
interacting serine/threonine 3-like (RIP3) protein kinase has the potential to destroy 
cells because it is highly expressed in so many different cell lines. The RIP1 and RIP3 
serine/threonine kinases both regulate necrosis in a similar manner. To activate the 
transmission of the pro-necrotic signal, RIP1 and RIP3 must be phosphorylated to 
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form necrosome, an amyloid-like complex. Depletion of RIP3 in necrosis-inducing 
cells reduces ROS concentration, but RIP3 overexpression raises ROS levels. 
The involvement of RIP3 in necrosis induction is performed via increasing ROS 
production associated to energy metabolism [28, 29]. When RIP1 and RIP3 are 
phosphorylated, the pronecrotic kinase activity is triggered, and ROS are generated. 
According to this study, the phosphorylation of pronecrotic complexes stabilizes 
their interactions. A link between STAT3 and the mitochondrial electron transport 
chain complex I component GRIM-19 governs enhanced ROS production from RIP1 
phosphorylation-dependent activation of the mitochondrial electron transport chain. 
In the mitochondria, STAT3 and GRIM-19 accumulate and increase ROS production 
and necroptosis, the process by which cells die, because of this interplay [30]. They all 
work together to increase energy consumption and mitochondrial ROS generation by 
enhancing the interaction between RIP3 and the enzymes glutamate dehydrogenase 
1 [GDH], glutamate ligase (GLUL), and PYGL. During necrosis induction, there may 
be an interaction between the TNF receptor and the necrosis-inducing ROS generated 
by the NADPH oxidase NOX enzyme complex. As an important RIP3 downstream 
component of TNF-induced necrosis in ROS-induced necrosis, MLKL has been found 
to be an important player in the process. In the last phases of necrosis caused by TNF, 
MLKL also plays a role in ROS production and JNK activation [31].

6. Oxidative stress and human diseases

An organ or tissue is said to be under oxidative stress when the endogenous 
antioxidant defense system is overwhelmed by the production of highly reactive 
molecules like ROS, RNS and RSS, resulting in cellular damage and malfunction and a 
wide spectrum of illnesses. As a result of normal metabolic activities, the reactive spe-
cies are created in low concentrations within the cells themselves. Radiation (X-rays 
and UV), pollution, cigarette smoke, bacteria, viruses, and drugs can also cause 
them, as can acute or chronic cellular stress (acute or chronic) [24]. They include free 
radicals and nonradical oxidants. Free radicals are unstable because of the presence of 
unpaired electrons in their outer electron orbit. Free radicals tend to neutralize them-
selves by reacting with other molecules and triggering their oxidation because they 
are so unstable and reactive. Thus, they have the potential to disrupt a wide spectrum 
of biological components, such as DNA, lipids, and proteins. Proteins are a common 
target for free radicals because of their critical role in cellular activity. Although 
free radicals have been shown to cause some protein modifications, such as protein 
unfolding or structural alteration, the majority are absolutely harmless. It is possible 
for protein inactivation and long-term cellular damage to be caused by irreversible 
protein alterations, even if reversible oxidative changes govern protein activity [1].

6.1 Oxidative stress in atherosclerosis

Atherosclerosis is a chronic inflammatory disease of the vascular system that is 
marked by chronic inflammation. There is a strong correlation between cardiovascu-
lar disease and atherosclerosis in most developed countries (CVD). The endothelium 
is injured because of inflammation and oxidative stress, resulting in arterial lesions 
and plaque deposition [32]. It is easier for plaque, which is mostly composed of blood 
cells and foam cells as well as lipids and proteins to impede the vascular system and 
prevent blood flow. Infarctions and strokes resulting from coronary artery disease 
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characterize cardiovascular disease (CVD). Diabetes, high blood pressure, smoking, 
cholesterol difficulties, obesity, and other metabolic illnesses are linked to endothelial 
degradation. In the early phases of atherosclerosis, oxidative stress has a negative 
impact on endothelial function. Endothelial function, inflammation, bleeding, and 
oxidative damages are all influenced by the endocrine system (RAS) [33, 34]. As a 
result of activating NADPH oxidase in the cardiovascular system, reactive oxygen 
species (ROS) are produced that damage the endothelium, resulting in endothelial 
dysfunction (ROS).

6.2 Oxidative stress in hypertension

The most common cause of cardiovascular disease and death around the world 
is high blood pressure. About 90% of instances of hypertension are categorized as 
essential hypertension, when the exact reason is unknown. Hypertensive stimuli, 
such as salt and the hyperactive RAS and OS systems as well as endogenous hormones 
such as Ang II and aldosterone, produce protein modification that results in a rise in 
blood pressure. Neoantigens are proteins that have been altered so that they are no 
longer identified by activated T cells as being their own. Macrophages in the blood 
and kidneys are stimulated to release proinflammatory cytokines by T cell-derived 
signals. Activated T cells in the vasculature enhance renal salt and water retention, 
as well as renal vasoconstriction and remodeling. Chronic inflammation can lead to 
high blood pressure, which is a risk factor for OS. In the presence of Ang II-induced 
hypertension, T cells show substantial amounts of p47phox, p22phox, and NOX2 oxi-
dase components. To put it another way, the transfer of faulty T cells results in arterial 
hypertension and a decreased generation of oxygen. Angiotensin II (Ang II) is one of 
the most major ROS generators, while NADPH oxidase is one of the most prominent 
ROS producers [35, 36]. The production of Ang II reaches its peak under hypertensive 
conditions. In addition, increased angiotensin II levels can promote necrosis and 
apoptosis in renal tissue during the period of reperfusion. Ang II inhibits the SR-BI 
HDL receptor in proximal tubular cells. Statins were intended to inhibit HMG-CoA 
reductase to lower cholesterol production. However, these medications have anti-
inflammatory properties as well as the potential to reduce systolic blood pressure in 
people with high cholesterol as part of their pleiotropic effects. Patients with elevated 
blood pressure feel the effects more intensely [37].

6.3 Oxidative stress in diabetes mellitus

The body’s ability to neutralize free radicals and produce antioxidants is out of 
whack, resulting in diabetes mellitus (DM). Diabetes can be triggered by changes 
in blood glucose levels. OS has a significant impact on the emergence of DM prob-
lems. A high blood sugar level can have a significant impact on a person’s overall 
health [38]. As a result, chronic hyperglycemia has a lower OS than any other kind 
of glucose oscillation. Long-term and severe chronic hyperglycemia, as well as 
frequent blood glucose fluctuations, are hallmarks of many glycemic disorders. 
Hyperglycemia triggers ROS production in the body. Even if the cells of persons 
with type 2 diabetes are still functioning and intact, ROS produces OS because of 
the existence of ROS. Insulin production is reduced as a result. Diabetes mellitus 
has been linked to an increase in the radical O2 - in both animal and vitro investiga-
tions. Many mechanisms, such as enzymatic, nonenzymatic, and mitochondrial 
processes, exist in DM for the generation of oxidative stress. There are numerous 
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reasons for the rise in OS in DM. The most major oxidizing activity, glucose autooxi-
dation, generates free radicals [38, 39]. Reduced antioxidant defenses (lower levels 
of cellular antioxidants and decreased enzyme activity against free radicals) and 
unbalanced reduction/oxidation are also contributing factors. High blood glucose 
levels activate numerous pathways when O2 - is generated, for the same reasons the 
hexosamine route is more active and the protein kinase C isoform is activated in 
DM. When studying DM in mitochondria, researchers look at how much energy is 
produced, ROS are produced, signals are transmitted, and cells die. The processes of 
mitochondrial fusion and fission are essential for the preservation of homeostasis. 
The expansion of the mitochondrial network via mitochondrial fusion appears to 
be beneficial. Excessive mitochondrial fission, which results in a buildup of mito-
chondrial fragments and a shortened electron transport chain, can aggravate cellular 
mitochondrial ROS generation [40].

6.4 Oxidative stress in neurodegenerative diseases

Alzheimer’s, Parkinson’s, and depression are all linked to OS. The emergence of 
neurological diseases like Alzheimer’s and Parkinson’s, both of which are intimately 
linked to aging, is a key risk factor for OS. Oxidative stress and mitochondrial dys-
function are two of OS’s long-term side effects. The hippocampus of Alzheimer’s 
disease animal models shows decreased activation of mitochondrial complex IV. As 
well as causing mitochondrial oxidative damage, increased OS also generates harmful 
byproducts for the brain [41, 42]. Alzheimer’s disease neurodegeneration is linked 
to the production of a potentially hazardous peptide known as -amyloid by ROS. 
Neocortical neurons produce more H2O2 when -amyloid is present. Activation of 
NADPH by microglia cells in Parkinson’s disease mice is also linked to the progres-
sion of dopaminergic neurodegeneration. Multiple sclerosis (MS) and depressive 
and autoimmune illnesses are all connected to OS. Multiple sclerosis patients have 
lower GPx enzyme activity and higher levels of oxidative damage to DNA (8-OHdG). 
Patients with unipolar depression have been shown to have low levels of SOD, ascor-
bic acid, and MDA [43].

6.5 Oxidative stress in cancer

Cancerous cells can proliferate more quickly when ROS is present. OH, the 
major ROS that damages mitochondrial and nuclear DNA, hydrolyzes bases to form 
8-OHdG and 8-oxodG, two examples of hydrolyzed base products. Various enzy-
matic pathways can be used by cells to repair damaged DNA. However, mutations 
caused by base change or deletion can cause cancer if DNA damage is too severe to 
repair. Insufficient DNA repair is more likely when there are twice as many DNA 
oxidative damages [44]. As we age, the bodies’ ability to repair oxidative damage 
and other forms of DNA damage decreases. Cytotoxicity and chromosomal disor-
ders can result from DNA oxidation. Genetic mutations may be generated through 
free radical interactions with other biological components, in addition to DNA 
damage. The carcinogen LPO is a known carcinogen. In the presence of guanine 
bases, MDA may create adducts, which are toxic. It’s yet unclear how OS-induced 
carcinogenesis affects the human body. The ability of OS to alter gene and protein 
expression that signals cell growth and proliferation has been demonstrated through 
new techniques [1, 24].
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7. Classification of antioxidants

In order to protect cells from oxidative stress, antioxidant enzymes network 
together to create a protective barrier. Oxidative phosphorylation and other cellular 
processes generate H2O2, which is then reduced to water. The initial stage in this 
detoxification pathway is initiated by superoxide dismutase, and hydrogen peroxide is 
eliminated by catalases and other peroxidases [2, 45].

7.1 Enzymatic antioxidants

7.1.1 Superoxide dismutase

A set of enzymes known as superoxide dismutases (SODs) breaks down the 
superoxide anion to produce oxygen and hydrogen peroxide. SOD enzymes are found 
in almost all aerobic cells and fluids. It is possible to categorize superoxide dismutases 
into three main types based on their ability to bind iron or manganese as cofactors: the 
Cu/Zn, Fe, and Mn, and finally the Ni subtypes [46]. It has been discovered that SOD 
isozymes are present in several cell compartments in higher plants. Mn-SOD is found 
in both mitochondria and peroxisomes. CuZn-SOD was found in all four chloroplasts, 
peroxisomes, and apoplasts using fluorescent microscopy. Fe-SOD was also found in 
these organelles, albeit at lower concentrations [47].

Superoxide dismutase enzymes are found in all mammals and most chordates, 
including humans. SOD1 and SOD2 can be found in the cytoplasm, mitochondria, 
and extracellular space. In comparison, the other three are tetramers (four units) 
in structure (four subunits). SOD1 and SOD3 include copper and zinc, while SOD2 
contains manganese in the reactive core [48, 49].

7.1.2 Catalase

Catalase is an antioxidant enzyme that also plays the role of a catalyst in the pro-
cess of converting hydrogen peroxide into oxygen and water. It does this by nullifying 
the effect that the hydrogen peroxide that is present inside the cell would otherwise 
have. It is not possible to determine the exact quantity of catalase that is present in 
the cytoplasm due to the fact that the majority of it is destroyed whenever the tissue 
is handled. The interaction of reactive oxygen species and antioxidants can lead to 
an imbalance, which in turn can lead to oxidative stress. Oxidative stress is both a 
disease-causing and disease-aggravating factor, and it plays a role in the development 
of many different diseases [1, 50].

7.1.3 Glutathione systems

The glutathione system includes glutathione, glutathione reductase, gluta-
thione peroxidases, and glutathione S-transferases. This system can be found in 
all living things, including bacteria, plants, and mammals. Hydroperoxides and 
hydrogen peroxide can be broken down by glutathione peroxidase, an enzyme 
found in the body. The enzyme Glutathione peroxidase possesses all four of the 
necessary selenium cofactors for this procedure. There are at least four unique 
isozymes of glutathione peroxidase reported in different species of animals. As far 
as scavenging hydrogen peroxide is concerned, glutathione peroxidase 1 is more 
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common and more effective than glutathione peroxidase 4 when it comes to lipid 
hydroperoxides. S-transferase activity increases when lipid peroxides are present. 
These enzymes are particularly abundant in the liver, where they contribute to the 
metabolic process of detoxification [1].

7.2 Non-enzymatic antioxidants

7.2.1 Ascorbic acid

Both plants and animals contain ascorbic acid, a monosaccharide antioxidant. For 
this reason, the nutrient is categorized as a vitamin and must be ingested through 
food. Most other animals can produce this chemical on their own and do not need it in 
their diets because of that. Cells can continue to function effectively because gluta-
thione is kept in a reduced state by protein disulfide isomerase and glutaredoxins. 
Ascorbic acid, for example, can neutralize ROS such as hydrogen peroxide (H2O2). 
In addition to being a direct antioxidant, ascorbic acid also provides a substrate for 
an enzyme called ascorbate peroxidase. Because of this function, plants are better 
equipped to deal with a wide range of stresses [51, 52].

7.2.2 Glutathione

In all aerobic living forms, the cysteine-containing peptide known as glutathione 
can be detected. It can be made in the cells of the body from the amino acids that 
make up its components, therefore getting it in one’s food is not necessary for getting 
it. Because the thiol group in the cysteine that makes up glutathione is a reducing 
agent, glutathione could both oxidize and reduce itself in a reversible fashion, giving 
it antioxidant properties [53, 54]. Within cells, the enzyme glutathione reductase is 
responsible for maintaining the reduced form of glutathione. Glutathione, in this 
state, can reduce the levels of other metabolites and enzyme systems, as well as react 
directly with oxygen. A key antioxidant in cells, glutathione has an extremely high 
concentration and plays a critical role in maintaining the redox balance within cells. 
Mycothiol and trypanothione, two additional thiols can be substituted for glutathione 
in some organisms, such as actinomycetes and Kinetoplastids [55].

7.2.2.1 Thiols

The group of organic compounds with a sulfhydryl group includes thiols (-SH). 
They are made up of a carbon atom joined to a hydrogen atom and a sulfur atom. 
In the organism, extra electrons pass to thiols during the oxidation caused by ROS, 
resulting in the formation of disulphide bonds. These reversible bonds allow electrons 
to transfer back to thiols due to the oxidative balance. In enzymatic reactions, signal 
transduction, detoxification, transcription, regulation of enzymatic activation, 
cellular signaling mechanisms, and apoptosis reaction, thiol-disulphide homeostasis’ 
antioxidant capacity plays a crucial role [55].

7.2.3 Tocopherols and tocotrienols (vitamin E)

Tocopherols and tocotrienols make form a set of eight different fat-soluble 
vitamins with antioxidant properties. These vitamins are closely connected to 
one another. The umbrella term “vitamin E” is used to refer to all these different 
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vitamins. The most research has been done on beta-tocopherol because of its high 
bioavailability compared to the other tocopherols [56]. This demonstrates that the 
body can absorb beta-tocopherol and metabolize it more efficiently than it does 
the other forms. It has been hypothesized that the form of tocopherol known as 
gamma-tocopherol is the most effective lipid-soluble antioxidant, and that it shields 
membranes from oxidation by engaging in a chain reaction with lipid radicals that 
are generated during the process of lipid peroxidation [57]. In other words, gamma-
tocopherol protects membranes from oxidation by reacting with lipid radicals. There 
are no free radical intermediates left after this process and the reaction comes to a 
complete and total stop. Oxidized-tocopheroxyl radicals are generated because of this 
procedure. Activated radicals can be regenerated back into the reduced form by other 
antioxidants as ascorbate, retinol, or ubiquinol [58, 59].

7.3 Exogenous antioxidants

Several pharmacological properties are attributed to flavonoids, a class of polyphe-
nolic chemicals with a benzo—pyrone structure that is abundantly found in plants. 
Researchers have been looking into the antioxidant properties of these compounds 
because of the free radical scavenging and metal ion chelating abilities of their func-
tional hydroxyl groups. Functional groups play a critical role in determining activities 
such as ROS/RNS-scavenging and metal chelation, which are dependent on functional 
groups’ configuration and substitution. Flavonoid suppresses ROS creation, inhibits 
enzymes, or chelates trace elements that generate free radicals; Flavonoid scavenges 
ROS; and Flavonoid increases antioxidant protection [60].

Due to Genistein’s wide range of pharmacological properties, it is perhaps the most 
interesting and thoroughly researched flavonoid component in soy. An abundance of 
research has shown that genistein can scavenge ROS and RNS with great efficiency. 
Through gene and protein regulation, this flavonoid molecule can increase a cell’s 
antioxidant defenses, hence preventing apoptosis. Many plant-based foods (fruits, 
oils, seeds, etc.) include flavonoids, a class of naturally occurring substances that have 
been proved to be beneficial to human health. However, there are certain possible 
hazards to human health and well-being when these foods are included in the diet 
(as food enrichment or as nutraceuticals) [61]. Flavonoids, a group of polyphenolic 
compounds with a benzo—pyrone structural arrangement that is abundant in plants, 
are known to have several pharmacological characteristics. Because of their func-
tional hydroxyl groups’ ability to scavenge free radicals and chelate metal ions, these 
compounds have been investigated for their antioxidant capabilities [62].

It is important to note that the methods of antioxidant activity such as ROS/RNS 
removal and metal chelation are all dependent on a variety of factors. The conforma-
tional disposition of functional groups in these compounds determines their anti-
oxidant activity. Increased antioxidant defenses and suppression of ROS generation 
are both caused by flavonoid-induced ROS scavenging, as are enzyme inhibition and 
trace element chelation [61].

In terms of pharmacological effects, genistein is perhaps the most fascinating 
and well-studied flavonoid molecule. It is an isoflavone found in soy. Antioxidant 
genistein has been used widely in a wide range of investigations, indicating its ability 
to scavenge ROS and RNS. Antioxidant defenses of a cell can be improved by this 
flavonoid molecule, which modulates numerous genes and proteins. Flavonoids are 
a class of naturally occurring compounds found in a wide variety of plant-based 
foods (fruits, oils, seeds, etc.) that have been shown to be beneficial to human health, 
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both as antioxidant molecules and for their other, less obvious but no less intriguing, 
pharmacological qualities. It’s still important to take precautions when using these 
supplements, and there may be some negative effects on human health and well-being 
if they are used in this way (as dietary supplements or nutraceuticals). Lipid soluble 
vitamins acts as an antioxidant, blocking free radicals from causing damage to cell 
membranes through a process known as lipid peroxidation (Figure 1) [8, 61].

8. Diets rich in antioxidants

8.1 Fruits

A lot of different fruits have a lot of health benefits, like being high in antioxi-
dants, filled with vitamins, and having a lot of different vitamin content. Cranberries, 
red grapes, peaches, raspberries, strawberries, red currants, figs, cherries, pears, 
guava, oranges, apricots, mango, red grapes, cantaloupe, watermelon, papaya, and 
tomatoes are some of the fruits that fall into this category [63].

8.2 Dried fruits

Dried fruits have a greater antioxidant ratio than fresh fruits since the water have 
been removed during drying. They are convenient to carry around in a handbag, 
briefcase, or car because they can be eaten on the go and are high in nutritional 
value.

Figure 1. 
Classes of antioxidants. Source: [24, 26].
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8.3 Vegetables

In addition to broccoli, spinach, carrots, and potatoes, other vegetables and 
fruits that are high in antioxidants include artichokes, cabbage, asparagus, avocados, 
beetroot, radish, lettuce, sweet potatoes, squash, pumpkin, collard greens, and kale. 
Broccoli, spinach, carrots, and potatoes are all high in antioxidants.

8.4 Herbs and other seasonings

Antioxidants can be found in a variety of spices, including cinnamon, cardamom, 
paprika, oregano, and turmeric. Curry powder and mustard seed powder are also rich 
in antioxidants. In addition to spices like sage and tarragon and herbs like peppermint 
and oregano and basil, herbs also include dill weed and marjoram. Dill weed is one of 
several herbs that can be found. They are a fantastic source of antioxidants, as well as 
taste and complexity to your meals.

Grains and nuts can be found in a wide variety of cuisines. Everything from cereal 
to nuts to a peanut butter and jelly sandwich contains nutritional powerhouses includ-
ing peanut butter and jelly, granola bars, corn flakes, and granola.

8.5 Beverages

In contrast to popular belief, the great majority of our body’s antioxidants can be 
found in beverages rather than in food. Apple juice, cider, tomato juice, pomegranate 
juice, and pink grapefruit juice are among the most common sources. In addition to 
green tea, black tea and ordinary tea contain a significant number of antioxidants. 
Coffee aficionados, welcome! Coffee is heavy in calories; however, it should be used 
in moderation because it can boost blood pressure and heart rate, which is why it is 
important to drink it in moderation. The antioxidants in coffee or tea are inhibited 
from being released when milk is added. While red wine and beer [which are both 
brewed from grains] provide a large amount of alcohol in moderation, the health 
benefits of moderate alcohol use have been extensively studied. Colorful fruits and 
vegetables are vital to have in your diet. Consider all selections, not just the most popu-
lar ones. More antioxidants can be found in foods that are deeper and brighter in color, 
such as oranges and yellows. With so many options, you’ll never get bored or run out of 
tasty and nutritious dishes to pick from. Variety, it is claimed, is the flavor of life [64].

9. Mechanism of action of antioxidants

It has been found that antioxidants can have two primary effects. The primary 
antioxidant breaks the chain by supplying an electron to the system’s free radical. 
To eliminate ROS/reactive nitrogen species initiators, the second procedure involves 
quenching the chain-initiating catalyst (secondary antioxidants). Co-antioxidants, 
electron donation, and gene expression control are some of the ways antioxidants can 
alter biological systems.

9.1 Preventive antioxidants

The production of ROS, such as H2O2 and O2
•, cannot be prevented during metab-

olism. To decrease the harm caused by oxidative stress, numerous techniques have 
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been developed. One of the finest defenses against the creation of free radicals is the 
cell’s own synthesis of antioxidant enzymes. SOD, CAT, GPx, GR, GST, thioredoxin 
reductase, and hemeoxygenase are some of the most significant antioxidant enzymes 
in the body. Using the Fenton reaction, the CAT, GPx, and CAT reactions, SOD 
decomposes O2

• into water [65].
GST and GPX work together to help the body get rid of peroxides. The GSH/GSSG 

ratio is a well-established biomarker of oxidative stress since GRd controls it. GRd 
plays a vital role in boosting GSH concentration to maintain a steady oxido-redox 
state. As a result, researchers have discovered a link between oxidative stress and 
autism. Free radical generation and GSH/GSSG ratio in autistic cells were shown to be 
lower in comparison to those in control cells in an experiment.

Thus, GPx is widely distributed in cells, as opposed to CAT, which is typically 
restricted to the peroxisomes. Seven times more GPx activity in the brain than CAT 
activity, which is more susceptible to free radical damage, is found in the brain. 
Catalase (CAT) can breakdown H2O2 in the liver, kidneys, and erythrocytes at high 
doses [66].

9.2 Free radical scavengers

9.2.1 Scavenging superoxide and other ROS

The most prevalent kind of cellular free radical, which is referred to as superoxide 
(O2

•), is accountable for a wide array of damaging modifications. Alterations in 
peroxidative processes and low antioxidant concentrations are commonly related with 
these changes. As a means of generating more powerful OH• and ONOO even when 
it itself is not reactive with biomolecules, O2• is nevertheless beneficial. The phago-
cyte enzyme known as NADPH oxidase is responsible for the production of massive 
volumes of oxygen dioxide (O2) during the process of phagocytes eliminating micro-
organisms. In addition to this, it is a direct result of the respiration that takes place in 
the mitochondria of the cell [2, 14].

9.2.2 Scavenging hydroxyl radical and other ROS

When compared to other radical species, the hydroxyl radical, which is repre-
sented by the symbol OH• and has the chemical formula OH, is a very active radical 
that can cause significant damage to biological components such as DNA, lipids, and 
proteins. Usually, it is believed that the synthesis of OH• originates from the Fenton 
reaction system. This reaction system involves the interaction of FeSO4 and H2O2 and 
is then carried out in an aqueous medium. Because of this, the activity of antioxidants 
as OH• scavengers can be achieved through direct scavenging, the restriction of OH• 
generation through the chelation of free metal ions, or the transformation of H2O2 
into other molecules that are not harmful to the body [9].

9.2.3 Metal ion (Fe2+, Fe3+, cu2+, and Cu+) chelating

Even though trace minerals are essential for human nutrition, they are also 
capable of performing the function of antioxidants (through enhancing formation 
of free radicals). During the process of dismutation of SOD, H2O2 is produced as 
a byproduct. This H2O2 combines with the ions Fe2+ and Cu+ to produce the highly 
reactive OH•. Although this is not the case with OH•, the reaction of iron and copper 
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with H2O2 results in the generation of more singlet oxygen than OH•. Oxidation 
has occurred for both the Fe2+ and the Cu+1 ions. When vitamin C is available, it is 
feasible to recycle the cellular reductants, such as NADH as well as Fe3+ and Cu2+, to 
produce OH• radicals [1]. This can be accomplished when vitamin C is present. OH, 
is one of the most reactive elements in the body. It may react directly with proteins 
and fats to generate carbonyls [aldehydes and ketones], as well as cause lipid peroxi-
dation and cross-linking. Chelating metal ions can lower their activity, which in turn 
lowers the formation of reactive oxygen species (ROS). Cu2+ and ascorbic acid are 
responsible for the generation of Cu+. This Cu+ is then chelated by the Se antioxidant, 
which prevents DNA damage caused by the OH• radical that is generated when Cu+ is 
combined with H2O2 [67].

9.3 Free radical generating enzyme inhibitors

The production of free radicals by specific enzymes has been shown to occur in 
a wide range of physiological and pathological situations. The plasma membrane is 
home to a group of enzymes known as NADPH oxidases. A cytosolic donor NADPH 
is transferred to an extracellular oxygen molecule by these electron transporters. 
Hypoxanthine and hypoxanthin are converted into uric acid in the organism when 
catalysts for the oxidation of these compounds are present [2]. Hydrogen peroxide 
and oxygen radicals are formed because of this process. Aside from mitochondrial 
respiration, additional enzymes produce oxygen dioxide as a waste product, including 
NADH oxidase, monooxygenases, and cyclooxygenases. The enzyme NADPH oxidase 
produces a large amount of oxygen that is poisonous to all living things to fight infec-
tions in a way that is dependent on oxygen. The dying mechanism then makes use of 
this oxygen. Regulating the generation of reactive oxygen derivatives is critical during 
a respiratory burst to prevent tissue damage. This is done so that an organism can 
defend itself against invading pathogens [68]. On the other side, excessive ROS can 
cause oxidative stress, which can lead to processes like the oxidation of low-density 
lipoprotein (LDL). An increase in the amount of oxidized LDL that is circulating 
in the blood of patients who have metabolic syndrome has been linked to increased 
phagocytic NADPH oxidase activity. To lessen the negative consequences of oxidative 
stress, several studies have demonstrated that hemodialysis patients can gain advan-
tages from inhibiting NADPH oxidase and taking antioxidants. In recent years, a 
great number of naturally occurring antioxidants have demonstrated the potential to 
inhibit enzymes that enhance O2 generation, which has led to the development of new 
therapy agents for illnesses related to oxidative stress [61].

9.4 Prevention of lipid peroxidation

Some of the most frequent C-C double bonds can be found in unsaturated fatty 
acids, glycolipids, cholesterol, the cholesterol ester, and phospholipids, although 
there are many others. Lipid peroxidation is the process by which these compounds 
are oxidized. As a result of this chain reaction, ROS begin to damage unsaturated fats. 
There are several double bonds and methylene-CH2-group groups in unsaturated fatty 
acids, which are very reactive hydrogens. Antioxidants can quench peroxide radicals 
directly, stopping the chain reaction and preventing further damage [1]. Chronic 
diseases such as cancer and atherosclerosis, which can cause early death, have been 
related to lipid peroxidation. It is possible for antioxidant compounds to neutralize or 
inhibit the generation of ROS and peroxide radicals, respectively. Lipid peroxidation 
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is an important method for discovering naturally occurring antioxidants and figuring 
out the mechanism by which they work. Lipoproteins and red blood cells as well as 
low density lipoprotein (LDL) have been studied for their ability to protect against 
lipid peroxidation due to free radicals. An important aspect influencing the antioxi-
dant activity of these polyphenols is their structure and starting circumstances. The 
microenvironment in which this reaction occurs also has a substantial impact [61].

9.5 Prevention of DNA damage

Direct interactions between nitric oxide radicals (OH•) and O2
• radicals (OO•) in 

living cells can sever a single strand of DNA. This causes damage to the DNA that is 
not repairable in any way. DNA damage, which results in cell death and mutation, 
has been linked to degenerative diseases such as Alzheimer’s. As a result of this, DNA 
or plasmid damage has evolved into a model for the investigation and characteriza-
tion of antioxidants. On the other hand, a study that used metal-free plasmid DNA 
found that the reaction of Cu2+ with ascorbic acid and hydrogen peroxide at pH 7 
caused DNA damage. This was observed in the study. During the process, which takes 
place in the presence of Cu2+, ascorbic acid is utilized to bring about the reduction of 
Cu2+ to Cu+. Cu+ and H2O2 react to produce an OH• radical, which then cleaves one 
strand of DNA. This results in the typically supercoiled plasmid DNA unraveling and 
becoming more helical [69].

10. Conclusion

Oxidative stress occurs in cells as a result of normal physiological processes and 
interactions with the environment, and cells are protected from oxidative damage by 
a sophisticated network of antioxidant defense systems. In general, our body’s innate 
antioxidant defense system or antioxidants added to our diet counteract the creation 
of reactive species. Oxidative stress arises when this balance is disrupted. Oxidative 
stress plays a role in the development of a wide range of diseases, including those of 
the gastrointestinal system. The development of antioxidant therapies is a viable route 
for the treatment of gastrointestinal illnesses, as data suggests that using antioxidants 
can improve the progression of many diseases. As a result, understanding the unique 
oxidative route implicated in each disease may help to identify disease signs as well 
as design preventive and curative therapy techniques. Inhibiting radical generation, 
scavenging radicals, or stimulating their breakdown are some of the ways antioxi-
dants protect tissue against free radical harm. In the last few years, synthetic antioxi-
dants have been connected to human health issues. As a result, the search for natural 
antioxidative compounds that are safe and effective has intensified in recent years. 
Dietary and plant-derived antioxidants may offer a feasible alternative to the body’s 
own antioxidant defenses. A wide variety of plant and food-derived antioxidants can 
be found.
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