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Abstract

Oxidative stress has received a considerable scientific attention as a mediator in 
the etiology of many human diseases. Oxidative stress is the result of an imbalance 
between free radicals and antioxidants. Cells can be damaged by free radicals that 
are considered to play a main role in the aging process and diseases development. 
Antioxidants are the first line of defense against the detrimental effects of free 
radical damage, and it is essential to maintain optimal health via different mecha-
nisms of action. Types of antioxidants range from those generated endogenously 
by the body cells, to exogenous agents such as dietary supplements. Antioxidant 
insufficiency can be developed as a result of decreased antioxidant intake, synthesis 
of endogenous enzymes, or increased antioxidant utilization. To maintain optimal 
body function, antioxidant supplementation has become an increasingly popular 
practice through improving free radical protection. In this chapter, we first eluci-
date the oxidative stress, and then define the antioxidant and its categories. Finally, 
introduce the antioxidants mode of actions for cell protection from free radicals.

Keywords: oxidative stress, antioxidants, reactive oxygen species, antioxidant 
enzymes, free radicals, antioxidant mechanisms

1. Introduction

Oxidative stress refers to the imbalance between oxidants and antioxidants within 
the body due to antioxidant deficiency or increased reactive oxygen species (ROS), 
reactive nitrogen species (RNA), and reactive sulfur species (RSS) production, which 
lead to potential cellular damage [1, 2]. ROS is a collective term that encompasses 
all highly reactive forms of oxygen, including free radicals. ROS categories include 
hydroxyl radical (OH•), perhydroxyl radical (HO2

•), hypochlorous acid (HOCl), 
superoxide anion radical (O2

•¯), hydrogen peroxide (H2O2), singlet oxygen (1O2), nitric 
oxide radical (NO•), hypochlorite radical (OCl•), peroxynitrite (ONOO), and differ-
ent lipid peroxides. RNS are derived from nitric oxide by the reaction with O2

•¯ to form 
ONOO¯, while RSS are easily produced from thiols through a reaction with ROS [3, 4].

Due to unpaired electrons of free radicals, these free radicals show high activity to 
react with other molecules in order to be neutralized. The free radicals have important 
functions in cell signaling, apoptosis, ion transportation, and gene expression [4]. 
Chemical reactivity of inactivated free radicals can damage all cellular macromolecules 
including carbohydrates, proteins, lipids, and nucleic acids. In general, cells are able to 
protect themselves against ROS damage via intracellular enzymatic reactions, metal 
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chelating, and free radical scavenging actions to keep the ROS homeostasis at a low 
level. In addition, dietary antioxidants can assist to keep an adequate antioxidant status 
in the body. Nevertheless, during environmental stress and cell dysfunction, levels 
of ROS can increase dramatically and cause significant cellular damage in the body. 
Consequently, oxidative stress significantly contributes to the pathogenesis of differ-
ent diseases, such as heart disease, inflammatory disease, cancer, diabetes mellitus, 
Alzheimer’s disease, autism, and to the aging process (Figure 1) [3–5]. The chapter 
clarifies oxidative stress. Then classify the antioxidants and their applications. Finally, 
we describe antioxidants’ mode of action and how they prevent the cell damage.

2. Oxidative stress

2.1 Oxidative damage to proteins

Protein oxidation can lead to amino acid modification, fragmentation of the 
peptide chain, aggregation of cross-linked reaction products, and increased elec-
trical charges. Oxidized proteins are more susceptible to proteolysis, and a raise 
in oxidized proteins may be responsible for the loss of selected physiological and 
biochemical roles. Free radical damage to proteins may play a role in the causation 
of cataracts and aging (Figure 2) [1, 6].

2.2 Oxidative damage to lipids

Lipids have an important structural and functional role in cell membranes. After 
cell death, membrane lipids are susceptible to peroxidation and this process can 
cause misinterpretation of some lipid peroxidation assays. In particular, polyun-
saturated fatty acids are susceptible targets for ROS attack. The important reactive 
moiety and initiator for ROS chain reaction and lipoperoxidation of polyunsatu-
rated is OH• [7]. Because of lipid peroxidation, several compounds are produced, 
such as alkanes, malondialdehyde, and isoprostanes. These compounds are utilized 

Figure 1. 
Reactive oxygen species (ROS) generation by endogenous and exogenous sources can lead to oxidative damage 
and accumulation of proteins, lipids and DNA, when defensive (repair) mechanisms of the body become weak. 
These ROS also modulate the signal transduction pathways, which result in organelle damage, and changes in 
gene expression followed by altered responses of the cells, which finally results into aging. Adapted from Pandey 
and Rizvi [5].
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as indicators in lipid peroxidation assay, and have been confirmed in diseases 
including neurogenerative diseases, heart disease, and diabetes (Figure 2) [1, 8].

2.3 Oxidative damage to DNA

Activated oxygen and agents that produce oxygen-free radicals, for example, 
ionizing radiations, promote damage in DNA that leads to deletion, mutations, and 
other fatal genetic effects. Through this DNA damage, both sugar and base moieties 
are susceptible to oxidation, leading to base degradation, single-strand breakage, 
and cross links to proteins. Free radical damage to DNA is associated in the causa-
tion of cancer and accelerated aging (Figure 2) [1, 5, 9].

2.4 Oxidative damage to carbohydrates

According to carbohydrates, the production of oxygen-free radicals during early 
glycation could contribute to glycoxidative damage. Through the primary stages of 
nonenzymatic glycosylation, fragmentation of sugar forms short-chain species like 
glycoaldehyde whose chain is too short to cyclize and is thus prone to autoxidation, 
producing the superoxide radical that can lead to the formation of β-dicarbonyls, 
which are well-known mutagens [10]. Carbohydrates free radical oxidation mecha-
nisms are comparable to those of lipids. Low molecular carbohydrates, such as 
glucose, mannitol, and deoxyribose, are well known to interact with HO•, forming 
oxidized intermediates, which does not affect food quality [11].

3. Antioxidants

Antioxidants are inhibitors of oxidation, even at small concentrations; there-
fore, antioxidants have different physiological functions in the body. In addition, 
antioxidants act as free radical scavengers, by reacting with the reactive radicals 
and demolishing them to become less active, less dangerous, and long-lived sub-
stance than those radicals that have been neutralized. Antioxidants may be able 

Figure 2. 
A schematic diagram illustrating the detrimental effects of free radicals on biomolecules. Adapted from Law 
et al. [1].
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to neutralize free radicals via accepting or donating electron(s) to remove the 
unpaired status of the radical [4]. Also, antioxidants can be defined as compounds 
able to inhibit oxygen-mediated oxidation of different substances from simple 
molecule to polymer and complicated bio-system [8].

The US Food and Drug Administration (FDA) defined antioxidants as sub-
stances utilized to preserve food by retarding deterioration, rancidity, or discolor-
ation owing to oxidation. Whereas antioxidants are important to the food industry 
to prevent rancidity, antioxidants are also important to biologists and clinicians as 
they may assist to protect the human body against diseases from ROS danger by 
regulating ROS-related enzymes [8]. Cellular level of free radicals may be decreased 
by antioxidants either via inhibiting the activities or expression of free radical 
generating enzymes such as NAD(P)H oxidase and xanthine oxidase (XO), or by 
promoting the activities and expression of antioxidant enzymes such as superoxide 
dismutase (SOD), catalase (CAT), and glutathione peroxidase (GPx) [12–14].

Since 1990s, antioxidant research has increased dramatically due to its potential 
role in disease prevention and health promotion. In biological systems such as 
animal models and clinical trials, the antioxidant action of pure compounds, foods, 
and dietary supplements has been extensively examined [4, 15, 16]. Numerous 
study models have been determined in chemical and/or biological systems to 
examine the mechanism of action of antioxidants, as well as the identification and 
recognition of new antioxidants, particularly from natural substances. Further 
research in animal models and cell cultures has provided critical information on the 
bioavailability, metabolism, and toxicity issues of antioxidants, suggesting probable 
clinical applications of these substances. Nevertheless, animal models and human 
research are expensive and not suitable for early antioxidant screening of foods and 
dietary supplements. Therefore, cell culture models have been utilized for early 
screening and study proceeding to animal research and human clinical trials [4].

Antioxidants can protect the cells and organs of the body against the harmful 
effect of the oxidative stress through various defense mechanisms by both enzy-
matic and nonenzymatic reactions, which work synergistically and together with 
each other. To prevent lipid peroxidation in food, nonenzymatic antioxidants are 
often added. The use of antioxidants for food and therapeutic purposes must be 
characterized carefully, because several lipid antioxidants can exert a prooxidant 
effect to other molecules under particular circumstances [5, 7].

The feature of a perfect antioxidant is that it should be readily absorbed, 
eliminate free radicals, and chelate redox metals at physiologically suitable levels. 
In addition, it should work in both aqueous and membrane domains, and have a 
positive effect on gene expression [7].

4. Antioxidant categories

Antioxidants can be classified in several ways [17, 18].

1. Based on their activity, they can be classified as enzymatic and nonenzymatic 
antioxidants. Dangerous oxidative products can be converted to H2O2 and then 
to water by enzymatic antioxidants that are able to break down and get rid of 
free radicals in a multistep process in the presence of cofactors such as copper 
(Cu), zinc (Zn), manganese (Mn), selenium (Se), and iron (Fe).

2. Vitamin C, vitamin E, plant polyphenol, carotenoids, and glutathione are 
nonenzymatic antioxidants, which act by interrupting free radicals chain 
reactions.
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3. Based on solubility, antioxidants can be classified as water-soluble or lipid-
soluble antioxidants. Vitamin C is a type of water-soluble vitamin found in 
cellular fluids such as cytosol or cytoplasmic matrix.

4. According to size, antioxidants can be categorized as small or large-molecule anti-
oxidants. The small molecule antioxidants neutralize the ROS in a process named 
radicals scavenging and carry them away. Vitamin C, vitamin E, carotenoids, and 
glutathione (GSH) are the main antioxidants in this category. Large molecule 
antioxidants include enzymes (SOD, CAT, and GPx) and sacrificial proteins (albu-
min) that absorb ROS and prevent them from attacking other essential proteins.

5. Kinetically antioxidants can be categorized as below:

a. Antioxidants that are able to break chains through reacting with peroxyl 
radicals containing weak O–H or N–H bonds, phenol, naphthol, hydroqui-
none, aromatic amines, and aminophenols.

b. Antioxidants with a capability to break chains by reacting with alkyl 
radicals: quinines, nitrones, and iminoquinones.

c. Antioxidants that terminate cyclic chain such as aromatic amines, nitroxyl 
radicals, and variable valence metal compounds.

d. Hydroperoxide decomposing antioxidants such as sulfide, phosphide, and 
thiophosphate.

e. Metal-deactivating antioxidants include diamines, hydroxyl acids, and 
bifunctional compounds.

f. Synergism action of a number of antioxidants including phenol sulfide 
in which the phenolic group reacts with the peroxylradical’s sulfide group 
with hydroperoxide.

6. Based on their occurrence, antioxidants are categorized as natural or synthetic 
[19, 20].

a. Natural antioxidants
They are classified as chain-breaking antioxidants, which react with radicals and 

convert them into more stable products. Generally, antioxidants of this group are 
phenolic in structure and include the following:

1. Antioxidant minerals: these are antioxidant enzymes cofactors like selenium, 
copper, iron, zinc, and manganese. Absence of the cofactors will definitely 
enhance many macromolecules metabolism such as carbohydrates.

2. Antioxidant vitamins: these are important and required for most body metabo-
lism functions such as, vitamin C, E, and B.

3. Phytochemicals: these are phenolic compounds derivatives that are neither 
vitamins nor minerals. Examples include flavonoids, catechins, carotenoids, 
carotene, lycopene, and herbs and spices such as diterpene, rosmariqui-
none, thyme, nutmeg, clove, black pepper, ginger, garlic, curcumin, and 
derivatives.
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b. Synthetic antioxidants
These are phenolic compounds that carry out the role of capturing free radicals 

and stopping the chain reaction. These compounds include butylated hydroxyl anisole 
(BHA), butylated hydroxyltoluene (BHT), propyl gallate (PG), metal chelating agent 
(EDTA), tertiary butyl hydroquinone (TBHQ), and nordihydroguaiaretic acid (NDGA).

4.1 Antioxidant enzymes

There are several enzymes that catalyze reactions to neutralize free radicals and 
ROS. These enzymes form the body’s endogenous defense mechanisms from free 
radicals to protect the cell. The enzyme antioxidants GPx, CAT, and SOD are the 
best-known substances of the antioxidant protection system, and they are respon-
sible for the free radical change [21]. Enzymes are important components of the 
protection and defense mechanisms, by decreasing ROS generation via removing 
potential oxidants/transferring ROS/RNS into relatively stable compounds [5]. For 
optimum catalytic activity, these enzymes require micronutrient cofactors such as 
Se, Fe, Cu, Zn, and Mn [21].

4.1.1 Superoxide dismutase (SOD)

Irwin Fridovitch of Duke University and Joe McCord discovered antioxidant 
enzyme (SOD) (EC 1.15.1.1) in 1967, which belongs to the group of oxidore-
ductases. SOD is an important cellular defense against free radical damage. 
Therefore, medical scientists have begun to look seriously at free radicals [3]. 
SOD antioxidant enzymes are metal-containing proteins that catalyze the 
dismutation of the highly reactive superoxide anion to O2 and to the less reactive 
species H2O2 (Eq. (1)). The result is that peroxide can be destroyed by reaction 
of CAT or GPX [22, 23].

    O  2     
−
  +   O  2     

−
  + 2  H   +    SOD   ⎯ →    H  2    O  2   +  O  2    (1)

In mammals, there are three forms of SOD; the active site of the enzyme con-
tains one or two different atoms of a transition metal in a certain oxidation state. 
SODs are categorized by their metal cofactors into known forms: cytosolic SOD, 
extracellular SOD [CuZnSOD], and mitochondrial SOD [MnSOD]. Each form 
is produced by distinct genes and distinct subcellular localization, but catalyzes 
the same reaction. This distinct subcellular localization of the three SOD forms is 
especially significant for compartmentalized redox signaling [24].

CuZnSOD enzymes have two identical subunits of about 32 kDa, though a 
monomeric structure is found in a high concentration of protein from E. coli. Each 
subunit includes a metal cluster, an active site, and a Cu and a Zn atom bridged By a 
histamine residue. The Cu and Zn which are important for SOD enzymatic activity. 
Zn contributes in appropriate protein folding and stability. Cu is not replaceable 
with another metal, while Zn is replaceable with cobalt and Cu, and it is not essen-
tial for enzyme action at low pH. CuZnSOD plays a major function in the first line 
of antioxidant defense [25].

MnSOD is a homotetramer 96 kDa; each subunit contains one Mn atom, those 
cycles from Mn3+ to Mn2+ and back to Mn3+ during the two-step dismutation of 
superoxide. In mitochondria, the main source of oxygen radicals is the respiratory 
chain. It was shown that this enzyme is greatly stimulated and decreased by cyto-
kines, while oxidants moderately influenced it [26–28].

Extracellular SOD (ECSOD) is a tetrameric protein, containing Cu and Zn 
having a high affinity for certain glycosaminoglycans such as heparin and heparin 
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sulfate [7]. ECSOD is found primarily in the extracellular membrane and to a 
lesser extent, in the extracellular fluids. It protects against the inactivation of NO 
liberating from the endothelium by O2

•¯ through diffusion to smooth muscle, thus 
preserving endothelial function. Studies have shown that ECSOD plays an essential 
role in various oxidative stress-dependent pathophysiologies, such as hyperten-
sion, ischemia reperfusion injury, and lung injury. In addition, a number of lines 
of research propose a role for ECSOD in aging. ECSOD plasma levels decrease with 
aging, and in old rats, gene transfer of ECSOD improves endothelial function. 
However, it is still unknown whether ECSOD expression or activity in blood vessels 
is adjusted by aging and whether endogenous ECSOD is engaged in regulation of 
vascular functions during aging [29].

4.1.1.1 Application

SOD enzymes enhance the rejuvenation and cellular repair, while decreasing the 
damage caused by free radicals. SOD is necessary to generate sufficient amounts of 
skin building cells named fibroblasts and plays an essential role in preventing the 
progress of amyotrophic lateral sclerosis (ALS), which causes death if it affects the 
nerve cells in the spinal cord and brain. In addition, this enzyme is also utilized for 
inflammatory diseases treatment, burn injuries, prostate problems, corneal ulcer, 
arthritis, and reversing the long-term consequences of radiation and smoke expo-
sure. Furthermore, it prevents wrinkle formation if the skin lotion contains this 
enzyme. Also, it enhances wound healing, reduces scars, and lightens skin pigmen-
tation caused by UV rays.

Moreover, SOD facilitates nitric oxide moving into hair follicles. This is benefi-
cial for people with a genetic predisposition or free radicals for premature hair loss. 
SOD is a very potent antioxidant, in that it combats the effect of free radicals on the 
hair follicles. Because of nitric oxide’s ability as a blood vessel relaxant, allowing 
more blood to reach the hair follicle, and SOD ability to remove free radicals, hair 
loss can be prevented or reversed. Maintaining overall well-being and health, as 
well as free radical protection, can be achieved by taking dietary supplement that 
provides an adequate supply of SOD [3].

4.1.2 Catalase (CAT)

Catalase (EC 1.11.1.6) is an enzyme responsible for H2O2 degradation that 
is generated by oxidases involved in β-oxidation of fatty acids, respiration, 
and purine catabolism [3]. It is present in nearly all animal cells as a protective 
enzyme. The highest levels of CAT activity are measured in the liver, kidney, and 
red blood cells.

Human CAT composes four identical subunits of 62 kDa, each subunit contain-
ing four distinct domains and one prosthetic heme group, and has a molecular mass 
of about 240 kDa [30]. CAT enzyme reacts with H2O2 to form water and molecular 
oxygen and with H donors such as methanol, ethanol, formic acid, or phenols with 
peroxidase activity. CAT protects cells from H2O2 generated within them. Therefore, 
it has an essential role in the acquisition of tolerance to oxidative stress in the adap-
tive response of cells. Various disease conditions and abnormalities are associated 
with the deficiency or mutation of CAT enzyme [30, 31].

4.1.2.1 Application

In the food industry, CAT enzyme is used to remove H2O2 from milk prior to 
cheese production, and to prevent food from oxidizing in food wrappers. In addition, 
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CAT enzyme is used in the textile industry for H2O2 removal from fabrics, to make 
sure the material is peroxide free. Recently, esthetics industries have begun to use CAT 
enzyme in facial masks, as the combination of CAT enzyme with H2O2 on the face can 
be used to increase cellular oxygenation in the upper layers of the epidermis [3].

4.1.3 Glutathione perioxidases (GPx)

Glutathione peroxidase (EC 1.11.1.9) contains a single selenocysteine residue 
in each of the four identical subunits, which is important for enzyme activity. GPx 
(80 kDa) is an imperative intracellular enzyme that catalyzes H2O2 to water and 
lipid peroxides to their corresponding alcohols mainly in the mitochondria and 
sometimes in the cytosol. In mammals, there are five GPx isoenzymes. Though their 
expression is ubiquitous, the level of each isoform differs depending on their tissue 
type. Mitochondrial and cytosolic glutathione peroxidase (GPx1 or cGPx) reduces 
fatty acid hydroperoxides and H2O2 at the expense of glutathione [32].

GPx1 is the main ubiquitous selenoperoxidase present in most cells; found in 
the cytosolic, mitochondrial, and peroxisomal compartments. It is an important 
antioxidant enzyme required in the detoxification of H2O2 and lipid hydroperox-
ides and preventing DNA, protein and lipids damage by harmful accumulation of 
intracellular H2O2 [33]. GPx1 uses GHS as an obligate co-substrate in the reduction 
of H2O2 to water [32]. Phospholipid hydroperoxidase glutathione (PHGPX) is found 
in most tissues and can directly reduce the phospholipid hydroperoxides, fatty acid 
hydroperoxides, and cholesterol hydroperoxides that are produced in peroxidized 
membranes and oxidized lipoproteins [30].

GPx4 is found in both the cytosol and the membrane fraction, and is highly 
expressed in renal epithelial cells and tests. Cytosolic GPx2 or extracellular GPx3 
is inadequately found in nearly all tissues except for the gastrointestinal tract and 
kidney. In recent, GPx5, a new kind, expressed particularly in mouse epididymis, is 
selenium independent [34].

Several studies underlined the clinical importance of GPx. In addition, GPx, 
especially GPx1, have been implicated in the progression and prevention of many 
frequent and complex diseases, including cancer and cardiovascular disease [34, 35].

4.1.3.1 Application

GPx is an important antioxidant enzyme in the body. Glutathione (GHS), the 
master antioxidant, is important for GPx levels due to the closely linked relation-
ship; GHS is a tripeptide that protects the cells against the negative effects of 
pollution and functions as the body’s immune system booster. GHS plays an essen-
tial role in red blood cells to remain intact and protects white blood cells, which are 
responsible for the immune system. An antioxidant’s role is specifically essential 
for the brain because it is sensitive to the presence of free radicals. To increase the 
body’s protection from free radicals, it is imperative to combine certain antioxidants 
such as glutathione, vitamin C and E, Se, and GPx [3].

4.2 Nonenzymatic antioxidants

In previous decades, there has been increasing evidence that large amounts 
of antioxidants present in our diet contribute to the antioxidant defense system 
by preventing oxidative stress and specific human diseases. Phytochemicals, the 
plant-derived compounds, are one of the classes of the dietary factors, which play 
an essential role in functions of the body. Food materials contain a number of 
natural compounds reported to have antioxidant characteristics due to the presence 
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of hydroxyl groups in their structure. Synthetic and natural antioxidants prevent 
the oxidative damage to the most important macromolecules such as lipids, pro-
teins, and nucleic acids found in human body through scavenging the free radicals 
formed in different biochemical processes [36]. These antioxidants consist of small 
molecules including vitamin C, E, and β-carotene or natural antioxidants such as 
flavonoids, tannins, coumarins, phenolics, and terpenoids [37]. Because of oxida-
tive stress, the free radicals that have been produced react with lipids, proteins and 
nucleic acids and lead to stimulation of apoptosis, which causes various neurologi-
cal, cardiovascular, and physiological disorders [38].

In addition to phytochemical antioxidants, which can protect the body from oxida-
tive damage, there are other antioxidants for example polyphenols, lycopene, and lutein 
[39]. Even though there has been a considerable concentration on antioxidant function 
of phytochemicals for several years, it is distinguished that phytochemicals have nonan-
tioxidant effects important for health such as cell signaling and gene expression [40].

4.2.1 Glutathione

Glutathione (γ-glutamyl-cysteinyl-glycine; GSH) is a tripeptide and is the most 
abundant intracellular antioxidant protecting normal cells from oxidative injury 
due to its role as a substrate of ROS scavenging enzymes. Glutathione is primarily 
present in its reduced form (GSH) in normal conditions, with only a small amount 
being found in the fully oxidized state (GSSG) [41]. Glutathione functions as a 
nonenzymatic antioxidant through free radical scavenging in cells and serves as 
a cofactor for several enzymes, include GPx, glutathione reductase (GR), and 
glutathione transferase (GST) [42, 43].

4.2.1.1 Application

Recently, there is a new era of therapeutic applications of glutathione through 
the association of decreased GSH levels with the common features of aging and 
a wide range of pathological conditions, including neurodegenerative disorders. 
Remarkably, depletion and alterations of GSH in its metabolism appear to be crucial 
in the onset of Parkinson’s disease [44].

4.2.2 Vitamin E

Vitamin E, C, and β-carotene are the main antioxidant vitamins for tissues against 
free radical damage. Vitamin E, a major lipid soluble antioxidant, functions as the 
most important membrane-bound antioxidant, neutralizing free radicals, and 
preventing oxidation of lipids within membranes [45]. Vitamin E is the free radical 
scavenger in the prevention of chronic diseases [46]. α-Tocopherol is the main form of 
vitamin E with antioxidant and immune functions. α-tocopherol has been revealed to 
be a more effective inhibitor of peroxynitrite-induced lipid peroxidation and inflam-
matory reactions [47]. In vitro tocotrienols have excellent antioxidant activity and 
have been proposed to restrain ROS more effectively than tocopherols [48].

4.2.2.1 Application

The main function of vitamin E is to protect against lipid peroxidation through 
evidence suggesting that α-tocopherol and vitamin C function together in a cyclic 
type of process. It has been reported that vitamin E supplementation in hypercho-
lesterolemic patients has shown to increase autoantibody levels against oxidized 
LDL, and prevent ischemic heart disease [49].
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4.2.3 Vitamin C

In extracellular fluids, vitamin C, a water-soluble vitamin, is the most impor-
tant antioxidant and can protect biomembranes against lipid peroxidation injury 
through eliminating peroxyl radicals in the aqueous phase before peroxidation 
initiation. Vitamin C is an effective antioxidant located in the aqueous phase of 
cells; it simply loses electrons to give stability to reactive species such as ROS [45]. In 
addition to vitamin C’s biological functions as a superoxide and hydroxyl radicals’ 
scavenger, it also functions as an enzyme cofactor [42].

4.2.3.1 Application

Vitamin C plays an essential function in the defense against oxidative dam-
age particularly in leukocytes, as well as the possible effect it may have on the 
treatment of chronic degenerative diseases, autoimmune diseases, and cancer 
[42, 45].

4.2.4 Carotenoids

Carotenoids are structurally and functionally different natural pigments found 
in many fruits and vegetables. A combination of carotenoids and tocopherols anti-
oxidants in the lipid phase of biological membranes may enhance better antioxidant 
protection than tocopherols alone. Antioxidant characteristics of carotenoids 
include scavenging single oxygen and peroxyl radicals, thiyl, sulfonyl, sulfur, and 
NO2 radicals and giving protection to lipids from superoxide and hydroxyl radical 
attack [49].

4.2.4.1 Application

Carotenoids and some of their metabolites are proposed to play a protective 
function in several ROS-mediated disorders, include cardiovascular, cancer, 
and myocardial infarction among smokers. Carotenoid-rich food and supple-
mentation decrease morbidity in nonsmokers and reduce the risk of prostate 
cancer [42].

4.2.5 Vitamin A

Vitamin A, a lipid soluble vitamin, is important for human health and has free 
radicals scavenging features that aid it to act as a physiological antioxidant in pro-
tecting a number of chronic diseases such as cardiovascular disease and cancer. All 
transretinol, the parent compound, are the most abundant dietary form of vitamin 
A that occurs naturally in the form of fatty acid esters such as retinyl palmitate, 
while retinal and retinoic acid are the minor natural dietary components of vitamin 
A [45]. Vitamin A was first labeled as an inhibitor of the effect of linoleic acid on 
the oxidation processes. At present, vitamin A and carotenoids are known for their 
antioxidant actions depending on their capability to interact with radicals and 
prohibit cell lipid peroxidation [9].

4.2.5.1 Application

Vitamin A is important for life in mammals; it cannot be synthesized in body 
and has to be supplied by food. Due to its role as antioxidant, vitamin A has a new 
role in preventive nutrition against neurodegenerative diseases. Recently, vitamin A 
has increased the interest in supplementation via food [50].
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4.2.6 Uric acid

Uric acid, hyperuricemia, is a potent free radical scavenger and estimated 
~60% of free radical scavenging capacity in plasma [51]. Uric acid is a physiological 
antioxidant and an effective preventer of the production of ROS species during the 
action of xanthine oxidase (XO) in catalysis reaction of xanthine and hypoxanthine 
[42]. A study illustrated the urate ability to scavenge oxygen radicals and protect the 
erythrocyte membrane from lipid oxidation, characterized further by Ames et al. 
through the effect of uric acid in protection of cells from oxidants, which related to 
a variety of physiological situation [51]. Nevertheless, it is probable that the increase 
in serum level of uric acid is a response to protect against the detrimental effects of 
extreme free radicals and oxidative stress [52].

4.2.6.1 Application

Studies showed that serum uric acid levels are highly predictive of mortality in 
patients with coronary artery disease, heart failure, or diabetes. In addition, high uric 
acid level is associated with deleterious effect on vascular function. Recently, it has been 
found that patients with high serum uric acid level had impaired flow-mediated dilation, 
which was normalized by therapy for 3 months with the xo inhibitor allopurinol [53].

4.2.7 Lipoic acid

Lipoic acid is a strong antioxidant, and it reveals a great capability of antioxi-
dant when given natural or as a synthetic drug. Lipoic acid is a short-chain fatty 
acid, composed of sulfur in their structure that is known for its contribution in the 
reaction that catalyzes the oxidation decarboxylation of α-keto acids, for example 
pyruvate and α-ketoglutarate, in the citric acid cycle. Lipoic acid and its reduced 
form, dihydrolipoic acid (DHLA), are capable of quenching free radicals in both 
lipid and aqueous domains. Lipoic acid and DHLA have been revealed to have 
antioxidant, cardiovascular, antiaging, detoxifying, anti-inflammatory, anticancer, 
and neuroprotective pharmacological properties [40, 54].

4.2.7.1 Application

Regarding the pathology of diabetes, there are many potential applications for 
lipoic acid. In type I diabetes, destruction of pancreatic β-cells leads to loss secre-
tion of insulin, while the major problem in type II diabetes is insulin resistance of 
peripheral tissues. Lipoic acid has potential preventive or ameliorative effect in both 
type I and type II diabetes [54].

4.2.8 Flavonoids

Flavonoids are low in molecular weight and are the main type of phenolic com-
pounds in plants. They are structured by 15 carbon atoms, organized in a C6-C3-C6 
configuration. Due to their high redox potential, flavonoids are, in particular, impor-
tant antioxidants that allow them to function as reducing agents, hydrogen donors, and 
singlet oxygen quenchers. In addition, they include a metal chelating potential [55].

4.2.8.1 Application

Flavonoids are generally found in many fruits and vegetables. When human 
increasingly consumed it, flavonoids have been linked with a decrease in the 
incidence of diseases such as prostate [56, 57] or breast cancer [58, 59].
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4.2.9 Tannins

Tannins are relatively high-molecular compounds, which comprise the third essen-
tial group of phenolics and can be divided into condensed and hydrolysable tannins. 
Condensed tannins are produced by the polymerization of flavonoid units. The mainly 
studied condensed tannins are based on flavan-3-ols: (−)-epicatechin and (+)-cat-
echin. Hydrolysable tannins are heterogeneous polymers containing phenolic acids, in 
particular, gallic acid (3,4,5 trihydroxyl benzoic acid) and simple sugar [42, 55].

4.2.9.1 Application

Because of tannin features, such as being the potential metal ion chelators, 
protein-precipitating agents, and biological antioxidants, tannins have different 
effects on biological systems. As a consequence of the diverse tannins biological roles 
and structural variation, it has been difficult to modify models that would let a precise 
prediction of their effects in any system. Therefore, the tannin structure modification 
and activity relationship are important to predict their biological effect [42].

5. Antioxidants: mechanisms of action

Generally, the antioxidants defend against free-radicals-induced oxidative  
damage by various mechanisms as discussed in below sections.

5.1 Preventive antioxidants

ROS such as H2O2, O2
•, and OH• are produced irreversibly during metabolism. 

Therefore, methods have been extensively studied to reduce the damage enhanced 
by oxidative stress. Intracellular antioxidant enzymes produced in the cell are an 
essential protective mechanism against free radicals formation. SOD, CAT, GPx, 
GR, GST, thioredoxin reductase, and hemeoxygenase are the most important 
antioxidants enzymes. SODs convert O2

• into H2O2, which is then converted into 
water by CAT, GPx, and Fenton reaction. Thus, two toxic species are converted into 
a harmless product (Figure 3) [5].

During metabolism, peroxides are formed and then eliminated via both GST 
and GPX. GRd regulates the equivalent of GSH and oxidized glutathione (GSSG), 
and the ratio of GSH/GSSG is a known index of oxidative stress [60]. The action of 
GRd plays an imperative role in increasing GSH concentration, which maintains the 
oxido-redox condition in the organism [14]. Consequently, the oxidative stress role 
has been reported in the progress and clinical symptom of autism. Recently, a com-
parison study between autism and control individuals showed decrease in GSH/GSSG 
ratio and increase in free radical generation in autism compared to control cells [60]. 
In addition, GPx is presented throughout the cell, while CAT is frequently limited to 
peroxisomes. In the brain, which is very sensitive to free radical damage, it has seven 
times more GPx activity than CAT activity. Moreover, CAT’s highest levels are found 
in the liver, kidney, and erythrocytes, where it decomposes the most of H2O2 [61].

5.2 Free radical scavengers

5.2.1 Scavenging superoxide and other ROS

Superoxide (O2
•¯), a predominant cellular free radical, is contributed in a huge 

number of deleterious alterations often linked to a low concentration of antioxidants 
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and associated with a raise in peroxidative processes. Though O2
•¯ itself is not reactive 

to biomolecules, it assists in production of stronger OH•, and ONOO¯.O2
•¯ is formed 

in large quantities, in phagocytes via NADPH oxidase enzyme during pathogen-
killing process. In addition, it is a byproduct of mitochondrial respiration [3].

5.2.2 Scavenging hydroxyl radical and other ROS

Hydroxyl radical (OH•) is an extremely active and more toxic radical on biologic 
molecules such as DNA, lipids, and proteins than other radical species. In general, 
OH• is considered to be formed from the Fe2+ or Cu+/H2O2 Fenton reaction system, 
through incubation FeSO4 and H2O2 in aqueous solution. Therefore, antioxidants 
activity as OH• scavenger can be accomplished by direct scavenging or prohibit-
ing of OH• generation by the chelation of free metal ions or altering H2O2 to other 
nontoxic compounds [3].

5.2.3 Metal ion (Fe2+, Fe 

3+, Cu2+, and Cu+) chelating

Even though trace minerals are essential dietary components, they can function 
as prooxidants (through enhancing formation of free radicals). Fe2+ and Cu+ react 
with H2O2, which is a product produced by the dismutation of the O2

•¯ via SOD, to 
form extremely reactive OH• (Eq. (2)). Dissimilarly, iron and copper’s reaction with 
H2O2 forms more singlet oxygen than OH•. Fe2+ and Cu+ are oxidized to Fe3+ and 
Cu2+, respectively. Cellular reductant such as NADH and oxidized metal ions Fe3+, 
and Cu2+ are reduced and permit the recycling to react with another molecule of 
H2O2 to produce OH• radical in the presence of vitamin C (Eq. (3)). OH• is strongly 

Figure 3. 
Antioxidant enzyme system, O2

•, is dismutaed toH2O2 by SOD enzyme. The resulted H2O2 is converted into 
water by CAT and GPx. In this way, two toxic species, O2

• and H2O2, are converted into the harmless product 
water. GPx neutralized H2O2 via taking hydrogen from two GSH molecules forming two molecules of water 
and GSSG. GR then regenerates GSH from GSSG. CAT, the essential part of enzymatic defense, neutralizes 
H2O2 into water. By Fenton reaction, H2O2 is also converted to the highly reactive OH• and then to water 
through oxidation of Fe2+ to Fe3+. Adapted from Pandey and Rizvi [5].
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reactive and can directly react with proteins and lipids to produce carbonyls (alde-
hydes and ketones), cross linking, and lipid peroxidation. Chelating metal ions are 
able to decrease their action, thus reducing the ROS formation.

   Fe   2+   (or  Cu   + )  +  H  2    O  2    Fe   3+   (or  Cu   2+ )  +  OH   
•
  +  OH   

−
   (2)

   Fe   3+   (or  Cu   2+ )  + vit C  H   
−
   Fe   2+   (or  Cu   + )  + vitamin  C   

−•
  +  H   +   (3)

Studies showed that Se antioxidant is able to chelate Cu+ (formed in situ with 
Cu2+/ascorbic acid) extremely efficiently and prevent the damage of DNA by OH• 
radical (formed via Cu+/H2O2) [3].

5.3 Free radical generating enzyme inhibitors

It has been reported that the main sources of free radicals in different physiolog-
ical and pathological conditions is associated with a number of enzymes. NADPH 
oxidases are a type of plasma membrane linked enzymes that have an ability to 
transfer one electron from the cytosolic donor NADPH to a molecule of extracel-
lular oxygen, forming O2

•¯ [62]. Uric acid is formed by xanthin oxidase enzyme 
through catalyzing the oxidation of hypoxanthine and xanthin to uric acid yielding 
O2

•¯ and H2O2 and increase the oxidation level in an organism [63]. In addition, O2
•¯ 

is also formed as a by-product of mitochondrial respiration as well as several other 
enzymes, for example NADH oxidase, monooxygenases and cyclooxygenases. O2

•¯ 
is biologically quite toxic and is produced in significant amounts by the enzyme 
NADPH oxidase to be used in oxygen dependent killing mechanisms for invading 
pathogens. During the respiratory burst, it is an important control of reactive oxy-
gen derivatives production for the defense of an organism against invading micro-
organisms, without causing an important loss of tissue functions [3]. Nonetheless, 
excessive ROS enhance oxidative stress such as low density lipoprotein (LDL) 
oxidation. A direct link between elevated phagocytic NADPH oxidase activities and 
increased circulating oxidized LDL in metabolic syndrome patients has been found. 
As a result, both modulation of NADPH oxidase to prohibit ROS overproduction 
and antioxidants supplementation have been reported as active strategies to prevent 
the deleterious effect of oxidative stress in hemodialysis patients [64]. In recent 
years, many natural antioxidants have revealed potential to inhibit enzymes that 
promote O2

•¯ generation as well as the development of new therapeutic agents for 
oxidative stress-related diseases [3].

5.4 Prevention of lipid peroxidation

Lipid peroxidation is defined as oxidative deterioration of lipids composed of C-C 
double bonds such as unsaturated fatty acids, glycolipids, cholesterol, cholesterol 
ester, phospholipids. ROS damage the unsaturated fatty acids, which include numer-
ous double bonds and the methylene-CH2-groups with particularly reactive hydrogen 
atoms, and begin the radical peroxidation chain reactions [65]. Antioxidants are able 
to directly react and quench peroxide radicals to stop the chain reaction. Lipid per-
oxidation and DNA damage are related to different chronic diseases, such as cancer, 
and atherosclerosis. Antioxidants can scavenge ROS and peroxide radicals, therefore 
prohibiting or treating certain pathogenic situations. Scientific attention has been 
concentrated in lipid peroxidation for recognizing natural antioxidants and studying 
their mechanism of action. Researches on antioxidants such as vitamins, polyphenols 
and flavones against free radical enhanced lipid peroxidation have been assumed in 
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many systems such as lipid, red blood cells and LDL. The antioxidant activity of these 
polyphenols depends considerably on molecules structure, the initiation conditions 
and the microenvironment of the reaction medium [3].

5.5 Prevention of DNA damage

In vivo, the OH• and ONOO¯ radicals produced from nitric oxide and O2
•¯ are able to 

react directly with plasmid DNA macromolecules to cleave one DNA strand, leading to 
oxidative DNA damage. Cell death and mutation as a result of DNA damage are associ-
ated with neurodegenerative and heart diseases, cancer and aging. Consequently, DNA 
or plasmid damage has received attention and been utilized as models for the study 
and identification of antioxidants [66]. A study has been progressed include DNA 
damage caused by Cu+ induced OH•, through metal-free plasmid DNA mixed with 
Cu2+, ascorbic acid and H2O2 at pH 7. The reaction includes reduction of Cu2+ to Cu+ in 
situ with ascorbic acid. The OH• radical formed via Cu+/H2O2 cleaves one DNA strand, 
causing the ordinarily supercoiled plasmid DNA to unwind [3].

5.6 Prevention of protein modification

Besides lipid peroxidation and DNA damage, protein modification through 
nitration or chloration of amino acids also is caused by ROS. In vivo, peroxynitrite, 
O═N─O─O¯, is a powerful oxidant and nitrating agent formed through the reac-
tion of O2

•¯ with free radical nitric oxide via a diffusion-controlled reaction. In cells, 
ONOO¯ is a much stronger oxidizing agent than O2

•¯ and is able to damage a wide 
range of different molecules such as DNA and proteins. ONOO¯ and its protonated 
form peroxynitrous acids (ONOOH) are capable of exerting direct oxidative modi-
fications during one or two electron oxidation processes [67]. In vivo, ONOO¯ reacts 
nucleophically with CO2 to produce nitrosoperoxy carbonate, which is the predomi-
nant pathway for ONOO¯. These modifications often cause the alteration of protein 
function or structure, in addition to enzyme activities inhibition. Proteins containing 
nitrotyrosine residues have been detected in various pathogenic conditions, such as 
diabetes, hypertension, and atherosclerosis, all linked with promoted oxidative stress, 
including increased formation of ONOO¯. Antioxidants and antioxidant enzyme are 
utilized to prevent the protein modification of ONOO¯. Antioxidants or enzyme such 
as CAT is able to remove H2O2 and also inhibit HOCl formation; similarly, SOD or 
antioxidants, like polyphenols, may scavenge O2

•¯ and inhibit ONOO¯ formation [3].

6. Conclusion

This chapter briefly summarized types of antioxidants, and their mode of 
action. The harmful products formed during normal cellular functions are oxygen 
radical derivatives that are the most important free radical in the biological system. 
For normal physiological functioning, it is important to maintain a tolerated anti-
oxidant status by increasing intake of natural antioxidants. Studies have shown that 
different types of antioxidants, including natural and synthetic antioxidants, can 
help in disease prevention. The antioxidant compounds may directly react with the 
reactive radicals to destroy them via accepting or donating electron(s) to directly 
remove the unpaired status of the radical. Moreover, they may indirectly reduce the 
production of free radicals by inhibiting the efficacy or expressions of free radical 
creating enzymes or by stimulating the activities and expressions of other antioxi-
dant enzymes. Thus, it is essential to know the antioxidant mechanisms of action 
with the free radicals.
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