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Abstract

Compounds that act as inhibitors of the process of oxidation are termed antiox-
idants. These compounds exert such potential even at relatively small concentra-
tions. Cellular activity retarding free radicals are among the end products of an
oxidation chemical reaction, which react in chain reactions to cause damage to the
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cells of an organism which in turn lead to serious disorders. Under oxidative
stress, the cells of the body show an elevation in the production of free radicals
that mostly include hydroxyl radicals, superoxide anion radicals, and hydrogen
peroxide among others. Such compounds are given the name reactive oxygen
species (ROS). When produced beyond the control of their natural stabilizers and
neutralizers, i.e., enzymatic antioxidants [e.g., catalase (CAT), superoxide
dismutase (SOD), glutathione peroxidase (GPx), etc.], there is a need to increase
the concentration of nonenzymatic antioxidants in the body that act as radical
scavenging agents. Such antioxidants can be taken in the form of dietary supple-
ments and mostly include ascorbic acid (vitamin C), α-tocopherol (vitamin E),
glutathione (master antioxidant), carotenoids, flavonoids, etc. These beneficial
antioxidants have the potential to minimize oxidative stress and thus prove
promising in the treatment of several human diseases like cancer, aging, cardio-
vascular diseases, autoimmune disorders, inflammatory diseases, etc. It has been
revealed by some researchers that two-thirds of the world’s plant species possess
great antioxidant potential as these beneficial compounds occur naturally in their
stems, roots, leaves, fruits, and flowers. Naturally occurring antiradicals are much
more effective in stabilizing free radicals than synthetic ones. As natural com-
pounds, phytochemicals like phenolics, flavonoids, and carotenoids are potent
agents that convert harmful radicals to less reactive species. Among fruits and
vegetables, apples also pack a big antioxidant punch as they are loaded with
compounds like quercetin, catechin, chlorogenic acid, phloridzin, and vitamin C,
all of which have been found too potent to inhibit the proliferation of cancer cells,
minimize oxidation of lipids, decrease cholesterol level, improve heart function,
and enhance skin tone. Such benefits are attributed to their antioxidant potential.
Phytoalexins, apart from acting as antioxidants in all biological systems, within
the plant physiology framework, serve to cope up with stresses, e.g., resisting a
pathogen attack. It is an admitted fact that phenols are incorporated in immune
responses in plants. In this chapter, efforts have been made to present some
information about the role of antioxidants in health and disease along with their
properties to defend pathogens that invade different apple species of Kashmir.
Our ongoing research on that very theme is underway.
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1 Introduction

In organisms that have an aerobic mode of cellular respiration, oxygen is necessary
to sustain their life but if provided at higher concentrations it may prove toxic. In
such organisms, the use of oxygen in the respiration process to generate metabolic
energy releases reactive oxygen species (ROS) [1]. Stable molecular oxygen
(dioxygen) is relatively inert in its ground state but if partially reduced, it leads to
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the production of reactive oxygen species like hydrogen peroxide (H2O2), hypo-
chlorous acid (HClO), and free radicals like superoxide anion (O2�), hydroxyl
radical (•OH), singlet O2, etc. (Fig. 1). This builds oxidative stress as a result of
oxidation chemical reactions, which proceed in chain reactions to release more
reactive oxygen species to cause damage to cells of organism [1, 2]. Free radicals
are unpaired electron- containing molecules that become highly reactive to destabi-
lize critical cell biomolecules and organelles. These active oxygen species play a
cardinal role in the development of several diseases like cancer, arthritis, cardiovas-
cular diseases, aging, atherosclerosis, etc. oxidative damage to DNA lead to muta-
tions, aging, and possibly cancer if not reverted by the benign DNA repair system
while oxidative damage to the proteins may result in enzyme inhibition and protein
denaturation [3]. To maintain equilibrium between the production of these reactive
oxygen species and their stabilization, animals and plants have evolved with an
inbuilt, highly sophisticated antioxidant protection system of enzymes and metabo-
lites that interactively work to reduce the oxidative load on cellular components like
DNA, lipids, and proteins [4]. Both these enzymatic and nonenzymatic systems
either prevent the forming of these reactive species or curb them before they can
damage the critical cell biomolecules. However reactive oxygen species are benefi-
cial in cell Redox signaling and thus are not entirely removed, instead, they are kept
at optimum concentrations by these antioxidant systems [4, 5]. Agents of both
systems act as suppressors of oxidation processes even at relatively small concen-
trations. Antioxidant systems are thus inbuilt defense strategies, which deal with
oxidative stress and play a paramount role to ensure normal and disease-free cellular
functions. Examples of antioxidant enzymes include catalase (CAT), superoxide
dismutase (SOD), peroxidase (POX), glutathione peroxidase (GPx), ascorbate per-
oxidase (APX), glutathione reductase (GR), polyphenol oxidase (PPO), etc. Non-
enzymatic antioxidants include ascorbic acid (vitamin C), α-tocopherol (vitamin E),
glutathione (master antioxidant), carotenes, thiols, zinc, etc. Antioxidants like thiols
and ascorbic acid terminate the oxidation chain reactions [4, 6].

Endogenous sources Free radical production Exogenous sources
MITOCHONDRIAL LEAK CIGRATE SMOKING
ENZYME REACTIONS POLLUTANTS
AUTO-OXIDATION REACTIONS UV   LIGHT
RESPIRATORY BURUST IONISING RADIATION

XENOBIOTICS
O2-, H2O2

Transition metals Fe2+, Cu+

OH•

Lipid peroxidation Protein damage

DNA base modification

Fig. 1 Production of free radicals
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The term “antioxidant” is used to describe the two different groups of substances,
synthetic industrial chemicals, which act as preservatives in foods and cosmetics,
and naturally occurring antioxidants like those which occur in plants. Naturally
occurring antioxidants are more potent free radical scavengers than synthetic ones
[7]. Plant extracts having a vast array of phytochemicals are being used to make
supplemental antioxidants to supply the body externally as magic bullets. These
health-promoting compounds in plant parts have gained much interest because of
their lower side effect profile and therapeutic effects. This increasing interest in
replacing naturally occurring antioxidants with synthetic antioxidants has resulted in
the antioxidant evaluation from plant sources as they are viewed by biologists as
nature's answer to physiological and environmental stress as well as related diseases
[5, 8]. It is an admitted fact that diets rich in natural antioxidants results in the limited
incidence of oxidative stress-related diseases like cancer, cardiovascular diseases,
etc. Natural antioxidants that occur in plants belong to several classes such as
phenols, flavonoids, carotenoids, vitamins, etc. All these active compounds have
been found to function as singlet and triplet oxygen quenchers, peroxide decom-
posers, free radical scavengers along with their other beneficial roles in human
physiology [9, 10]. Most current research mainly focuses on phenolic compounds
called flavonoids. Other natural compounds that occur in fruits, vegetables, and
leaves and have antioxidant potential include ascorbic acid, tocopherol, tocotrienols,
lipoic acid, glutathione, zinc, copper, allium sulfur compounds, lycopene, selenium,
etc. [11].

2 Classification, Functions, and Sources of Antioxidants

Antioxidants can be classified in various ways as follows [6, 8, 10]:

2.1 Natural and Synthetic Antioxidants

2.1.1 Natural Antioxidants
These antioxidants occur naturally in pure form in almost all plants as their phyto-
chemicals. They also occur in fungi, algae, and even in animal tissues. In this
category are included vitamins (vitamin C, E, and some B-complex vitamins),
minerals (zinc, copper, selenium, manganese), phenolic and polyphenolic com-
pounds (flavonoids, Isoflavonoids, flavones, anthocyanins, lignans, catechin), carot-
enoids (lycopene, zeaxanthin), etc. Without these antioxidants, the metabolism of
macromolecules like carbohydrates, lipids, etc., may influence to a great extent
because they either function directly as free radical scavenges or act as cofactors
of enzymatic antioxidants [12, 13].

2.1.2 Synthetic Antioxidants
These are industrial chemicals with phenolic configuration. They have the ability to
prevent oxidation by stopping chain reactions and hence are used as preservatives in
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foods and cosmetics [14]. Examples of such preservative antioxidants include propyl
gallate (PG), butylated hydroxyanisole (BHA), butylated hydroxytoluene (BHT),
butylated hydroxyanisole (BHA E320), tertiary butylhydroquinone (TBHQ), and
metal chelating agents (EDTA). Unsaturated fats are commonly susceptible to
oxidation in which they turn rancid, so lipid-rich foods and cosmetics are preserved
by adding these preservatives. Synthetic antioxidants are being replaced with natural
antioxidants due to their higher toxicity and other harmful side effects [15–17].

2.2 Primary, Secondary, and Tertiary Antioxidants

2.2.1 Primary Antioxidants
These are chain-terminating antioxidants that mainly function as oxidation pre-
venters. These antioxidants accept reactive free radicals and thus terminate the
propagation step of autooxidation reactions. They react with peroxyl and lipid
radicals to stabilize them. They mostly act by donating a hydrogen atom. The Pri-
mary antioxidant (AH) reaction mechanism is as follows [15–17]:

R • þ AH ! RHþ A •

RO • þ AH ! ROHþ A •

ROO • þ AH ! ROOHþ A •

Product radicals (A•) produced in these reactions are much less reactive than
former radicals and thus do not promote oxidation. These antioxidant radicals in turn
react with other peroxyl radicals, alkoxyl radicals [17, 18]:

R • þ A • ! RA

RO • þ A • ! ROA

ROO • þ A • ! ROOA

A • þ A • ! AA

Antioxidantþ O2 ! oxidizedantioxidant

2.2.2 Secondary Antioxidants
These are also termed preventive antioxidants or radical scavenging antioxidants.
They exhibit the main function of scavenging ROS and thus suppress chain reaction
initiation. These antioxidants minimize lipid oxidation through different mecha-
nisms, e.g., through chelation of transition metal ions, scavenging highly toxic O2,
UV radiation absorption, ROS deactivation, etc. They often react with H2O2 and
release nonreactive radicals [17, 19].
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2.2.3 Tertiary Antioxidants
These antioxidants are enzyme systems whose function is to revert the molecular
configuration of the cellular biomolecules that are damaged through oxidation.
Examples of such enzymes include methionine sulfoxide reductase, DNA repairing
enzymes, some proteolytic enzymes, etc. [15, 16, 19].

2.3 Hydrophilic and Hydrophobic Antioxidants

2.3.1 Hydrophilic Antioxidants
Antioxidants that are water-soluble and stabilize cell cytoplasm and blood plasma
oxidants and free radicals are called hydrophilic antioxidants. Examples of such
antioxidants include ascorbic acid, glutathione, uric acid, lipoic acid, etc. [5, 20].

2.3.2 Hydrophobic Antioxidants
Antioxidants that are lipid-soluble and neutralize the oxidants and reactive species in
biomembranes to protect them from lipid peroxidation are called hydrophobic
antioxidants. Examples of such antioxidants include α- tocopherol, carotenes,
ubiquinol, etc. [8, 15, 20].

2.4 Endogenous and Exogenous Antioxidants

2.4.1 Endogenous Antioxidants
Highly sophisticated antioxidant enzyme systems and metabolites (nonenzymatic
antioxidants) that are inbuilt defense strategies to deal with oxidative stress are
termed endogenous antioxidants. Both these enzymatic and nonenzymatic systems
work interactively and synergistically either to prevent the forming of these reactive
species or curb them before they can damage the critical cell biomolecules
[21]. They may be primary (catalase, superoxide dismutase, glutathione peroxidase,
superoxide dismutase, thiols, etc.), which stabilize the ROS into their nonreactive
intermediates or secondary (dinucleotide phosphate, nicotinamide adenine, glutathi-
one reductase, glutathione-s-transferase, ubiquinone, etc.), which neutralize ROS,
and make available NADPH and glutathione for primary antioxidant systems. They
also include vitamins and minerals that are produced in the body, which either
directly quench free radicals or act as cofactors to aid enzymatic antioxidant systems
[7, 11, 18, 20, 21].

2.4.2 Exogenous Antioxidants
Antioxidants that are not produced in the body and must be supplied from dietary
sources to aid in reducing oxidative stress by scavenging ROS and stabilizing
oxidants are termed exogenous antioxidants. Plants, herbs, spices, fruits, and vege-
tables are their main sources. These compounds occur in the form of phytochemicals
in most plants [1]. Polyphenolic compounds like flavonoids, flavones, isoflavones,
anthocyanins, lignans, catechins, coumarins, and phenolic acids like hydro benzoic

6 A. A. Shah and A. Gupta



acid, gallic acid, ellagic acid are potent exogenous antioxidants. In addition to these
compounds like carotenoids, lycopene, metal-binding proteins (ferritin, lactoferrin,
myoglobin), vitamin C, selenium, copper, etc., are also included in this category
[1, 10, 23]. All these compounds have gained importance in clinical and research
areas. Plant-based antioxidant supplements are used to treat many diseases related to
oxidative stress. In addition to that, they also act as vitalizers, rejuvenators, and
immune modulators.

2.5 Enzymatic and Nonenzymatic Antioxidants

2.5.1 Enzymatic Antioxidants
These are endogenous antioxidant systems in almost all aerobic organisms. Along
with chemical antioxidants or metabolite antioxidants, cells are controlled by oxi-
dative stress through a highly sophisticated system of antioxidant enzymes
[24]. Superoxide produced in the process of oxidative phosphorylation is initially
converted to H2O2, which is subsequently converted to water and O2. The initial step
of this detoxification pathway is catalyzed by superoxide dismutases and subsequent
steps by catalases and peroxidases [20, 25]. There are two types of enzymatic
antioxidant systems: primary and secondary. Primary enzymatic antioxidants
include superoxide dismutases (SODs), catalase (CAT), peroxiredoxins, and gluta-
thione enzymes (glutathione peroxidase and glutathione-s-transferase) while sec-
ondary antioxidant enzymes include glutathione reductase (GR), glucose-6-
phosphate dehydrogenase, etc. All these enzymes stabilize the reactive oxidative
intermediates in association with cofactors like iron, copper, zinc, selenium, and
manganese without which their effectiveness is compromised. With aging, the
absorption of these essential minerals is reduced, which results in the reduced
efficiency of these detoxifying enzymes [1, 3, 25, 26].

2.5.2 Superoxide Dismutases (SODs)
A Class of primary antioxidant enzymes that convert toxic superoxide anions into
H2O2 and O2. Hydrogen peroxide released in this reaction acts as a substrate for
catalase, which catalyzes it into dioxygen oxygen and water [26].

O2- þ O2- þ 2Hþ ! H2O2 þ 02

These enzymes naturally occur in all aerobic organisms in their cells as well as
extracellular fluid. Associated with these enzymes are mineral cofactors like zinc,
iron, copper, etc., depending upon the isozyme present. For example, in humans,
copper/zinc SOD occurs in the cytosol and manganese SOD is present in mitochon-
dria [8, 27].

2.5.3 Catalases (CATs)
The only substrate for catalases is hydrogen peroxide on which it acts to catalyze its
two-stage conversion into molecular oxygen and water, involving either iron or
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manganese as a cofactor. In this reaction, its cofactor is initially oxidized through one
molecule of H2O2 to form an intermediate compound, which in the second step after
reacting with another molecule of H2O2 releases water and oxygen [25, 28].

Catalase-Fe IIIð Þ þ H2O2 ! CompoundA

CompoundAþ H2O2 ! Catalase-Fe IIIð Þ þ 2H2O2 þ O2

Catalase enzyme is composed of four protein subunits, each having a heme group
and one NADPH molecule. In most aerobic cells, this enzyme is located in perox-
isomes. The Greatest action of catalase can be seen in liver and erythrocytes.
Humans having a genetic deficiency of enzyme catalase (Acatalasemia) are not
effective at reducing oxidative load [8, 14, 19, 27].

2.5.4 Peroxiredoxins
These are a group of peroxidase enzymes that reduce hydrogen peroxide and
hydroperoxides. These enzymes can be categorized into three classes: 1-cysteine
peroxiredoxins, typical 2- cysteine peroxiredoxins, and atypical-2 cysteine
peroxiredoxins, all possessing the same basic catalytic action. In the reactions
catalyzed by them, initially by peroxide substrate, redox-active cysteine is oxidized
to sulfenic acid [26, 29]. These enzymes play a cardinal role in antioxidant metab-
olism, as mice that lack them suffer from hemolytic anemia and also are short-lived.
Hydrogen peroxide from chloroplasts of plant cells is also removed by these
peroxiredoxins [29].

2.5.5 Thioredoxin System
Thioredoxin system is composed of thioredoxin and its associate enzyme
thioredoxin reductase. Thioredoxin’s active site possesses two cysteine molecules
that alternate between active reduced (dithiol) state and nonactive oxidized (disul-
fide) state. In the active form, thioredoxin acts as a potent reducing agent and reactive
oxygen species scavenger. After being oxidized by stabilizing oxidants, thioredoxin
reductase reverts it into active form involving NADPH as electron donor [30, 31].

2.5.6 Glutathione System
This system includes master antioxidant glutathione and related enzymes like
glutathione peroxidase (GPx), glutathione reductase, and glutathione-s-transferase.
Glutathione peroxidase catalyzes glutathione oxidation along with hydroperoxides
like hydrogen peroxide and lipid hydroperoxides. It donates two electrons to reduce
peroxide [18, 21, 32]. In subcellular compartments, GPx is the main scavenger of
H2O2 and its function is directly dependent on the reduced glutathione. GPx contains
four selenium atoms as cofactors. In animals, four different isoforms of GPx are
found. GPx-1 occurs abundantly and is considered as a potent stabilizer of hydrogen
peroxide. GPx-4 efficiently neutralizes lipid hydroperoxides [24, 26]. All these
enzymes can be seen in higher levels in the liver. Animals, plants as well as
microorganisms possess a glutathione system. Glutathione reductase and glucose-
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6- phosphate dehydrogenase act as secondary enzymatic antioxidants. Glucose-6-
phosphate dehydrogenase creates reduced environments by regenerating
NADPH [33].

2.5.7 Nonenzymatic Antioxidants
Endogenous and exogenous chemical (metabolite) antioxidants that do not have
enzymatic nature but work interactively and synergistically with enzymatic antiox-
idants are termed nonenzymatic antioxidants. These compounds play a cardinal role
in dealing with oxidative stress by quenching free radicals, neutralizing oxidants,
stabilizing ROS, and chelating metal ions that catalyze the generation of free radicals
in the cells [29, 33]. Some of these compounds are water-soluble while some are
lipid-soluble. Important exogenous nonenzymatic antioxidants are obtained from
plants in the form of their phytochemicals. These phytochemical antioxidants are
then used as antioxidant supplements to treat many diseases and disorders related to
oxidative stress and also have been shown to act as vitalizers, rejuvenators, and
immune modulators [1, 6, 30]. These compounds have an optimum concentration in
blood (Table 1). Some important nonenzymatic antioxidant compounds are pre-
sented below (Fig. 2).

Vitamin A
It is a class of unsaturated organic compounds of retinol, retinal, and some provita-
min A carotenoids (beta-carotene). Their antioxidant activity is due to their capacity
to bind with peroxyl radicals to avoid lipid peroxidation. It also has a healthy impact
on vision, skin, and internal organs [35].

Vitamin C
Two antioxidant compounds of ascorbic acid, L-ascorbic acid, and L-
dehydroascorbic acid behave like redox catalysts and neutralize reactive oxygen
species like hydrogen peroxide, superoxide radical ion, hydroxyl radical, singlet
oxygen, and reactive nitrogen oxide [36]. It works synergistically with glutathione to
stabilize the oxidative load. Indirectly it acts as a substrate for ascorbate peroxide,
which is a redox enzyme [31, 33, 36].

Table 1 The Concentration of nonenzymatic antioxidants in human serum [9, 41]

Antioxidant Solubility Solubility in Human Serum (μM)

Glutathione Water 4

Ascorbic Acid Water 50–60

Uric Acid Water 200–400

Lipoic Acid Water 0.1–0.7

α-Tocopherol Lipid 10–40

Retinol Lipid 1–3

Ubiquinol Lipid 5

Antioxidants in Health and Disease with Their Capability to Defend. . . 9



Vitamin E
It is the set of eight isoforms, four tocopherols, and four tocotrienols all of which are
fat-soluble with antioxidant potential. α-tocopherol is most the potent and abundant
form occurring in biological systems [32, 37]. It is found to protect biomembranes
from oxidation by stabilizing membrane lipid peroxidation, thus ensuring the integ-
rity of membranes. Antioxidant activity exhibited by vitamin E is due to chroman
head conformation [15, 17, 38].

Uric Acid
It is the intermediate compound of purine nucleotide metabolism. It acts as an
oxy-purine antioxidant produced by the enzyme xanthine oxidase from xanthine. It
occurs in blood in the highest concentration than other antioxidants [39]. Uric acid is
further catalyzed to allantoin by enzyme urate oxidase in almost all land animals but
in humans and most higher primates, the gene expressing for urate oxidase is
nonfunctional and thus is not broken further [40] Uric acid stabilizes the oxidants
like hypochlorous acid, peroxynitrate, peroxides, etc., and also is a potent scavenger
of singlet oxygen hydroxyl radicals. Uric acid is known to minimize erythrocyte

ENDOGENOUS EXOGENOUS

ENZYMATIC                     NON-ENZYMATIC NON-ENZYMATIC

FLAVONOLS, FLAVANOLS, FLAVONES,
ANTHOCYANINS, FLAVANONES          

LYCOPENE, ß-CAROTENE, LUTEIN,

ASCORBIC ACID, TOCOPHEROLS, VIT A
TOCOTRIONOLS        VITAMINS

ZINC, SELENIUM, COPPER, MANGANESE,                 

PRIMARY
ENZYMES

SECONDARY
ENZYMES 

SOD GLUTATHIONEREDUCTASE
CAT GLUCOSE-6-PHOSPHATE DEHYROGENASE

ISOFLAVONOIDS FLAVONOIDS

ZEAXANTHIN CAROTENOIDS

IRON MINERALS
GPx

ALKYL SULPHIDE, INDOLES,
ALLIUM ORGANOSULFUR 

COMPOUNDS

URIC ACID N2 COMPOUND

GALLIC ACID, ELLAGIC ACID, FERULIC
URIC ACID ACID HYDROXYBENZOIC ACIDS
GLUTATHIONE (GSH)
VITAMINS (A, E)  UBIQUIONONE (COENZYME Q10)
THIOREDOXIN
THIOLS LACTOFERRIN, TRANSFERRIN
ALBUMIN METAL CHELATORS
HEPTAGLOBIN 
CERULOPLASMIN
LIPOIC ACID BHA, BHT, EDTA, PG                      SYNTHETIC 

ANTIOXIDANTSBILIRUBIN

RESVERATROL, CURCUMIN PIGMENTS

ANTIOXIDANTS

Fig. 2 Classification of antioxidants
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lysis, which can occur through peroxidation, and also controls the overproduction of
oxy-heme oxidants that are generated when hemoglobin reacts with peroxides [3, 17,
40].

Glutathione
It is a cysteine-containing peptide that occurs in almost all aerobes. Glutathione
antioxidantproperties are attributed to its thiol group in cysteine moiety that alternate
between reduced and oxidized states [41]. Glycine, glutamate, and cysteine are the
amino acids used in the synthesis of glutathione, which is a water-soluble antioxidant
that exists in reduced (GSH) as well as in reduced (GSSG) forms. In cells, the ratio of
GSH to GSSG is taken as the measure of oxidative stress. Elevated GSSG to GSH
ratio is an indication of elevated oxidative stress. More than 90% of total cellular
glutathione is reduced form (GSH) and the rest is in a disulfide state (GSSH).
The Oxidized state is reverted into the reduced state by enzyme glutathione reductase
and in turn reduces other enzymes and compounds such as ascorbate, glutathione
peroxidase, glutaredoxins, etc., as well as reduces harmful oxidants directly [22, 28,
42]. Glutathione plays a cardinal role in the metabolism of xenobiotics, which
conjugate with it, e.g., N-acetyl cysteine is pro-form of Glutathione, which is used
to treat Paracetamol toxicity. Glutathione with vitamin C works synergistically to
stabilize free radicals effectively. Due to its paramount role in keeping cells in a
redox state, glutathione is considered the master antioxidant [43].

NADPHþ GSH þ H2O ! 2GSHþ NADPþ þ OH-

Glutathione (GSH) is efficient in neutralizing ROS by reducing them. The Reac-
tion involved with peroxides is:

2GSHþ R2O2 ! GSSG þ 2ROH R ¼ H, alkylð Þ
and reaction involved with free radicals is:

GSH þ R ! 0:5GSSG þ RH

3 Phytoalexins

Among the major phytochemicals that act as secondary metabolites are phenols,
which within the plant physiology framework serve to cope up with oxidative
stresses and if supplemented in other biological systems also carry out the same
function [39]. Phenolic compounds can be further subdivided into chemical families
such as flavonoids, polyphenols, and hydroxycinnamates, depending on their chem-
ical structure. Among all these, flavonoids act as the best antioxidants [10, 40]. Fla-
vonoids are a class of polyphenolic plant and fungus low molecular weight
secondary metabolites (Fig. 3). They possess a general structure of 15- carbon
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skeleton possessing two phenyl rings A and B and a heterocyclic ring C. Rings A
and B are joined by the mediation of the oxygen having heterocyclic ring C. This
chemical structure is denoted as C6-C3-C6 [3, 9, 16, 40]. Subclasses of flavonoids
are generated because of variations occurring in the heterocyclic ring. Antioxidant
properties of flavonoids are attributed to the phenolic hydroxyl groups on the A and
B rings. Due to their hydroxyl substitutes in hydrogen atoms, they are efficient free
radical scavengers, reducing agents, hydrogen donators, and metal ion chelators
[20, 32, 41]. They have been reported to be potent singlet oxygen quenchers and thus
can reduce their load in systems under oxidative stress. They can also inhibit free
radical generating enzymes like xanthine oxidase, which is liable for superoxide
production [25, 46]. Other nonenzymatic antioxidants are shown in Fig. 3.

4 Mechanism of Action of Antioxidants

Antioxidants that stabilize the free radicals in vitro do not necessarily act like that in
an in vivo system because free radical generation is extremely quick and has a very
short life span with half-lives in milli-, micro-, or nanoseconds [42–47]. It may
be not possible that its complementary antioxidant reacts with it at the same time. In
addition to that, the reaction between antioxidants and free radicals is of second-
order hence dependent on the concentration of both the reactants and their chemical
conformation along with the medium of reaction [48]. When reacted antioxidants
can act in different ways like single electron transfer (SET), hydrogen atom transfer
(HAT), and chelation of transition metal ions that initiate the generation of ROS
(Table 2). Primary antioxidants act through a chain breaking mechanism in which an
electron is donated to a free radical to stabilize it (Fig. 4). Secondary antioxidants
quench the chain initiating catalysts before they flourish and hence are termed
preventive antioxidants [10, 30, 48].

Fig. 3 Flavonoid sub-classes with examples
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5 Equilibrium Between Antioxidants and Free Radicals,
a Prerequisite for Sound Health

Free radical production signifies an important process of aerobic metabolism but
when overproduced, it builds oxidative stress. Such a condition in a biological
system is gaining much scientific attention because being a major cause in the
etiology of various diseases and disorders [50]. An imbalance between antioxidant
systems and free radical generation in which reactive free radicals such as reactive
oxygen species (ROS), reactive nitrogen species (RNS), reactive Sulfur species
(RSS), and harmful oxidants get elevated is the measure of oxidative stress
(Table 3). Such an imbalance can be the result of malfunctioning of endogenous
antioxidant enzymes and metabolites, increased or decreased exogenous antioxidant
intake, etc. [51, 52]. Free radicals that damage the cell biomolecules too possess a
cardinal role in certain cellular functions like redox cell signaling, apoptosis, gene
expression, and ion transportation. The Reactivity of unpaired electron-carrying free
radicals has the potential to damage cellular macromolecules like nucleic acids,
carbohydrates, proteins, and lipids [52, 53].

Table 2 Important ROS scavengers, enzymatic antioxidants, and metal chelators

ROS Scavengers ROS Protective Enzymes
Transition Metal Ion Sequesters that
Generate ROS

Uric Acid Catalase (CAT) Ferritin

Ascorbic Acid (VIT
C)

Glutathione Peroxidase
(GPx)

Transferrin

Glutathione (GHS) Superoxide Dismutase
(SD)

Ceruloplasmin

Thioredoxin Glutathione Reductase
(GR)

Metallothionein

electron donation UNPAIRED ELECTRON

ANTIOXIDANT FREE RADICAL

Fig. 4 Reduction of free radicals by antioxidants
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5.1 Oxidative Damage to Proteins

Oxidants and free radicals can react with proteins, which can lead to amino acid
modification, peptide chain fragmentation, denaturation, and electric charge
enhancement. Oxidized proteins are more vulnerable to proteolysis. Elevation in
the oxidized proteins in the cells can result in cellular dysfunction and hence loss of
selected physiological function [54, 55].

5.2 Oxidative Damage to Lipids

In the plasma membranes of all the cells, lipids have a structural and functional role
[7, 9, 55]. Polyunsaturated fatty acids are more vulnerable to ROS attack. Hydroxyl
radicals (•OH) are the main cause of lipid peroxidation and ROS chain reaction
(Fig. 5) initiation in the case of membrane lipids that can lead to loss of fluidity and
cell lysis [56]. In this process, several compounds are released that act as confirma-
tory indicators of lipid peroxidation assay. Such compounds include alkanes, iso-
prostanes, and malondialdehyde and have been confirmed in certain diseases that are
linked to lipid peroxidation like diabetes, heart diseases, and neurodegenerative
diseases [42, 43, 57].

Table 3 Free radical production and their functions

Reactive Species Source Function

NO•(nitric oxide) The Reaction of nitrate-oxide
synthase on arginine using
NADPH as the electron donor.

Intracellular second messenger,
helps in blood vessel smooth
muscle relaxation, stimulate protein
kinases & guanylate cyclase.

HO2
•(hydroperoxyl) O2

•- protonation Initiate fatty acid/lipid
peroxidation.

ONOO�

(peroxynitrate)
The Reaction of O2 with NO• Strong nitrating & oxidizing agent

of methionine & tyrosine residues,
oxidizing agent of DNA to produce
nitrogaunine.

ONOOCO2
� The Reaction of ONOO� with

CO2 (adduct).
Helps in tyrosine nitration in
oxyhemoglobin.

O2
•-(superoxide

radicle)
Released in enzymatic reactions,
autooxidation reactions, &
non-enzyme electron reactions

Act as reducing anion of iron
complexes like cytochrome-c
oxidizes ascorbic acid and α-
tocopherol.

HO•(hydroxyl
radical)

Generated from H2O2 in metal-
catalyzed Fenton reaction

Reacts with both inorganic and
organic compounds including
macromolecules like proteins,
nucleic acids, etc.

NO2
•(nitrogen

dioxide)
Generated in homolytic
fragmentation of ONOOCO2

� or
protonation of ONOO�

Decreases ascorbate and α-
tocopherol in plasma.
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5.3 Oxidative Damage to DNA

Reactive oxygen species and oxygen-free radical producing agents like ionizing
radiations produce alterations in DNA that lead to mutations, deletions, DNA
denaturation, and other deadly genetic effects. DNA damage renders DNA suscep-
tible to oxidation that leads to base degeneration, cross-linkage to proteins, and
single-strand breakage. Damage caused to DNA by free radicals is highly associated
with cancer and aging [55, 59].

5.4 Oxidative Damage to Carbohydrates

Glucose, mannitol, and deoxyribose are susceptible to hydroxyl radical attack
forming oxidized intermediates. Further reactions with these intermediates give
rise to compounds like ß- dicarbonyls, which are powerful mutagens [1, 58].

Free radical accumulation has both endogenous sources and exogenous sources
[47, 49, 59]. At times of environmental stress and cellular malfunctioning, ROS
levels are elevated dramatically and put the cell under oxidative stress, which itself is
the main cause of pathogenesis of various diseases like cancer, aging, heart diseases,
inflammatory diseases, Alzheimer’s disease, neurodegenerative diseases, stroke, etc.
(Fig. 6). Overpopulation, industrialization, and pollution have resulted in the
significantelevation inoxidative stressors [47, 54, 60]. Researchers suggest that
management of oxidative stress-related diseases through the antioxidant approach
hold potential. That is why current researches focus on the use of natural antioxi-
dants from medicinal plants, vegetables, herbs, leaves, fruits, etc., as antioxidant
drugs [57, 60].

Repair Damage

Activation Normalization

Molecular 
damage to DNA, 

lipids, proteins

ROS

Redox cell 
signaling

EXOGENOUS 
SOURCE

Endogenous 
source

Changes in gene expression

Damage to cell organelles like 
mitochondria, peroxisomes

Cellular responses: inflammation, 
proliferation, apoptosis

Systemic responses: 
cancer, aging etc.

Fig. 5 ROS damage and physiological results
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6 Apples Pack a Big Antioxidant Punch

FAMILY: ROSACEAE

SUBFAMILY: MALOIDEAE

GENUS: MALUS

Apple (Malus domestica Borkh, 1803) Scientific Classification

“An apple a day keeps the doctor away” is the proverb addressing the supposed
benefits of apple fruits on human health. Researches are increasing day by day to
explore the phytochemical content of apples that have profound effects on human
health. Apples have been found to be rich sources of bioactive phytochemicals,
which can be defined as nonnutritive molecules which when consumed confer
health-promoting benefits and reduce the risk of some diseases such as those related
to oxidative stress [61]. Polyphenols are one of the major groups of apple phyto-
chemicals whose subclasses include flavonoids, flavonols, flavones, flavanols, iso-
flavonoids, and phenolic acids. These classes include the compounds like catechin,
phloridzin, epicatechin, procyanidins, chlorogenic acid, quercetin-3-galactoside,
cyanidin-3galactoside, quercetin-3-rhamnoside, coumaric acid, and gallic acid,
which mainly pack the antioxidant punch of apples and all of them are best studied.
Moreover, apples are also loaded with other nutritious chemicals like vitamins,
minerals, etc., that act as exogenous antiradicals and also aid the functioning of
endogenous enzymatic antioxidants [62, 63].

LUNGS:
Chronic bronchitis 

Asthma

BRAIN:
Alzheimer’s disease
Parkinson’s disease

Memory loss
Depression

Stroke

JOINTS:
Arthritis

Rheumatism

Blood vessels:
Arteriosclerosis
Hypertension

Ischemia
Cardiomyopathy

FETUS:
Preeclampsia

IU growth restriction

Kidneys:
Glomerulonephritis
Chronic renal failure

Multi-organs:
Cancer 
Aging

Infections
Inflammation

Diabetes 
EYES:
Cataract

Retinal diseases 

Oxidative 
stress

Fig. 6 Oxidative stress- related diseases
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Phytochemical composition is different in different apple varieties and also small
alterations can occur during fruit maturation and ripening. It has been found that
storage has a negligible effect on phytochemicals but the processing does have.
Flavonoid content varies not only between different apple varieties but also within
the types of fruit tissue [40]. They are mainly concentrated in the outer peel with
elevated levels in redder and darker regions [64, 65]. It has been reported by CSIRO
Australian research, that apple peel is concentrated in antioxidants along with
1.5–9.2 times the concentration of phenolic compounds as compared to apple
flesh. Apple peels mostly contain phloridzin, epicatechin, procyanidins, chlorogenic
acid, and quercetin conjugates. Quercetin exclusively occurs in the peels
[55, 66]. All this shows that apple peels may have more antioxidant activity than
the flesh. Leontowicz et al. 2003 [66] support this study by finding that rats eating
apple peels show higher inhibition of lipid peroxidation and higher antioxidant
activity in plasma when compared to rats fed on only apple flesh.

Both in vivo and in vitro studies have shown that apple antioxidants are too potent
to inhibit cancer cell proliferation, inhibit lipid oxidation, can lower harmful cho-
lesterol levels, reduce the risk of cardiovascular diseases, have antiproliferative
effects, can modulate autoimmune and inflammatory disorders, etc.[67, 68] Apples
are rich in the flavonoid quercetin, which has been reported to have positive effects
on the human cardiovascular system as it has been shown to reduce the oxidation of
low-density lipid cholesterol. It is also the best metal ion chelator and thus may
reduce the risk of some chronic disease. Quercetin has also been shown to ease
endothelial dysfunction and reduce hypertension, possibly by enhancing levels of
potent vasodilator nitric oxide (NO). Epicatechin is found to inhibit oxidation of
low-density lipoprotein (LDL) in vitro. Chlorogenic acid has potent alkyl peroxyl
radical (ROO•) scavenging action [69–71].

7 Apple Cultivation in Kashmir and Strategies for Organic
and Disease-Free Production

In the Indian subcontinent, Kashmir is located in the western Himalayan region and
is the most suitable geographical region for apple cultivation. It is in the north-
western region of South Asia with the geographical area of 101,378 km2. It lies
between latitude 32�170 and 37�05 North’ and longitude 72�310 and 80�200 East. In
India, Kashmir is the most famous region for apple cultivation and almost 80–90%
of the total apple production in India comes from Kashmir. The main factors that
promote the cultivation of apple plants in Kashmir are geographical location,
climatic conditions, soil type, and organic matter, winter snowfall, etc. A higher
elevation (1500–2700 m above sea level) is mandatory to support the growth and
fruiting of apple trees. Moreover, annual rainfall of 100–130 cm is also necessary
for the sound growth of almost all varieties of apple trees. Loamy-type soil rich in the
organic matter having a pH of 5.5–6.5 is ideal soil type that support apple cultiva-
tion. All varieties of apple in Kashmir need 1200–1600 chilling hours for sound
growth. All these requirements are fulfilled in the Himalayan regions like Kashmir
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where there is a temperate climatic condition with winters very cool and for almost
2–3 months apple trees remain covered under the blanket of snow. More than 7500
apple cultivars of apple are known worldwide of which at least 113 can be found in
Kashmir but only 9–11 varieties are grown on a large scale [72]. The main among
them are listed in Table 4 and depicted in Fig. 7. Red delicious is the most
commercial variety of apple in Kashmir. In Kashmir and other temperate regions,
the predisposition of apple fruits and other plant parts to wide a range of microbial
diseases put forth a challenge in organic apple production, both in their growing
phase and the following post-harvest storage phase. Apple fruits and other plant parts
like leaves are susceptible to fungal, viral, viroidal, and phytoplasma infections.
These hard- to- manage infections are creating a mess for cultivators in domestica-
tion and large-scale production of apple. Among pathogenic microbial attackers of
apple, fungi dominate and produce such diseases that take the shine off from apples
and render their quality unfit for marketing, which in turn adversely affect the
economy of cultivators. Among fungal diseases, apple scab caused by Venturia

Table 4 Different varieties of apples grown in Kashmir on a large scale and their main Antioxidant
profile as revealed by our phytochemical analysis (Project underway).

Variety
Initial
fruit color

Color after
fully ripe Taste Flavonoids that dominate

Red
delicious

Green Red Crunchy and
mildly sweet

Quercetin-3-galactoside,
catechin, procyanidin, daidzein

Granny
smith

Green Light green Tard and
acidic

Quercetin-3-glucoside,
coumaric acid, phloridzin,
glycitein

Kullu
delicious

Green Reddish
black

Sweet Quercetin-3-rhamnoside,
epicatechin, gallic acid,
cyanidin

Golden
delicious

Green Pale green to
golden
yellow

Sweet tard
aromatic
flavor

Quercetin-3-glucoside,
cyanidin-3-galactoside,
coumaric acid

Red golden Green Shiny deep
red

Sugary-
sweet

Quercetin-3-galactoside,
chlorogenic acid, gallic acid

American
trel

Light
green

Red Bit sour Cyanidin-3-galactoside,
phloridzin, phlorizin, malvidin

Ambri Light
green

Reddish pink
blush

Sweet &
aromatic

Proanthocyanidins, catechins

Maharaji Deep
green

Bright red
color

Citrus
(acidic)

Quercetin-3-galactoside,
coumaric acid, phloridzin

Hazaratbali
(benoni)

Green Red
(partially)

Mildly
Sweet & sub
acidic

Kaempferol, myricetin,
quercetagetin, taxifolin

Crab apples Greenish
(lemon
like)

Golden
yellow

Acidic &
aromatic

cyanidin-3-galactoside,
daidzein, glycitein

Red fuji Green Pinkish red Sweet Quercetin-3-galactoside,
taxifolin, luteolin
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1. AMERICAN TREL 2.GOLDEN DELCIOUS

3. RED DELICIOUS 4. RED GOLDEN

5. MEHARAJI 6. QUINCE APPLE

Fig. 7 (continued)
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inaequalis is complicating the cultivators to a great extent in achieving the dreams of
organic production as it requires a lot of energy in time, money, and effort to combat
it fully [72–75]. Apple scab V. inaequalis produces dark lesions on the surface of the

11. RED FUJI

7. AMBRI 8. GRANNY SMITH

9. KULLU DELCIOUS 10. HAZARATBALI (BENONI) 

Fig. 7 Different Apple species mainly grown in Kashmir
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fruit peels and in case of severe infection, the fruit is cracked, which facilitates
invasion by secondary pathogens. Besides causing lesions on fruit peels, severe scab
lesions on foliage decrease the rate of photosynthesis due to the destruction of the
leaf tissue and a reduction of leaf surface for photosynthesis. The disease can easily
spread in the orchard and lead to both reduced fruit quality and serious losses in
production [73]. In Kashmir, the current conventional inorganic approaches of fruit
production mainly involve chemical fungicide sprayings 5–7 times from the period
of early flowering up to the time shortly before harvest. Indiscriminate use of typical
and atypical fungicides has posed a threat to the environment as they mainly contain
sulfur compounds that are cytotoxic and phytotoxic as well as detrimental to
beneficial organisms occurring naturally in the rhizospheres of orchards
[74, 75]. For the organic approach of apple production, one grave challenge that is
faced by cultivators is the limited availability of organic fungicides. Apart from
selecting scab-resistant cultivars of apples, organic growers depend mostly on
inorganic fungicides such as sulfur sprayings for scab control in apples, which is
against organic production. These inorganic fungicides are widely used and have
been for many years probably because of the nonavailability of alternative
approaches of fungal control. Moreover, these chemicals have prompted hard- to-
treat antifungal resistance in invading pathogenic fungi and had proved detrimental
to organisms occurring naturally in the rhizosphere (eco-toxic). Therefore, alterna-
tive methods are needed to be investigated that may support organic production,
prove eco-friendly and be less toxic for man and other organisms. One of the
alternative approaches to inorganic chemical protection is to improve the plant’s
own defending phytoalexins as natural resistance, to make the fruit intrinsically able
to withstand the fungal infections.

Apples pack a big flavonoid punch. They are mainly rich in the subclasses like
flavanols, flavones, and flavonols [76, 78]. Compounds like procyanidins, catechin,
epicatechin, chlorogenic acid, phloridzin, and quercetin are the main flavonoids that
occur in apples. These secondary phenolic and polyphenolic compounds, apart from
acting as antioxidants within the plant physiology framework, serve to cope up with
stresses, e.g., resisting a pathogen attack [76]. It is an admitted fact that phenols are
incorporated in immune responses in plants [73, 77]. After a plant is challenged by
pathogens or other abiotic stressors, it undergoes physical, chemical, or biological
stress, after which various biochemical changes take place inwardly. These alter-
ations could result in an up- or downregulation of specific phytoalexins, which in
turn may play a cardinal role in the resistance/susceptibility of those plants to the
invaders [77]. Naturally occurring phytoalexins, incorporated in disease resistance,
occur also in healthy plant tissue as compounds of basic resistance with other
numerous activities like antioxidant properties but such compound synthesis and
accumulation seems to elevate after the microbial invasion and can therefore be seen
as a post-infection retaliation that tends to retard the pathogen growth. Data from the
literature have revealed that flavonoids get involved in the response against patho-
gens, both as components within planttissues, as well as when they are applied
externally to the tissues [79–82]. Current trends of research on these phytoalexins
relate to their identification, isolation, characterization, and functioning in biological
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systems as well as their effect on the growth and proliferation of microorganisms like
fungi, bacteria, etc. Our ongoing research is also focused on the so–called
phytoalexin-enhancing “biostimulants” as well as the effect of phenolic compounds
of different apple species on fungal proliferation on their peels.

8 Conclusion

Rising oxidative stressors in the environment have wreaked havoc on human health.
Both exogenous and endogenous oxidative free radicals and reactive oxygen species
have led to cellular damage, which now appears the basic cause of many human
diseases and disorders like cancer, aging, cardiovascular pathologies, etc. To relieve
this oxidative load, nature has placed innumerable benign compounds in plants and
their parts, which are termed antioxidants. Due to the high side effect profile and
toxicity of synthetic antioxidants, natural antioxidants have gained much attention
which has urged researchers to peep into the world of phytochemicals and carry out
clinical trials to find their use as natural oxidative stress relievers. Fruits and
vegetables pack a big antioxidant punch. People consuming more fruits and vege-
tables are less susceptible to oxidative stress and related diseases. The Predisposition
of apple fruits and other plant parts to a wide range of microbial diseases put forth a
challenge in organic apple production, both in their growing phase and the following
post-harvest storage phase. For the organic approach of apple production, one grave
challenge that is faced by cultivators is the limited availability of organic fungicides.
Apart from selecting scab-resistant cultivars of apples, organic growers depend to a
great extent on the use of inorganic fungicides, such as sulfur sprayings, for scab
control in apples, which is against organic production and are eco-toxic. These
inorganic fungicides are widely used and have been for many years probably
because of the nonavailability of alternative approaches to fungal control. Therefore,
alternative methods are needed to be investigated that may support organic produc-
tion, avoid antifungal resistance development, prove eco-friendly, and be less toxic
for man and other organisms. One of the alternative approaches to inorganic
chemical protection is to improve the plants’ defending apparatus as natural resis-
tance, to make the fruit intrinsically able to withstand the fungal infections. Our
ongoing research is mainly focused on that very theme.
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