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Chapter

Antioxidant Activity: The
Presence and Impact of Hydroxyl
Groups in Small Molecules of
Natural and Synthetic Origin

Mohammed Ali Al-Mamary and Ziad Moussa

Abstract

Polyhydroxylated natural phenolic compounds, especially those with low
molecular weights, are characterized by their ability to eliminate free radicals as
they act as strong antioxidants. The various types of phenolic compounds represent
the most important natural antioxidants in addition to some vitamins. The chemical
structures of these compounds is discussed in details with their action mechanisms
to remove free radicals and prevent many incurable and malignant diseases. In
addition to these natural compounds, the last two decades have witnessed increased
attempts by many scientific groups and research centers to synthesize chemical
compounds in large quantities to mimic these natural compounds, but at a lower
cost and greater biological effectiveness. Herein, we conduct a chemical survey of
relevant synthetic compounds containing the hydroxyl groups prepared in chemical
laboratories and studied for their biological efficacies, such as their effectiveness as
antioxidants, as well as the mechanism of elimination of free radicals.

Keywords: antioxidants, hydroxyl Groups, natural antioxidants, synthetic
antioxidants, small-molecules antioxidants

1. Introduction
1.1 Free radicals

Free radicals are chemical species such as atoms or group of atoms with an odd
(unpaired) number of electrons. They are produced due to splitting weak bonds.
The biological free radicals, such as reactive oxygen species (ROS) and reactive
nitrogen species (RNS), are usually produced in our bodies. It is known that free
radicals are very reactive and may quickly react with other chemical entities (atoms
or molecules) by capturing the required electron to gain stability. There are two
types of biologically important reactive species. The first type contains oxygen and
is known as reactive oxygen species (ROS), while the second type contains nitrogen
and is known as reactive nitrogen species (RNS). Both ROS and RNS can be classi-
fied into radicals and non-radical species.
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1.1.1 Reactive oxygen species (ROS)

ROS can be classified into two types, radical species and non-radical species.
The most important ROS radicals are: superoxide anion radical (O,7), hydroxyl
radical (OH), alkoxyl radical (RO"), lipid peroxide radical (ROO"), and hydroper-
oxy radical (HOO'). While the non-radicals ROS are: hydrogen peroxide (H,0,),
singlet oxygen (*0,), ozone (03), organic peroxide (ROOH), and hypochlorous
acid (HOCI).

1.1.1.1 Superoxide anion radical

It is important to emphasize that the mitochondria is the main source of the
most active biological ROS [1-5] such as superoxide anion radical (O, "), hydrogen
peroxide (H,0,) and hydroxyl radical (OH). Thus, the initial reactive oxygen spe-
cies (Oy") is produced due to the reduction of free oxygen by some electrons leaking
out from the electron transport chain during the process of oxidative phosphoryla-
tion. This particle is relatively stable intermediate and considered as the precursor
for most important ROS. The reduction of free oxygen by electrons in mitochondria
can be illustrated as follows: O, + e — O,". In addition, the superoxide anion
radical may be produced in a process of oxygen reduction by enzymatic systems in
mammalian cells as follows [6]:

O, +e” + NADPD -oxidase or xanthine oxidase or cytochrome P450 - O,". (1)

The superoxide anion radical and hydrogen peroxide are formed in vivo, in the
brain, and the central nervous system (CNS). It is known that several areas in the
brain contain high amount of iron which stimulates free radical reactions.

1.1.1.2 Hydroxyl radical (OH)

The superoxide anion and hydrogen peroxide can be converted rapidly to
hydroxyl radical (OH), which is known as the most reactive and destructive radical
in biological system. This radical is quickly produced via Fenton [7] and Haber-
Wiess reactions as follows [8, 9]:

H,0, +Fe** - ‘OH+OH™ +Fe’* (Fenton reaction) (2)

O0,” +H,0, - ‘OH+ "OH+0, (Haber — Weiss reaction) (3)

The reaction of H,0, with Fe*? and Cu* metal ions which are typically com-
plexed with certain intracellular proteins such as ferritin and ceruloplasmin,
respectively [7], occurs due to stress conditions, which means an excess of
superoxide anion radical (O, ). This phenomenon releases free ions (Fe*?) from
ferritin which in turn reacts with H,O, according to Fenton reaction to produce
hydroxyl radical (OH). This free radical can strongly react with biomolecules such
as DNA, proteins, lipids, and carbohydrates and cause severe damage to the cells
than any other ROS [10]. The. OH is the most destructive free radical and can more
easily penetrate the phospholipid bilayer than O, ", which is negatively charged.
When -OH is generated by Fenton reaction, the extent of its formation is largely
determined by the availability and location of the metal ion catalyst. One feature
of -OH is that it leads to the generation of another radical, so when it reacts with
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amolecule, a new free radical is generated. However, the new free radical usually
has lower reactivity than the hydroxyl radical (-OH). The -OH attacks all proteins,
DNA, polyunsaturated fatty acids (PUFA) in membranes, and almost any biologi-
cal molecule it encounters [10]. The hydroxyl radical (-OH) can be obtained by
another reaction in neutrophils, where HOCI reacts with superoxide anion radical
[11, 12] as follows:

HOCI+0O,” - OH+0O, +Cl" 4)

The hydroxyl radical (OH) is the strongest oxidant produced in biological
systems. It reacts very rapidly and indiscriminately with most biological targets
present at its site of formation.

1.1.1.3 Lipid peroxide radical (ROO ) and alkoxyl radical (RO)

Peroxy radicals (ROO) and alkoxy radicals (RO’) are moderately strong
oxidants. Lipid peroxidation starts with abstraction of H-atom by ‘OH, or by RO
to form alkyl radical (R’), then oxygen (O,) is added to alkyl radical to generate
peroxyl radical (ROO). Lipid peroxidation or the oxidative destruction of PUFA
containing methylene groups (-CH,-) comprise the main targets [13]. This process
can be illustrated in three steps as follows:

RH+ OH — R’ +H,O0 (Initiation step) (5)

R+ O0,—->ROO (6)

Then, peroxyl radical reacts with another polyunsaturated fatty acid (RH) to
remove H-atom:

RH+ROO" — R’ + ROOH (Propagation step) (7)
Finally, to terminate lipid peroxidation, the following reaction takes place:
ROO +ROO — ROH + RO +' O, (Termination step) (8)

It is clear that lipid peroxidation leads to the formation of alkyl (R), peroxyl
(ROO), and alkoxyl (RO') radicals. Generally, lipid hydroperoxide (ROOH) is
relatively stable, but in the presence of Fe and Cu ions, it causes the formation of
alkoxy and peroxy radicals [14, 15].

ROOH +Fe’* - RO +Fe** 9)
ROOH + Fe** - ROO +Fe** (10)

The reactivity of RO and ROO is related to the presence of substituents at the
a-carbon. As a result, the presence of an electron-withdrawing group increases the
reactivity, while the presence of an electron-donating group decreases it. Thus,
aromatic ROO  and RO must be less reactive because of single electron delocaliza-
tion. These free radicals react with biomolecules by abstracting H-atom [16, 17].
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1.1.1.4 Hydroperoxyl vadical (HOO)

Hydroperoxyl radical, also known as perhydroxyl radical (HOO), is formed due
to the reversible reaction occurring between superoxide anion radical and proton.
This reaction takes place in cells as follows:

0,” +H' <> HOO' (11)

The pKa of this radical is 4.88 [18]. At pH 7.2 in the cytoplasm, a small amount
of this radical (1% of O,"") exists as HOO [19]. Perhaps for this reason, many
researchers presumed that HOOe has little or no role in initiation of lipid peroxi-
dation [20]. In comparison with other oxidants, HOO" shows high specificity in
reaction with PUFA, linoleic (C18:2), and linolenic (C18:3) acids [21].

1.1.2 Non-radicals of ROS
1.1.2.1 Singlet oxygen

The singlet oxygen ('0,) isa potent oxidizing agent, because it can react with
different macromolecules such as DNA [22], and is responsible for lipid peroxida-
tion of membrane and other tissues [23]. It is generated in cells, specifically in
neutrophils and eosinophils [24, 23]. In addition, this particle can be formed by
enzymatic reactions [25-27]. This reactive particle is produced due to the activation
of molecular oxygen to two excited states. In the first excited state, oxygen has two
electrons with opposite spins in the same n* orbital, while in the second excited
state oxygen has one electron in each of two degenerate n* orbitals. However, singlet
oxygen in the first excited state is extremely reactive in comparison with other
excited states like the triplet state. Allen [28] suggested the mechanism for the pro-
duction of singlet oxygen from H,0O, and CI” in the presence of the myeloperoxidase
(MPO) enzyme as follows:

H,0, +H* +CI” + MPO — HOCl+ H,0 (12)

H,0, +HOCl->H,0+H" +Cl +'0, (13)
1.1.2.2 Hydrogen peroxide (H,0,)

Hydrogen peroxide is generated via an enzymatic reaction where the reactive
superoxide anion radical is rapidly converted by an antioxidant enzyme called
superoxide dismutase (SOD). The new formed oxygen species H,0, is less reactive.
Thus, hydrogen peroxide is formed as follows by SOD:

20,” +2H" +SOD —H,0, +H,0 (14)

It is clear that, in the dismutation reaction (an oxidation-reduction process),
two superoxide anion radicals are involved. In this reaction, one superoxide anion
radical is oxidized to oxygen while the other is reduced to hydrogen peroxide
[29]. The latter (H,0,) is relatively stable and membrane permeable so this non-
radical species can diffuse inside the cell and can be removed by mitochondrial

antioxidant enzymatic systems such as catalase (CAT) and glutathione peroxidase
(GPx) [30, 31].
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2H,0, +cat—> 0, +2H,0 (15)
2H,0, +2GSH+GP, - GSSG +2H,0 (16)

As illustrated, glutathione peroxidase (GPx) removes hydrogen peroxide (H,0,)
by oxidizing two glutathione molecules (GSH) to produce oxidized glutathione
disulfide (GSSG). It is clear that the three SOD, CAT, and GPx enzymes show
synergistic effect in the scavenging of superoxide anion radical (O, 7). The in vivo
destruction effects of hydrogen peroxide (H,0,) result due to the presence of transi-
tion metals or enzymes, such as heme-peroxidase. The destruction of H,O, leads to
the formation of other more reactive oxidants such asOH, NO, and HOCI. Thus,
reaction of hydrogen peroxide with Cu'* and Fe’* leads to the production of. OH.
On the other hand, in phagocytic cells, myeloperoxidase uses its substrate H202 to
generate HOCI. The release of MPO during phagocytosis may play an important
role in microbial elimination [32].

1.1.2.3 Ozone (O3)

Ozone gas (Os) exists in polluted atmosphere and the inhalation of this gas by
human may lead to lung injury and inflammation. In living organisms, ozone is
thought to be formed due to oxidation of H,0 to H,0, in the presence of antibodies
[33]. Thus, antibodies use H,O as an electron source, facilitating its addition to 0,
to generate dihydrogen trioxide (H,0;), which is converted to ozone [34].

H,0+'0, > HOOOH - O, + H,0, (17)

Ozone reacts with fatty acids, cholesterol, amino acids and DNA. The lung is the
most affected organ due to exposure to ozone. The effect of ozone on tissues occurs
via free radical mechanisms [35-37]. The ozone radical anion then reacts with a
proton to form the hydroxyl radical and oxygen as follows [36].

O,”+ H ->HO +0, (18)
1.1.2.4 Hypochlorous acid (HOCI)

This species (HOCI) is generated in neutrophils by the reaction of Cl ~ with
H,0,, which is catalyzed by the enzyme myeloperoxidase [38]. It is illustrated as
follows:

H,0, +ClI" + MPO - HOCI + OH (19)

The hypochlorous acid is considered to be a very reactive oxidizing agent. So,
it may affect different biomolecules and may destroy phagocytized pathogens by
causing oxidative damage to their biomolecules which include proteins [39], DNA
[40], and lipids [41]. On the other hand, the overproduction of HOCI can lead to
many health problems such as atherosclerosis and cancer [42, 38].

1.1.3 Reactive nitrogen species (RNS)

Reactive nitrogen species (RNS) can be found in biological systems as free
radical species and non-radical species. However, the most common RNS radical
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is nitric oxide radical (NO') and nitrogen dioxide (NO,). On the other side, the
important non-radical RNS is peroxynitrite ion (ONOO~). Generations of these
reactive species is discussed below.

1.1.3.1 Nitric oxide (NO *)

Nitric oxide free radical (NO') is an endogenous free radical synthesized in the
presence of nitric oxide synthase (NOS) that oxidizes L-arginine to L-citrulline
[43]. In this reaction, one of the guanidino nitrogen atoms is oxidized to form NO.
This process is shown below:

L — Arginine+ 0O, + NADPH + NOS — L —Citrullin + NO + NADP* (20)

The NO  radical can diffuse easily and has the ability to reach many intracel-
lular targets and cause biological damage [44]. The enzyme nitric oxide synthase
(NOS) is found in different cells such as vascular endothelial cells, smooth muscle
cells, platelets, neuronal cells, macrophages, and neutrophils [45]. In addition, this
radical plays an important role in biological tissues such as vasodilation, memory,
neuronal response, among others [46-50].

1.1.3.2 Peroxynitrite (OONO") and Other Reactive Nitrogen Species

This nitrogenous species is generated due to reaction of superoxide anion radical
(O,7) with nitrogen oxide radical (NO') radical as follows:

0, +NO - ONOO (21)

It is noted that at physiological pH (7.4), peroxynitrite exists in equilibrium with
peroxynitrous acid, ONOOH [51].

ONOO™ +H" «+» ONOOH (22)

Then, peroxynitrous acid (ONOOH) is subjected to homolysis to produce
hydroxyl radical (OH") and nitrogen dioxide radical (NO,’), which may rearrange to
form nitrate (NO;").

ONOO™ +H' <> ONOOH <> HO +NO, |-»>NO, +H' (23)

The ONOO" is a very reactive anion, even more so than the particle (NO and
0,7) from which it is formed [52-54]. The peroxynitrite anion can cross biological
membranes and interact with most critical biomolecules [55]. Thus, it can cause
oxidation of lipids, and proteins via oxidation of methionine and tyrosine residues
and can oxidize DNA to generate nitroguanine [56]. Under most biological condi-
tions, ONOO- and ONOOH exist in equilibrium [57]:

ONOO™ +H" «+>» ONOOH (24)

Indeed, protonation weakens the O-O bond in ONOOH and leads to homolytic
cleavage to generate hydroxyl radicals (OH) and nitrogen dioxide (NO,), two
strongly oxidizing/hydroxylating and nitrating species, respectively.
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ONOOH — 'NO, +.OH (25)

As anucleophile, a central reaction of peroxynitrite in biology is the addition
of the anion to carbon dioxide (CO,) to yield a nitrosoperoxocarboxylate adduct
(ONOOCO;) that undergoes fast homolysis to NO, and [58-60].

ONOO™ +CO, »ONOOCO, — ‘NO, +CO;" (26)
1.2 Antioxidants

An antioxidant is any substance that has the ability to prevent, inhibit, or delay
the oxidation of other substances. In biological systems, antioxidants play a very
important roles in removing free radicals such as ROS and RNS, and consequently
reduce oxidative stress. Antioxidant molecules can be classified based on the type of
mechanistic defense they offer:

1.2.1 Antioxidants suppressing formation of free radicals

These are endogenous antioxidant enzymes like superoxide dismutase (SOD),
catalase (CAT) and glutathione peroxidase (GPx). These enzymes efficiently sup-
press or prevent the formation of free radicals and other ROS in tissues. Thus, SOD
removes superoxide anion radical as follows:

20,” +2H" +SOD - H,0, +H,0 (27)
On the other hand, CAT reduces formed H,0, to water and oxygen:
2H,0, +cat >0, +2H,0 (28)

The GPx enzyme system detoxifies H,O, by catalyzing its reduction using
glutathione (GSH) as a sacrificial reductant to produce one molecule of oxidized
glutathione (GSSG). Thus, the enzymes SOD, CAT, and GPx, work collectively to
prevent the effect of O, ".

2H,0, +2GSH + GP, - GSSG +2H,0 (29)

In addition, Fe and Cu ions are included to this type of defense, since these ions
bind proteins such as transferrin and caeruloplasmin and prevent them from free
radical formation. Generally, any chemical compound having two or more of the
following functional groups: —-OH, —-SH, ~-COOH, -PO;H,, C=0, -NR;, -S- and
—O- may have chelating activity [61]. The mechanism of metal ion chelation with
some natural phenolics such as protocatechuic acid and anthocyanins is shown in
Figure 1.

Transition metal ions (Fe*> and Cu*) make complex species with different types
of phenolic compounds such as flavonoids containing multiple hydroxyl groups
(polyhydroxylated). The involvement of these ions in the formation of complexes
prevents the Fenton reaction which leads to the formation of hydroxyl radical (OH)
which is considered as the most dangerous ROS.

H,0, +M" -HO™ +HO +M""' (M =Feor Cu) (30)
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Figure 1.
Mechanism of metal ion chelation with some naturval phenolics.

1.2.2 Antioxidants that repair damage resulting from the action of free radicals

This type of antioxidants are enzymes which are involved in repairing dam-
age due to the effects of free radicals on biomolecules (DNA, proteins, lipids and
carbohydrates). These enzymes prevent the accumulation of toxic substances
resulting from destruction of biomolecules in body tissues. Examples of this type
of enzymatic antioxidants include the DNA repair enzyme systems (polymerases,
glycosylases and nucleases), and proteolytic enzymes (proteinases, proteases and
peptidases) located in both, cytosol and mitochondria of mammalian cells.

1.2.3 Antioxidants that utilize signals for the formation of free radicals

This type of antioxidants use the signals, which are required for the formation
of free radicals. As a result, the signal generated from the formed free radical causes
the formation and transport of the appropriate antioxidant to the appropriate and
required site [62].

1.2.4 Antioxidants scavenging free radicals
This type of scavenging antioxidants can directly neutralize free radicals by two

mechanisms, either by donating a hydrogen free radical (H') or donating an elec-
tron (e”). These mechanisms can be illustrated as follows:

Ar-OH+R — Ar-0O +RH (31)

In the preceding mechanism, the antioxidant donates a hydrogen free radical
(H') to scavenge free radicals, and the antioxidant (Ar-OH) itself becomes a free
radical, though not as biologically harmful.

Ar-OH+R - Ar-OH"+R™ > Ar-O +H" (32)

The second mechanism involves one-electron transfer where the antioxidant
donates an electron to the free radical and becomes itself a radical cation. Generally,
the new radicals are more stable and can be easily neutralized and made completely
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harmless and removed easily from biological systems. Many antioxidants such as
ascorbic acid, uric acid, glutathione, vitamin E, and other natural compounds like
polyhydroxyphenolic compounds belong to this class. This type of antioxidants are
usually small molecules containing hydroxyl groups either of natural or synthetic
origin. The importance of these compounds prompted us to review them in details.

2. Small antioxidant molecules containing hydroxyl groups

There are many studies that have shown the biological effectiveness of phenolic
compounds as natural antioxidants. They play very important roles in the preven-
tion of dangerous diseases such as cancers, heart diseases, diabetes and others.
There is a need for simple molecules capable of neutralizing free radicals respon-
sible for what is known as oxidative stress, the lead cause of dangerous diseases
like cancers, heart disease, diabetes and others. Antioxidants play a critical role in
biological systems in getting rid of free radicals and work to prevent the phenom-
enon of oxidative stress. The most available natural antioxidants exist in plants such
as fruits, vegetables, and medicinal plants. Herein, we present an overview of the
natural and synthetic phenolic compounds acting as antioxidants.

2.1 Natural antioxidants containing hydroxyl groups
2.1.1 Phenols

Simple phenols are known as compounds containing at least one hydroxyl group
attached to an aromatic ring which comprises the basic skeleton. The most impor-
tant compounds under this class are: phenol, catechol, resorcinol, and phloroglu-
cinol. Generally, phenols are widely distributed in plants and play very important
roles in human health because of their ability to neutralize free radicals due to their
hydroxyl groups. It is considered that these simple phenols along with other pheno-
lic compounds can inhibit and prevent cancer diseases in humans (Figure 2) [63].

The study by Spiegel et al. [64] has shown that the most active of simple natural
phenols as antioxidants were those containing more than one hydroxyl group in the
ortho position of the aromatic ring. This suggests that the most active antioxidant
compound is catechol since it contains two hydroxyl groups in the ortho position.
This could be attributed to the bond dissociation energy (BDE) of O-H which is
typically used to evaluate the activity of an antioxidant to neutralize free radicals
[65-67]. Thus, the weaker the O-H BDE, the faster the reaction of antioxidant with
the free radical. In other words, the weaker the BDE of O-H in phenols, the easier it
will be to transfer an H-radical to deactivate the free radical. The antioxidant activ-
ity of catechol and hydroquinone is illustrated as shown in Figure 3.

2.1.2 Phenolic acids: hydroxybenzoic and hydroxycinnamic acids

Phenolic acids are also known as phenol carboxylic acids (Figure 4). There are
two important groups of natural phenolic acids which are hydroxybenzoic acids and
hydroxycinnamic acids. These are derived from benzoic and cinnamic acid, respec-
tively. The molecular structural features of phenolic acids, such as the numbers and
positions of the hydroxyl groups in relation to the carboxyl functional group, esteri-
fication, and glycosylation great impacts their antioxidant properties. Many studies
[68, 69] have shown that the antioxidant activity of phenolic acids and their esters
was enhanced substantially when the number of hydroxyl (-OH) and methoxy
(-OCH3) groups increased. On the other hand, the carboxyl group has an electron
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Natural phenolic antioxidants containing hydroxyl groups.
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Mechanism of action of natural phenolic antioxidants by transfer of hydrogen free radical (He).
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withdrawing effect, making the H-atom less available to be donated. However, the
antioxidant activity of hydroxylated cinnamates are greater than that of benzo-
ates [70-72]. The antioxidant activities of different hydroxybenzoic acids such as
4-hydroxybenzoic acid, 3,4-dihydroxybenzoic acid, and 3,4,5-trihydroxybenzoic
acid were shown to be dependent on the number and position of attached hydroxyl
groups to the aromatic ring [73]. Based on bond dissociation energy of O-H group,
the dihydroxybenzoic acid has greater antioxidant activity than monohydroxy-
benzoic acid. It was observed that the BDE for -OH at 3-position is greater than the
BDE of -OH at 4-position, as a result the abstraction of H-atom from the 4-position
becomes easier than abstraction from the 3-position. Thus, it can be concluded that
in 3,4-dihydroxybenzoic acid, the ability to abstract H-atom from the 4-position is
easier than the 3-position. On the other hand, gallic acid (3,4,5-trihydroxybenzoic
acid) showed lower antioxidant activity than that of 3,4-dihydroxybenzoic acid.
This phenomenon could be attributed to the formation of a weak intramolecular
H-bond between the -OH at 4-position and -OH at 5-position [74]. The obtained
theoretical BDE of the -OH groups in gallic acid were in the order 4-OH < 5-OH *
3-OH, which indicates that the removal of H-atom is easier from 4-OH and 5-OH.
Both of these values in gallic acid become lower than that of 4-hydroxybenzoic acid.
Thus, the introduction of two hydroxyl groups at 3-position and 5-position signifi-
cantly increases the antioxidant activity [73].

Similarly, the antioxidant activities of hydroxycinnamic acids (Figure 5) are
related to their hydroxyl groups. The study of relationship between antioxidant
activities and structures of hydroxycinnamic acids was carried out by Chen and Ho
[74]. The BDE value of O-H group is a good indicator to evaluate the antioxidant
activity of an antioxidant. Thus, the weaker the O-H bond, the greater the ability of
an antioxidant to neutralize free radicals. In addition, phenolic molecules bearing
two hydroxyl groups in o-position relative to one another showed high antioxidant
activities [75-77] as observed with caffeic acid. On the other hand, replacement of
one hydroxyl group by methoxy group as in ferulic acid leads to lower antioxidant
activity [65-67, 75-80]. Therefore, the BDE value of O-H would be expected to
follow the following order: caffeic acid * ferulic acid * p-coumaric acid. As a result,
the antioxidant activities of these acids will be in the order: caffeic acid ” ferulic
acid ” p-coumaric acid. However, it is important to remember that the removal of
H-atom from caffeic acid could arise from 7-OH and p-OH to form free radicals.
Consequently, the resulting free radical due to removal of the H-atom from p-OH
would be more stable because of resonance where the electron is delocalized over
the whole molecule, but in the case of removal of the H-atom from m-OH, the
unpaired electron cannot be delocalized over the whole molecule since it cannot
cross the propenoic tether [81].

2.1.3 Flavonoids

The flavonoids consist of a large group of low-molecular weight polyphenolic
substances, benzo-y-pyrone derivatives (Figure 5). The basic structural feature of
all flavonoids is the flavane (2-phenyl-benzo-y-pyran) nucleus, a system of two ben-
zene rings (A and B) linked by an oxygen-containing pyran ring (C). According to
the degree of oxidation of the C ring, the hydroxylation pattern of the nucleus, and
the substituent at carbon 3, flavonoids can be categorized into the following sub-
classes: flavones, isoflavones, flavanols (catechins), flavonols, flavanones, antho-
cyanins, and proanthocyanidins. Flavonols differ from flavanones by a hydroxyl
group at the C3 position and by a C2-C3 double bond. Anthocyanidins differ from
the other flavonoids by possessing a charged oxygen atom in the C ring (Table 1).

11
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Entry Types of flavonoids

1 Flavanone
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.
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4
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Table 1.
Types of flavonoids.
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Cinnamic acid and hydroxycinnamic acids.
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Flavonoids are secondary metabolites and mainly distributed in the plant
kingdom such as green and black tea, coffee, vegetables, fruits, olive oil, red wine,
white wines, and chocolate [82-92]. They are consumed in milligrams per serv-
ing of these plant sources. Many researchers have shown that flavonoids possess
different biological activities which include vasodilating, anti-allergenic, antiviral,
and anti-inflammatory actions [93-95]. However, the antioxidant activity of these
compounds attracted the most interest because, in addition to their ability to
scavenge free radicals, they also reduce or prevent free radical formation.

The capability of antioxidant activities of flavonoids is mainly related to their
chemical structures. Many previous investigations attributed the high antioxidant
activities of these compounds to the presence and positions of hydroxyl groups
attached to the A and B rings and/or to the C, = C; double bond in conjugation with
the carbonyl group at 4-position, and the -OH group at 3-position [93, 94, 96]. On
the other hand, the replacement of hydrogen atom by a saccharide at 3-position to
form a glycosidic bond, the antioxidant activity decreases. The radical scavenging
efficiency of flavonoids is related to their phenolic hydroxyl groups which follow the
mechanism of H-atom transfer or the single electron transfer followed by sequential
electron transfer-proton transfer (SETPT) [97-100]. As in the case of phenolic
acids, the antioxidant activity of flavonoids, is based on the value of the dissociation
energy of the O-H bond [67, 97, 101]. The study by Quan et al. [102] showed that the
dissociation energy of C-H at 3-position in some flavonoids appeared to be lower
than that of the dissociation energy of O-H. As a result, the antioxidant activity
might be due the donation of H-atom from C-H at 3-position. However, the mecha-
nism of antioxidant activity via H-atom transfer from the -OH group appeared to be
the most significant [102]. Generally, flavonoids as antioxidants may act by differ-
ent mechanisms such as hydrogen atom transfer, single electron transfer, and transi-
tion metal chelation. These mechanisms are shown below in Figures 6-9. Figure 6
shows the proposed mechanism of radical scavenging activity of cyanidin by Nimse
and Palb [103] following HAT mechanism.

2.1.3.1-Hydrogen atom transfer (HAT)

The flavonoid quercetin is found in many plants and foods and in notable
quantities especially in onions, red wine, green tea, apples, berries, and others.

...............................

| + ' +

oo s C 0 e B

| O OH | Ro O s B s O OH
| ZNoH : A on Z oH

OH Cyanidin |

Figure 6.
Proposed mechanism of radical scavenging activity of cyanidin by Nimse and Palb [103].
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Figure7.
Proposed mechamnism of superoxide anion radical scavenging activity of quercetin by Nimse and Palb [103].

_____________________________________________________________________

i H 0 Electron abstraction H/O + Re
: from HOMO
! Ar A

_____________________________________________________________________

Figure 8.

+ M Metal chelation

Figure 9.
Proposed metal-quercetin chelation by Leopoldinia et al. [104].

The proposed mechanism of superoxide anion radical scavenging activity of
quercetin by Nimse and Palb [103] is shown in Figure 7.

The proposed mechanism of single electron transfer by Leopoldini et al. [104]
for single electron transfer (SET) and transition metal chelation (TMC) are shown
in Figures 8 and 9.

2.1.3.2 Single electron transfer (SET)
2.1.3.3 Transition metal chelation (TMC)

Flavonoids with their multiple hydroxyl groups and the carbonyl group at the 4
position on ring C may offer several available sites for metal chelation. The ability of
flavonoids to chelate Fe and Cu ions is related to their indirect antioxidant activities.

This property of flavonoids is attributed to their multiple hydroxyl groups and the
carbonyl group at 4-position [104].
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2.1.4 Stilbenes

The Stilbene family includes several compounds [105] among which resveratrol,
pterostilbene, and piceatannol are the main representatives, characterized by a trans
double bond connecting the phenolic rings (Figure 10).

Stilbene compounds are part of a group of natural polyphenols occurring in
plant kingdom such as grapes [106], peanuts [107], and berries [108]. Resveratrol
(3, 5, 4'-trihydroxy-trans-stilbene), which is found in grapes, showed different
biological activities including antidiabetic, antiobesity, and neuroprotective
properties against Alzheimer’s disease (AD) [109]. In addition, other stilbenes
have shown additional activities as antimicrobials and antioxidants [110].
Different studies have shown that piceatannol (4, 5, 3, 5-tetrahydroxystilbene)
expresses a wide spectrum of biological activities: anti-inflammatory, anticar-
cinogenic, antiviral, antioxidative, neuroprotective and estrogenic properties,
and antioxidant activities [111-117]. A study by Hussein [118] demonstrated the
strong ability of resveratrol to scavenge free radicals using different tests. The
mechanism of antioxidant activity of resveratrol was proposed to be as follows
(Figure11).

2.2 Synthetic antioxidants containing hydroxyl groups

Synthetic antioxidants are usually used as food preservatives to prevent lipid
oxidation [119]. The well-known synthetic antioxidants are butylated hydroxy-
anisole (BHA), butylated hydroxytoluene (BHT), and ¢-butyl-hydroxyquinone

OH
OH OH
HO N O . O 0 X O
O O oH O
HO
OH OH -0

Stilbene Resveratrol Piceatannol pterostilbene

Figure 10.
Stilbene and its related polyphenolic derivatives.

HO
Resveratrol radical ﬂ delocalization

HO R'. RO", ROO'
() "
HO

delocalization

HO . o
radical 0
[——— /
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HO

HO

radical 1L delocalization
HO dical HO
_ delocalization _

HO HO

Figure 11.
Proposed mechamnism of resveratrol antioxidant activity [118].
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(TBHQ). These antioxidants stop the free radical chain of oxidative reactions via
the donation of an H-atom radical from the phenolic -OH attached to the aromatic
rings (Figure 12). The new formed radicals become stable and do not initiate or
propagate further oxidation of lipids [120].

The progressively more sterically hindered BHT and the related BHA operated as
radical terminators in a similar fashion to TBHQ (Figure 13).

Another type of radical quencher is shown in Figure 14 where the generated
phenoxy radical is stabilized by intramolecular hydrogen bond.

The presence of a bulky group introduces steric hindrance in proximity to
the radical center, decreasing the rate of further propagation reactions. Another
example which illustrates the increase in antioxidant activity is the presence of an
extra hydroxyl group at the ortho or para position of the hydroxyl group of phenol.
The stability of the phenoxy radical in this case is enhanced by the formation of an
intramolecular hydrogen bond. Other studies [121-123] described the synthesis of
different compounds like aromatic Schiff bases and aromatic hydrazones contain-
ing hydroxyl groups attached to different positions in the aromatic rings. These
compounds were designed to mimic as much as possible natural phenolic com-
pounds such as stilbene and chalcones. The number of hydroxyl groups and their
locations in the aromatic rings play an important role in the antioxidant activity.
The mechanism of antioxidant activity can be illustrated as follows and involves the
donation of hydrogen radical (Figure 15).

OH 0"
ROO’ + ROOH
OH OH
t-Butyl-hydroxyquinone ' more stable radical |
(TBHQ) \ than the peroxide ;

a3
- v EO %O
R J e
HO OH™W™ HO

radical delocalization

;O
HO
Figure 12.

Antioxidant action of t-butyl-hydroxyquinone as a radical terminator via the donation of a hydrogen radical

and subsequent radical delocalization by resonance.
_____ + ROOH
(BHT) :
ROOH

(BHA)
OCH,4 OCHjs

+

Y =
more stable radicals
han the peroxide

ROO

t

Figure 13.
Oxidation of BHT and BHA via donation of a hydrogen radical from a phenolic hydroxyl group.
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Figure 14.
Generation of a phenoxy radical with intramolecular hydrogen bond shown.
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Proposed mechanism for the action of avomatic hydrazones via H radical donation.

3. Oxidative stress

Oxidative stress is a phenomenon occurring in living systems and is related to the
presence of free radicals (oxidants) and antioxidants (reductants). When we talk
about free radicals in biological systems, we mean two types: reactive oxygen species
(ROS) and reactive nitrogen species (RNS). Imbalance between free radicals and
antioxidants (endogenous and exogenous) in biological systems creates a state know as
oxidative stress. In this case, the present antioxidants cannot remove the ROS and RNS
from living species. As a result, excess free radicals can negatively impact different
biological processes, leading to the destruction of cell membrane, blocking pathways
of major enzymes, stopping cell division, destruction of DNA, and halting energy
production [124-126]. On the other hand, free radicals appear to be necessary for some
processes in living organisms since they destroy bacteria by phagocytes (granulocytes
and macrophages). In addition, ROS can be beneficial for the maintenance of homeo-
stasis as well as other cellular functions [125, 127]. Again, it is important to remember
that the primary free radicals are superoxide anion radicals O, ~ and hydroxyl radical
OH which are derived from molecular oxygen (02). High levels of these radicals may
cause different biological problems which may lead to cancer, stroke (Reuter et al.,
2010) [126], myocardial infarction, diabetes, and other significant conditions [128].

It is not easy to avoid the exposure of free radicals and consequently oxidative
stress. However, the increase of consumption of natural antioxidants through diet
may help to decrease the production of free radicals. In other words, to prevent oxi-
dative stress, it is highly recommended to consume enough amounts of vegetables,
fruits, medicinal plants, and honey to ensure sufficient supplementation of natural
antioxidants [129-133].

4. Conclusion

To maintain normal health and avoid incurable diseases such as cardiovascu-
lar disease, cancer diseases, diabetes, among other, it is necessary to protect the
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existing balance between free radicals and antioxidants in biological systems.
Naturally the human body has means of internal defense to neutralize free radicals.
These means of defense are represented by a group of biological molecules known
as antioxidant enzymes. In addition, there are a number of small molecules such

as urea, bilirubin, vitamin E, vitamin A, and others. These simple molecules play

a positive role in eliminating free radicals. However, when the internal system fails
to get rid of free radicals, a supply of external antioxidants, especially those from
natural sources, is needed to remove excess free radicals. There are many anti-
oxidants in nature especially those that contain hydroxyl groups such as phenolic
compounds, such as phenolic acids (derivatives of hydroxybenzoic and hydroxy
cinnamic acids), flavonoids, stilbenes, chalcones and others. These compounds

are found in fruits, vegetables and medicinal herbs. There are some chemically
prepared antioxidants in laboratories which use is almost limited to the food and
pharmaceutical industries. However, there are many attempts to manufacture
antioxidants that mimic those found in nature, especially those containing hydroxyl
groups, in the hope of obtaining compounds at the lowest cost, safe to use, and in
large quantities.
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