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Scope of the Series

Modern physiology requires a comprehensive understanding of the integration

of tissues and organs throughout the mammalian body, including the expression,
structure, and function of molecular and cellular components. While a daunting
task, learning is facilitated by our identification of common, effective signaling
pathways employed by nature to sustain life. As a main example, the cellular inter-
play between intracellular Ca2 increases and changes in plasma membrane potential
is integral to coordinating blood flow, governing the exocytosis of neurotransmit-
ters and modulating genetic expression. Further, in this manner, understanding
the systemic interplay between the cardiovascular and nervous systems has now
become more important than ever as human populations age and mechanisms of
cellular oxidative signaling are utilized for sustaining life. Altogether, physiological
research enables our identification of clear and precise points of transition from
health to development of multi-morbidity during the inevitable aging process (e.g.,
diabetes, hypertension, chronic kidney disease, heart failure, age-related macular



degeneration; cancer). With consideration of all organ systems (e.g., brain, heart,
lung, liver; gut, kidney, eye) and the interactions thereof, this Physiology Series
will address aims of resolve (1) Aging physiology and progress of chronic diseases
(2) Examination of key cellular pathways as they relate to calcium, oxidative stress,
and electrical signaling & (3) how changes in plasma membrane produced by lipid
peroxidation products affects aging physiology
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Preface

Damage in biological compounds such as nucleic acid, protein, lipids, etc. occurs
when the free radical encounters another molecule and seeks to find another
electron to pair its unpaired electron. Free radicals can cause mutations in dif-
ferent biological compounds and lead to various diseases (cancer, cardiovascular
disease, aging, etc.). Antioxidants are chemical substances that protect different
human cells from free radical damage that can occur from exposure to certain
chemicals, smoking, pollution, radiation, and as a by-product of normal metabo-
lism. Most antioxidants come from natural sources, which include wild plants,
herbs and spices, fruits and vegetables, aquatic organisms, and microorganisms,
and from antioxidant compounds, including vitamins A, C, and E, carotenoids
such as beta-carotene, minerals, phenolic compounds, and other natural chemi-
cals with antioxidant properties. There is developing interest in the utilization of
natural antioxidants for the preservation of different kinds of foods and in the
management of a number of diseases and conditions. The implication of oxidative
stress in the etiology and progression of several acute and chronic clinical diseases
has led to the suggestion that antioxidant compounds can have health benefits as
prophylactic agents. Several studies have consistently shown an inverse associa-
tion between consumption of natural products (as fruits, vegetables, herbs, algae
etc.), the risk of cardiovascular diseases, and certain kinds of cancer. Although
the protective effects have been primarily attributed to well-known antioxidants,
such as vitamins A, C and E and beta-carotene, plant phenolic compounds may
also play a significant role. Moreover, restrictions on the consumption of syn-
thetic antioxidants such as Butylated hydroxyl anisole and Butylated hydroxyl
toluene in food further strengthen the concept of using naturally occurring
compounds as antioxidants.

The aim of this book is to illustrate the definition of oxidative stress and antioxidant
in addition to identifying antioxidant sources, mechanisms, its applications in dif-
ferent fields, and the relation between antioxidant compounds and their preventive
effect against several diseases such as cancer, cardiovascular disease, inflammation,
diabetes, atherosclerosis, etc.

The current book will be of interest to students, researchers, and scientists in the
field of biological science and applications.

I would like to thank all the contributing authors for their time and great efforts in
the careful construction of the chapters and for making this project realizable.

I am grateful to Ms. Sandra Maljavac (Author Service Manager) for her great
efforts, encouragement, and guidance during the preparation of this
book.



Finally, I would like to express my deepest gratitude towards my parents, my wife
(Ghada M. Azzam), and my daughters (Hana, Farida, and Zaina) for their kind
cooperation and encouragement, which helped me in completing this book.

XVI

Dr. Emad Shalaby
Professor of Biochemistry,
Biochemistry Department,
Faculty of Agriculture,
Cairo University,

Giza, Egypt
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Chapter1

Antioxidant Categories and Mode
of Action

Manal Azat Aziz, Abdulkareem Shehab Diab
and Abeer Abdulvazak Mohammed

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 (HO,"), hypochlorous acid (HOCI),
superoxide anion radical 0,), hydrogen peroxide (H,0,), singlet oxygen (*0,), nitric
oxide radical (NO"), hypochlorite radical (OCI’), peroxynitrite (ONOO), and differ-
ent lipid peroxides. RNS are derived from nitric oxide by the reaction with 0, 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

3 IntechOpen



Antioxidants

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 (vepair) 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 vesults into aging. Adapted from Pandey
and Rizvi [5].

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

4
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A schematic diagram illustrating the detrimental effects of free radicals on biomolecules. Adapted from Law
etal. [1].

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 p-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
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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 H,0, 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 O, and to the less reactive
species H,0, (Eq. (1)). The result is that peroxide can be destroyed by reaction
of CAT or GPX [22, 23].

0, +0, +2H" 39D, 4. 0,+0, 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 Cuand 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 Mn®* to Mn** and back to Mn** 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 Cuand 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 O, 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 H,0, degradation that
is generated by oxidases involved in p-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 H,O, 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 H,0, 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 H,O, 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 H,O, 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 H,O, 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 H,O, 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 H,0, 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 H,0, and lipid hydroperox-
ides and preventing DNA, protein and lipids damage by harmful accumulation of
intracellular H,O, [33]. GPx1 uses GHS as an obligate co-substrate in the reduction
of H,0, 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 p-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 (y-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
awide 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 p-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]. a-Tocopherol is the main form of
vitamin E with antioxidant and immune functions. a-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 a-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
NO; 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 a-keto acids, for example
pyruvate and a-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 p-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, gallicacid (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 H,0,, O,’, 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 O," into H,0,, 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 H,0, [61].

5.2 Free radical scavengers
5.2.1 Scavenging superoxide and other ROS

Superoxide (0,),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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Antioxidant enzyme system, O,’, is dismutaed toH,0, by SOD enzyme. The resulted H,0, is converted into
water by CAT and GPx. In this way, two toxic species, O," and H,0,, are converted into the harmless product
water. GPx neutralized H,0, 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
H,0, into water. By Fenton reaction, H,0, is also converted to the highly veactive OH" and then to water
through oxidation of Fe** to F&**. Adapted from Pandey and Rizvi [5].

and associated with a raise in peroxidative processes. Though O, itself is not reactive
to biomolecules, it assists in production of stronger OH” and ONOO™.0;" 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 Fe?* or Cu*/H,0, Fenton reaction system,
through incubation FeSO, and H,0, 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 H,O, to other
nontoxic compounds [3].

5.2.3 Metal ion (F&**, Fe**, Cu**, and Cu’*) chelating

Even though trace minerals are essential dietary components, they can function
as prooxidants (through enhancing formation of free radicals). Fe** and Cu* react
with H,O,, which is a product produced by the dismutation of the 0," via SOD, to
form extremely reactive OH" (Eq. (2)). Dissimilarly, iron and copper’s reaction with
H,0, forms more singlet oxygen than OH'. Fe’* and Cu" are oxidized to Fe’* and
Cu®, respectively. Cellular reductant such as NADH and oxidized metal ions Fe**
and Cu** are reduced and permit the recycling to react with another molecule of
H,0, to produce OH’ radical in the presence of vitamin C (Eq. (3)). OH' is strongly
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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?* (or Cu’) + H,0, Fe? (or Cu**) + OH + OH ()

Fe** (or Cu®) + vit CH Fe? (or Cu’) + vitaminC~ + H" (3)

Studies showed that Se antioxidant is able to chelate Cu* (formed in situ with
Cu**/ascorbic acid) extremely efficiently and prevent the damage of DNA by OH"
radical (formed via Cu*/H,0,) [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 O, [62]. Uric acid is formed by xanthin oxidase enzyme
through catalyzing the oxidation of hypoxanthine and xanthin to uric acid yielding
0, and H,0, and increase the oxidation level in an organism [63]. In addition, O,
is also formed as a by-product of mitochondrial respiration as well as several other
enzymes, for example NADH oxidase, monooxygenases and cyclooxygenases. O,
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 aresult, 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 O," 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 O," 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
Cu?*, ascorbic acid and H,0, at pH 7. The reaction includes reduction of Cu** toCu* in
situ with ascorbic acid. The OH' radical formed via Cu*/H,0, 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,
0=N—0—0, is a powerful oxidant and nitrating agent formed through the reac-
tion of O,” with free radical nitric oxide via a diffusion-controlled reaction. In cells,
ONOO" is a much stronger oxidizing agent than O,” 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 CO, 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 H,0, and also inhibit HOCI formation; similarly, SOD or
antioxidants, like polyphenols, may scavenge O, 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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Antioxidant Compounds and
Their Antioxidant Mechanism
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Claudia Villanueva-Cariongo and Beatriz Herndndez-Carlos

Abstract

An antioxidant is a substance that at low concentrations delays or prevents
oxidation of a substrate. Antioxidant compounds act through several chemical
mechanisms: hydrogen atom transfer (HAT), single electron transfer (SET), and
the ability to chelate transition metals. The importance of antioxidant mechanisms
is to understand the biological meaning of antioxidants, their possible uses, their
production by organic synthesis or biotechnological methods, or for the standard-
ization of the determination of antioxidant activity. In general, antioxidant mol-
ecules can react either by multiple mechanisms or by a predominant mechanism.
The chemical structure of the antioxidant substance allows understanding of the
antioxidant reaction mechanism. This chapter reviews the in vitro antioxidant reac-
tion mechanisms of organic compounds polyphenols, carotenoids, and vitamins
C against free radicals (FR) and prooxidant compounds under diverse conditions,
as well as the most commonly used methods to evaluate the antioxidant activity of
these compounds according to the mechanism involved in the reaction with free
radicals and the methods of in vitro antioxidant evaluation that are used frequently
depending on the reaction mechanism of the antioxidant.

Keywords: antioxidants, oxidative stress, reactive oxygen species, free radical,
hydrogen atom transfer, single electron transfer

1. Introduction

Oxidative stress in biological systems is a complex process that is characterized
by an imbalance between the production of free radicals (FR) and the ability of the
body to eliminate these reactive species through the use of endogenous and exogenous
antioxidants. During the metabolic processes, a great variety of reactions take place,
where the promoters are the reactive oxygen species (ROS), such as hydrogen peroxide
(H,0,) and the superoxide radical anion (O,"”), among others. A biological system in
the presence of an excess of ROS can present different pathologies, from cardiovas-
cular diseases to the promotion of cancer. Biological systems have antioxidant mecha-
nisms to control damage of enzymatic and nonenzymatic natures that allow ROS to be
inactivated. The endogenous antioxidants are enzymes, such as superoxide dismutase
(SOD), catalase (CAT'), glutathione peroxidase, or non-enzymatic compounds, such
as bilirubin and albumin. When an organism is exposed to a high concentration
of ROS, the endogenous antioxidant system is compromised and, consequently, it
fails to guarantee complete protection of the organism. To compensate this deficit
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of antioxidants, the body can use exogenous antioxidants supplied through food,
nutritional supplements, or pharmaceuticals. Among the most important exogenous
antioxidants are phenolic compounds carotenoids and vitamins C and some minerals
such as selenium and zinc.

In the study of antioxidant compounds and the mechanisms involved, it is
important to distinguish between the concepts of antioxidant activity and capacity.
These terms are often used interchangeably. However, antioxidant activity refers to
the rate constant of a reaction between an antioxidant and an oxidant. The antioxi-
dant capacity is a measure of the amount of a certain free radical captured by an
antioxidant sample [1]. Therefore, during the selection of a method, the response
parameter must be considered to evaluate the antioxidant properties of a sample,
which may be a function of the concentration of the substrate or concentration and
the time required to inhibit a defined concentration of the ROS.

The reaction mechanisms of the antioxidant compounds are closely related to
the reactivity and chemical structure of FR as well as the environment in which
these reactive species are found. Therefore, it is very important to describe the ROS
and, to a lesser degree, the reactive nitrogen species (RNS), which include both
precursors and free radicals.

In the literature, there are many iz vitro methods to evaluate the effectiveness
of antioxidant compounds present in a variety of matrices (plant extracts, blood
serum, etc.) using lipophilic, hydrophilic, and amphiphilic media (emulsions). The
in vitro methods can be divided into two main groups: (1) hydrogen atom transfer
(HAT) reactions and (2) transfer reactions of a single electron (SET). These meth-
ods are widely used because of their high speed and sensitivity. When carrying out
a study related to the antioxidant properties of a sample, more than one method is
usually used to evaluate the antioxidant capacity/activity [2]. This chapter describes
the methods of in vitro antioxidant evaluation that are used frequently depending
on the reaction mechanism of the antioxidant.

2. Oxidative stress

Oxygen is associated with aerobic life conditions [3], representing the driving
force for the maintenance of cell metabolism and viability and at the same time
involving a potential danger due to its paramagnetic characteristics. These char-
acteristics promote the formation of partially oxidized intermediates with a high
reactivity. These compounds are known as reactive oxygen species (ROS). ROS are
free radicals (FR) or radical precursors. In stable neutral molecules, the electrons are
paired in their respective molecular orbitals, known as maximum natural stability.
Therefore, if there are unpaired electrons in an orbital, highly reactive, molecular
species are generated that tend to trap an electron from any other molecule to com-
pensate for its electron deficiency. The oxygen triplet is the main free radical, since it
has two unpaired electrons. The reaction rate of triplet oxygen in biological systems
is slow. However, it can become highly toxic because it metabolically transforms into
one or more highly reactive intermediates that can react with cellular components.
This metabolic activation is favored in biological systems, because the reduction
of O, to H,O in the electron transport chain occurs by the transfer of an electron to
form FR or ROS [4].

Free radicals in a biological system can be produced by exogenous factors such as
solar radiation, due to the presence of ultraviolet rays. Ultraviolet radiation causes
the homolytic breakdown of bonds in molecules. FR also occur during the course of
a disease. In a heart attack, for example, when the supply of oxygen and glucose to
the heart muscle is suspended, many FR are produced. Another exogenous factor is
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chemical intoxication, which promotes the formation of FR. The organism, because
it requires the conversion of toxic substances to less dangerous substances, promotes
the release of FR. The toxicity of many drugs is actually due to their conversion into
free radicals or their effect on the formation of FR. The presence of contaminants,
additives, pesticides, etc., in food can also become a source of FR.

Inflammatory processes are due to endogenous factors that promote the pres-
ence of FR in the system. These FR, present inside the cleansing cells of the immune
system, have the function of killing pathogenic microorganisms. Tissue damage is
caused when FR are excessive during this process. Phagocytic cells (neutrophils,
monocytes, or macrophages) use the NADPH oxidase system directly generating
the superoxide ion (0,7). O, is considered the primary ROS and when reacting
with other molecules through enzymatic processes or catalyzed by metals gener-
ates secondary ROS. O," is protonated to produce H,0, and HO,". O, is produced
from the irradiation of molecular oxygen with UV rays, photolysis of water, and
by exposure of O, to organic radicals formed in aerobic cells such as NAD", FpH’,
semiquinone radicals, cation radical pyridinium or by hemoproteins. Likewise, it is
produced by phagocytic leukocytes as the initial product of the respiratory explo-
sion when consuming O,. The radical O, does not react directly with polypeptides,
sugars, or nucleic acids.

As a defense mechanism cells generate "NO by the action of nitric oxide-synthase
on intracellular arginine. The combination of O, with ‘NO results in the formation
of ONOO’, which induces lipid peroxidation in lipoproteins. This happens in a very
marked way in autoimmune diseases such as rheumatoid arthritis, systemic lupus
erythematosus, primary biliary cirrhosis, type 1 diabetes, celiac disease, Graves’
disease, Hashimoto’s disease, inflammatory bowel disease, scleroderma, multiple
sclerosis, psoriasis, and vitiligo.

FR are necessarily present during metabolic processes because many of the
chemical reactions involved require these chemical species. For example, the reac-
tions of polymerization of amino acids to form proteins or the reactions of polym-
erization of glucose to form glycogen involve the participation of FR. FR are also
involved in the catalytic activation of various enzymes of intermediary metabolism,
such as hypoxanthine, xanthine oxidase, aldehyde oxidase, monoamine oxidase,
cyclooxygenase, and lipoxygenase [5]. Generally, antioxidant enzymes efficiently
control these radicals.

Another generating source of ROS is the structural alteration of essential macro-
molecules of the cell (DNA, protein, and lipids) by irreversible chemical reactions.
These reactions generate derivatives, such as malonaldehyde and hydroperoxides
that propagate oxidative damage.

Additionally, there are also RNS, such as nitric oxide (NO), nitrogen dioxide
(NOy"), as well as peroxynitrite (ONOO™), nitrosoperoxycarbonate (ONOOCO,"),
and nitronium ions (NO,"), and the neutral species, peroxynitrous acid (ONOOH)
and dinitrogen trioxide (N,O;3). These species are generated in small amounts
during normal cellular processes such as cell signaling, neurotransmission, muscle
relaxation, peristalsis, platelet aggregation, blood pressure modulation, immune
system control, phagocytosis, production of cellular energy, and regulation of cell
growth [6]. Table 1 shows the most representative FR present during the process of
energy production in aerobic biological systems.

2.1 Oxidative damage to biomolecules
There are many ROS that act as biological oxidants, but the O," is the largest

oxidant; the simple addition of a proton leads to the formation of HO,’, becoming a
very active oxidizing agent. These transformations are summarized in Figure 1.
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Specie Source Function
0,” Enzymatic process, autoxidation It can act as reducing agent of iron complexes
reaction, and nonenzymatic electron such as cytochrome-c or oxidizing agent to
transfer reactions oxidize ascorbic acid and a-tocopherol
HO, Protonation of O, HO,' initiates fatty acid peroxidation
HO' H,0; generates HO" through the HO' reacts with both organic and inorganic
metal-catalyzed Fenton reaction molecules including DNA, proteins, lipids, and
carbohydrates
NO Action of nitric oxide-synthase using NO' is an intracellular second messenger
arginine as a substrate and NADPH as stimulates guanylate cyclase and protein
an electron source kinases and helps in smooth muscle relaxation
in blood vessels
NO’, Protonation of ONOO™ or homolytic This radical acts on the antioxidative
fragmentation of ONOOCO,~ mechanism decreasing ascorbate and
a-tocopherol in plasma
ONOO* Reaction of O, with NO* ONOQ' is a strong oxidizing and nitrating
species of methionine and tyrosine residues
in proteins and oxidizes DNA to form
nitroguanine
CO;™~ The intermediate of reaction CO;" oxidizes biomolecules such as proteins
superoxide dismutase (SOD)- and nucleic acids
Cu*-OH’ react with bicarbonate to
generates CO;™~
ONOOCO,~ The peroxynytrite-CO, adduct is This anion promotes nitration of tyrosine
obtained by reaction of ONOO™ with fragments of the oxyhemoglobin via FR
CO,
Table 1.

Free radicals (FR) generated in biological systems.

Free radicals produce diverse actions on the metabolism of immediate principles,
which can be the origin of cell damage [7]:

1.In the polyunsaturated lipids of membranes, producing loss of fluidity and cell
lysis because of lipid peroxidation (Figure 2).

2.In the glycosides, altering cellular functions such as those associated with the
activity of interleukins and the formation of prostaglandins, hormones, and
neurotransmitters (Figure 3) [8].

3.In proteins, producing inactivation and denaturation (Figure 4) [9].

4.In nucleic acids, by modifying bases (Figure 5) [8], producing mutagenesis
and carcinogenesis.

2.2 Physiological and physiopathological processes related to free

radicals (FR)

The human body responds to oxidative stress with antioxidant defense, but in
certain cases, it may be insufficient, triggering different physiological and phys-
iopathological processes. Currently, many processes are identified related to the
production of free radicals. Among them are mutagenesis, cell transformation,
cancer, arteriosclerosis, myocardial infarction, diabetes, inflammatory diseases,
central nervous system disorders, and cell aging [10, 11].
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0* + HO* + H —= H20z2 + O,
HO+* + HOf* — H202 + O

0 + 0+ + 2zH —= Hz20z2 + O

Figure 1.
Reaction mechanism of superoxide radical.
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Figure 2.
Reaction of hydroxyl radical with polyunsaturated fatty acids.
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Figure 3.
Reaction of hydroxyl radical with sugar [8].
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Figure 4.
Reaction of hydroxyl radical with a-aminoacids [9].
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Figure 5.
Reaction of hydroxyl radical with the basepair of DNA guanosine [8].
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3. Role of antioxidants

Biological systems in oxygenated environments have developed defense mecha-
nisms, both physiological and biochemical. Among them, at the physiological level,
is a microvascular system with the function of maintaining the levels of O, in the
tissues, and at a biochemical level, the antioxidant defense can be enzymatic or
nonenzymatic, as well as being a system for repairing molecules.

3.1 Primary enzymatic system

Aerobic organisms have developed antioxidant enzymes such as superoxide dis-
mutase (SOD), catalase (CAT), glutathione peroxidase (GPx), and DT-diaphorase.
SOD is responsible for the dismutation reaction of O, to H,0,, which in subsequent
reactions, catalyzed by catalase or by GPx, is converted into H,O and O,. SOD is
the most important and most powerful detoxification enzyme in the cell. SOD
is a metalloenzyme and, therefore, requires a metal as a cofactor for its activity.
Depending on the type of metal ion required as a cofactor by SOD, there are several
forms of the enzyme [12, 13]. CAT uses iron or manganese as a cofactor and cata-
lyzes the degradation or reduction of hydrogen peroxide (H,0,) to produce water
and molecular oxygen, thus completing the detoxification process initiated by SOD
[14, 15]. CAT is highly efficient at breaking down millions of H,0, molecules in a
second. CAT is mainly found in peroxisomes, and its main function is to eliminate
the H,0, generated during the oxidation of fatty acids. GPx is an important intra-
cellular enzyme that breaks down H,0, in water and lipid peroxides in their cor-
responding alcohols; this happens mainly in the mitochondria and sometimes in the
cytosol [16]. The activity of GPx depends on selenium. In humans, there are at least
eight enzymes GPx, GPx1-GPx8 [17]. Among glutathione peroxidases, GPx1 is the
most abundant selenoperoxidase and is present in virtually all cells. The enzyme
plays an important role in inhibiting the process of lipid peroxidation and, there-
fore, protects cells from oxidative stress [18]. Low GPx activity leads to oxidative
damage of the functional proteins and the fatty acids of the cell membrane. GPx,
particularly GPx1, has been implicated in the development and prevention of many
diseases, such as cancer and cardiovascular diseases [19]. DT-diaphorase catalyzes
the reduction of quinone to quinol and participates in the reduction of drugs of
quinone structure [20]. DNA regulates the production of these enzymes in cells.

3.2 Nonenzymatic system

This system of antioxidants consists of antioxidants that trap FR. They capture
FR to avoid the radical initiation reaction. Neutralize the radicals or capture them by
donating electrons, and during this process, the antioxidants become free radicals, but
they are less reactive than the initial FR. FR from antioxidants are easily neutralized
by other antioxidants in this group. The cells use a series of antioxidant compounds or
free radical scavengers such as vitamin E, vitamin C, carotenes, ferritin, ceruloplas-
min, selenium, reduced glutathione (GSH), manganese, ubiquinone, zinc, flavonoids,
coenzyme Q, melatonin, bilirubin, taurine, and cysteine. The flavonoids that are
extracted from certain foods interact directly with the reactive species to produce
stable complexes or complexes with less reactivity, while in other foods, the flavonoids
perform the function of co-substrate in the catalytic action of some enzymes.

3.3 Repair system

Enzymes that repair or eliminate the biomolecules that have been damaged by
ROS, such as lipids, proteins, and DNA, constitute the repair systems. Common
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examples include systems of DNA repair enzymes (polymerases, glycosylases, and
nucleases) and proteolytic enzymes (proteinases, proteases, and peptidases) found
in both the cytosol and the mitochondria of mammalian cells. Specific examples

of these enzymes are GPx, glutathione reductase (GR), and methionine sulfoxide
reductase (MSR). These enzymes act as intermediaries in the repair process of the
oxidative damage caused by the attack of excess ROS. Any environmental factor
that inhibits or modifies a regular biological activity becomes a condition that favors
the appearance or reinforcement of oxidative stress.

4, Characteristics of antioxidants

The main characteristic of a compound or antioxidant system is the preven-
tion or detection of a chain of oxidative propagation, by stabilizing the generated
radical, thus helping to reduce oxidative damage in the human body [21]. Gordon
[22] provided a classification of antioxidants, mentioning that characteristic. There
are two main types of antioxidants, the primary (breaking the chain reaction, free
radical scavengers) and the secondary or preventive. The secondary antioxidant
mechanisms may include the deactivation of metals, inhibition of lipid hydroper-
oxides by interrupting the production of undesirable volatiles, the regeneration of
primary antioxidants, and the elimination of singlet oxygen. Therefore, antioxi-
dants can be defined as “those substances that, in low quantities, act by preventing
or greatly retarding the oxidation of easily oxidizable materials such as fats” [23].

5. Mechanisms of action of antioxidants

A compound that reduces i vitro radicals does not necessarily behave as an
antioxidant in an iz vivo system. This is because FR diffuse and spread easily. Some
have extremely short life spans, on the order of nanoseconds, so it is difficult for the
antioxidant to be present at the time and place where oxidative damage is being gen-
erated. Additionally, the reactions between antioxidants and FR are second order
reactions. Therefore, they not only depend on the concentration of antioxidants and
free radicals but are also dependent on factors related to the chemical structure of
both reagents, the medium and the reaction conditions.

5.1 Phenolic compounds

The phenolic compounds constitute a wide group of chemical substances, with
diverse chemical structures and different biological activities, encompassing more than
8000 different compounds which are a significant part of the human and animal diet
[24]. The phenolic compounds are important components in the mechanism of signal-
ing and defense of plants. These compounds combat the stress brought about by patho-
genic organisms and predators. The function of these compounds in plants is diverse:
they are found as precursors of compounds of greater complexity or the intervention
in the processes of regulation and control of plant growth, as well as the defensive
medium of plants. Phenolic compounds have the capacity to act as hydrogen donors or
to chelate metal ions such as iron and copper, by inhibiting the oxidation of low-density
lipoproteins (LDL). These characteristics in the phenolic compounds are associated
with a decrease in risks of neurodegenerative diseases, such as cardiovascular diseases
[25], gastrointestinal cancers [26], colon [27], breast and ovarian cancers [28], and
leukemia [29-31]. Phenolic compounds also have vasorelaxation and anti-allergenic
activity [32]. The phenolic compounds inhibit the oxidation of % vitro LDL [33].
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Phenolic compounds reduce or inhibit free radicals by transfer of a hydrogen
atom, from its hydroxyl group. The reaction mechanism of a phenolic compound
with a peroxyl radical (ROO") involves a concerted transfer of the hydrogen cation
from the phenol to the radical, forming a transition state of an H-O bond with one
electron. The antioxidant capacity of the phenolic compounds is strongly reduced
when the reaction medium consists of a solvent prone to the formation of hydrogen
bonds with the phenolic compounds. For example, alcohols have a double effect
on the reaction rate between the phenol and the peroxyl radical. On the one hand,
the alcohols act as acceptors of hydrogen bonds. On the other hand, they favor the
ionization of the phenols to anion phenoxides, which can react rapidly with the
peroxyl radicals, through an electron transfer. The overall effect of the solvent on
the antioxidant activity of the phenolic compounds depends to a great extent on the
degree of ionization of the last compounds [34]. Leopoldini et al. [35] conducted a
theoretical study to determine the dissociation energy of OH bonds and the adia-
batic ionization potentials of phenolic compounds of varied structure and polarity,
among them tyrosol, hydroxytyrosol, and gallic and caffeic acids. These studies
were performed simulating solvated and vacuum conditions. The results showed a
clear difference in the behavior of these phenolic compounds. The compounds most
likely to undergo a HAT were tocopherol, followed by hydroxytyrosol, gallic acid,
caffeic acid, and epicatechin (Figure 6), while the phenolic compounds, which
were better able to SET, were kaempferol and resveratrol (Figure 7). This undoubt-
edly gives us an indication that phenolic compounds can suffer both HAT and SET
and that this depends mainly on the chemical structure of the phenolic compounds.

The method based on the Folin-Ciocalteu reagent is commonly used to deter-
mine and quantify total phenols. This method evaluates the ability of phenols
to react with oxidizing agents. The Folin-Ciocalteu reagent contains sodium
molybdate and tungstate, which react with any type of phenol [36]. The transfer
of electrons at basic pH reduces the sodium molybdate and tungstate in oxides of
tungsten (W30,3) and molybdenum (MogO,3), which have a bright blue color in
solution. This color intensity is proportional to the number of hydroxyl groups of
the molecule [37].

5.2 Carotenoids

Carotenoids are found in virtually all plants, animals, and microorganisms,
and more than 700 carotenoids have been identified and characterized [38]. Most
carotenoids have a characteristic symmetrical tetraterpene skeleton. The linear
hydrocarbon skeleton is made up of 40 carbons and is susceptible to various struc-
tural modifications. These structural characteristics are related to degree of hydro-
genation, cis-trans isomerization, presence of cycles at one or both ends of the linear
skeleton, or the addition of side groups (which often contain oxygen) with their
subsequent glycosylation. The most complex changes are related to the shortening
or elongation of the resulting tetraterpene skeleton, to form carotenoids with chains
of 50 carbons. It is also possible to find carotenoids with tetraterpene skeletons of 30
carbons, from the condensation of two units of farnesyl [39]. These compounds, in
addition to conferring pigmentation on biological systems, fulfill other important
functions. The most recent studies of these compounds are focused mainly on evalu-
ating their function as antioxidants. The structural base fragment of the carotenoids
is a conjugated polyunsaturated chain. This fragment is primarily responsible for
the ability of these compounds to inhibit free radicals. Variations in the polyunsatu-
rated chain from one carotenoid to another, together with the presence of hydroxyl
groups, substantially modify the reactivity of the carotenoids. The reactivity of
these compounds is also affected by the environmental conditions where they are
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found. For example, Edge and Truscott [40] found that carotenoids switch the
antioxidant behavior to the prooxidant as a function of oxygen concentration. The
study used a system that emulates a cell, to observe the protection effect induced
by lycopene when exposing the system to high-energy radiation. Total protection is
achieved in the absence of O,, but in the presence of 100% O,, protection is com-
pletely lost. Carotenoids are characterized as excellent peroxyl radical scavengers.
The polyunsaturated chains that make up the base structure of carotenoids give
these compounds a lipophilic character. Carotenoids play an important role in the
protection of cell membranes and lipoproteins against peroxyl radicals.

The carotenoids react as antioxidant agents through three mechanisms: the first
is the SET, the second from the formation of one adduct, and the third by HAT. In
general, the antioxidant properties of carotenoids are related to their high capacity
for electron donation. Everett et al. [41] found that B-carotene reacts with NO,’ via
SET. Carotenoid reactivity studies have also been carried out in the presence of the
benzyl peroxyl radical, which has low reactivity, and it was concluded that in this
case, the reaction mechanisms involved the formation of an adduct, while reactions
by HAT are of little relevance [42].

Other studies have evaluated the effect of the chemical structure of carotenoids
on the reactivity toward FR. One of these studies found that carotenoids substituted
with electrons are more susceptible to oxidation than carotenoids with withdrawn
electron groups. A study of carotenoid reactivity with phenoxy radicals shows the
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order of reactivity to be lycopene > p-carotene > zeaxanthin > lutein > echinenone >
astaxanthin [43].

The effect of the solvent on the reactivity of carotenoids in the presence of FR
has also been evaluated, and it was found that in nonpolar solvents, the reactions
are promoted via adduct formation; while in polar solvents, the formation of
adducts takes place first and then the SET [44].

5.3 Vitamin C

Vitamin C refers to a group of ascorbic acid analogs that can be both synthetic
and natural molecules. Ascorbic acid is a water-soluble ketolactone with two ion-
izable hydroxyl groups. Anion ascorbate is the dominant form at physiological pH
(Figure 8). Ascorbate is a potent reducing agent and undergoes two subsequent
losses of an electron, to form an ascorbate radical and dehydroascorbic acid. The
ascorbate radical is relatively stable because the unpaired electron is delocalized
by resonance. The ascorbate concentration in plasma of healthy humans is around
10 pg/mL. At these concentrations, the ascorbate is a co-antioxidant with vita-
min E to protect LDL from peroxyl radicals [45]. The ascorbate radical is poorly
reactive and can be reduced to ascorbate by reductase-dependent NADH and
NADPH [46]. The ascorbate radical can alternatively undergo a disproportion-
ation reaction that depends on pH, resulting in the formation of ascorbate and
dehydroascorbic acid [47].

Vitamin C is chemically capable of reacting with most of the physiologically
important ROS and acts as a hydrosoluble antioxidant. The antioxidant reaction
mechanisms of vitamin C are based on the HAT to peroxyl radicals, the inactivation
of singlet oxygen, and the elimination of molecular oxygen [48, 49]. For example,
ascorbic acid can donate a hydrogen atom to a tocopheroxyl radical at the rate of
2 x 10° mol/s [50]. Also, it has been proven that ascorbate can produce reactions
with oxidizing agents through SET [51] or a concerted transfer of electron/protons
(SET/HAT) [52].

6. Methods to evaluate antioxidant activity

The antioxidant activity of a compound can be evaluated in vitro or in vivo by
means of simple experiments, and at the same time, the possible prooxidant effect
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on different molecules can be evaluated. Antioxidant activity cannot be measured
directly but is determined by the effects of the antioxidant to control the degree
of oxidation. There are a variety of methods to evaluate antioxidant activity. Some
methods involve a different oxidation step followed by the measurement of the
response, which depends on the method used to evaluate the activity.
When the antioxidant activity of a sample is studied, it is necessary to consider
the source of ROS as well as the target substrate. An antioxidant can protect lipids
against oxidative damage, while, on the other hand, it can promote the oxidation of
other biological molecules [53].
Most assays of antioxidant activity involve inducing accelerated oxidation in the
presence of a promoter and controlling one or more variables in the test system, for
example, temperature, antioxidant concentration, pH, etc. However, the oxidation
mechanisms can change when modifications are carried out on some of these vari-
ables. Therefore, it is important to evaluate the intervals in which the quantification
of the antioxidant activity is done to generate reliable results.

Method Reaction Characteristics Reference
mechanism
Total radical-trapping HAT TRAP assay involves the initiation of lipid [58]
antioxidant parameter peroxidation by generating water-soluble ROO" and
(TRAP) is sensitive to all known chain-breaking antioxidants
Total oxyradical scavenging ~ HAT Evaluates inhibition oxidation of a-keto-y- [59]
capacity total assay methiolbutyric acid (KMBA) by ROS. The
(TOSCA) antioxidant activity is measured through ethylene
concentration, generated during decomposition of
KMBA, relative to a control reaction monitored by
headspace gas chromatography (HS-GC)
Crocin-bleaching assays HAT CBA is based on the abstraction of hydrogenatoms  [60]
(CBAs) and/or addition of radical to the polyene structure of
crocin and results in a disruption of the conjugated
system accounting for crocin bleaching
Oxygen radical absorbance ~ HAT ORAC assay is based upon the inhibition of peroxyl  [61]
capacity (ORAC) radical induced oxidation initiated by thermal
decomposition of azo compounds such as AAPH
Inhibition of 2,2-diphenyl- ~ SET or HAT  Colorimetric method based on the measurement [62]
1-picrylhydracyl radical of the scavenging capacity of antioxidants towards
(DPPH") DPPH’
Inhibition of 2,2"-azino-bis- SETor HAT  Colorimetric method to evaluate the decay of ABTS™ [63]
(3-ethylbenzothiazoline-6- in the presence of an antioxidant agent
sulphonic acid) (ABTS™)
cation radical
Total phenols assay by Folin- SET A mixture of phosphomolybdate and [64]
Ciocalteu reagent phosphotungstate in highly basic medium oxidized
phenolic compounds
Ferric-reducing antioxidant = SET Colorimetric method that evaluates the reduction [65]
power (FRAP) of Fe**-tripyridyltriazine complex (Fe*-TPTZ) by
turning it into a ferrous form (Fe’*-TPTZ)
Total antioxidant capacity SET This method is used to measure the peroxide level [66]

(TAC)

during the initial stage of lipid oxidation. Peroxides
are formed during the linoleic acid oxidation, which
reacts with Fe** to form Fe** and later these ions
form a complex with thiocyanate

Table 2.

Methods most commonly used to evaluate antioxidant capacity/activity in vitro.
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The methods to determine the antioxidant capacity are divided into two general
groups. This division is based on the reaction mechanisms involved in the RF reduction
process. The first group of methods is based on the SET and the second group is based
on the HAT. The result is the same: the inactivation of free radicals; however, the kinet-
ics and secondary reactions involved in the process are different. The methods based
on SET detect the capacity of a potential antioxidant for the transmission of a chemical
species, including metals, carbonyls, and radicals. SET is shown through a change in
color as the oxidant is reduced by antioxidant [54]. The group of methods based on
HAT measures the ability of an antioxidant to inactivate FR through the donation of
a hydrogen atom. HAT reactions are theoretically independent of solvent nature and
pH. These reactions are rapid and occur in no more than a few minutes. The presence
of other reducing agents in samples, in addition to the antioxidants under study, makes
HAT testing difficult and can lead to significant errors [55]. Table 2 shows the methods
of evaluation of the antioxidant activity in vitro.

7. Antioxidant capacity/activity in vitro evaluation

The methods of evaluation of antioxidant activity must be fast, reproducible,
and require small amounts of the chemical compounds to be analyzed, in addition
to not being influenced by the physical properties of said compounds [56]. The
results of in vitro assays can be used as a direct indicator of antioxidant activity in
vivo; a compound that is ineffective in vitro will not be better in vivo [53]. These
tests can also serve as warnings of possible harmful effects of chemical compounds.
Because many factors can affect oxidation, including temperature, the concentra-
tion of oxygen in the reaction medium, and metal catalysts, the results may vary
depending on the oxidation conditions employed. Tests that measure substrates or
products can also give variable results depending on their specificity [57].

These methods are briefly described below.

7.1 Total radical-trapping antioxidant parameter (TRAP)

The TRAP is used to determine the status of a secondary antioxidant in plasma. The
results (TRAP value) are expressed as pmol of ROO" trapped per liter of plasma [58].
The test is based on the measurement of O, uptake during a controlled peroxidation
reaction, promoted by the thermal decomposition of 2,2'-azobis-(2-amidopropane)
(ABAP), which produces ROO" at a constant rate (Figure 9). This starts with the
addition of ABAP to human plasma; the parameter to be evaluated is the “delay time”
of the O, absorption in plasma induced by the antioxidant compounds present in the
medium. The delay time is measured from the O, concentration data in plasma diluted
in a buffer solution monitored with an electrode. In addition to ABAP, other free radi-
cal initiators have been used, such as the ABTS [67], dichlorofluorescein diacetate [68],
phycoerythrin [69], and luminol [70].

One of the main disadvantages of the TRAP method is the possibility of an
error in the detection of the end point caused by the instability of the O, electrode,
because this point can take 2 h to reach. To minimize this problem, the electrochem-
ical detection of O, can be performed with a chemiluminescent detection based on
the use of luminol and horseradish peroxidase [71].

7.2 Total oxyradical scavenging capacity assay (TOSCA)

This method is based on the evaluation of antioxidant activity in the gas phase,
which consists of exposing a-keto-y-methylthiobutyric acid (KMBA) to powerful
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oxidizing agents, such as "OH, ROO’, and ONOO™ [59] (Figure 10). These oxidizing
agents induce a transformation of KMBA to ethylene. To evaluate the effect of anti-
oxidants, the ethylene formation is evaluated and compared to a control reaction by
the use of headspace gas chromatography (HS-GC). The TOSCA assay is based on
the inhibition of ethylene formation in the presence of antioxidant compounds that
compete with KMBA for ROS.

The TOSCA method is not suitable for a high performance analysis because
multiple injections of each sample are required to measure ethylene produc-
tion [55]. The reaction kinetics of this method do not allow a linear relationship
between the percentage of inhibition of KMBA oxidation and the concentration of
antioxidants [72], which is a serious limitation.

7.3 Crocin-bleaching assay (CBA)

The crocin bleaching test (CBA) is a method originally proposed to evaluate the
inhibition of alkoxyl radicals produced photolytically. This is done by measuring
the protective effect exerted by antioxidant compounds on crocin, a carotenoid that
presents an intense red color, under the effect of alkoxyl radicals [60] (Figure 11).
To achieve this, reaction kinetics are carried out in a UV-Vis spectrophotometer,
measuring the absorbance at a wavelength of 440 nm to obtain the relative velocity
constants. These constants present a good correlation with the known antioxidant
activity of reference compounds. The absolute bleaching velocity of crocin depends
strongly on the type of radical that attacks the polyene structure of crocin. Crocin
exhibits a high selectivity toward the alkoxyl radicals produced during the photoly-
sis of hydroperoxides, as well as peroxyl radicals produced after the thermolysis of
azo initiators. Ordoudi and Tsimidou [73] carried out a detailed evaluation of the
CBA, and among the factors, they considered the crocin probe, the antioxidant
compound to be evaluated, the peroxyl radical generation conditions, and the
monitoring of the reaction. As a result of this, they found that any commercial
saffron could be used as a source of crocin for the preparation of the probe, because
it is possible to eliminate interferences, such as tocopherols. They also found that
the concentration of the working solution could be adjusted and that changes in the
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stock solution of the probe can occur during storage. Ordoudi and Tsimidou [74]
also evaluated a group of 39 phenolic compounds of diverse structures, including
hydroxybenzoic, hydroxyphenylacetic, hydroxyphenylpropanoic, and hydroxycin-
namic acids. The results of that study showed that the activity depends strongly

on the position of -COOH groups in relation to the position of the -OH groups.
Therefore, the CBA allows evaluation of the effect of the position of functional
groups that cause antioxidant activity in a chemical compound.

7.4 Oxygen radical absorbance capacity (ORAC) method

The ORAC method is based on the inhibition of oxidation induced by peroxyl
radicals and simultaneously evaluates the time effect and the inhibition degree. The
ORAC test is based on hydrogen atom transfer (HAT) and uses a reaction mecha-
nism that competes between antioxidants and a fluorescence probe (fluorescein) for
aradical [61]. The test begins with the thermal decomposition of azo compounds,
such as [2,2'-azobis-(2-amidino-propane)dihydrochloride (AAPH)], which is the
source of free radicals that promotes the degradation of fluorescein. The antioxi-
dant to be evaluated promotes the elimination of the peroxyl radicals, protecting
the fluorescein from degradation. The decay in fluorescence due to the attack of the
radicals and the protection by the antioxidants results in a curve. The antioxidant
capacity is calculated from the area under the fluorescence decrease curve (AUC).
This assay uses trolox as a standard; therefore, generally the antioxidant activity in
this assay is expressed in terms of trolox equivalents. The ORAC method has been
widely used to measure the antioxidant capacity of beverages [75], supplements
[55], and vegetables and fruits [55, 76].

There are modifications to this assay that include the use of fluorescein as a
probe, adaptation to a high performance format, and the ability to measure the
lipophilic, hydrophilic, and total antioxidant capacity of a substance.

The ORAC assay is carried out at pH 7.4, adjusted with a phosphate buffer, in
the presence of the antioxidant, AAPH, and fluorescein at a constant temperature
of 37°C. Fluorescence is monitored at 1 min intervals for 35 min at an excitation
wavelength of 485 nm and an emission wavelength of 520 nm [77].

The ORAC method can also be used for the detection of ‘OH and other
radicals by modifying the initiators. In addition, the method has been modified
for the detection of lipophilic antioxidants, encapsulating these compounds in
B-cyclodextrins [78].

7.5 Radical scavenging capacity DPPH’ method

The 1,1-diphenyl-2-picrylhydrazyl radical (DPPH") (Figure 12) is characterized
as a stable free radical because pi electrons of the aromatic systems present in the
molecule can compensate for the lack of an electron. DPPH" does not dimerize, as
most other free radicals do. The delocalization of the electron also gives rise to a
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deep violet color, characterized by absorption in solution at around 517 nm. Brand-
Williams et al. [62] evaluated the activity of specific compounds or extracts using
DPPH’ in solution. When a solution of DPPH" is in contact with a substance that can
donate a hydrogen atom or with another radical (R"), the reduced form DPPH-H or
DPPH-R is produced with the consequent loss of color and therefore the decrease

or loss of absorbance (Figure 8). Consequently, the reduction of DPPH’ provides

an index to estimate the ability of the test compound to trap radicals. The alcoholic
solutions of 0.5 mM are densely colored, and in this concentration, the law of
Lambert-Beer is fulfilled in the useful absorption interval [79].

ArOH is an antioxidant that acts by donating hydrogen atoms, to obtain radicals
with stable molecular structures that will stop the chain reaction. The new radical
(ArQO°) can interact with another radical to form stable molecules (DPPH-OAr,
ArO-OAr). The reaction between DPPH" and an antioxidant compound depends on
the structural conformation of the same, so quantitative comparisons are not always
appropriate.

The basis of this methodology is focused on measuring the reduction of free
radicals by antioxidant compounds. Different concentrations and the time of the
reaction are measured (30 min or until the steady state is reached). So far, there
are no reports about the existence of a mathematical kinetic model that helps to
understand the behavior of antioxidants [80].

The experimental models use the percentage of DPPH’ remaining to obtain the
necessary quantities that are required to reduce the initial concentration to 50%
(ECsp). In addition, kinetics is performed to determine the amount of time needed
for the steady state to reach ECsy from the curves. ECsy and effective concentration
50 (TECs) are used to calculate antiradical efficiency (AE). Low values of ECs
and TECsy show a high antioxidant strength, and a rapid decrease in absorption is
observed during the reaction [81]. The antiradical efficiency can be estimated based
on the scale contained in Table 3.

It is a fast, simple, inexpensive, and widely used method to measure the abil-
ity of compounds to act as free radical scavengers or hydrogen donors. It can also
be used to quantify antioxidants in complex biological systems, for solid or liquid
samples. The method is applied to measure the overall antioxidant capacity [82] and
the activity of eliminating free radicals from fruit and vegetable juices [83]. It has
been successfully used to investigate the antioxidant properties of wheat grain and
bran, vegetables, oils, and flours in various solvents, including ethanol, aqueous
acetone, methanol, and benzene [84-87].

The radical scavenging DPPH' method allows for a reaction with almost any
type of antioxidant due to the stability of DPPH’. This means there is sufficient

38



Antioxidant Compounds and Their Antioxidant Mechanism
DOI: http://dx.doi.org/10.5772/intechopen.85270

time for even weak antioxidants to react with DPPH" [82]. This method can be used
with both polar and nonpolar organic solvents to evaluate hydrophilic and lipophilic
antioxidants [55].

The method has some disadvantages, among which is that DPPH’ can react with
other radicals and consequently the time to reach the stable state is not linear to the
concentration ratio of the antioxidant/DPPH’ [62, 80]. The stability of DPPH’ can
be affected by solvents with properties of a Lewis base, as well as the presence of
dissolved oxygen [88]. The absorbance of DPPH’ in methanol and acetone is lower
than with other solvents [89].

Because the radical scavenging DPPH" method is quite simple and used in vari-
ous fields of chemistry, automated assays combined with analytical techniques have
been developed (Table 4).

7.6 Ferric reducing/antioxidant power (FRAP) method

The FRAP analysis was introduced by [65, 96] to measure total antioxidant
activity and is based on the ability of samples to reduce ferric ion Fe’* to ferrous ion

Range Antiradical efficiency classification
AE=1x10" Low
1x1072 <AE=5x107 Medium
5x10<AE=10 x 107 High
AE>10x 1072 Very high
Table 3.

Scale of antivadical efficiency (AE) against DPPH" [81].

Automation Characteristics References
Flow injection analysis (FIA) Bioassay-guided fractionation of natural products or food [90]

by high performance liquid samples

chromatography (HPLC)

PC-controlled sequential SIA is a FIA technique modified by using a pump to continuously [91]
injection analysis (SIA) draw sample and reagent solutions into different lines of tubing
Electrochemical selective Current intensity is proportional to the residual concentration of [92]

determination of antioxidant DPPH’ after reaction with the antioxidant
activity based on DPPH'/DPPH

Relative DPPH radical The RDSC uses the area under the curve, expressed as trolox [93]
scavenging capacity (RDSC) equivalents. These approaches take into account both the
kinetic and the thermodynamic measurements of the radical-
antioxidant reactions

High performance thin layer Post-chromatographic derivatization is carried out with DPPH'.  [94]
chromatography (TLC)-DPPH" The plates are scanned before DPPH" and 30 min after DPPH
derivatization in absorption-reflection mode at optimized

wavelengths
Hyphenated high speed counter After the HSCCC separation, the effluent is split into two [95]
current chromatography streams by use of an adjustable high-pressure stream splitter.
(HSCCC)-DPPH’ One portion is sent through the detector and the fraction

collector, while the second portion is sent to a secondary coil for
on-line radical-scavenging detection

Table 4.
Automated modes to evaluate radical scavenging capacity DPPH'.
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Fe”", forming a blue complex. A high absorption at a wavelength of 700 nm indicates
a high reduction power of the chemical compound or extract [66]. The value of FRAP
has been used to determine the antioxidant activity of red wines [97]. The work of
Schleisier et al. [98] was designed to determine the antioxidant activity in tea extracts
and juices expressed in Fe** equivalents. The absolute initial index of the reduction of
ferrylmyoglobin determined by spectroscopy in the visible region has been suggested
to characterize the antioxidant activity of individual flavonoids [99]. There are
several trials to evaluate FRAP; one of them is to evaluate the power of a compound
or extract to reduce the complex of 2,4,6-tripyridyl—s—triazine-Fe2+ (TPTZ-Fe™).

An antioxidant reduces the ferric ion (Fe**) to ferrous ion (Fe**) in the TPTZ com-
plex; the latter forms a blue complex (Fe**/TPTZ), which absorbs at a wavelength

of 590 nm (Figure 13). The reaction must be carried out under acidic conditions

(pH 3.6) to preserve the solubility of Fe. The reducing power is related to the degree
of hydroxylation and the conjugation in the phenols [55].

The FRAP assay has an incubation time of 4 min at 37°C for the antioxidant
activity of most samples. This is done because the redox reactions, involved in the
assay, occur within the incubation period. However, it has been shown that FRAP
values can vary significantly, depending on the time scale of analysis [55, 96].

7.7 Method of inhibition of the (2,2’-azinobis-(3-ethylbenozothiazoline-6-
sulfonate)) radical cation (ABTS™")

ABTS is a target molecule used to evaluate the reactivity of antioxidant samples
in the presence of peroxides. The ABTS initially is subjected to an oxidation reaction
with potassium permanganate, potassium persulfate or 2,2'-azo-bis (2-amidinopro-
pane), producing the radical cation of the ABTS (ABTS™) with a blue greenish color
that absorbs at wavelengths of 415, 645, 734, and 815 nm [100-102]. The ABTS™
is stable for several minutes. The ABTS™ is subjected to the antioxidant sample
causing the reduction of ABTS™ and consequently the discoloration of the reaction
mixture (Figure 14). Therefore, the degree of discoloration can be expressed as the
inhibition percentage of ABTS™, which is determined as a function of antioxidant
concentration and time. This method can be used at different pH and is useful to
study the effect of pH on antioxidant activity. ABTS is soluble in both aqueous and
organic solvents and consequently is useful for evaluating the antioxidant activity
of samples in different media and is commonly used in solutions that simulate an
ionic serum (pH 7.4) based on a phosphate buffer (PBS) containing 150 mM NaCl.
When a medium of PBS is used, the samples react in a time interval of approximately
30 min, while in alcohol, they require longer reaction times [103]. The level of per-
oxide is determined by the absorbance at some of the above-mentioned wavelengths.
The IC50 is calculated by plotting the percentage of inhibition against different
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Figure 13.
Reaction mechanism for the FRAP assay in the presence of an antioxidant [55].
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Figure 14.
Reaction of ABTS™ with antioxidant compounds.

concentrations of the antioxidant sample [104]. The ICs; values indicate the sample
concentration required to eliminate 50% of the ABTS™. Low ICsj values indicate high
radical uptake activity. The antioxidant activity against ABTS™ can also be evaluated
through the unit of antioxidant activity (TAA), which expresses the equivalents of
trolox in pmol with respect to each gram of sample extract in dry base.

The inhibition of ABTS™ activity in an antioxidant sample has a strong correla-
tion with the radical scavenging capacity DPPH’ because both radicals have the
capacity to accept electrons and H' from the antioxidant compounds present in the
samples [105, 106].

7.8 Total antioxidant capacity (TAC)

TAC is defined as the ability of a compound to inhibit the oxidative degrada-
tion of lipids [66]. Lipid peroxidation involves the oxidative deterioration of lipids
with unsaturation. This peroxidation, called the initiation process, begins with the
formation of conjugated dienes and trienes, known as primary oxidation products
due to the abstraction of a hydrogen atom. Subsequently, a propagation process is
carried out that consists of the reaction of the deprotonated species derived from
the lipids with O,, leading to the formation of peroxyl radicals (ROO"). The high
energy of free radicals promotes the abstraction of hydrogen atoms from neighbor-
ing fatty acids. This leads to the formation of hydroperoxides that promotes the
formation of new R’ radicals. The latter radicals react with each other to produce
stable molecules of the R-R and ROOR type [107]. To encourage the antioxidant
activity of a chemical compound, it is necessary to inhibit the peroxidation of a
fatty acid emulsion; linoleic acid is generally used as a model. The hydroperoxides
derived from linoleic acid subsequently react with Fe**, causing the oxidation of
this ion to produce Fe**. The Fe’* ions form a complex with thiocyanate (SCN™), and
this complex has a maximum absorbance at 500 nm [108]. This complex is used to
measure the peroxide value.

The ferric thiocyanate method is used to measure the peroxide value in edible
oils. To avoid errors in the determination of the peroxide value, it is important to
avoid the presence of oxygen in the reaction medium and this can be achieved by
bubbling nitrogen [109]. These authors found that the results of the thiocyanate
assay also depend on the solvent, reducing agent and type of hydroperoxides pres-
ent in the sample.

8. Conclusions
The reaction mechanisms involved in the antioxidant activity/capacity of dif-

ferent groups of compounds depend on several factors. Among these factors are the
chemical structure of these compounds, the nature of the solvent, the temperature

41



Antioxidants

and pH, as well as the reactivity and chemical structure of free radicals. All these
factors can also influence the reaction rate. Consequently, it is very important that,
for studies of antioxidant properties, at least three evaluation methods are selected:
one to exclusively evaluate the HAT, another the SET, and a combined method,
HAT/SET. Also, it is important to perform reaction kinetics. In addition to this, it

is essential to consider that in mixtures of antioxidant compounds, possible syner-
gistic effects are present and can enhance the activity/capacity or even modify their
reaction mechanisms.
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Chapter 3

Effect of the Ozonization Degree
of Emu Oil over Healing: An
Emerging Oxidation Treatment

Daniel Martin Mdrquez Lopez, Tomds A. Fregoso-Aguilar,
Jorge A. Mendoza-Pérez and Sergio O. Flores-Valle

Abstract

This chapter deals with the ozonization process of the emu oil, the objective of
this study was to quantitatively determine the peroxide value (PV) to measure the
degree of ozonation, the peroxide value measures the number of peroxide groups in
the ozonized oil. The ozone oxidizes the unsaturated chemical functions present in
the oil giving a high cure rate for epidermal wounds. The healing process is not com-
pletely understood and there are different approaches, therefore, it was determined
qualitatively if it has healing and inflammation properties, but the results of our
studies have shown that the length and width of the wounds were healing quickly
thanks to the peroxidation rate of the oils. In addition, both tests were correlated to
obtain a greater appreciation of their functions, the mechanism involves a decrease
in the inflammation of the wounds and stimulates the process of scar formation.

Keywords: ozonization, emu oil, peroxide value, healing, inflammation

1. Introduction

The skin is a fibroelastic membrane, considered the “outer covering of the body”;
It is an organ that performs a wide range of functions including thermoregulation,
protection against external aggressions, the absorption of ultraviolet radiation and
the production of vitamin D. Additionally, it has an important function of immune
recognition, it is an effective protection barrier against pathogenic microorganisms,
being the largest organ of the integumentary system and a powerful receptor of
sensory stimuli [1]. The frequent exposure to environmental aggressions makes this
organ susceptible to suffer injuries that compromise its integrity altering the normal
development of its functions [2]. One of the factors that compromise the continuity
of this tissue are chronic wounds such as pressure ulcers (PPU), which have been a
public health problem that mainly affects those persons who must remain in bed for
long periods of time as consequence of chronic diseases [3] or acute dermatitis [4],
which affects all human races and more frequently women. Pressure ulcers (PPU)
can be presented at any age; however, it predominates in childhood, being more
frequent before 5 years of age and persists in adulthood in up to 60-70% of patients
[5]. Emu oil is known for the use that the natives of Australia gave it as a remedy to
alleviate different ailments for 200 years [6]. In the First World War, ozonated oils
were used for therapeutic purposes, as well as the healing of wounds and fissures [7].
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Ozonated oils showed their role as modulators of wound healing [8]. The reaction of
ozone with the unsaturations present in the fatty acids and other free acids of natural
oils generate products such as ozonides and peroxides with germicidal activity and
tissue regeneration [9]. The application of ozonated vegetable oil for wound heal-
ing quantification in mice, has shown that this oil must be ozonated until a “mean
degree” of peroxidation is reached (PV = 1631 + 64 mEq/kg) [10]. On the other hand,
the periodic application of completely ozonated olive oil (iodine value = 0) caused

in the skin hypersensitivity to contact and loss of hair in the application zone [11].
Furthermore, it is commonly observed that these ozonated oils present a delayed
action [12]. A few crude oils from vegetable origin have the property of healing,

once ozonized they acquire this property [13]. The search in the main platforms of
scientific information on the ozonization of oils of animal origin throws information
that lacks depth to know the effects of the products or by-products in the human
body, which does not allow to find a relationship between different ozonized oils,

in order to develop a synthetic ozonized oil. Therefore, a need is created to develop
research that help to clarify the mechanisms of action of ozonized animal oil, for its
greater compression and create the possibility of application. The objective of this
work is to quantitatively determine the peroxide value (PV) to measure the degree of
ozonation, determine qualitatively if it has healing and inflammation properties, in
addition, correlate both tests to obtain a greater appreciation of its functions.

2. Methodology and materials
2.1 Ozonization of emu oil

The experiments were carried out at pressure and room temperature in a
semi-continuous type reactor. A constant temperature of +2°C below the melting
temperature of 16°C was maintained.

The ozone is fed continuously and is bubbled to the oil contained in a jacketed
reactor, water exert as cooling fluid through a recirculation bath. The reactor is
designed in the lower part with a porous ceramic plate (diffuser), an output at the
top for monitoring the remain ozone leaving the reactor and has a step valve used to
obtain samples at 2, 5, 7 and 10% of ozone.

Ozone is generated from oxygen (acquired from INFRA) with a purity of 99.5%,
by means of an ozone generator “AZCO”. The refined grade A Willow Springs emu oil
was used as raw material, which was applied the extraction technology as described
by Marquez [14]. The ozone/oxygen mixture from the generator is introduced to the
reactor from the bottom and is evenly distributed in the aqueous solution by means of
the diffuser. In the upper part of the reactor there is an output that is connected to a
gas phase ozone analyzer BMT-930 connected to a computer that receives the data to
be processed in “MATLAB”, and generates a graph of the concentration of ozone at the
exit of the reactor against time (ozonogram) [7, 15]. The working conditions were: oil
weight: 9 g, initial ozone concentration: 30 + 0.5 mg/L, ozone flow: 0.5 L/min.

2.2 Peroxide value (PV)

This method is based on the determination in the test solution of the amount of
peroxides contained by means of a titration based on the ISO 3960: 2017 standard.

The peroxide index indicates the milliequivalents of oxygen in the form of
peroxide per kilogram of fat or oil.

A mass of 5.0 + 0.05 g of sample is determined inside the flask, 30 cm’ of acetic
acid-chloroform solution is added and stirred until the sample is completely dissolved.
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With a Mohr pipette, 0.5 ml of saturated potassium iodide solution is added; it
is stirred and allowed to stand for 1 min, after which 30 ml of water are added. It is
slowly and carefully titrated with 0.1 N sodium thiosulfate solution; shake vigor-
ously after each addition, until it has a slightly yellow coloration; then add 0.5 ml
of starch indicator solution and titration is continued without stirring until the
blue color disappears. If the 0.1 N solution of sodium thiosulfate is less than 0.5 ml,
repeat the determination using 0.01 N sodium thiosulfate solution.

Perform a blank test in the same conditions in which the sample test was carried
out. In addition, the milliliters of 0.1 N thiosulfate solution used in the titration
should be noted in each case and should not exceed 0.1 ml of thiosulfate. The
determinations are made in duplicate at least [16].

The peroxide value is calculated by expressing the milliequivalents of peroxide
contained in a kilogram of fat or oil by means of the following equation:

PV=(A-A;) xNx (%) (1)

where PV = peroxide value; A = milliliters of sodium thiosulfate solution spent
in the titration of the sample; A; = ml of sodium thiosulfate solution spent in the
titration of the blank; N = normality of the sodium thiosulfate solution; M = mass
of the sample in grams.

2.33PNMR

3P NMR analysis was performed in triplicate and was based on the method of
Lehnhardt. A detergent solution was prepared containing: sodium cholate (10% w/w),
EDTA (1% w/w) and phosphonomethylglycine (PMG) as an internal standard for
quantification (0.3 g/1); pH was adjusted to 7.1 using sodium hydroxide. The detergent
solution was an aqueous solution containing 20% D,0 for deuterium field-frequency
lock capability. Sample was mixed with detergent solution (750 pl) by vortexing, then
dispersed by ultrasonication with occasional shaking at 60°C for up to 10 min. The
amount of sample used depended on its phospholipid content (lecithin standard 15 mg,
cream polar lipid 15 mg, BPC60 powder 50 mg, BPC60 lipid 15 mg, lipid-depleted
BPC60 residue powder 70 mg, PC700 20 mg, beta serum powder 60 mg, liquid beta
serum 200 pl in 500 pl detergent). When required, pH adjustment was made with
aqueous NaOH after the sample was fully dispersed in the detergent. The solution was
then transferred to a 5 mm NMR tube for analysis. The mixture was then transferred
toa 5 mm NMR tube and the *’P-NMR spectra were recorded. The NMR spectral data
were acquired in a Bruker 400 MHz system using a delay of 25 s between 90° pulses
and a line widening of 4.0 Hz. A minimum of 200 transients were acquired for each
sample at room temperature [17]. The *’P-NMR had a standard deviation of +1.20%. A
minimum of 200 transients were acquired for each sample at room temperature [17].

The chemical species at approximately 132.2 ppm had two TMDP groups and,
therefore, two phosphorus atoms bound to it, doubling the NMR signal. For this
reason, to obtain the moles of water, the peak area at approximately 132.2 ppm was
halved and then it was added to the peak area at approximately 15.9 ppm.

2.4 Intensive wound healing activity in vivo
2.4.1 Experimental species

Male NIH mice of 60 days of age, weighing between 25 and 30 g, were main-
tained in separate cages in a room under controlled conditions with temperature
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at 23 + 2°C, in a light cycle for 12 hours: dark cycle for 12 hours with free access to
water and full commercial food.

The mice were used after a 3-day acclimation period to the laboratory
environment.

Throughout the experiments, the animals were processed in accordance with
ethical guidelines for the care of laboratory animals. The study was approved by the
Brazilian College of Animal Experimentation (BCAE) protocol n° 050/2012.

2.4.2 Experimental groups

The animals were divided into five groups consisting of 6 animals: Group A:
untreated mice (control).

Group B-E: cutaneous wounds treated topically with a single application
of approx. 0.074 g of OEO at 2%, OEO at 5%, OEO at 7% and OEO at 10%
respectively.

Histomorphometric and histopathological analyzes were performed on the 3rd
postoperative day. The animals of each subgroup were euthanized on the pre-
established day for the end of the experiment with an intraperitoneal injection of
pentobarbital in deep anesthesia.

2.4.3 Model for split skin wounds

This test was carried out according to the methodology described by Pradeep et al.
[18] with some modifications. To perform the surgical procedure, the animals were
weighed and then anesthetized with a specific dose of pentobarbital (60 mg/kg BW).
After being placed in the prone position, the animals were shaved with a comb of
the 1.2 mm hair removal machine. The antisepsis was performed with 70% alcohol
along the dorsal midline of the cervical region. A cylindrical fragment of the skin was
removed from the midline of the dorsal region with a 10 mm diameter biopsy punch.
The depth of the wound of the skin included the epidermis, the derma, the hypoderm
and the muscular layer, so that the superficial fascia was exposed.

2.4.4 Treatment

After the surgery, the skin wounds were treated topically with approx. 0.074 g of
OEO at 2%, OEO at 5%, OEO at 7% and OEO at 10% respectively, the control group
does not make any application. The animals were treated every third day, during
pre-established periods.

The clinical course of skin wounds was monitored daily for the presence of
secretions, scabs, necrosis and secondary infections. At the end of the experiment,
the mice were euthanized as previously described.

2.4.5 Statistics analysis

The results obtained from each group were analyzed statistically using a one-
way ANOVA test. The GraphPad Prism 4.0 software (GraphPad, San Diego, CA,
USA) and SPSS 18.0 (SPSS Inc., Chicago, IL, USA) were used. The differences were
considered statistically significant with P < 0.05.

2.5 Injury inflammation activity in vivo

NIH male mice between 25 and 30 g were used. For all the 30 mice the feed
is removed 12 hours before the test (water ad libitum). On the day of the test
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the animals are randomly distributed in batches with six mice each, marked and
weighed (BW = body weight).

The saline solution was administered subcutaneously in the bearing of the left
leg (LL) while the carrageenan was administered in the right leg (RL), with an
indelible nib was marked the site in which the injections were applied, and the
measurement was carried out. The injection was applied directing the liquid and
the tip of the needle towards the toes of the leg. Great care was taken not to confuse
the syringes of saline solution with that of carrageenan or the right and left paw,
this could produce deficiencies in the analysis of results [19].

With the help of a Vernier the thickness of each leg was measured in the previ-
ously made mark. The first measurement will be made 15 min after carrageenan
is administered. This procedure was repeated at times of 30, 50 and 120 min. The
difference between the measurements of the right leg minus left leg for each rat will
be obtained using:

Inflammation = RL - LL 2)

At the end of the test, the animals were returned to their original cage to be
delivered to the storekeeper for slaughter in accordance with the norms: NOM-033-
Z00-1995 (humane slaughter of domestic and wild animals), NOM-062- ZO01-999
(technical specifications for the production care and use of laboratory animals) and
NOM-087-Ecol-1995 (final disposal of biological products, excreta and corpuses).

3. Results and discussions
3.1 Emu oil composition

Triglycerides are the main components of vegetable oils; their distributions of
fatty acid esters differ according to the characteristics of the seeds. The composi-
tions of the avocado and emu oils are shown in Table 1. As observed in this table the
avocado and emu oils have similar compositions of oleic acid (C18: 1) and linoleic
acid (C18: 2), becoming its main components. In the following, “fatty acids” refers
to free fatty acids and their dispersed esters in triglycerides.

3.2 Emu oil ozonization

The Emu oil was ozonated until the ozone reaction was completed, that is, when
the exit ozone concentration was equal to the inlet concentration (62 min for the

Fatty acids (%) Avocado oil Emu oil Human skin
Palmitoleic C16:1 3-9 32 3.8
Stearic C18:0 04-1.0 10.1 11.2
Oleic C18:1 56.0-74.0 516 30.8
Linoleic C18:2 10.0-17.0 13.2 151
Linolenic C18:3 ND-2.0 0.5 0.3
Arachidonic C20:0 ND 0.1 —
Gadoleic C20:1 ND 0.5 —
Phospholipids 1.0 — —
Table 1.

Lipid composition of oils.
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experimental conditions). The latter was controlled by the ozonogram, with the
graph representing the ozone that was not consumed during the ozonation process.
In Figure 1, the ozone of the emu oil can be observed, which indicates that the oil
contains oxidizable substrate.

3.3 Peroxide value

Figure 2 shows a gradual increase in the PV with respect to a gradual increase of
the ozonation time due to the composition of the fatty chain of triglycerides of the
oil and the generation of peroxide bonds.

Ozone reacts with the carbon—carbon double bonds of unsaturated fatty acids
and triglyceride present in emu oil to form important products such as trioxolanes
and peroxides, which are responsible for decrease of inflammatory activity and help
stimulate tissue repair. At low levels, reactive oxygen species (such as H,0,) gener-
ated by ozonation, which have a short shelf life, are non-radical oxidants capable of
acting as ozone messengers responsible for promoting wound healing.

The PVs are obtained after 24 h of reaction. Emu oil only had a PV of
250 mEq O,/kg of oil, while the PV of ozonated emu oil was much higher with a
range of 2700-2900 mEq O,/kg of oil. These results show that during the synthesis
of the OEOQ, almost all the carbon double bonds in the olive oil reacted with the
ozone molecules, generating peroxidic species to increase the PV. After 24 h of
reaction, the hydroperoxides, the hydrogen peroxides, the polymeric peroxides
and other organic peroxides in OEO had reacted with the iodide to form iodine.
According to Giinaydin, the reaction time is a very important factor in oils with high
peroxide content, and must be greater than 2 min [20].
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Figure 1.
Ozonogram of emu oil.
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Figure 2.
Peroxide value graph with R* = 0.9798.

The spectrum of *'P NMR is also shown in Figure 3, Where we can observe a
peak that is in the range of the chemical change from 0 to —15 which represents the
peak of phosphonomethylglycine used as an internal standard for quantification,
which indicates that the emu oil does not have any type of phospholipid, the adipose
part of the skin has phospholipids, ozonized vegetable-based oils also have phos-
pholipids, once applied these, the phospholipids of the skin come in contact with
the phospholipids of the oil of ozonized vegetable origin and send the order to close
the pore to avoid invasion.

3.4 Healing

The effect on cleavage and incisional wound of the ozonized emu oil at 2%
produced a minimal significant decrease in the period of epithelialization compared
to the control. The treatment also showed a significant decrease in wound contrac-
tion (50%) compared to the control as shown in Table 2. In the incision wound
model, it produced an increase in resistance to wound breakage in comparison with
the control group as shown in Figure 4.

The effect on the excision and the incision wound across the width of the wound
produced a decrease in the period of epithelialization compared to the control. The
treatment showed a significant decrease in wound contraction (50%) compared to
the control. In the incision wound model, both along and across the width of the
wound produced an increase in the resistance to rupture of the wound compared to
the control group as shown in Figure 5.

The weight and body temperature of each mouse were measured, and it was
found that in the mice with weight and body temperature over time they ended in
mortality.
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Figure 3.
The **P-NMR spectra for the refined emu oil.
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Table 2.
Healing processes.

3.5 Inflammation

Inflammation studies were carried out in each model, with one leg as control and
the other as comparative of inflammation, ozonized emu oils of 2% and 7% concen-
tration were taken, the averages of each mouse were obtained with their respective
standard error. A gradual decrease in emu ozonized oil at 2% was observed with
respect to 7% emu ozonized oil, as seen in Figure 6, in addition to comparing with
the control group, which is found in Figure 7, a decrease in significant inflamma-
tion of the right leg.

In Figure 7, the normal decrease in inflammation in the left leg (control) of the
animals is noted; aspect that served to evaluate the inflammation of the right leg
that were administered with carrageenan and that is observed in Eq. (2) and the
Figure 6.

58



Effect of the Ogonization Degree of Emu Oil over Healing: An Emerging Oxidation Treatment
DOI: http://dx.doi.org/10.5772/intechopen.83383

‘I“ ||1

12 16 19 25
Tlme (days)

Wound length (cm)

Figure 4.
Wound length for the control group () and the ozonized emu oil groups at 2% (B), 7% (%) and 10% (m).
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Figure 6.
Comparison of the inflammation height of emu oil at 7% (V) height of inflammation of emu oil at 2% (@)
on the right leg.

3.6 Discussion of wound healing and inflammation

The reaction of ozone with the unsaturations present in the fatty acids and other
free acids of the Emu oil generate products such as ozonides and peroxides. These
products may enhance the topical absorption in the mouse skin, because the ozon-
ized emu oil does not have phospholipids.

Asitis known, in the processes of tissue damage and inflammation there is a
rupture of the phospholipids that constitute the membranes of the cells or their
organelles, leading to the activation of the phospholipase A2 which, in turn, is
responsible for transforming the membrane phospholipids in arachidonic acid,
main precursor through the action of enzymes such as cyclooxygenases, of pros-
taglandins with proinflammatory activity [21, 22]. This results in the activation of
various nociceptor and anti-inflammatory pathways [23]. There are also many drugs
aimed for inhibiting the inflammation and pain associated with these damages, but
only some are also directed towards the aspect of tissue healing. Consequently, and
considering the above, in this work we focus in the study of a biological (natural)
product that could present these two characteristics: such as the emu oil subjected
to the ozonation method described in the methodology. According to the results
shown here, in the healing aspect, only the emu oil concentration at 2% had a sig-
nificant effect on tissue repair; something that was not observed with the concen-
trations of 7 and 10%; so, it can be said that the optimal healing concentration was
2%. The fact that an adequate healing does not occur at higher concentrations may
depend on the content of other factors not determined in this study, such as factors
of plaquetary aggregation, anticoagulants, growth factors, etc. [24], which would be
represented in a lesser proportion in the oil, in relation to its content of fatty acids.
Obviously, to verify this, more profound studies would have to be done to detect the
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Figure7.
Inflammation height of the control group (A) in the left leg.

presence of such factors that promote an accelerated closing of the wound, increases
the neoepithelial thickness and the migration of macrophage-histiocyte cells.
However, it is logical to consider that, as with many drugs in allopathic therapy, the
dose-response effects do not follow a directly proportional trend, but there is a dose
(in our case a concentration) to which the maximum healing response is promoted
and none therapeutic effect is observed, although it is increased to dosage, this gives
rise to future replications of the experiment with concentrations closer to 2%.

On the other hand, it was remarkable to find that with the two emu oil concen-
trations tested (2 and 7%), the anti-inflammatory effect was directly related to the
concentration used in the mice. This may be related to the content of other fatty
acids of emu oil, in addition to the linoleic which is known to participate in the anti-
inflammatory actions of some commercial preparations (search for bibliography of
this); because having higher content of fatty acids (e.g. stearic, palmitic and even
oleic), and be submitted to the ozonation process described in previous paragraphs,
it would confer to the tested concentrations a greater capacity to prevent the forma-
tion of proinflammatory prostaglandins as some interleukins, prostaglandin E2
and different leukotrienes. There is also the possibility that the ozonizing process
conferred inhibitory activity on the inductive cyclooxygenases present in the
membrane (COX-2) and that the inhibition of prostaglandin formation was carried
out at that level, but for this, they would also have to be make more specific studies;
however, the possibility is posed.

4. Conclusions
The present study was conducted to evaluate whether ozonized emu oil could
promote wound healing in experimentally induced lesions in mice. The results

of the present study also corroborate the use of emu oil for Vedic healing in folk
medicine for the treatment of wounds.
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Topically applied Vedic healing promoted resistance to wound breakage, wound
contraction and period of epithelialization in different models of experimental
wounds.

The phase of inflammation, macrophagia, fibroplasias and collagenation
are intimately intertwined. Therefore, an intervention in any of these phases by
medications could lead to the promotion or depression of the healing phase of the
collage.
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Appendices and nomenclature

LL inflammation in the left leg (mm)
OEO ozonized emu oil

PMG phosphonomethylglycine, g/l

PPU pressure ulcers

PV peroxide value, mEq peroxide/kg of oil
RL inflammation in the right leg (mm)
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Abstract

Agro-industrial residues are a potential source of antioxidant compounds,
which in general are phenolic compounds with a large chemical variability. The
structure and the complexity of the phenolic compounds (polyphenols) determine
their antioxidant capacity, pretreatments, and extraction methods. This chapter
gives an overview of the chemical complexity of the phenolic compounds found in
extractable and non-extractable fractions of agro-industrial residues, and
representative compounds that are present in such residues are shown. Moreover,
extraction methods described in this review showed the use of nonconventional
technologies and chemical, enzymatic, or thermic treatments, useful to transform
non-extractable polyphenols (NEP) to extractable polyphenol (EP) and then apply
the EP extraction methods and recover antioxidants.

Keywords: agro-industrial residues, total phenol content, extractable and
non-extractable polyphenols

1. Introduction

The agro-industry produces a huge amount of waste, such as peels and seeds
from fruits (juice industry), coffee husks, coffee pulp, spent coffee grounds, cocoa
husks, cocoa bean shells, acerola bagasse, soybean expeller, rice straw, wheat straw,
and sugar bagasse. Most of these wastes contain value-added substances such as
phenol-type compounds, which are important for their antioxidant activity. Phe-
nolic compounds possess an aromatic ring, bearing one or more hydroxyl substitu-
ents, and whether they have low or high molecular weights (from one to several
aromatic rings), all of them are generally referred to as polyphenols. The chemical
complexity of polyphenols and the ease of extraction from vegetal tissues divide
them into two main groups. The first group is comprised of low-molecular-weight
phenols (LMWP) such as flavonoids, hydroxycinnamic acids, stilbenes, and
benzoic acids, which are found in free form or as glycosides (Figure 1) [1-3]. They
are easily extracted by aqueous-organic solvents which is why they are named
extractable polyphenols (EP). The second group of compounds are low- or high-
molecular-weight polyphenols that include (i) lignans which are phenolic acids or
flavonoids associated with the cell wall, such as highly condensed phenylpropanoids
[4] and (ii) tannins of high-molecular-weight polyphenols, which can be polymers
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Figure 1.
Extractable (EP) and non-extractable polyphenols (NEP) from ARs.

of phenolic acids and sugars (hydrolysable tannins) or polymers of
polyhydroxyflavan-3-ol (condensed tannins or proanthocyanidins) [5]. Due to
structural complexity, low solubility, and matrix or vegetal tissue availability,
these polyphenols are not easy to extract and therefore are considered non-
extractable polyphenols (NEP).

EP and NEP from agro-industrial residues (ARs) represent sources of
value-added compounds with potential uses as ingredients in functional foods [6]
or dietary supplements due to their health benefits, including antioxidant
activity [7-10].

Some problems associated with the recovery of antioxidant phenols or polyphe-
nols are the low availability from matrix (NEP), chemical complexity (NEP), low
extraction yields (NEP and EP), and the reduction of antioxidant activity during the
extraction process (NEP and EP). All of them present challenges to be overcome
for the best use of ARs and economic feasibility. In this review, chemical complex-
ity, extraction methods, and antioxidant activity described in the most recent
bibliography are presented. Research in the use of agro-industrial waste involves
applying nonconventional extraction methods and establishing conditions that
prevent the degradation of polyphenols and, consequently, the loss of
antioxidant activity.

Phenolic compounds with antioxidant potential in ARs described to date can
be grouped into five classes according to the number of carbon atoms in the
basic skeleton: C5Cq, C¢C3, CsC1Cg, C5C,Cg, and C5C3Cg [11]. There are
benzoic acids 1-6 (C¢C;), hydroxycinnamic acids 7-14 (C4C3), benzophenones
15-16 and xanthones 17-18 (C4C,C¢), stilbenes 19-26 (C¢C,Cs), flavan-3-ols
27-30, anthocyanidins 31-35, flavonols 36-40, flavanones 41-45, flavones
46-49, isoflavones 50-55 and dihydrochalcone 56 (C¢C3C¢) Figure 2. Table 1
shows low-molecular-weight phenolic compounds and their occurrence in ARs,
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Polyphenol

Example of ARs

Benzoic acids

Protocatechuic acid 1

Mandarin peels [14], grape bagasse [22], spent
ground coffee grounds [23], grape pomace [24],
sugarcane bagasse [25, 26]

p-Hydroxybenzoic acid 2

Mandarin peels [14]

Vanillic acid 3

Mandarin peels [14]

Gallic acid 4

Mango peels and seeds [17]

Gallic acid derivates theogallin 5 and ellagic
acid 6

Orange peel [18], acerola bagasse [12], Vidal grape
pomace [27], jocote [19], grape pomace [24]

Hydroxycinnamic acids and derivates

Ferulic acid 7

Coffee pulp [13], grape seed oil press residues [28],
Vidal grape pomace [27], pomegranate seeds [29]

Caffeic acid 8

Grape seed oil press residues [28], grape pomace
[24]

p-Coumaric acid 9

Grape seed oil press residues [28], mandarin peels
[14], acerola bagasse [12], Vidal grape pomace [27]

Sinapic acid 10

Mandarin peels [14], grape pomace [24]

Caftaric acid 11

Grape seed oil press residues [28], grape pomace
[24]

Fertaric acid 12

Vidal grape pomace [27], seed oil press residues
[28], grape pomace [24]

Coutaric acid 13

Seed oil press residues [28], grape pomace [24]

Caffeoylquinic 14, coumaroylquinic, and
feruloylquinic acids

Coffee pulp [13], apple fiber [3], Saskatoon berry
pomace [15], mandarin peels [14], acerola bagasse
[12], green coffee seed residue [30], pear fiber [3],
jocote [19]

Benzophenones

Maclurin 15, riflophenone 16

Mango peels [17]

Xanthone

Mangiferin 17, isomangiferin 18

Mango peels [17, 31]

Stilbenes

Trans-resveratrol 19

Grape pomace [24], grape skin [21], grape cane [32]

Trans-piceid 20, cis-piceid and piceatannol 21

Grape skin [21], grape cane [32]

Hopeaphenol 22 and isohopeaphenol,
ampelopsin 23, miyabenol C 24,
trans-e-viniferin 25, r-2-viniferin 26, and
®-viniferin

Grape cane [32]

Flavan-3-ols

(+)-Catechin 27

Vidal grape pomace [27], cocoa husk [20],
pomegranate seeds [29]

(—)-Epicatechin 28

Vidal grape pomace [27], cocoa husk [20], acerola
bagasse [12]

Procyanidins B1 29, procyanidins B2 30

Grape skins [21], grape pomace [24], Vidal grape
pomace [27], pomegranate seeds [29]

Anthocyanidin

Delphinidin 31

Saskatoon berry pomace [15], blueberry waste [34],
grape pomace [24]
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Polyphenol Example of ARs

Cyanidin 32 Saskatoon berry pomace [15], grape skin [21],
blueberry waste [33]

Malvidin 33 Grape skin [21], blueberry waste [33]

Peonidin 34 Grape skin [21], grape pomace [24], blueberry
waste [33]

Petunidin 35 Grape pomace [24], blueberry waste [33]

Flavonol

Quercetin 36 and glycosides

Saskatoon berry pomace [15], Vidal grape pomace
[27], pear fiber [3], grape skin [21], mango peels
[31], jocote peels [19], grape pomace [24], lemon
pomace [34]

Kaempferol 37 and glycosides

Vidal grape pomace [27], grape skin [21], mango
peels [31], jocote [19], lemon pomace [35],
pomegranate seeds [29]

Isorhamnetin 38, glycosides

Apple fiber [3], grape skin [21]

Myricetin 39 glycosides

Grape skin [21]

Rhamnetin 40 glycosides

Mango peels [27], jocote peels [19]

Flavanone

Naringenin 41 Orange peels [18], lemon pomace [34]

Naringin 42 Orange peels [18], lemon pomace [34], yuzu peels
(Citrus junos) [16]

Hesperidin 43 Orange peels [18], lemon pomace [34], yuzu peels

(Citrus junos) [16]

Narirutin 44

Orange peels [18]

Hesperetin 45

Orange peels [18], lemon pomace [34]

Flavone

Diosmetin 46

Orange peels [18], sugarcane bagasse [25, 26]

Tangeritin 47 Orange peels [18]

Luteolin 48 Cocoa bean shells [35]

Tricin 49 Milled rice straw extract [36], sugarcane bagasse
[25,26]

Isoflavones

Daidzin 50, glycitin 51, daidzein 52, glycitein 53,

genistein 54

Soybean okara [37]

Genistin 55

Soybean okara [37], cherry pomace [38], sugarcane
bagasse [26]

Dihydrochalcone

Phloretin 56 and glycosides

Apple fiber [3], yuzu peels (Citrus junos) [16]

Table 1.
Polyphenols described in agro-industrial residues.

mainly pomace, peels, seeds, and fibers from fruits such as acerola (Malpighia)
[12], coffee [13], mandarin oranges (Citrus) [14], berries [15], yuzu (Citrus) [16],
mangoes [17], apples [3], pears [3], oranges [18], jocote (Spondias purpurea L.)
[19], cocoa husks [20], and grapes [21].
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2. Extractable polyphenols (EP)

The applied methodologies in the use of ARs to obtain EP depend on residue
type and polyphenol stability. For example, acerola bagasse contains water [39],
and if the extraction procedure is not done quickly, the residue will need to be dried
to avoid microbiological contamination without affecting polyphenol stability. On
the other hand, the probable water content of cocoa husk is low, and therefore, the
polyphenols’ extraction procedures are direct because it is a solid residue.
Therefore, drying and extraction technologies or methodologies are necessary to
obtain suitable yields of EP with proven antioxidant activity. The description of the
drying and extraction methodologies of the EP will focus on the work with
anthocyanidins because they are unstable compounds and the conditions of drying
or extraction for anthocyanins are important to avoid their decomposition.

2.1 Waste drying

Valorization studies showed acerola bagasse (Malpighia emarginata DC) is a
good source of antioxidants due to total phenol content (TPC), which ranges from
0.44 to 10.82 g gallic eq/100 g dm (dry matter) [39-41], while the contents of
anthocyanins ascorbic acid and proanthocyanidins are 1.002 + 0.014,

1.002 £ 0.014, and 0.7985 + 0.0213 g/100 g dw, respectively, and the antioxidant
activity evaluation by DPPHe method showed 113.7 + 0.4 pmol trolox/g dw. How-
ever, this residue contains water and therefore must be dried for efficient handling.
The drying of the residue has been carried out by hot air (60-80 °C, 4-6 m/s).
This procedure showed moderate retention of phenolic (26-31%), anthocyanins
(23-36%), and proanthocyanidins (21%) compounds [41]. Better results were
obtained using a roto-aerated dryer (115 °C, 2.25 m/s) with a pretreatment of the
sample (sprayed with ethanol), and total phenol compounds (TPC) increased
104.6% with respect to fresh residue [42]. A more recent drying method for acerola
bagasse is dehydration in a thick-layer dryer, where drying was done at low tem-
peratures (31.7 °C, 230 min, 0.4 m/s or 60 °C, 159.3 min, 0.4 m/s), which were
enough to obtain a dry residue with TPC values similar to those obtained in fresh
residue (2352.4 + 57.23 mg gallic acid/100 g dm) [42]. Drying studies of other

ARs are described for grape and olive waste using thin-layer drying (air tempera-
ture 20-110 °C) [43, 44], and sustainable drying strategies such as the use of solar
dryers have been described [45].

2.2 ARs extraction

Generally, EP extraction procedures are done using mixtures of water-organic
solvents and assisted by microwave (MAE), heating, and ultrasound (UAE). In
recent years, pressurized liquid extraction (PLE) and supercritical fluid extraction
(SFE) have been applied, which could be better options because polyphenols are not
exposed to severe conditions that promote degradation reactions. In addition,
temperature control is a common method to assist the extraction procedures. For
example, anthocyanidins, procyanidins, and flavonols were obtained from grape
skins using MAE and UAE at 50 £ 5 °C. This work also demonstrated that the yields
obtained by MAE with UAE were improved up to 40% (86.39-121.18 mg/100 g dm)
[21]. Acid conditions have also been tested to improve the extraction of anthocya-
nins (anthocyanidin glycosides) from grape peels separated from red grape pomace
from vintages 2001 to 2002. The extraction was made in two steps. First, the residue
was macerated (2 h) with methanol/HCI 0.1 (v/v) with oxygen reduced in the
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mixture to dissolve polar polyphenols. Then extraction with an organic solvent was
done to recover less polar polyphenols. Anthocyanin yields found were better
(5967-131, 868 mg/kg dm) [24] than those obtained from grape skins from fresh
fruits (1211.8 mg/kg dm) [21] due to previous thermic and enzymatic treatments
during wine production, which helped release anthocyanins.

Effects of temperature, time, and solvent concentration on polyphenol extrac-
tion from grape marc showed better extraction yields with the increase of water
(30-50%) in the ethanol-water mixtures, maintaining the temperature at 60 °C for
shorter periods (<8 h) to avoid polyphenol degradation [46]. Similar ethanol-water
mixtures (40.4 and 55.4%) were used to extract the major components of grape
cane: trans-resveratrol 19, trans-e-viniferin 25, and ferulic acid 7 (Figure 2). How-
ever, a higher temperature (84 °C) was necessary to obtain the highest antioxidant
activities (260.8 and 1378.7 pmol TE/g TEAC and ORAC methods) [47]. Anthocya-
nins extraction from grape skins, stems, and seeds was effective at 70 °C with
ethanol-water mixtures, (1:1) and assisted with pulsed electric fields (PEF) (9 kV,
15s), ultrasound (35 kHz, 70 °C, 1 h), and high hydrostatic pressurization
(600 MPa, 70°C, 1 h). The extraction yields for PEF were 81 and 25% higher than
those obtained by ultrasound and hydrostatic pressurization [48]. A combination
of methods has also been used, such as the consecutive application of UAE (4 min,
80 °C, 20 kHz, 80 W) and SFE (8 MPa, 40 °C, CO,/ethanol) for polyphenols
extraction from grape marc. The ultrasound treatment increased mass transfer and
accelerated access of solvent (CO,/ethanol) to vegetal tissues, and TPC was
increased 27% (2736 + 11 mg to 3493 + 61 GAE/100 g dw) [49]. SFE with different
conditions (90% CO,, 5% ethanol, 5% water, 20 MPa, 40 °C) was more efficient
than pressurized liquid extraction (PLE) in experiments with blueberry waste.
Anthocyanidin yields were 808 £ 0.1 mg/100 g and 248 + 0.2 mg/100 g for SFE and
PLE (20 MPa, 50% water, pH 2, 40 °C) extractions, respectively [33]. PLE with
increase of pressure and temperature and change of solvent (65 °C, 10 MPa, 75%
ethanol) was shown to be more useful in the extraction of gallic acid 4 together
with flavanones 41-45 from orange peels. The TPC obtained was 14.9 &+ 0.7 mg
GAE/g dm [18].

Polyphenols different from anthocyanins, such as phenolic acids (147.4—

492.7 g/kg), gallic acid 4 (93.1-353.7 mg/kg), and flavonoids (2.52-13.5 mg/kg),
were obtained with acidified methanol from residues of grape (Vitis vinifera L.) seed
oil production [28], while protocatechuic acid 1 and chlorogenic acid 14 were
extracted with hot water (92 + 3 °C, 2 min) [13]. Other solvents used for EP
extraction are acetone/water mixtures (80%, 3 h stirring) to obtain flavonol 37,

40 glycosides and xanthones 17-18 from lyophilized mango peels (Table 1 and
Figure 2) [31]. In general, EP extraction is made with water-organic solvents and
assisted by conventional and nonconventional methods. However, when extraction
conditions are severe as when heating above 70 °C, acid extraction or ultrasound
exposure for long periods of time, then these conditions are also useful for obtaining
NEP, where the objective is promoting the breakdown of chemical bonds.

3. Non-extractable polyphenols (NEP)

Non-extractable polyphenols (tannins and lignins) are low- or high-molecular-
weight compounds associated with vegetal tissue macromolecules; therefore,
they are retained in the residue matrix during the extraction process. Depending on
the monomeric structures and chemical reactivity of tannins, these are grouped in
condensed and hydrolysable tannins. Condensed tannins are polyhydroxyflavan-
3-ols oligomers and polymers linked by carbon-carbon bonds between flavanol
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units. These are also known as proanthocyanidins because the butanol/HCl/heat
treatment produces a red anthocyanidin [54]. Hydrolysable tannins are multiple
esters of gallic acid with glucose and products of oxidative reactions, and they can
be soluble (EP) or non-soluble (NEP) (Figure 3) [55]. Lignin is a phenylpropanoid
(C6Cs) polyphenol where the monomeric units are p-coumaryl 71, coniferyl, and
sinapyl. Occurrence of monomeric units in lignin varies according to the taxonomic
origin of the ARs, e.g., gymnosperms or angiosperms [56].

Non-extractable polyphenols are common in almost all ARs and represent sig-
nificant polyphenol percentages of total phenol content (TPC) in vegetal tissues.
For example, NEP quantification in peels from apple, banana, kiwi, mandarin,
mango, nectarine, orange, pear, and watermelon showed that, of the total phenols
found, 7-82% correspond to NEP [58]. Currently research in appropriate method-
ologies for the extraction of NEP is a priority topic because of the economic advan-
tages of the use of ARs. Some examples of research on the best conditions for the
extraction of NEP from ARs are those for the use of cocoa by-products, which
involve extractions assisted by ultrasound [20, 35], thermic treatment [59, 60],
hydrodynamic cavitation [35], pressurized liquids [50], pulsed electric field [61],
subcritical water hydrolysis [62], and solid fermentation [63]. There are also reports
on detailed chemical studies of the NEP structure thanks to modern analytical
instrumentation, such as liquid chromatography (LC) coupled to matrix-assisted
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Figure 3.

Structures of condensed tannins (proanthocyanidins), hydrolysable tannins (gallotannins), and lignin
(5-hydroxyguaiacyl residue) [55, 57].
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laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF-MS),
electrospray/ionization time-of-flight mass spectrometry (ESI-TOF-MS), LC x LC
coupled to tandem mass spectrometry, pyrolysis/gas chromatography/mass spec-
trometry (Py/GC/MS), and nuclear magnetic resonance (NMR), which has been
key to making detailed chemical studies of high-molecular-weight polyphenols

[36, 64-66]. In the following paragraphs, some examples of chemical studies of NEP
are presented to give an overview of the structural complexity that exists in them.

3.1 Tannins

Studies in pomegranate by-products led to the identification of several poly-
phenols. EP was extracted with acetone 70% (ultrasound-assisted 20 min, 30 °C),
and NEP was previously subjected to basic hydrolysis of insoluble residues before
extraction under the same conditions. Ellagic acid 6 and monogalloyl-hexoside 57
were the main compounds, in addition to ellagic acid derivates, valoneic acid
bilactone I and II 58, punicalagin 59 and isomers, trigalloylglucopiranose I and II,
and granatin, among 34 hydrolysable tannins described in Figure 4. Moreover,
condensed tannins such as procyanidin dimers 30 and gallocatechin (or catechin)
hexoside were described. Antioxidant activity for polyphenol (EP and NEP) frac-
tions was 0.12-3.58 mmol TE/g dm (DPPH) and 5.34-208.73 pmol TE/g dm (ABTS
radical-scavenging activity) [66]. Oligomeric proanthocyanidins such as dimer,
trimer, tetramer, pentamer, and hexamer units (MW 600, 889, 1177, 1465, and
1753 amu) were identified in coffee pulp by MALDI-TOF-MS analysis. Extraction of
these tannins was made with acid aqueous acetone [67]. Acetone/water also was
used to extract anthocyanidins from litchi pericarp (Litchi chinensis), after its incu-
bation with Aspergillus awamori. Total extractable tannin recovery was increased up
to 59%, and ESI-TOF-MS analysis revealed A. awamori degraded B-type condensed
tannin and showed low capacity to degrade the condensed tannin A-type.
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Figure 4.
Hydprolysable tannins identified in pomegranate by-products [55, 69].
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Figure 5.

Condensed A- and B-type condensed tannins. A-type C4-C8 couple C2-O-Cy linkage and B-type C4-C8
linkage [68].

Differences between both compound types are C4-C8 couple C2-O-C7” linkages for
A-type tannin, while C4-C8 linkages are found in B-type tannin (Figure 5) [68].

3.2 Lignin

Studies of chemical composition of NEP corresponding to lignin were made for
that recovered from black liquor (BL) and milled rice straw extract (RSE). BL is
produced from basic hydrolysis/heat of rice straw (straw alkali oxygen cooking).
Lignin and phenolics from rice straw were obtained by Soxhlet extraction
(ethanol/benzene 1:2, v/v, 8 h). Detailed studies by infrared and nuclear magnetic
resonance spectroscopy showed a number of residues from rice straw lignin,
including p-O-4’ethers 60, p-O-4’ethers with acylated y-OH 61, phenylcoumarans
62, resinols 63, dibenzodioxocyns 64, «,B-diaryl ethers 65, tricin units 66, Ca-
oxidized guaiacyl unit 67, syringyl units 68, Ca-oxidized syringyl 69, p-
hydroxyphenyl units 70, p-coumaroyl 71, guaiacyl units 72, feruloyl 73, cinnamyl
alcohol end-groups 74, and cinnamyl aldehyde end-groups 75 (Figure 6).
Antioxidant evaluation (DPPHe and ABTSe methods) showed lignin from BL had
a better radical-scavenging ability than RSE, which was due to the release of
p-hydroxyphenyl units by rice straw alkali oxygen cooking. This process caused the
destruction of tricin [70]. Lignin and phenolics could also be extracted from milled
rice straw by hydrothermal treatment (210 °C) to release cellulosic components,
delignification (ethanol/water 60.5%, 130 °C) to fractionate the lignocellulosic
biomass and separation (nanofiltration cutoff 280 Da) to isolate the
polyphenols [71].

Extraction of NEP from residues that come from industrial processes has been
done using methodologies applied to EP because they were released by the indus-
trial process involved. For example, polyphenolics from sugarcane bagasse were
extracted with 95% ethanol (maceration 7d) and p-coumaric acid; tricin 66,
luteolin, tricin 7-O-p-glucopiranoside, diosmetin 46, 6-C-glucoside, and
protocatehuic acid 1 (Figure 2) were isolated from ethanol extracts (ethanol 95%,
7d, maceration). TPC from extract was 3.0 mg GAE/100 mg dm [25]. Antioxidant
activities (ORAC assay) of tricin 49, p-coumaric 9, and protocatechuic 1 acids
were 9.76 £ 1.01, 7.22 + 0.73, and 6.40 £ 0.62 pmol TE/pmol, respectively. Phenols
yields were from <0.2 to 2.12 mg/kg dm. Other compounds reported in this
residue were genistein 52 (15.22 + 1.28 mg/g), genistein 53 (trace), and
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Residues identified in lignin from rice straw [70].

quercetin 36 (9.98 0.40 mg/g DW) [26]. Polyphenol recovery was improved
(117.1%) when residue was treated with glacial acetic acid and hydrogen peroxide
at 60 °C for 7 h and later subjected to hydrolysis with xylanase (Clostridium
thermocellum ATCC 27405). The antioxidant activity was increased 73%

(695.8 & 105.3 pmol trolox eq./L) [72].

Other residue that has undergone industrial processes enough to release poly-
phenols is the lignin from the ozone, soaking aqueous ammonia pretreatment of
wheat. Py/GC/MS analysis showed the presence of 17 phenolic compounds derived
from guaiacyl 72, syringyl 68, and p-hydroxyphenyl 70 units in ratios of 65.09,
23.36, and 11.5%, respectively, the main compounds being Phenol 2-methoxy
(guaiacol) 76, phenol 2-methoxy-4-vinyl (4-vinylguaiacol) 77, and 2,6-dimethoxy
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phenol (syringol) 78. The residue was identified as a potential source of antioxi-
dants because it showed 86.9 £ 0.34% of inhibition of DPPH radicals similar to that
of commercial BHT 103.3 + 1% [36].

4. Antioxidant activity (AA) and extraction methods

Antioxidant activity (AA) obtained from AR’s extracts varies according to the
residue type and the extraction method. In case of cocoa residues, UAE
(methanol/water 1:1 and acetone water 7:3) showed better method than maceration
because AA was improved 8.8% (ECso 0.0486 & 0.0018 mg/mL) in comparison
with that obtained from maceration with the same solvents (ECsy 0.0533 4= 0.0022
mg/mL), while total phenol content (TPC) was 41.96% higher (Table 2) [20].
Extracts with high TPC (55 mg GAE/g) but low AA values (ECs 8.18 mg/mL) were
obtained by hydrothermal treatment (170 °C, 30 min) [60], in comparison with
those values for extracts obtained by UAE and maceration. Thermic treatment

Residue/ref. Extraction method Antioxidant activity TPC/(dry matter)
Cocoa husk  UAE 25 kHz, 30 min, MeOH/H,0 1:1, ECso 2534+ 1.82 mg
[20] and acetone/water 7:3 0.0486 + 0.0018 mg/mL GAE/g
(DPPH)
Maceration MeOH/H,O0 1:1, 2 h stir, ECsg 17.85 £ 1.33 mg
acetone/water 7:3 0.0533 £ 0.0022 mg/mL GAE/g
(DPPH)

Ascorbic acid
0.0243 & 0.0009 mg/mL

Cocoa husk  Hydrothermal, 170 °C, 30 min ECsp 8.18 mg/mL 55 mg GAE/g
[60] (DPPH)

Cocoa bean  Extraction EtOH/water rotatory 101.1-321.97 uyM TE/g 17.88-55.16 mg
shells [61] agitation 25 °C with a pretreatment time (DPPH) GAE/g

of 11.99 ps, number of pulses of 991.28,
PEF strength of 1.74 kV cm Y, ethanol
39.15%, 118.54 min

Cocoa bean UAE EtOH/water (70:30), 15 min, ECs0 66.9 & 2.4 pg/mL 125 mg GAE/g
shells [35] 150 W, 19.9 kHz, 40 °C and 235.3 & 8.4 uM TE/g
(DPPH)

Cocoa bean PLE EtOH, 10.35 MPa, 90 °C, 30 min 65+ 2 pM TE/g (DPPH) 10 =+ 0.3 mg ECE/g
shells [50] 84 + 4 uM TE/g (FRAP)

Cocoa bean  Hydrodynamic cavitation and Hex/ ECs0 62.0 £3.1pg/mL  197.4 mg GAE/g
shells [35] EtOH/H,0 mixtures (30:49:21) scale-up (DPPH) and

reactor 256.7 £9.9 uyM TE/g
(DPPH)
Cocoa bean  Solid state fermentation with 81.3% inhibition 926.6 = 61 mg
shells [63] Penicillium roqueforti and EtOH/water ~ (DPPH) GAE/100 g
extraction 23.2 pM ferrous sulfate/g
(FRAP)
Acerola MeOH 50%, 80 °C, 15 min 40511+ 1.83 M TE/Lg nd
bagasse [12] (Rutin
1473.07 + 21.39 pM TE/
Lg) (ABTS)
Acerola Water and stirring 30 min 21.7-24.0 pM TE/g 2710.2-3171.9 mg
bagasse [41] (DPPH) GAE/100 g
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Residue/ref. Extraction method Antioxidant activity TPC/(dry matter)
Coffee pulp Water, 92 + 3 °C, 2 min ECso 18-27 pg/mL 7.61-17.40 mg
[13] (ABTS) GAE/L

82-153 pg/mL (DPPH)

Coffee husk  SFE 200 bar/323.15 K, CO, + 8% EtOH  ECs, 630 pg/mL (DPPH) 36 + 1 mg CAE/g

[23] 141 + 1 uM TE/g (ABTS)
UAE, EtOH ECsg 235.1 pg/mL 133.3 + 0.6 mg
(DPPH) CAE/g
161 + 3 pM TE/g (ABTS)
Spent coffee  SFE 200 bar/323.15 K, CO, + 4% EtOH  ECsq 516.2 pg/mL 57 + 3 mg CAE/g
grounds [23] (DPPH)
169 + 3 uM TE/g
(ABTS)
Soxhlet extraction, EtOAc ECs0 202.23 pg/mL 182.6 £28.2 mg
(DPPH) CAE/g
160.13 £ 13 yM TE/g
(ABTS)
Coffee silver Hydroalcoholic solvent (50%) at 40°C, 326.0 + 5.7 mg TE/L 3025+ 7.1mg
skin [1] 60 min (DPPH) GAE/L
1791.9 + 126.3 mg FSE/L
(FRAP)
Spent coffee  Solid state fermentation with Bacillus ~ 17.894 yM TE/100 g 1051 mg GAE/
grounds [73] clausii (37 °C, 39 h), defatted (hexane) (ABTS) 100 g
and EtOH/water (80:20) extraction Increased 36%

(orbital shaker, 30 °C, 50 rpm, 3 h)

Blueberry SFE 90% CO,, 5% H,0, 5% EtOH, 1658 + 160 uM TE/g 134 £ 11 mg
waste [33] 20 MPa (DPPH) GAE/g
199 4+ 20 pM TE/g Wet matter
(ABTS)
PLE 40 °C, 20 MPa, 15 min, 5 mL cell, 1746 + 71 pM TE/g 90 &+ 2 mg GAE/g
EtOH/water 1:1 (DPPH) Wet matter
66 +£ 1M TEAC/g
(ABTS)
Grape cane ~ Water/EtOH 40.4 and 55.4%, 84 °C 238.6 uM TE/g (ABTS)  8.93 mg
[47] 1259.6 uM TE/g (ORAC) resveratrol eq./g
Grape cane  Acetone/water 6:4, room temperature ~ 1700-5300 pM TE/g Stilbene total
[32] (ORAC) content 2.62—-
3.30 mg/g
Grape skins MAE, 600 W, 2450 MHz, 50 + 5 °C, nd Stilbenes 1.5 mg/
[21] water/EtOH/phosphoric acid 50:50:1 100 g
UAE, 130 W, 40 kHz, 50 + 5°C, water/ nd Stilbenes 0.71 mg/
EtOH/phosphoric acid 50:50:1 100 g
Soybean Solid state fermentation with 24.04 mM TE/g (DPPH) 116 mg GAE/10 g

okara [37] Saccharomyces cevevisiae r. f. bayanus 20.65 mM TE/g (ABTS)
72 h. Water/MeOH (80%) extraction Increase 15%

UAE, ultrasound-assisted extraction; ECs, effective concentration at 50%; PLE, pressurized liquid extraction; PEF,
pulsed electric field; SFE, supercritical fluid extraction; TPC, total phenol content; MeOH, methanol; EtOH, ethanol;
AcOEt, ethyl acetate; CAE, chlorogenic acid equivalent; GAE, gallic acid equivalent; ABTS, 2,2'-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid) diammonium salt; DPPH, 2,2-diphenyl-1-picrylhydrazyl; ORAC, oxygen
radical absorbance capacity; MAE, microwave-assisted extraction; TE, trolox equivalent; FRAP, ferric-reducing
antioxidant power; FSE, ferrous sulfate equivalent; nd, not described

Table 2.
Antioxidant activity and extraction methods in agro-industrial residues.
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improves yields of polyphenols because it promotes release of NEP, but polyphenols
can loss their antioxidant capacity. A method that significantly improved the TPC
without reducing the AA of the extracts is the hydrodynamic cavitation (HC),
which was used to assist polyphenols extraction from cocoa bean shells with hex-
ane/ethanol/water mixtures [35]. The authors compared the efficiency of this
method with UAE (ethanol/water); AA were similar (ECsq 62 £ 3.2 and

66.9 £ 2.4 ug/mL), while TPC was 125 and 197.4 mg GAE/g for extracts obtained by
UAE and HC, respectively.

In general, SFE (with the optimal conditions) is an extraction method more
convenient in order to avoid degradation reactions and therefore reduces the AA of
extracts. Blueberry waste extracts were obtained by SFE (90% CO,, 5% H,0, 5%
ethanol, 20 MPa) and PLE (40 °C, 20 MPa, 15 min). Both methods showed extracts
with similar AA (1658 + 160 and 1746 &+ 71 uM TE/g), but SFE yields extracts with
TPC 48% more higher (134 & 11 mg GAE/g) than those from PLE (90.2 + 2 mg
GAE/g) (Table 2) [33]. However, extracts obtained by UAE (ethanol) and Soxhlet
(ethyl acetate) from coffee residues showed better AA values (ECsg 235.1 and
202.23 pg/mL) than those observed in the extracts obtained by SFE (200 bar/
323.15K, CO; + 8 or 4% ethanol) (ECso 630 and 516.2 pg/mL) [23].

Pretreatments as solid-state fermentation before polyphenolic extraction have
shown effects on TPC and AA, for example, in spent coffee grounds, an increase in
TPC and AA of 36%, and 15% were observed in fermented extracts by Bacillus
clausii followed by ethanol/water extraction [73]. The same increase in AA was
observed when soybean residues were subjected to solid-state fermentation using
Saccharomyces cevevisiae (20.39-24.04 mM TE/g) [37]. However, the use of Penicil-
lium roqueforti in this fermentation type with cocoa shells showed a weak increase
of AA from 79.2 to 81.3% (2.6%) and the reduction of TPC from 2120 + 20 mg
GA/100 g to 926.6 + 61 mg/100 g (56%) [63].

Grape cane residues are rich in stilbene compounds, which can be extracted
with mixtures of water/ethanol or acetone/water, and their antioxidant activities
depend on stilbene type present in extracts, e.g., quantitative structure-antioxidant
activity relationship studies showed structural facts as planar geometry of trans-
isomers has direct relation with the AA because polyphenols increase their free
radical-stabilizing properties [74]. This may explain why AA is lower in extracts
with higher stilbene contents; water/ethanol extracts with 8.93 mg resveratrol eq./g
showed an AA of 1259.6 uM TE/g (ORAC), while acetone/water extracts with
stilbene total content of 2.62-3.30 mg/g showed from 1700 to 5300 pM TE/g.
Therefore, stilbene extraction accelerated by temperature can have consequences
on stereoisomer content and therefore on the AA. Extraction of grape skins at 50 °C
assisted by MAE and UAE showed better stilbenes contents for MAE (1.5 mg/

100 g), but authors did not describe the AA [21]. Heat resistance phenol compounds
and with significant AA are those found in residues previously treated to release
NEP such as 56, 76-79 [36, 75] (Figures 2 and 7). For example, apple pulp was
subjected to reflux with water for 2 h, and the EtOAc extract showed an AA of ICsg

oH O
"Hl HJCDI%I/% HECD"T"'J**"-x--*"OCHa HD.-""JMH/DH
HH_____._-_.-_:.'--H__CCHS ao H..__:;-'?" .H_‘.._;_{r- H__‘D____ “‘."I:.Hs
<H
79
T 7T TH
Figure 7.

Heat vesistance phenol compounds identified in ARs [36, 75].
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10.59 + 2.77 pg/mL (DPPH), while 5-hydroxymaltol 79, isolated from AcOEt
extract, showed an ICsq value of 8.22 & 1.83 pg/mL, which was 48 times higher than
a-tocopherol (ICso 0.17 & 0.04 pg/mL) [75].

5. Conclusions

Most of the bibliography related to the study of waste is focused on the search
for conditions for the greater extraction of polyphenols from ARs and evaluating
the feasibility of using these residues as a source of antioxidants. To evaluate the
extraction efficiency of the proposed methods, the content of total phenols (TCP),
the quantification and/or identification of specific polyphenols and determination
of AA have been described. Antioxidant activity of polyphenols varies mainly by
the temperature, which could promote the compound degradation or only small
structural changes, mainly with anthocyanidins and stilbenes. Extraction methods
applied to ARs described in this review showed the use of nonconventional tech-
nologies such as SFE and LPE for EP extraction while chemical, enzymatic, or
thermic hydrolysis has been used to transform NEP to EP to apply the EP extraction
methods and recover antioxidants. Moreover, significant contributions to the
knowledge of the chemistry of ARs are summarized and representative compounds
are shown that cover most types of phenols that exist in the plant kingdom and that
are present in such residues. The chemical structures of 79 low-molecular-weight
compounds, mainly EP and some examples of tannin and lignin residues, are
described. Therefore, the use of ARs to recover polyphenols is growing due to the
knowledge of ARs chemistry and to the development of nonconventional extraction
methods and more efficient dry methods.
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Chapter 5

The Bioaccessible Reducing
Capacity of Buckwheat-Enhanced
Wheat Breads Estimated by
Electrochemical Method

Danuta Zieliriska

Abstract

The application of cyclic voltammetry (CV) technique for the determina-
tion of bioaccessible reducing capacity of buckwheat-enhanced white wheat
breads (BEWWBs) and buckwheat-enhanced dark wheat breads (BEDWBs) was
addressed. Buckwheat flour (BF) or flour from roasted buckwheat groats (BFR)
were used to substitute white (WWF) or dark wheat flour (DWF) at 10, 20, 30, and
50% w/w on total flour basis in bread formula. The study showed that substitution
of 10, 20, 30, and 50% of WWF or DWF by BF or BFR in bread formula resulted
in almost linear increase of the reducing capacity of BEWWBs and BEDWBs. After
digestion of BEWWBs, the bioaccessible reducing capacity was up to fivefold higher
than the reducing capacity of the corresponding undigested breads, and in all cases
was also higher than that noted for a soluble fraction of the digestible portion of
white wheat bread (WWB). In contrast, the bioaccessible reducing capacity of
BEDWBs was only up to twofold higher but in all cases did not exceed the value
noted for digested dark wheat bread (DWB). Our results indicate that CV method-
ology is suitable for obtaining rapid electrochemical profile of a bread sample after
digestion useful for evaluation of their selected functional properties.

Keywords: wheat bread, buckwheat, digestion, cyclic voltammetry,
bioaccessible reducing capacity

1. Introduction

In recent years, common buckwheat is gaining interest in the development
of new food products due to health-promoting, biofunctional properties, gluten
freeness, and its high nutritional value [1]. The high nutritional value of buckwheat
attributed to a balanced amino acid composition and high contents of vitamin B;
and B, lysine, flavonoids, phytosterols, soluble carbohydrates, D-chiro-inositol,
fagopyritols, and thiamin-binding proteins has been described [2]. Buckwheat is
also rich in antioxidant compounds such as flavonoids, phenolic acids, tocopherols,
reduced glutathione, inositol phosphates, and melatonin [3, 4]. Therefore, based on
the above evidences, ingredients derived from buckwheat could be attractive for the
bakery industry [5].

Wheat flour is usually used in bread making, but more often it is demonstrated
that the usage of buckwheat flour as an ingredient in bakery goods can provide
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beneficial health effects [6-11]. The buckwheat-enhanced wheat bread is an
attractive model of polyphenol-rich bread for an in vitro investigation of the impact
of digestion on the bioaccessible reducing/antioxidative capacity as well as on the
potential bioaccessibility of wide spectrum of bioactive compounds. The selection
on buckwheat flour for formula of model polyphenol-enriched breads was due to
the several publications indicating the potential use of buckwheat flour as a func-
tional ingredient in bakery product formulations [12].

Several methods to measure antioxidant properties have been proposed and were
recently reviewed [13-17]. Among others, scavenging of stable radicals such as DPPH
and ABTS, oxygen radical absorbance capacity (ORAC), total radical-trapping anti-
oxidant parameter (TRAP), ferric-reducing antioxidant power (FRAP), and cupric
ion (Cu”*)-reducing power (CUPRAC) were employed in foods [13]. Electrochemical
methods, used for the determination of reducing activity, have been still developing.
Among different electrochemical techniques, the most widely used for this purpose
is cyclic voltammetry (CV). The main advantage of CV is its capability to rapidly
observe the total redox behavior over a wide potential range without the necessity
of measuring the specific reducing capacity of each component alone. In contrast
to the abovementioned methods, electrochemical assays are low-cost and usually
do not require time-consuming sample preparation. CV is based on the analysis of
the anodic current (AC) waveform, which is a function of the reactive potential of a
given compound in the sample or a mixture of compounds. The CV tracing indicates
the ability of a compound to donate electrons at the potential of the anodic wave [18].
A CV also provides information describing the integrated reducing capacity with-
out the specific determination of the contribution of each individual component.
Therefore, in the past couple of years, CV has been suggested as an instrumental
methodology for the evaluation of the reducing capacity of various food products
[16, 19-21]. From the current point of view, the electrochemical methods should be
used to assess the reducing capacity of food in vitro to cover all aspects of antioxidant
efficacy in vivo [22, 23]. Recently it was demonstrated that that in vitro digestion of
buckwheat-enhanced wheat breads was the crucial step in the formation of the anti-
oxidant capacity due to the release of the high amount of phenolic compounds [24].

Since the use of electrochemical methods ensures the measurement of the
bioaccessible reducing capacity of food as it could occur in vivo, the objective of
this work was to show an application of a cyclic voltammetry (CV) technique for
determination of the bioaccessible reducing capacity of a soluble fraction from a
digestible portion of buckwheat-enhanced wheat breads.

2. Materials and methods
2.1 Chemicals and reagents

a-Amylase (A1031-5KU), pepsin (P7000), pancreatin (P7545), bile salts extract
(B8631), and 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox)
were purchased from Sigma-Aldrich (St. Louis, MO, USA). All other reagents
were from POCH, (Gliwice, Poland). Water was purified with a Milli-Q-system
(Millipore, Bedford, USA).

2.2 Buckwheat-enhanced wheat bread preparation

White wheat flour (WWF), dark wheat flour (DWF), and buckwheat flour
(BF) from common buckwheat var. Kora were purchased from a healthy food store
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in Olsztyn, Poland. The flour from roasted buckwheat groats (BFR) originated
from alocal company in Poland. BF or BFR were used to replace WWF or DWF or
at level of 10, 20, 30, and 50% (w/w). Buckwheat-enhanced white wheat breads
(BEWWBs), buckwheat-enhanced dark wheat breads (BEDWBs), and reference
white (WWB) and dark wheat bread (DWB) were baked in a laboratory bakery.
Table 1 shows the buckwheat-enhanced wheat bread formulation and baking con-
ditions. Three pieces of each type of bread were baked. Samples were freeze-dried,
milled and sieved through a mesh of 0.6 mm, and then were stored at —20°C before
using for analysis.

2.3 Preparation of buckwheat-enhanced wheat bread crude extracts for
measurement of reducing capacity by cyclic voltammetry (CV)

The lyophilized and milled bread samples (0.25 g) were extracted in tripli-
cate at 25°C with 5 mL of 67% aqueous methanol using Thermomixer comfort
(Eppendorf, Germany) by shaking at 1400 rpm for 60 minutes [24]. Next, samples
were centrifuged for 5 minutes (16,100 x g, 4°C) (5415 R centrifuge, Eppendorf,
Germany). After that, the 67% methanol extracts were directly used to determine
the reducing capacity.

Ingredient and Substitution level (%)
conditions 0 10 20 30 50
BEWWBs
WWE (g) 350 315 280 245 175
BF (g) - 35 70 105 175
BER (g) - 35 70 105 175
BEDWBs
DWF (g) 350 315 280 245 175
BF (g) - 35 70 105 175
BER (g) - 35 70 105 175
Water (mL) 228 228 228 228 228
250 250 250 250 250
Salt (g) 35 35 35 3.5 35
Yeast (g) 10.5 10.5 10.5 10.5 10.5
Fermentation
Temperature (°C) 37 37 37 37 37
Time (min) 90 90 90 90 90
Pieces of dough (g) 250 250 250 250 250
Proofing (75% rh)
Temperature (°C) 37 37 37 37 37
Time (min) 25 25 25 25 25
Baking
Temperature (°C) 250 250 250 250 250
Time (min) 30 30 30 30 30

BEWWRBs, buckwheat-enhanced white wheat breads; BEDWBs, buckwheat-enhanced dark wheat breads; WWE,
white wheat flour; DWEF, dark wheat flour; BF, buckwheat flour; BFR, buckwheat flour from roasted groats.

Table 1.
Buckwheat-enhanced wheat bread formulation and baking conditions.
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2.4 In vitro digestion of buckwheat-enhanced wheat breads

The buckwheat-enhanced wheat breads were in vitro digested as described in details
[25] with some modifications. The protocol included three steps: saliva (pH 7.0), gastric
(pH 2.0), and intestinal digestion (pH 7.5). Briefly, 10 g of lyophilized and milled buck-
wheat-enhanced wheat breads and reference wheat breads were suspended in 80 mL of
deionized water. An a-amylase solution (77 U/mg solid) was added to the samples ata
proportion of 3.25 mg/10 g of sample dry matter (d.m.) in 1 mM CaCl,, pH 7.0. Then,
samples were shaken in a water bath at 37°C for 30 minutes. For the gastric digestion,
the pH was reduced to 2.0 with 6 N HCI, and pepsin solution (738 U/mg) was added in
the amount of 0.5 g/10 g of sample d.m. in 0.1 N HCI. The incubation was continued
under the same conditions for 120 minutes. In the next step, the pH was adjusted to 6.0
with 6 M NaOH, and a mixture of pancreatin (activity 8xUSP) and bile salts extract was
added. Subsequently, the pH was increased to 7.5 with 6 M NaOH, and water buffered
to a pH of 7.5 was introduced to obtain a final volume of 150 mL. Then, the samples
were incubated at 37°C for 120 minutes. After incubation, the digestive enzymes were
inactivated by heating at 100°C for 4 minutes and cooled for centrifugation at 5000 rpm
for 60 minutes at 4°C in an MPV-350R centrifuge (MPW Med. Instruments, Warsaw;,
Poland). The supernatants obtained were freshly used for the evaluation of the bioac-
cessible reducing capacity of buckwheat-enhanced wheat breads.

2.5 Measurement of reducing capacity of buckwheat-enhanced wheat breads by
cyclic voltammetry (CV)

The cyclic voltammogram (CV tracing) provides information describing the
integrated reducing capacity without the specific determination of the contribu-
tion of each electroactive component. It is based on the analysis of the anodic
current (AC) waveform, which is a function of the reductive potential of a given
compounds in the extract. The total reducing capacity of the sample is a function
combining two sets of parameters. The first is the biological oxidation potential,
whereas the second is the intensity of the anodic AC current (Ia), reflecting the
concentration of the components. However, more often the area under the AC wave
(S; related to the total charge) is calculated since it is a better parameter reflecting
the reducing capacity of the sample [18].

In this study, the cyclic voltammetry experiments were performed in 67%
methanol bread crude extracts and soluble fraction obtained after digestion mixed
with 0.1 M sodium acetate-acetic buffer (pH 4.5) at ratio 1:1 (v/v) according to
Zielinska et al. [26]. The sodium acetate-acetic buffer acted also as a supporting
electrolyte for cyclic voltammetry measurements. A micro-electrochemical cell
(with total volume of 200 pL), made all of Teflon, was used during the course of
this experiment. Three electrodes, a glassy carbon (GC) working electrode (BAS
MF-2012, 3 mm diameter), an Ag/AgCl (3.5 M KCI) reference, and a Pt (0.5 mm
diameter coiled Pt wire) counter electrode, constituted the cell. Working electrode
was hand-polished with 0.05 pm alumina-water paste (BAS CF-1050), using BAS
(MF-1040) polishing cloth, and then rinsed with ultrapure water and methanol.
The cyclic voltammetry experiment was performed in the range of 100-1100 mV
at a potential sweep rate of 100 mV s™" at room temperature using a potentiostat/
galvanostat G 750 (Gamry Ins., USA). The area under the anodic current (AC)
waveform of the voltammogram (S) related to the total charge was calculated as it
was shown for dark wheat bread extract (Figure 1). The cyclic voltammograms of
Trolox solutions over the concentration range of 0.05-2.5 mM were determined.
The reducing capacity of buckwheat-rich wheat breads was expressed in terms of
pmol Trolox equivalent (TE)/g of dry matter (DM).
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Figure 1.
Cyclic voltammogram of undigested dark wheat bread extract (DWB). The area under the anodic current
(AC) waveform related to the total charge is indicated, and the mode of its calculation is presented.

Measurements were performed with 67% methanol extract of DWB (100 mg/mL) mixed with 0.1 M sodium

acetate-acetic buffer (pH 4.5) at vatio 1:1 (v/v) and scan rate 100 mV s™".

2.6 Statistical analysis

Results of the chemical analyses are illustrated as mean values and the standard
deviation of three independent measurements. Fisher least significant difference
(LSD) test at a significance level of p < 0.05 was performed for post hoc compari-
son. The Statistica ver. 5.0 software was used (General Convention and Statistica,
StatSoft, USA, 1995).

3. Results and discussion
3.1 Reducing capacity of buckwheat-enhanced wheat breads

This reducing capacity of BEDWBs and BEWWBs was based on the electro-
chemical behavior and chemical properties of the electroactive compounds present
in bread [27].

The cyclic voltammograms of 67% MeOH extracts from BEWWBs and
BEDWaBs breads before digestion were recorded as shown in Figure 2. The shape
of the anodic waves was typically due to the response of several antioxidants with
different oxidation potentials [11, 28]. The study showed that the substitution of
WWF or DWF at levels of 10, 20, 30, and 50% w/w on total flour basis caused
almost linear increase of the reducing capacity of undigested BEWWBs and
BEDWBs breads (Figure 3). For example, the highest level of WWF substitution
(50%) by BF resulted in almost fivefold increase in the reducing capacity, while the
effect of substitution with BFR at 50% level was even higher, being above eightfold
as compared to the reference WWB. Similarly, the reducing capacity of BEDWBs
was higher than noted for DWB. It was found that substitution of DWF by BF or
BFR at levels of 10, 20, 30, and 50% w/w on total flour basis caused a lower increase
of the reducing capacity of BEDWBs as compared to BEWWBs. The highest level of
DWF substitution (50%) by BF of BFR resulted in 2.2 and 2.6-fold increase of the
reducing capacity of BEDWBs as compared to the reference DWB. These findings
are in agreement with those provided by Lin et al. [6] which showed a fivefold
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Cyclic voltammograms of undigested buckwheat-enhanced white wheat breads (BEWWBs) and undigested
buckwheat-enhanced dark wheat breads (BEDWBs). Upper figure, BEWWBs with (1) BF and

(2) BFR substitution; lower figure, BEDWBs with (3) BF and (4) BFR substitution. Measurements were
performed with 67% methanol extracts (100 mg/mL) mixed with 0.1 M sodium acetate-acetic buffer (pH
4.5) at ratio 1:1 (v/v) and scan rate 100 mV s™. The higher total chavge under anodic current wave indicates a
higher reducing capacity of the investigated bread extracts.
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Reducing capacity of buckwheat-enhanced white wheat breads (BEWWBs) and buckwheat-enhanced dark
wheat breads (BEDWBs) before and after digestion in vitro. Upper figures, BEWWBs with BF and BFR
substitution; lower figures, BEDWBs with BF and BFR substitution.
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Cygclic voltammograms of soluble fraction obtained after digestion of buckwheat-enhanced white wheat breads
(BEWWBs) and buckwheat-enhanced dark wheat breads (BEDWBs). Upper figure, BEW WBs with

(1) BF and (2) BFR substitution; lower figure, BEDWBs with (3) BF and (4) BER substitution. Measurements
were performed with soluble fraction obtained after digestion mixed with 0.1 M sodium acetate-acetic buffer
(pH 4.5) at vatio 1:1 (v/v) and scan rate 100 mV s™".

increase in reducing power of buckwheat-enriched wheat bread at 15% substitution
level using flour from unhusked buckwheat.

The cyclic voltammograms of soluble fraction obtained after digestion of
BEWWBs and BEDWBs breads were recorded as shown in Figure 4. Comparison
of the cyclic voltammograms recorded for undigested bread (Figure 2) with
those recorded for soluble fraction obtained after digestion (Figure 4) showed
broadened anodic waves due to the response of several reducing compounds with
different oxidation potentials, including mainly released from the bread matrix
phenolics compounds as described by Szawara-Nowak et al. [24]. After digestion of
BEWWaBsS, the reducing capacity was higher by 21% (at substitution level of 50% by
BF) and by 53% (at substitution level of 50% by BFR) than the reducing capacity of
the corresponding digested reference WWB (Figure 3). In contrast, after digestion
of BEDWBs, the reducing capacity was lower by 20% (substitution level of 50% by
BF) and by 22% (substitution level of 50% by BFR) than the reducing capacity of
the corresponding digested reference DWB. In contrast to digested BEWWBs, the
reducing capacity of digested BEDWBs in all cases of substitution did not exceed
the value noted for digested DWB. Available evidences based on the recent studies
clearly indicate that the observed increase of reducing capacity of digested buck-
wheat-enhanced white and dark wheat breads was due to the release of phenolics
from their conjugation forms as well as cell wall matrices. Szawara-Nowak et al.

[18] showed significantly higher content of total phenolic compounds after in vitro
gastrointestinal digestion of buckwheat-enhanced wheat breads as compared to the
undigested ones. Moreover, the other scientists also demonstrated that simulated
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gastrointestinal conditions significantly increased the total phenolic compounds of
extracts obtained from wheat whole grains and their flour, germ, and bran fractions
[7, 29, 30]. It should be also pointed out that as the higher reducing capacity was
observed in breads formulated with participation of BFR than BF, then a contribu-
tion of MRPs originating from this ingredient can be suggested [31].

It should be mentioned that practical limitation of applied CV methodology was
that the working electrode. It had to be frequently cleaned to remove residues of
sample from its surface and to maintain its sensitivity. However, the advantage of
CV was related not to do requiring the use of reactive chemicals.

3.2 Bioaccessible reducing capacity of buckwheat-enhanced white and dark
wheat breads

From a nutrition perspective, the definition of bioaccessibility is the fraction of
a compound that is released from the food matrix in the gastrointestinal lumen and
used for intestinal absorption [32]. This definition can be extended for the functional
properties of food since it is closely related to the bioaccessibility of compounds
responsible for the formation of this functional property. The in vitro digestion model
has been widely used to study the complex multistage process of human digestion
[33]. Bioaccessibility is a major factor that should be taken into account when assess-
ing the potential health benefits of functional foods. Different contributors affect
bioaccessibility. It can be affected by the composition of the digested food matrix, the
synergisms and antagonisms of the different components, and the pH, temperature,
and texture of the matrix [34]. Bioactive compounds are susceptible to multiple effects
during digestion due to the effects of pH and enzymes, and in the present study, the
bioaccessible reducing capacity of buckwheat-enhanced wheat breads was determined
for the first time after an in vitro digestion by cyclic voltammetry method.

The reducing capacity of the digested BEWWBs and BEDWBs was significantly
higher than those noted for the undigested corresponding breads (Figure 3).
Therefore, for better evaluation of the bioaccessible reducing capacity in vitro, we
introduced the reducing capacity bioaccessibility index (PRC):

PRC = RCgp/Chyead-

where RCgp is the reducing capacity after simulated gastrointestinal digestion
(GD) and RCyyeyq is the reducing capacity of BEWWBs, BEDWBs, WWB, and
DWB, respectively.

PRC value ” 1 indicates high bioaccessibility; PAC value < 1 indicates low bioac-
cessibility. The similar factor was introduced by Gawlik-Dziki et al. [35] as a useful
parameter to study the bioaccessibility of phenolics from coffee and coconut. The
PRC values of BEWWBs and BEDWBs are shown in Figure 5. PRC ranged from 5.0
to 1.8 for digested BEWWBs with participation of BF and from 2.9 to 1.4 for digested
BEWWRBs with participation of BFR. The PRC index ranged from 2.5 to 1.4 for
digested BEDWBs with participation of BF and from 2.8 to 1.3 for digested BEDWBs
with participation of BFR. These values indicate high bioaccessible reducing capacity
of buckwheat-enhanced wheat breads. It was also found that the reducing capacity
bioaccessibility index (PRC) for BEWWBs and BEDWBs depends on the level of sub-
stitution WWF or DWF by BF or BFR. As the level of substitution was higher, then
the PRC was lower despite of the high reducing capacity of bread samples. This find-
ing indicates that not only real value of reducing capacity but also its bioaccessibility
should be taken into account when functional properties of buckwheat-enhanced
wheat breads are proposed for consumers. Therefore, the substitution level of wheat
flours by BF or BFR at level up to 20-30% seems to be the best well-balanced.
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The veducing capacity bioaccessibility index (PRC) of buckwheat-enhanced white wheat breads (BEW WBs)
and buckwheat-enhanced dark wheat breads (BEDWBs).

4, Conclusions

The use of cyclic voltammetry allowed to show higher reducing capacity of
digested in vitro buckwheat-enhanced wheat breads as compared to the undigested
ones. Therefore, the bioaccessible reducing capacity of buckwheat-enhanced wheat
breads seems to be an important factor characterizing the functional properties of
bread among others. The reducing capacity bioaccessibility index (PRC) of buck-
wheat-enhanced wheat breads allowed to indicate the beneficial level of wheat flour
substitution by buckwheat flours. The CV methodology is suitable for screening
studies and allows obtaining a rapid electrochemical profile of a bread sample after
digestion useful for evaluating their selected functional properties such as bioacces-
sible reducing capacity as proposed in this study.
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Chapter 6

Antioxidants in Date Fruits and
the Extent of the Variability of the
Total Phenolic Content: Review
and Analysis

Abdulameer Allaith

Abstract

The date fruit is economically important agricultural commodity, as well as a
staple food in many countries in the Arab world, North Africa, and the Middle East.
Recent interest in its nutritional, health, and therapeutic attributes is manifested by
the rise in scientific publications. Dates of various cultivars are widely publicized
and highly ranked as rich sources of natural antioxidant constituents and antioxi-
dant activity. Such publicity, justified or otherwise, is sometimes accompanied
by misconceptions and claims of cultivar- and/or country-wise superiority. This
chapter examines these claims using a dataset generated from scientific studies
published over the last three decades focusing on the total phenolic (TP) content of
three stages of date maturity, with emphasis on the last stage, Tamer. The dataset
contains TP values (mg GAE/100 g DM) from 18 countries and 243 cultivars and
included 583 entries. It only examines variability of TP values. Statistical analysis
indicates a great variability of TP content, both within a particular cultivar and
among different cultivars. Claims of cultivar- and country-wise superiority and
very high ranking of date antioxidant activity are not substantiated. The chapter
also discusses various causes of high variability and calls for a collaboration work to
address the issue.

Keywords: antioxidant, antioxidant activity, date palm, dates, dried fruits,
phenolic compounds, polyphenolics

1. Introduction

The date palm, the tree and the fruit alike, enjoys a high place in the hearts and
minds of the people of the Arab region, in particular, and the Middle East in general
and of the three major regional religions (Islam, Christianity, Judaism). A place
where the mythological and the cognitive are highly intertwining and intersecting,
culturally, religiously, and historically, in a clear indication of the depth of this tree’s
roots in the soul and civilization of this part of the world. The foundations on which
this status is based may be lacking in validity and may be somehow exaggerated but
cannot be ignored.

This tree, which enjoys a status of sanctity, due to many religious verses, conversa-
tions, and curses, was a staple food for the farmers in their ranches, the divers look-
ing for pearls in the deep sea away from land for several months, and for the mobile
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Bedouin in the deserts in the cold winter and in the high heat during their winter/
summer traveling trips. With respect to common food consumption, the lives of people,
in this area, were centered around few simple things, and their day may begin and end
with eating dates supplemented with few additional foods such as milk, meat, and fish.
The temporal and spatial presence of dates in the residences was overwhelming in the
Arabian Peninsula and, archeologically, very well documented in many locales [1].

At present, global production statistics show increasing interest in dates as an
economic commodity with a good financial return [2]. Scientifically, researchers have
also increased their academic interest in studying different aspects of the date tree
and its fruit using recent approaches and methodologies. The phytochemicals, anti-
oxidant efficacies, and health of common dried fruits, including dates, have recently
been reviewed [3]. The phenolic antioxidant properties and benefits in date fruits
have recently been reviewed [4]. The biochemistry of the ripening process in dates as
the main deriving source of metabolic variation has been recently reported [5].

Nutritionally, date fruits provide quick and high energy (~280-330 kcal/100 g)
due to its high content of simple carbohydrates, mainly glucose, fructose, and
sucrose [6]. They are also rich sources of fibers and potassium, among other nutri-
ents. In recent years, there have been several reviews of the nutritional attributes of
dates [6, 7]. The health and therapeutical attributes of dates have also been recently
reviewed by [8-10]. These attributes include anticancer, anti-inflammatory, anti-
microbial, antioxidant, antimutagenic, gastroprotective, hepatoprotective, immu-
nostimulant, and nephroprotective activities. Of these, the antioxidant property
appears to be of a high interest and, currently, is being explored at different levels
using different methodological approaches including the metabolomics studies [11].

Because of this scientific activity, knowledge of the antioxidant properties of
dates and the importance of dates as a good source of antioxidants has substan-
tially increased. This knowledge, however, has been accompanied by claims and
misconceptions, mostly are unsubstantiated and/or justified, rather, unfortunately
confusing and questionable. Such claims include, but not limited to (1) claims of
country-wise (or regional-wise) superiority of dates, (2) claims of antioxidant
superiority of certain cultivars, and (3) claims of high ranking of dates among other
dried fruits and natural products.

The main aim of this chapter is to review the current state of knowledge of the
antioxidants in date fruits, with emphasis on dry stage (Tamer), and the issues
pertinent to the huge quantitative discrepancy of total phenolic (TP) content in
an attempt to find answers to questions that directly address the abovementioned
issues/claims. This chapter singles out TP content as the only antioxidant parameter
understudy due to space and time limitation; hence the analysis is a preliminary.
Further analysis of TP content in relation to other related parameters and factors is
highly needed and is to be seen.

2. The date palm
2.1 The tree and cultivars

The date palm (Phoenix dactylifera L.) is among the first domesticated peren-
nial plants with some fossil records showing that the tree has existed for about 50
million years [12]. It has been growing in the Arabian Peninsula, the Middle East,
North Africa, and South Asia for about 5000 years [12]. Generally, it is character-
ized by its ability to tolerate relatively high temperatures, salinity, and drought [13].
To produce dates, the date palm tree has a strict requirement to relatively a hot and
lengthily summer. The date palm belongs to the family Arecaceae and is a dioecious
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flowering plant which can live for 100 years [13, 14]. Usually, artificial pollination
of the date palm starts late February to early March [15]. Fruit development and
ripening stages are cultivar-dependent (see next section). It is a common practice
to classify cultivars into early, mid, and late cultivars where fruit maturation takes
place in June, August, and late September, respectively. Worldwide, the number
of date cultivars is large (2000-3000) [16], and at the country level, the number
may range between 300 and 600 cultivars in the known major country producers
[16]. Within each country, the number of cultivars with significant commercial
importance is very limited (10-30). Generally, names of cultivars are, country (or
regional)-dependent, with some names of cultivars being traded widely. The same
cultivar may have different names in different countries.

Kimri Khalal Besser, Rutab, Tamer Dried
unriped, partially (Fully ripped) Tamer
ripped
Figure 1.

Stages of maturation of date palm fruits. Re-dvawn from Al-Mssallem et al. [17].

Parameter Developmental (maturation) stages of date fruits

Hababouk Kimri Khalal Rutab Tamar
Moisture (%) 85 50-60 35-45 20-25
Duration 5 weeks 9-14 3-5 Varies Stable
(weeks)
Maturation and Very early Fast fruit Full size, Ripe, Ripe, sun-dried
growth rate slow enlargement crunchy soft
Color Green Green, unripe Yellow or red Varies Golden grown

to dark blue
Texture Hard Hard Soft Soft, semihard,
hard
Edibility Inedible Inedible Inedible with Edible Edible
exceptions

TN (%)* 100 58-64 28-36
TP (%)* 100 45-57 40-51°
TF (%)* 100 40-88 22-70
FRAP (%)* 100 30-72 25-55°
DPPH (%)* 100 55-76 39-60°

TN = tannins, TP = total phenolics, TF = total flavonoids, CT = condensed tannins"All values ave expressed as
percent since data points of the included parameters vary greatly, with values of Khalal stage taken as 100%. These
fercentages were calculated from a limited number of published studies.

Few published studies veported rather higher values in Tamer than Rutab.

Table 1.
Chemical and physical chavacteristics of the developmental (maturation) stages of date fruits in velation to
antioxidant properties.
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2.2 The date palm fruit

The date palm fruit, the date, is a berry or drupe consisting of a single inedible
seed (pit) surrounded by a fibrous, parchment-like endocarp, a fleshy mesocarp,
and the fruit skin (pericarp) [13, 15]. Usually, the fruit is oblong, though great
variation exists in shape, size, color, as well as in quality and texture. Weight of
dates ranges between 4 and 36 g; length, 2-7.5 cm; diameter, 1.3-4 cm; and volume,
5-19 cm. The edible part of the date represents 85-92% of the total fruit weight. The
development of the date passes through five distinct morphological stages, widely
known by their Arabic names: Hababouk (Habanbo), Kimri, Khalal (Besser),
Rutab, and Tamer (Figure 1, Table 1). At full size, Khalal, the color of dates is
either yellow or red, with different shading and hues, with the yellow-colored dates
representing the majority (> 80%). Date maturation starts 10-15 weeks after pol-
lination and takes place over an extended period lasting for about 6-8 months. This
process requires developmental competence and high heat. Dates of some cultivars
can be eaten starting from the Khalal stage; others can only be eaten during or after
attaining some degree of ripening. Antioxidant properties of dates are directly and
indirectly influenced by the physiological aspects and developmental stages (Table1).

3. Antioxidant in dates
3.1 The issue of large variability of total phenolic content

Over the past two decades, several studies on antioxidant properties of date
fruits have been published. These studies have contributed to increase our knowl-
edge and understanding of these properties and the importance of dates as a food
and its medical, therapeutical, and health virtues. However, the foresight of these
studies finds great variations of levels and values of studied parameters of antioxi-
dant of these results, which confuses the researcher/reader, leading to some skepti-
cism and casting doubt.

To illustrate the magnitude of the problem and the importance of attempting
to overcome this wide disparity, I will review here what Hammouda et al. [17]
recently noted while comparing their findings with results of a previous published.
Hammouda et al. [18] estimated the TP of two date cultivars from three geographical
origins using an HPLC methodology and reported an average of 154 mg/whole fruit
(or 126.3 mg/edible part of the fruit, average weight of a fruit was 10.2 g). When they
compared their findings with values reported on the widely cited study of Al-Farsi
and Lee [6], which reported that TP ranged between 194 and 240 mg/100 g of fruit,
corresponding to ~19-24 mg per fruit, they concluded that (a quote): “We consider
that our estimation better reflects the real concentration of total polyphenols in
dates as phloroglucinolysis—HPLC is the only quantification method that takes into
account the nonextractable PCs which represent the major part of polyphenols in
dates and which are not quantified when a colorimetric assay is performed on a
methanol extract.”

Many researchers have faced a similar situation and may have reached similar
conclusions, as evidenced by many comparative studies. Recently, Mishra et al. [19]
reviewed and analyzed the abnormalities associated with reporting the antioxidant
activity using DPPH methods. Whether one agrees or disagrees with the above
statement made by [18] is not the issue here. The issue is that whether the huge
disparity of experimentally obtained and numerically reported values of antioxi-
dants and antioxidant activity on date fruits really reflect the phenomena of natural
variability or a manifestation of otherwise.
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In the following section, the total phenolic (TP) content reported in the literatures
by many groups will be statistically analyzed. Selection of the TP content to illustrate
the extent of variability and diversity of the antioxidant in dates is largely based on
its commonality and convenience. The majority of the published studies dealing with
antioxidants and antioxidant activity of dates (other plant based produces as well)
reports TP as the prime parameter. Furthermore, TP content is highly correlated with
many assays used to estimate antioxidant activity (ABTS, DPPH, FRAP, etc.).

Estimation of TP is usually performed using the well-established Folin—
Ciocalteu (FC) colorimetric method or one of its variants with gallic acid (GA)
being widely used as a standard for calibration [19]. Results are usually expressed as
mg GAE/g or 100 g. The FC method is based on electron transfer reactions between
the phenolic antioxidant(s) and the FC reagent. It is not specific for TP determina-
tion and is prone to interfering compounds presented in the sample leading to
biased estimation. Reducing sugars which are present in high concentration in
dates and ascorbic acid, which is present in substantial level at some developmental
stages, are examples of these interfering compounds [20]. Most of the published
studies reporting TP in dates did not adequately address this issue.

3.2 Sources and preparation of dataset

Data used in this analytical review are of secondary type. They include the
total phenolic (TP) content of 243 cultivars from 18 countries, covering the three
potentially edible maturity stages, Khalal, Rutab, and Tamer (Figure 1). The selec-
tion of these datasets was based solely on relatedness and availability at the time of
the preparation of this review. Values of TP were either copied and pasted from the
published sources or extracted from graphs by using the online site WebPlotDigitizer
[21]. A partial list of selected studies with some parameters of antioxidants and anti-
oxidant activity is given in Table 2. Table 3 lists countries of the recruited studies.

Most published values of TF were reported as sampled (i.e., the fresh or dry weight
of the edible portion of the date fruits). To make them comparable and meaningful,
these weight values were recalculated and presented on a dry matter (DM) basis.
When given, moisture content was used to calculate the moisture fraction, hence the
DM. In the absence of moisture content, the following general moisture contents were
used: Khalal (66%), Rutab (43%), and Tamer (22%). When oven-dried or lyophilized
samples were indicated, the moisture content used value was 15%. Samples of date
syrup and wasted dates were also included since they usually possess similar TP content.

3.3 Data cleaning

The name of the same date cultivar in different countries may have differ-
ent spellings. An example of this is the cultivar Barhi which has the following
synonymous: Berhi = Burhi = Barhee = Barhy; Deglet Nour = Deglet Noor;

Sokary = Sukkari = Sukari; and Sofry = Sufry = Suffry. It was very essential for the
analysis to designate a single spelling for the same cultivar.

Outliers were statistically detected and removed from analysis. Removing of
statistically detected outliers, at this stage of analysis, was based on convenience,
simplifying the analysis, to examine their effects on estimates. Their analysis requires a
more rigorous methodology, and perhaps these extreme values may represent a reality.

3.4 Statistical analysis

Excel (Microsoft) and SPSS (IBM, version 23) were used for statistical analysis
which included estimates of central tendency and variability.
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Country Author Parameter Stg. Mean References
(no. cultivar) (SD, range)
Algeria Benmeddour TP (mg GAE/100 g DW) T 49315 (294.90; [22]
etal., 2013 226-954)
(10) TF T(mg QE/100 g DW) T 102.7 (9445,
15.2-299)
CT (mg CE/100 g DW) T 24375 (13962,
82.8-525.1)
Mansouri TP (mg GAE/100 g FW) T 4.70 (1.996, [23]
etal., 2005 (7) 2.5-84)
Egypt Faragetal,, TP (mg GAE/100 g (Low) T 273.57 (40.53, [24]
2014 (21) DW) 233-349)
(Med) T 449,57 (115.42,
437-622)
(High) T 1332.83
(271.06,
1100-1898)
(Overall) T 638.48 (473.12,
233-1898)
Iran Biglari et al., TP (mg GAE/100 g DW) R 21.61 (45.27, [25]
2008 (8) 24-141.4)
TF (mg CE/100 g DW) R 12.57 (26.18,
1.6-81.2)
FRAP (umol/100 g DW) R 65.46 (121.79,
11.6-387.3)
TEAC (umol TE/100 g DW) R 97.99 (152.43,
22.8-500.3)
Mortazavi TP (mg GAE/100 g FW) K 126.04 (61.58, [26]
etal., 2015 (9) 57.8-262.8)
R 5741 (20.47,
23.5-94.1)
T 76.04 (18.87,
38.2-103.9)
KSA Faragetal,, TP (mg GAE/100 g DW) T 439.39 (559.37, [27]
2016 (18) 93-255)
Hamad etal., TP (mg GAE/100 g DW) T 1752 (3.62, [11]
2015 (12) 10.5-22.1)
TF (mg CE/100 g DW) T 212 (051,
12-2.8)
Al-Turki et al., TP (mg GAE/100 g FW) T 418.12 (55.18, [28]
2010 (5) 315.68-508.01)
Hatemet al., TP (mg GAE/100 g FW) K 4.92 (1.00, [29]
2018 (4) 3.26-5.94)
R 6.95 (2.63,
2.49-9.23)
T 6.15 (1.23,
4.25-765)
DPPH (IC50: mg/ml) K 4.62 (0.36,
4.1-51)
R 2.96 (1.53,
2.0-5.4)
T 4.0 (0.60,
34-5.0)
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Author
(no. cultivar)

Country

Parameter

Stg.

Mean
(SD, range)

References

Morocco Taoudaet al.,

2014 (13)

TP (mg GAE/100 g DW)

T

2.68 (0.86,
1.5-4.5)

TF (mg/100 g DW)

0.066 (0.094,
0.01-0.38)

DPPH (IC50: ug/ml)

1743 (6.71,
7.5-33)

(30]

Bouhlali et al.,
2017 (8)

TP (mg GAE/100 g DW)

466.26 (66.54,
331.9-5371)

TF (mg RE/100 g DW)

12412 (53.06,
68.9-208.53)

CT (mg CE/100 g DW)

75.25 (11.86,
576-92.1)

FRAP (umol TE/100 g DW)

640.96 (15758,
406.6-860.9)

DPPH (IC50: mg/ml)

3.94 (131,
21-62)

ABTS (umol TE/100 g DW)

621.54 (124.8,
383.9-846.9)

Oman Al-Farsietal.,
2005 (3)

TP (mg GAE/100 g FW)

246.67 (80.45,
134-343)

Singh et al.,
2013 (6)

TP (mg GAE/100 g DM)

172.5 (56.84,
81-235)

Nazeem et al.,
2011 (21)

Pakistan

TP (mg GAE/100 g DW)

216.22 (45.78,
141.9-297.0)

Haider et al.,
2013 (10)

TP (mg GAE/100 g DW)

459.92 (62.89,
349-571.3)

211.076 (55.08,
102.8-265.3)

120.48 (4746,
50.2-184.1)

DPPH (IC50: mg/ml)

0.59 (0.13,
0.47-0.86)

1.06 (0.32,
0.75-0.98)

1.86 (0.55,
14-2.9)

El-Arem et al.,
2012, (4)
El-Arem et al.,
2013 (5)

Tunisia

TP (mg GAE/100 g FW)

482.27 (93.14,
303.17-602.28)

362.93 (49.57,
278.8-4354)

269.96 (60.17,
182.2-375.5)

TF (mg CE/100 g DW)

232.0 (5391,
109.79-307.59)

144.49 (4530,
79.6-231.0)

94.81 (2477,
52.8-140.5)

CT (mg CE/100 g DW)

189.82 (68.66,
86.0-276.8)

121.1 (46.57,
65.3-198.2)

81.13 (22.24,
40.1-110.5)

[36]
(37]
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Country Author Parameter Stg. Mean References
(no. cultivar) (SD, range)
Tunisia El-Arem et al., ABTS (mmol TE/100 g FW) K 1.36 (0.03, [38]
2017 (3) 1.3-14)
R 1.26 (0.07,
12-1.4)
T 113 (0.10,
1.0-1.3)
DPPH (AE = 1/EC50) K 3.54 (0.63,
27-41)
R 2.54 (0.36,
2.1-2.7)
T 1.76 (0.42,
1.4-2.4)
USA Al-Turki et al., TP (mg GAE/100 g FW) T 318.19 (61.75, [28]
2010 (10) 22.7-491.3)

Information are alphabetically arranged based on country.

Table 2.
Mean, SD, and range of selected parameters of antioxidant constituency (TP, TF, CT) and antioxidant activity
(ABTS, DPPH, FRAP) extracted from selected published studies demonstrating the large reported variability.

Country References No. Country References No.
Algeria [22, 23, 39, 40] 4 Morocco [30, 31, 65-68] 5
Bahrain [41, 42] 2 Oman [32, 33, 69, 70] 4
Egypt [24, 43-45] 4 Palestine [74] 1
Iran [25, 26, 46-49] 6 Pakistan [34, 35, 71-73] 5
Iraq [50] 1 Spain [75-77] 3
Israel [51] 1 Sudan [78] 1
KSA [11,27-29, 52-62] 14 Tunisia [36-38, 78-86] 13
Malaysia [63] 1 USA [28, 87] 2
Mauritania [64] 1 Yemen [89] 1
Table 3.

Countries and number of vecruited studies used to collect and analyze data points of TP content in date fruits.

4. Result
4.1 Descriptives

The total TP entries was 583, from 74 studies collected from 18 countries, consisting
of 102 (17.9%), 118 (20.7), and 350 (61%) entries for Khalal, Rutab, and Tamer stages,
respectively. More than 50% of the entries came from five countries (n, %): Pakistan
(126, 21.61), KSA (125, 21.44), Tunisia (59, 10.12), Iran (47, 8.06), and Algeria (35, 6).
The apparent number of included cultivars was 250, with Khalas (5.5%), Khadhrawi
(4.3%), Barhi (3.1%), Hallawi (2.7%), Deglet Nour (2.4%), and Medjool (2%) being
the most represented. Descriptive statistics, including estimates of centrality and dis-
persion, are presented in Table 4 for data with and without outliers. The proportion of
detected outliers was 1.96, 8.5, and 6.3% for the three maturation stages, respectively.
As expected, the mean and median of TP content were higher in Khalal stage than the
final maturation stage, Tamer. Removing outliers greatly improved the statistics of
dispersion (SD, SEM, range, variance) as well as the kurtosis, skewness, and CL.
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Khalal Rutab Tamer

WO NO WO NO WO NO
Count 104 102 119 108 360 339
Mean 994.92 935.98 368.67 228.62 446.97 240.93
SEM 111.83 105.85 38.74 18.05 59.00 10.18
Median 791.37 77728 24798 17771 232.05 217.65
SD 1140.46 1068.99 422.65 182.33 111940 18745
Variance 1300651.78 1142745.95 178630.03 33244.77 1253049.41 3513796
Kurtosis 34.75 46.91 5.59 -0.71 47.66 -0.12
Skewness 4.95 5.85 221 0.55 6.55 0.71
Range 978541 978541 2228.61 663.80 10303.70 858.83
Minimum 9.59 9.59 4.33 4.33 0.14 0.14
Maximum 9795.00 9795.00 223294 668.13 10303.85 858.97
CL 221.79 209.97 76.72 35.81 116.02 20.03
(95.0%)
CcvV 114.63 114.21 114.64 79.75 250.44 77.80
Q1 34318 336.73 102.54 8772 93.89 84.90
Q2 791.37 77728 24798 233.64 233.33 217.65
Q3 1298.02 1281.76 470.23 440.04 388.64 351.12

WO = with outliers included, NO = outliers not included.

Table 4.
Estimates of centrality and variability of the values of TP content (expressed as mg GAE/100 g DM) recruited
in this work and obtained from studies listed on Table 2.

Khalal stage exhibited higher variation than Rutab and Tamer. The distribution of the
TP values was not normal and rightly skewed for the three stages. Figure 2 depicts

the frequency and cumulative frequency density (CFD) of the TP values of the Tamer
stage. Similar patterns are also seen for the Khalal and Rutab stages (not shown). More
than 50% of the values of TP content were below 260 mg GAE/100 g DM.

Figure 3A and B depicts the spread of numerical values of the TP content in
dates at Tamer stages against the country of origin of dates and cultivar, respec-
tively. These figures, as well as data given in Table 2, provide clear evidence against
claims and misconceptions of the antioxidant superiority of a particular date
cultivar due to its country of origin or cultivar. Low and high values of TP content
can be found for a specific date cultivar in a single country.

A B
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g g
3 200 6% s 40 60%
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100 === Cumulative % .
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TPC (mg GAEDD g DM) TPC (mg GAE/100g DM)
Figure 2.

Histogram and cumulative frequency density (CFD) of the TP content of the Tamer stage. (A) With outliers
included, n = 360 and (B) outliers removed, n = 339.
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Distribution of the values of TP content in Tamer stage arranged ascendingly according to the country of origin
(A) and cultivar (B). Outliers were removed.

Ajwa Barhi Khadhrawi  Khalas  Mejdool  Zahidi  Deglet Average
Nour
Count 9 4 10 20 7 7 13 10
Mean 178.48 254.50 274.79 158.10 265.45 251.96 159.52 220
SEM 70.05 89.86 61.51 3475 61.84 64.58 34.47 60
Median 49.94 253.26 266.58 11248 289.46 153.12 108.55 176
SD 210.15 179.71 194.50 155.39 163.62 170.87 124.28 171
Variance 44162.2 322959 37829.8 241453 267728 291954 154455 29,978
Range 57766 319.39 47741 45812 4684 407.66 363.74 439
Minimum 6.80 96.05 50.28 0.20 333 7211 333 33
Maximum 584.46 41544 52769 458.32 471.72 479.77 367.07 472
CL (95.0%) 161.53 285.96 13914 72.72 151.32 158.02 75.10 149
CV (%) 11774 70.61 70.78 98.28 61.64 67.82 7791 81
Country 2 5 7 4 5 5 5 5
Table 5.

Estimates of centrality and variability of reported TP values (expressed as mg GAE/100 g DM) of selected date
cultivars from different countries.
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4.2 Variability of TP values of selected date cultivars from different countries

Table 5 presents estimates of variability and central tendency of TP content of
selected date cultivars reported from different countries. Normally, in nutritional
epidemiology, the variance represents the true variability of nutrient content. The
variability of continuous type of results produced experimentally by some assays is
evaluated by the CV rather than SD, since the CV is a standardization of the SD
(CV = SD/mean * 100). Using CV allows for direct comparison of estimates of vari-
ability regardless of the magnitude of the level of analyte under investigation. In
many biological fields, a twofold difference in measurements of the same sample
can be acceptable as the upper limit of variability. Furthermore, a CV of 40% can
be tolerated in nutrient estimation for food labeling and nutrient intake calculation
[90]. Since there is no reference value or a benchmark for the variability of TP con-
tent in dates to compare with, the above recommendation may be used to facilitate
comparison. The variance and CV, as well as other estimates of dispersion, are very
large. The largest variance was found for Ajwa, whereas Deglet Nour exhibited
the lowest variance. The CV was even more pronounced as an evidence of the vast
variability, with some cultivar possessing CV values of more than 100%. Estimates
presented on Table 5 demonstrate the extent of variability of the TP content values
regardless of the country.

Table 6 presents similar statistics based on data obtained from studies origi-
nated from a single country for a particular date cultivar. This table illustrates the
extent of variability of the TP content within a country. For example, TP values of
Khalas cultivar from two countries (Saudi Arabia and Oman) showed large varia-
tion within cultivar and between the two countries, while the TP values of selected
date cultivars taken from different studies carried out within that country are
similar. Again, all estimates of variability are indicative of the large disparity of the
published TP values. Notably, Ajwa cultivar of Saudi Arabia, which is grown almost
exclusively in the holy city, Al-Madina Al-Munawara, possessed the largest CV (%)
among the listed four cultivars.

5. Discussion
5.1 Variability of TP value and its implication

In the fields of public health, nutrition, and nutritional epidemiology, reli-
able and accurate estimates of concentration of a nutrient in a food commodity
is important for estimating the daily consumption (intake) for an individual
within a population, as well as for setting the average, upper, and lower limits
of that nutrient for official recommendations and guidelines. The TP content is
neither (yet) considered as a nutrient nor as a single chemical compound that
can be reduced to the level of an officially declared nutrient such as ascorbic
acid and treated similarly. TP is rather an experimentally measured value rep-
resenting a chemical measure for an inherently great numbers of diverse groups
of secondary metabolites or phytochemicals, simple and polyphenols, with
many biological functions vital for the survival of their producers (plants) and
for their consumer. Although TP is not a single entity, but, theoretically (and
hypothetically) speaking, it is similar, in a way, to the groups of foods (proteins,
carbohydrates, and lipids) which are characterized by high diversity of its
nature, structure, and consistency. For this, one may be allowed to deal with TP
content in a similar way, taking into consideration that TP content, at present, is
not among the macro- and micronutrients.
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Admittedly, large variation widely exists in biological measurements. In nutri-
tional sciences, nutrient variability is a common place. A nutrient may vary in its
numerical values for many reasons, and the magnitude of variation can be very large
[92]. In the analysis of the already published values of the TP content date fruits for
alarge number of cultivars from different countries, regions, and continents, it can
be concluded that the magnetite of variation in all edible stages, and in the Tamer
stage in particular, is very high, in the order of hundreds, when extreme values and
outliers are removed, and perhaps in thousands when these values are included.

This situation represents an unfavorable challenge for researchers, nutritionists,
end users, and policy makers alike. To illustrate, a researcher may ask of the typi-
cal value of TP content of the date fruit in general or a typical value for a specific
cultivar. In fact, in the literature, it is common to declare nutritional values of dates
based on one or two cultivars with the assumption that these are true representative
of the vast majority of cultivars, i.e., [91].

Does such variability is due to natural variation, or should we take into consid-
eration the uncertainty, or a combination of both? This remains unclear and needs
to be answered. While variability is defined as the occurrence of multiple values
for a quantity at different locations and refers to the inherent heterogeneity or
diversity of data in an assessment, uncertainty refers either to the lack of knowledge
of the value of some quantity (qualitative uncertainty) or the usage of non-precise
measurement methods of (quantitative uncertainty) may come from the use [93].
The source of uncertainty can be of many types including random errors, sampling,
and measurement errors. Variability can be characterized but cannot be reduced,
whereas uncertainty can be reduced, which, if appropriately applied, can lead to
increased confidence in the estimates [93].

The variability of the values of the TP content for date fruits is evident by the
various estimates of dispersion (see Tables 4-6). Causes of such dispersion are not
known nor can be investigated unless the experimental conditions of the actual
analysis can be traced back. In such situation, with little or no knowledge about of
the data quality and the associated errors, one may speculate that data of the values
of TP of dates do not merely reflect a natural variation, but element(s) of uncer-
tainty cannot be excluded.

5.2 Sources of variability of antioxidant activity in dates

Variation in antioxidants and antioxidant activity is not limited to variation
due to cultivars, maturity stage, and geographical or agronomical conditions.
Rather, antioxidant activity varies between dates within the same bunch and even
within the same fruit. In the following section, some of causes of the antioxidant
will be presented.

5.2.1 Variation of antioxidant properties due to maturity stage

Many studies examined the effect of maturity stage in the antioxidant consis-
tency and activity [25, 35-38, 41, 54, 73, 74]. There is a general agreement that the
highest antioxidant activity is found in Khalal stage and the lowest in Tamer stage.
Sourial et al. [94] reported data of five cultivars exhibiting a sigmoidal decline of
tannins. The remaining tannin content at Tamer stage represented 33-43% of that
at Rutab and Khalal stages. The kinetics of degradation of total phenolic content
during these three stages was also reported [42]. TP content declines to follow
first-order reaction in the Tamer stage which represents between 25 and 40% of
the Khalal stage. Generally, red cultivars at Khalal stage possess greater antioxidant
activity than yellow cultivars.
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5.2.2 Variation of antioxidant properties within a single date fruit

Date fruits harvested from the same bunch at the same time may possess differ-
ent levels of antioxidants, though may be statistically insignificant (need further
studies). Within the same bunch, dates are differentially exposed to sunlight.
Sunlight affects biosynthesis of simple and polyphenolic compounds including
flavonoids. In many fruits, biosynthesis of polyphenolic compounds is an adop-
tive process [95]. High light induces the expression of many early and late genes
involved in biosynthesis of flavonoids. Dates located inside the bunch are the least
to receive sunlight, compared to those at the peripheral. This is also valid with
regard to different bunches within the same tree.

Within a single date fruit, the distribution of antioxidants in the tissues is not
homogenous. Guo et al. [96] reported that the peel of unspecified date cultivar
possessed 2.4 times higher antioxidant activity than the pulp, 16.69 compared to
6.98 mmol/100 g WW (FRAP assay), respectively. A recent study by Djouab et al.
[97], using Tamer of the yellow Algerian cultivar Mesh Degla, showed that the level
of TP in the whole flesh, peel, brown tissue, and white tissue was 206, 247.3, 185.2,
and 66.63 mg GAE/100 g DM, respectively. In this study, the antioxidant activity
followed the same trend. Generally, fruit peels possess higher antioxidant than the
flesh [96]. Depending on date cultivar, peel may contribute between 50 and 70% of
the antioxidant, despite constituting only 3-5% of the total edible weight. Due to
their vital biological role as protectants, many potent polyphenolic antioxidants are
essentially localized in the peel, particularly during Khalal stage, leading to higher
antioxidant activity. Furthermore, the white tissue of the flesh, the most inner part,
possesses the least antioxidant/activity as compared to other tissues. Within the
brownish tissue, condensed tannins are, usually, stored in the stone cells.

5.2.3 Variation of antioxidant activity due to diverse polyphenolic composition

Antioxidant property in plant-based food is largely due to the natural poly-
phenolic antioxidants. Redox properties of these natural antioxidants make them
function as reducing agents, free radical scavengers, hydrogen donors, chelators,
and metal. The phenolic consistency of date fruits, including flavonoids, has been
recently studied by many research groups [18, 22-24, 38, 62, 68-70, 74, 98-100].

Phenolic acids found in dates belong mainly to benzoic or cinnamic acid deriva-
tives. However, the distribution of phenolic acids varies considerably among
different date cultivars. El-Arem et al. [38] reported a significant difference in
the phenolic compounds amounts between maturation stages for the majority of
cultivars. These groups identified two newly described phenolics in dates (hydroxy-
phenylacetic and phenylacetic acids). A contrasting example of the dynamic nature
(or fluctuation) of phenolic acids in date fruits is cinnamic acid (CNA) which was
also reported by this group [38]. CNA was not detected in the three maturity stages
(K, R, T) of cultivars Gondi and Rotb Ahmar; however, it significantly increased
during maturation of cultivar Gosbi and detected in comparable amount in R and T
stages but not in K in the cultivar Khalt Dhahbi.

Farag et al. [24] recently identified 44 metabolites in 18 Saudi cultivars, of which
20 were flavonoids and 4 were hydroxycinnamates but also noted that several of
previously reported predominant phenolic acids were not found in their study.

While free phenolic acids are present in Rutab stage in most cultivars, albeit at lower
concentration, the semidry cultivar Sukkari had no detectable free and glycosylated
phenolic acids at Rutab stage and contained only esterified phenolics. Moreover,

the fate of a particular phenolic acid or flavonoid differs between date cultivars
(Figure 4). Among six different cultivars, Kursinszki et al. [98] reported that rhamnosyl
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Berhi Khalas Khudhri Segae Sukkari

Fresh Dried Fresh Dried Fresh Dried Freshh  Dried Fresh  Dwied

Figure 4.
Distribution of free (W), esterified (M), and glycosylated (O) phenolic acids in five date fruits at two
maturation stages Rutab (fresh) and sun-dried Tamer. Data extracted from Khojah [53].

hexosyl methyl luteolin was a major constituent in all of them, albeit at different
levels, whereas hexosyl methyl luteolin sulfate was a major constituents in only three
cultivars Khenaizi, Khalas, and Lulu. Among these cultivars, Lulu was characterized
by being relatively low in flavonoid content. The Al-Medina dates were distinct by the
presence of rhamnosyl hexosyl luteolin. A very recent detailed study by Abu-Reidah
et al. [101] has identified 52 phenolic compounds in five various parts of the date palm
tree including the edible portion (skin and pulp). The distribution (and the quanti-
fication) of phenolic compounds in the edible proton of the date fruit is of particular
interest on this review. The combined number of peaks identified in pulp and skin
was 22, of which 17 were found in pulp and 16 in skin, with 12 peaks being shared
(~55%). Interestingly, the edible proton of dates was lacking of ferulic acid derivatives
despite its known abundant in both, the skin and pulp. To the contrary, luteolin was
only found in the skin, while its derivatives may be found, unequally, in both tissues.
The methyl glycoside derivatives, which is consistent with specialization and func-
tionality of the plant part, were also lacking from the edible portion.

5.2.4 Variation of antioxidants due to pollination, bagging, and thinning

Date palm tree is a dioecious monocotyledonous, and fertilization occurs
either naturally or is carried out artificially. Pollens obtained from one cultivar
can fertilize another cultivar. However, pollination has significant impacts in the
physical and chemical properties of the resultant dates. It affects, among other
things, the fruit set, size, time of ripening, seeds, eating quality, as well as the
chemical constituency of the date including antioxidants, an effect known in
plant science as metaxenia. Maryam [72] reported that pollen patents had the
potential to significantly influence total phenolics in dates. Using eight male
pollen patents to fertilize two different cultivars, the TP of Hallawi cultivar
increased from 190 mg GAE/100 g in the control to 491 mg GAE/100 g and from
212 to 480 mg GAE/100 g in Khadhrawi cultivar. Similar effect was also found
with ascorbic acid. Farag et al. [102] found that one of two pollinator types
significantly increased the content of anthocyanin and ascorbic acid, but not
tannins, over the other.

The practice of fruit thinning, either by reducing the number of fruits per bunch
or the number of bunches per tree, leads to significant quality enhancement in
dates. Several methods of thinning are available for date palm trees. This practice
was found to reduce the tannins content in some date cultivars [103]. Bunch bag-
ging of the same cultivar with perforated blue polyethylene increased ascorbic acid
level, decreased the total soluble tannins concentrations and peroxidase activity,
and had no significant effect on total phenolic content [104].
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5.2.5 Variation of antioxidant priovities due to abiotic stress

In a study of the effect of sewage water irrigation of date palm tree in the anti-
oxidant constituency of three Saudi date cultivars, Abdulaal et al. [105] reported
higher levels of TP; TF; increased antioxidant activity using ABTS, DPPH, and
the formation of phosphor-molybdenum complex test; as well as higher activi-
ties of peroxidase, polyphenol oxidase, and glutathione-S-transferase in dates
irrigated with sewage water as compared to irrigation with municipal water. The
increased level of these parameters was accompanied with higher accumulation
of heavy metals (Cr, Cu, Fe, Mn, Pb, and Zn) in the sewage water-irrigated dates.
The three studied cultivars showed differential responses regarding TP and
TF. TP level in Agwa and Safawi increased by 28-30% over the control, while in
Anbr cultivar it increased by only 8%. Furthermore, the extent of increase in TF
in the three cultivars was somewhat similar (Agwa, 41%; Anbr, 50%; and Safawi,
50%). These results are suggestive of different response mechanisms and need
further investigation.

Al-Busaidi et al. [106] recently reported that while the levels of Fe, Zn, and Ni
were relatively higher in the treated sewage water irrigated than the groundwater
irrigated, whereas the levels of Cu, Cd, Pb, and B were significantly higher in date
fruits irrigated with groundwater than sewage water irrigated. These contradicting
findings may be partially attributed to the level of treatment of sewage water used,
i.e., secondary or tertiary treatment. In our own findings (unpublished) with locally
grown several date cultivars, no significant difference was found in the accumula-
tion of several heavy metals between groundwater and secondary-treated sewage
water-irrigated dates.

5.2.6 Association of antioxidant consistency and antioxidant activity in date fruits

In vitro methods commonly used to estimate antioxidant activity include ABTS,
DPPH, FRAP, and ORAC. Like many other plant-based foods, a clear relationship
between the antioxidant content and antioxidant activity exists in date fruits,
though its extent varies widely. For example, the DPPH method, widely used
to estimate the radical scavenging activity of antioxidants was found [54] to be
highly correlated to TP content in four Saudi cultivars, namely, Barhee (R?=0.96),
Khenazy (0.89), Helali (0.85), Lonet-Mesaed (0.64), but was not significantly
correlated in Mejdool (0.46). In contrast, Medjool exhibited high correlation
(R* = 0.91) between DPPH and total soluble tannin concentration. The correlation
of DPPH and phenols, tannins, and flavonoid content of 12 products made from
two Spanish date cultivars was also high, 0.765, 0.747, and 0.822, respectively [76].
On the other hand, plotting the IC50 (amount in pg/ml which gives 50% inhibition
of DPPH quenching) of 18 cultivars from Saudi Arabia against their total phenolics
showed a weak correlation (R? = 0.0341) [27]. These findings not only indicate that
phenolic content plays as the major antioxidant in date fruits but also as a cause of
the apparent variability of the date antioxidant activity.

6. Limitations of this work

Due to many constrains, this chapter addresses only one aspect of the variability
of antioxidants in dates, namely, the TP content. The purpose of this chapter is to
shed light and to expose the problem in the hope that other opportunities will be
available to address the issue more comprehensively. The issue can be treated in depth
with the inclusion of published values of other antioxidants as well as antioxidant
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activities. Potential and appropriate statistical tools to investigate the issue are within
and between subject analysis of variability and multivariate analysis. Uncertainty as a
potential source of variability of date antioxidants can also be examined.

7. Conclusion

Variability of levels of phytochemicals (plant-based) is a common phenomenon.
However, the magnitude of such variability is influence by natural and artificial
causes. Examination of values of the TP content in dates published over the last two
decades reveals wide disparity that needs to be seriously addressed. This large vari-
ability creates a challenge that makes it difficult to deal with the validity and reliabil-
ity of published values and may hinder or reduce its practical usefulness. Overcoming
this problem and related issues requires collaboration between many groups from
different countries. With many research teams interested in the date palm and its fruit
(dates), this is possible and achievable and requires someone who takes the initiative.
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Chapter 7

Flavonoids and Phenolic Acids as
Potential Natural Antioxidants

Biljana Kaurinovic and Djendji Vastag

Abstract

For centuries, aromatic herbs and spices have been added to different foods to
improve the flavor and organoleptic properties. The use of aromatic plants and
spices in phytotherapy is mostly related to different activities of their essential oils,
such as antimicrobial, spasmolytic, carminative, hepatoprotective, antiviral, and
anticarcinogenic activities. Furthermore, many studies point to strong antioxidant
activities of aromatic plants and their essential oils. Knowing that phenolic com-
pounds are the most responsible for the antioxidant activity, the amount of total
phenolic contents and content of flavonoids have also been determined. In order to
examine the antioxidant properties of five different extracts of Laurus nobilis L.
leaves, various assays which measure free radical scavenging ability were carried
out: 1,1-diphenyl-2-picrylhydrazyl, hydroxyl, superoxide anion, nitric oxide and
hydroxyl radical scavenger capacity test, and lipid peroxidation assay. In all of the
tests, only the EtOAc extract showed a potent antioxidant effect.

Keywords: aromatic plants, flavonoids, phenolic acids, ROS, oxidative stress

1. Introduction

The history of medicinal herb usage dates back to the distant past, many centu-
ries and civilizations ago. Plants have played an important role in many cultures in
the treatment of various diseases, and floral fragrances have been used to refine the
spirit and body, to attract partners, and to establish a psychophysical balance. The
first written testimonials on the use of herbs for treatment are found in China.
Emperor Kin-Nong knew about 100 medicinal plants in 3000 years BC. One of the
oldest classical medical texts of ancient China is “Pent-Sao,” which was written
2500 years BC and is composed of 52 books; of which, two books are dedicated to
herbal remedies. In the nineteenth century, medicinal and exotic plants have
become lucrative, as more and more people began growing plants in their homes.
China, Japan, and South America were overwhelmed by collectors from plant com-
panies who looked for tropical plants to meet the needs of society. This instigated
scientific pharmacy and the start of chemical and physiological research on medic-
inal herbs. It can be said that the nineteenth century was the century of alkaloids,
because hundreds were isolated from plants from all over the world. The beginning
of the twentieth century threatened medicinal herbs to be completely thrown out of
use. Thus, “medicines” that have been successfully used for thousands of years have
become subject to mockery and disdain. The expulsion of medicinal herbs from
therapy can be compared to the darkness of the Middle Ages that had ruled Europe.
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In the last four decades, especially in the developed countries of Europe and
America, scientists have shown increasing interest in plant research. It is estimated
that today about 60% of the total world population in treatment relies on herbs and
natural products that are thus recognized as an important source of drugs [1].
Phytochemistry studies a huge variety of organic substances that have been discov-
ered and which accumulate in plants. Furthermore, phytochemistry is also defining
the structure of these compounds, their biosynthesis, metabolism, natural distribu-
tion, and biological activities [2]. An important place among them is occupied by
aromatic plants, whose aroma is associated with the presence of essential oils and
complex mixtures of volatile compounds, dominated by mono- and sesquiterpenes.
In addition to essential oils, aromatic plants are characterized by the presence of
plant phenolic compounds, primarily coumarins and phenylpropanoids, that have
been shown to possess multiple pharmacological activities. Investigations of these
secondary biomolecules intensified when some commercial synthetic antioxidants
were found to exhibit toxic, mutagenic, and carcinogenic effects [3]. It was also
found that excessive production of oxygen radicals in the body initiates the oxida-
tion and degradation of polyunsaturated fatty acids. It is known that free radicals
attack the highly unsaturated fatty acid membrane systems and induce lipid perox-
idation, which is a key process in many pathological conditions and one of the
reactions that cause oxidative stress. Particularly, the biological membrane lipids in
the spinal cord and brain are vulnerable, because they contain high levels of poly-
unsaturated fatty acids. Moreover, the brain contains significant amounts of transi-
tional prooxidant metals and consumes a lot of oxygen. These features facilitate the
formation of oxygen radicals involved in the processes of aging, Alzheimer’s and
Parkinson’s disease, ischemic heart damage, arthritis, myocardial infarction, arte-
riosclerosis, and cancer. Phenolic antioxidants “stop” free oxygen radicals and free
radicals formed from the substrate by donating hydrogen atoms or electrons. Many
plant species and aromatic plants have been tested because of their antioxidant and
antiradical activities [4].

The aim of this chapter was to show the antioxidant role of phenolic acids and
flavonoids presented in aromatic plants and to assess their potential capacity as
scavengers of different free radicals.

2. Oxygen as a toxic molecule

Atmospheric oxygen (O,) is present as a biradical with two unpaired electrons,
which have the same spin quantum number and are located opposite the orbited
orbits. This electronic structure of molecular oxygen determines its chemical reac-
tivity and allows the absorption of individual electrons, with the formation of
numerous intermediate, partially reduced oxygen species that are commonly
referred to as reactive oxygen species (ROS) [5, 6]. These reactive oxygen species
are able to react with basic cellular structures and biomolecules [7] and are respon-
sible for the emergence of many diseases and degenerative damage [8].

The normal concentration of free radicals in the body is very low. However, the
effects are very disruptive, as the chain reaction allows one free radical to cause
changes in thousands of molecules and damage DNA, RNA, and enzymes in cell
membranes and leads to the formation of lipoxygenation products before being
inactivated. Which part of the cell (proteins, nucleic acids, membrane lipids, cyto-
solic molecules) or the extracellular component (hyaluronic acid, collagen) will
react with free radicals depends on the nature of the radical and the site of its
formation (e.g., cytosolic membranes, mitochondria, endoplasmic reticulum, per-
oxisome, cell membranes). Due to the presence of molecular oxygen in aerobic
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organisms and its ability to easily receive electrons, free radicals of oxygen origin
start more reactions in the cell. The reactions responsible for their formation are
respiration, processes of autoxidation of hydroquinone and catecholamine, reduced
transition metals, some herbicides and drugs, as well as irradiation that causes water
decomposition.

2.1 The role of ROS and RNOS in the onset of many diseases

Any disorder of oxygen species’ regulation resulting from a disturbance in the
balance between the formation of reactive oxygen metabolites and their elimination
by the antioxidant protection system is the state of oxidative stress. In oxidative
stress, the formation and accumulation of reactive metabolites are increased,
resulting in oxidative processes of destruction of cellular components and genetic
material.

2.1.1 Cardiovascular disease

ROS, RNOS, and LP are considered to be the major contributors to the etiology
of atherosclerosis and various chronic disorders such as coronary disease, stroke,
and ischemic dementia [9]. Antioxidants introduced through food can reduce the
occurrence of cardiovascular diseases by inhibiting the production of free radicals
and oxidative stress, protecting LDL from oxidation and aggregation, and inhibiting
the synthesis of proinflammatory cytokines [10].

2.1.2 Neurodegenerative diseases

Oxidative stress often occurs in the brain, because although it represents only
2% of the body weight, the brain uses up to 20% of oxygen added. Also, the brain
contains large amounts of polyunsaturated fatty acids subject to lipid peroxidation
under conditions of high oxygen concentration [11, 12].

2.1.3 Carcinogenesis

Although there are insufficient facts to confirm that the presence of free radicals
is necessary in the process of carcinogenesis, it is clear that they can lead to muta-
tions, transformations, and cancers [13]. Regarding the development of cancer, the
most important target for ROS is DNA. Carcinogenesis is the result of successive
mutations in DNA molecules leading to uncontrolled growth and cell phenotypic
modification. One of the first steps in this process is the direct interaction of
electrophiles or free radicals with cellular DNA in which promutagen lesions
develop. If no repair is performed, these lesions result in mutations in the next
generation of cells [14]. An increased intake of antioxidants through diet or dietary
supplements is associated with a reduction in the onset of cancer.

2.1.4 Aging

A reduced amount of free radicals or a reduction in the speed of their production
postpones the aging process and a whole series of diseases related to the aging
process [15]. A certain maximum life potential characterizes each animal species.
There is a reciprocal correlation between the speed of oxygen consumption (and
therefore the production of free radicals) and the maximum life potential. Some
studies have shown that the aging process can be slowed by increased food intake
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that increases antioxidant capacity (e.g., fruit and vegetables) or by supplemental
intake of vitamins E, C, and p-carotene [16].

3. Antioxidant protection systems

The process of oxidative modification of proteins, carbohydrates, DNA, and
lipids is a universal mechanism of damage to the cell, especially at the membrane
level. On the other hand, the numerous roles of free radicals in physiological pro-
cesses make their creation a mandatory precondition of life, which is why a protec-
tive system has been established during evolutionary development. The basic role of
this protection system is to reduce the amount and uncontrolled creation of free
radicals and their precursors in the cell.

From a functional point of view, the antioxidant protection of the organism
includes three levels of action:

1. Antioxidant protection systems that prevent the endogenous formation of free
radicals. This level of protection is ensured by the spatial separation of
processes in which free radicals are formed.

2. Engagement of the system in conditions of normal and enhanced formation of
free radicals. According to the nature and method of action, antioxidants are
divided into two types:

a. Enzymatic (superoxide-dismutase, catalase, xanthine oxidase,
peroxidase, glutathione peroxidase, glutathione reductase, glutathione-
S-transferase). These enzymes make the so-called primary line of
antioxidant protection.

b.Nonenzymatic or the so-called secondary line of defense.

3. Enzymatic antioxidants involved in the reparation of oxidative damage of
lipids, proteins, carbohydrates, and nucleic acids.

3.1 Phenolic compounds

During the evolution, the plants developed effective defense mechanisms
against the harmful effects of visible, ultraviolet light and radiation and are a
natural source of various antioxidants. Several thousands of biologically active
secondary biomolecules of higher plants for phenolic compounds (vitamin E, fla-
vonoids, biflavonols, benzophenones, xanthones, stilbene, quinones, betacities,
phenolic acids, acetophenones, phenylpropanoids, coumarins, isocoumarins,
chromones, phenols, and diterpenic alcohols) and different nitrogen compounds
(alkaloids, amines, amino acids, and chlorophyll derivatives) have been shown to
exhibit strong antioxidant activity, but antioxidant activity of essential oils of many
spice plants is intense. Their significance is higher because it has been found that
many synthetic antioxidants exhibit undesired effects after a prolonged use (e.g.,
some of them are withdrawn from the market as a possible carcinogen). These
biomolecules exhibit their activity through various mechanisms: removing free
radicals, binding metal ions, inhibiting enzymatic systems that produce free radical
forms, increasing the concentration of biologically important endogenous antioxi-
dants, and inducing the expression of a variety of genes responsible for the synthe-
sis of enzymes that inhibit oxidative stress [14]. The term “herbal phenols”
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encompasses a wide range of plant substances that form one of the most numerous
classes of secondary biomolecules that have a common characteristic of an aromatic
ring carrying one or more hydroxyl groups as substituents, including functional
derivatives (esters, glycosides, etc.). However, this broad definition also includes
some non-phenolic substances. For this reason, it is recommended to combine a
definition that includes a chemical description and a biogenetic origin. In nature,
there are two general biosynthetic pathways for the synthesis of plant phenols:

(1) a polyacetate route and (2) a phenylpropanoid route with scrub acid as an
intermediate. Some phenols are formed by a combination of these two times [17].

The efficiency of phenolic compounds in protection against oxidative stress
depends on their reactivity in relation to toxic oxygen species and the reactivity of
phenoxy radicals relative to critical biomolecules. Chemical or enzymatic oxidation
of phenolic components of plant tissue results in a dark color which is of particular
importance in food technology. Their susceptibility to oxidation allows their use in
the protection of fats and oils.

Phenolic compounds also increase the activity of antioxidant enzymes, thus
indirectly affecting the concentration of harmful oxygen radicals in the living cell.
In high concentrations, radical reactions such as DNA damage, superoxide anion
production, etc. can also be act as a prooxidant [18].

3.1.1 Phenolic acids

The term “phenolic acid” includes hydroxy and other functional derivatives of
benzoic acid (Cg==C;) and cinnamic acid (Cg==C3) [19, 20]. Figures 1 and 2 give
the structures of the basic representatives of these acids.

R—R'—IT; p-hydroxybensoic acid
_ R—0OH, I'—H; pritocatectic acid
HO—y\ 4 COOH  R=()CII,, R'=11; vanillic acid .
R—R'-OH; gallic acid
R

R—R'—0 H.; svringic acid

H

0O
/:& COOH R=H? Ealiﬂ}-']ju acid
N/

R—OITI; gentisic acid .

R/

Figure 1.
Chemical compounds of basic benzoic acid derivatives.

E—R -1 p-coumaric acid
. R=0H, R'=H; caffeic acid
=CHZCOOH b 001, B Gorulic acid

\ Yy CH
/ R=R=(H_H:: synapric acid

H{}

&

Figure 2.
Chemical formulas of basic devivatives of cinnamic acid.
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Cinnamic acids, especially hydroxy-cinnamic acids, have the role of basic pre-
cursors in the biosynthesis of various plant phenols. The cinnamic acid and its
derivatives are produced by condensation of the acidic acids with phosphoenolpyr-
uvate to give the horizmic acid. Additional reactions of interconversion, decarbox-
ylation, transamination, and disinfection lead to the formation of cinnamon
(3-phenylpropenoic acid) and hydroxy-cinnamic acid. Subsequent reactions of
hydroxylation, methoxylation, etc. produce cimetic acid derivatives such as
p-coumaric acid (p-hydroxy cinnamic acid), p-acid (2,3-dihydroxy cinnamic acid),
ferulic acid (2-methoxy-3-hydroxy cinnamic acid), and synapartoic acid
(2,4-dimethoxy-3-hydroxy cinnamic acid).

The derivatives of cinnamic acid, in particular hydroxy-cinnamic acids, are the
basis of the overall phenylpropanoid metabolism consisting of complex
biochemical reactions which as a result supply the plant with important phenolic
components [21].

3.1.2 Flavonoids

The term “flavonoids” was proposed by Geisman and Heinseiner [21] to
describe all plant pigments having a Cg==C3;==Cg¢ skeleton, in which two benzene
rings are linked via the C3 unit. These natural products, varying in color from white
to yellow, except anthocyanidins responsible for almost all pink and violet shades
[20], are widely distributed in the plant kingdom with the exception of algae and
fungi. So far, more than 4000 flavonoids have been found in plants, fruits, and
vegetables [22]. The most common are seeds, citrus fruits, olive oil, tea, and red
wine [23]. They are found in vacuoles, chloroplasts, and chromoplasts, in the form
of glycosides, and in the extinct cells free of glycosides. The presence of OH groups
directly linked to the carbon atoms of the benzene ring determines the antioxidant
role of flavonoids, phenolic acids, and their esters. The expressed activity is shown
by compounds with two hydroxyl groups, arranged as for catechol, and three
hydroxyl groups arranged as in pyrogallol.

The structure of all flavonoids is based on the C;5 skeleton of the chromatic
structure for which the secondary ring (B) is attached (Figure 3) [24, 25].

Flavonoids are divided according to the substitution profile of the heterocyclic
ring. In the classification of flavonoids, the oxidation state of the heterocyclic ring as
well as the position of the secondary aromatic ring is taken into account. A total of
about 12 subgroups of flavonoids are distinguished. The secondary (B) ring may be
in position 2 (flavones, flavonols, dihydroflavonols, catechins, flavans, and

Figure 3.
Basic structure of flavonoids.
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anthocyanidins), position 3 (isoflavonoids), or position 4 (4-phenyl-coumarins,
neoflavonoids). In a few cases, the six-membered heterocyclic ring occurs in an
open isomeric form (chalcones and dihydrochalcones) or is replaced by a five-
membered ring.

The most widespread of all flavonoids are flavonols (3-hydroxyflavones) and
flavones. The most commonly used flavonoids are quercetin, kaempferol, and
myricetin. Quercetin is considered the most widespread component of all plant
phenols. More than 100 glycosides of quercetin are known. Among flavonols there
are about 200-300 known aglycons of these compounds [26].

3.1.3 The importance of phenolic compounds

Phenolic acids are important not only for ensuring the construction of lignin but
also for regulating plant growth and disease resistance. Hydroxy-cinnamic acids are
associated with the role of growth regulators and proteins in the development of
certain diseases. In addition, it is possible that they are important for chloroplasts
and the process of photosynthesis itself. Benzoic acid has been shown to inhibit
photosynthesis in chloroplasts of spinach [17]. p-Coumaric acid is the most wide-
spread compound among plant phenols. Furthermore, rosmarinic acid has antioxi-
dant, anti-inflammatory, and antimicrobial effects. Its antioxidant effect is stronger
than vitamin E. Rosemary acid prevents damage to cells caused by free radicals and
reduces the risk of cancer and atherosclerosis. Unlike antihistamines, rosemary acid
prevents the activation of immune system cells that cause swelling and fluid collec-
tion. It is used in the treatment of stomach ulcers, arthritis, cataracts, cancer, and
bronchial asthma [27, 28]. Caffeic acid far exceeds other antioxidants because it
reduces the production of a-toxin by more than 95%. It has been proven that high
doses of coffee acids have a detrimental effect on the rats because they cause gastric
papillomas. However, the combination of different antioxidants, including baconic
acid, had a pronounced effect on the reduction of colon tumors in the same rats. The
harmful effects of bicarbonate on human health are not known [29]. Calcium acid
and its derivative caffeic acid phenethyl ester (CAPE) show a reduction in tumors
and show anti-inflammatory and anticancer effects on ultraviolet-exposed skin,
especially UVC and UVB rays [30]. Anticancer activity was observed in mice whose
skin was treated with bee propolis and a papilloma-causing agent (TPA). CAPE
significantly reduced the number of papillomas [31].

Flavonoids have a high ecological significance. They function as pigments that
attract insect pollinators, not only as signal molecules for microorganisms that are
useful for the plant but also as antimicrobial agents [32]. In this sense, yellow
flavones and flavonols are particularly important. Because of the intense absorption
of UV radiation, flavonoids protect the plant tissue from UV radiation, thereby
influencing vital processes in chloroplasts.

In a pharmacological view, flavonoids show antiviral, antiallergic, antitumor,
antibacterial, antifungal, and antithrombotic activity [33]. They act on blood ves-
sels, namely, flavanones and catechins, that increase the resistance of the capillaries.
They show an anti-inflammatory activity that depends on the structure of flavo-
noids [34]. The flavonoid anti-inflammatory activity was also confirmed by in vitro
testing of the ability to inhibit lipoxygenase and cyclooxygenase [35]. Flavonoids
eliminate pathological changes on capillaries and are used against diabetes, hyper-
tension, and atherosclerosis. Flavonoids have been found to stimulate the secretion
of bile and inhibit enzymes and enzymatic systems. Many flavonoids have antimi-
crobial and antiviral activity. A certain number of flavonoids show some cytotoxic
activity. The common structural feature of cytotoxic flavonoids is trisubstituted
ring A, methylation at position C4 [21].
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For many flavonoids, high antioxidant activity has been demonstrated in var-
ious in vitro systems [36-38]. It has been shown that quercetin, rhamnetin, and
isorhamnetin can reduce the amount of serum and liver cholesterol in addition to
the in vivo antioxidant activity they show [39]. Flavonoids have been found to
inhibit the activity of XOD and have the ability to capture superoxide radicals.
Based on this, it is assumed that flavonoids can help in the treatment of gout and
ischemia by reducing the amount of uric acid and superoxide anion of radicals in
tissues [40]. Two flavonol glycoside-gallate esters showed inhibitory activity on
human immunodeficiency virus-1 (HIV-1) integrase [41]. The HIV-1 integrase
manages the process of incorporating viral DNA into the DNA of the host cell
molecule, which is necessary for the virus to reproduce and produce virions. In
this way, the inhibition of the given enzyme can be effective in anti-AIDS therapy.
For example, quercetin has a beneficial effect on human health: it improves heart
rate and reduces the risk of cancer. It has an anti-inflammatory and antiallergic
effect. All of these effects are caused by a strong antioxidant effect of quercetin.
Like many other flavonoids, quercetin inhibits the oxidation of LDL cholesterol,
and its anti-inflammatory activity derives from inhibition of lipoxygenase enzyme
and inhibition of inflammatory mediators. Quercetin also inhibits the release of
histamine. Studies have shown that quercetin lowers the risk of prostate, uterine,
breast, tissue, and colon cancer. It is presumed to reduce the production of uric
acid by inhibiting XOD. It also shows NO inhibitory activity. Rutin has a strong
antioxidant effect, as well as the ability to build chelates with metal ions (e.g.,
iron) and reduces Fenton’s reaction in which harmful oxygen radicals are pro-
duced. It is supposed to stabilize vitamin C. If rutin is taken along with vitamin C,
the activity of ascorbic acid increases. Rutin strengthens the capillaries, which
helps people who easily bleed or get bruises. It prevents the formation of various
edemas, which is an early symptom of a chronic vein disease. It has an anti-
inflammatory effect. There are indications that rutin can inhibit some carcino-
genic and precancerous conditions, prevent atherogenesis, and reduce the cyto-
toxicity of oxidized LDL cholesterol [22]. Furthermore, kaempferol prevents
arteriosclerosis by inhibiting the oxidation of low-density lipoproteins and the
formation of blood platelets. It has a role of a chemopreventive agent, which
means it prevents the formation of cancer cells. Quercetin has a synergistic effect
in reducing the proliferation of malignant cells, so treatment with quercetin and
kaempferol combinations is more effective than their individual use [42]. In
addition, tangeretin acts as an anticancer agent, and in in vitro studies, it has been
shown to act against some forms of malignant cells. It strengthens the cell wall and
protects it from attack. It also causes apoptosis of cells suffering from leukemia,
while normal cells remain undamaged [43]. Tangeretin prevents tumor suppres-
sion of intercellular bonds when transmitting the signal [44]. In the G1 phase of
the cell cycle, it “freezes” the cancer cells and prevents their replication. In short,
in vitro studies have shown that tangerine exhibits antimutagenic, noniinvasive,
and antiproliferative activity [45]. Animal studies have shown that tangeretin
reduces cholesterol levels [46] and has a potentially protective effect from
Parkinson’s disease [47].

4. Lauraceae family
The Lauraceae family comprises over 2500 species, which occur within the
subtropics and tropics of Eastern Asia and South and North America. Most species

possess aromatic roots, stems, and fruits. One of the most well-known and most
frequently used plants from this family is Laurus nobilis L., also called bay laurel.
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Figure 4.
Laurus nobilis L [21].

L. nobilis is a species held in high esteem since ancient times. It was dedicated to
Apollo, the ancient Greek god of light, and a symbol of peace and victory used to
make wreaths for emperors, generals, and poets (Figure 4) [48].

4.1 Laurus nobilis L.

Laurel is a tree or a large bush of pyramidal shape with aromatic, constantly
green leaves and shiny gray corn. It reaches a height of up to 5.5 m, but the
cultivated form is usually lower (1-3 m). The leaves are elliptical, fairly thick,
leathery, and shiny green. Clusters of tiny, yellow, single-polar flowers appear in
the spring. Berries (fruit) (Lauri Fructus), when dry, are black and wrinkled and
contain two oval fat seeds. Laurel is cultivated in several cultivated forms: spp.
aurea with yellowish young leaves, spp. angustifolia with narrow leaves (often called
Vrbolik laurel), and spp. undulata with corrugated leaf edges. Laurel is commer-
cially grown for aromatic leaves in Turkey, Algeria, Morocco, Portugal, Spain, Italy,
France, and Mexico [49, 50].

The distillation of laurel leaves produces green-yellow volatile oil that contains a
high percentage of oxidized components. Essential oil leaf (0.8-3%) contains
mainly 1,8-cineol (50%) and then eugenol, acetyleugenol, methyl eugenol, a- and
B-pinene, felsenren, linalool, geraniol, and terpineol. Dried berries can extract green
mass (melting point about 30°C) containing several percent essential oils
(0.6-10%), depending on the conditions of breeding and storage. Berries contain
both volatile and fixed oils. The others are known under the common name “laurel
oil” (Oleum Lauri expressum, Oleum laurinum, and Oleum Lauri unguinosum). As
essential ingredients, the oil contains laurosterin, glycerol ester with lauric acid, and
sesquiterpenoid (the costume and dehydrocostus lactone), while the rest is made up
of fats: triglycerides with lauric, myristic, and elastic acids. As with leaves, the
aroma is mainly due to terpenes (cineol, terpineol, a- and p-pinene, citral) but also
cinnamic acid and its methyl ester [51].

The main flavonoids in bay leaf are quercetin, kaempferol, rutin, and their
derivatives (Figure 5).

Kaempferol appears in the form of four nonpolar glycosides (Figure 6) [52, 53].

Laurus nobilis is characterized by the presence of the other important plant
phenolic substances such as phenolic acids (rosmarinic and caffeic acids)

(Figure 7).

As a medicinal plant, bay leaves and fruits have been employed against rheuma-
tism, skin rashes, and earaches. In addition, it has been used as a stomachic, astrin-
gent, carminative, diaphoretic, stimulant, emetic, emmenagogue, abortifacient,
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Figure 5.
Structures of the main flavonoids present in L. nobilis [21].

and insect repellent. The essential oil is used by the cosmetic industry in creams,
perfumes, and soaps.

Numerous investigations of qualitative composition of plant extracts have
revealed the presence of high concentration of phenols in the extracts obtained
using polar solvents [54]. The extracts that display the highest antioxidant activity
have the highest concentration of phenols. Because of that, our research on laurel
was recently extended to the comprehensive in vitro and in vivo studies of antiox-
idant activity of different extracts of leaves, to assess their potential capacity as
scavengers of free radicals. Results of determination of total phenolic contents and
total flavonoid contents in laurel leaf extracts are given in Table 1.

The amount of total phenolics in L. nobilis extracts ranged from 2.41 mg GAE/g
d.w. (Et,0 extract) to 4.53 mg GAE/g d.w. (EtOAc extract). A significant amount of
these compounds has also been observed in the n-BuOH extract (3.96 mg GAE/g d.e.).
Furthermore, a considerable total flavonoid content was determined in the EtOAc and
n-BuOH extracts. A little less amount of total flavonoids was determined in the CHCl;
extract, while the smallest quantity of these compounds was found in the Et20 and
H,0 extracts. HPLC-DAD analysis indicates a significant presence of flavonoids and
phenolic in the EtOAc and n-BuOH extracts. Quercetin glycosides and flavonoids
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Figure 6.
Structures of kaempferol and its glucosides present in L. Nobilis [21].
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Structures of two phenolic acids in L. nobilis.

Extracts Et,0 CHCl; EtOAc n-BuOH H,0

Total phenolic content 2.41 2.85 4.53 3.96 3.20

Total flavonoid content 0.76 1.02 1.56 1.07 0.68
Table 1.

The amount of total phenolic contents (mg GAE/g d.w.) and content of total flavonoids (mg QE/g d.w.) in
L. nobilis extracts.

(e.g., kaempferol-3-O-Glc) were detected in EtOAc extract. In addition, the presence
of phenolic acids (such as caffeic acid) and flavonoids (rutin and kaempferol) was
proven in the H,O extract. The amount of flavonoids in extracts plays a significant role
in their antioxidant capacity. Differences in flavonoid content between extracts and
between plant organs can be explained by different numbers of secretory structures in
various plant tissues [42, 55, 56].

It should be considered that the number of identified and quantified compounds
in MeOH extract of L. nobilis L. has been expanded in the present work (Table 2).

The results indicate that the major bioactive compounds in L. nobilis extracts
were kaempferol-3-O-glucoside, quercetin, and rutin. Phenolic acids were also
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Compounds Extract
Phenolic acid p-Hydroxybenzoic acid 38.46
Protocatechuic acid n.d.
p-Coumaric acid n.d.
Vanillic acid n.d.
Gallic acid n.d.
Caffeic acid 16.18
Quinic acid n.d.
Ferulic acid n.d.
Syringic acid n.d.
Chlorogenic acid 13.11
Cinnamic acid n.d.
Flavonoids Apigenin n.d.
Naringenin n.d.
Luteolin 5.19
Kaempferol 11.97
Apigenin-7-O-p-glucoside n.d.
Luteolin-7-O-p-glucoside n.d.
Kaempferol-3-O-glucoside 56.15
Quercetin-3-O-glucoside 31.18
Rutin 17.44
Quercetin 21.62
Quercitrin 7.14

Table 2.
LC-MS-MS quantification of bioactive compounds presented in L. nobilis L. crude MeOH extract (ug/g d.w.).

observed in the high level, where the antioxidant, caffeic, and chlorogenic acids
were found in the highest amount. Furthermore, p-hydroxybenzoic acid was also
found in very high amount. The rest of the phenolic acids were not detected [57-59].

Furthermore, antioxidant activity was observed in the study of laurel leaf
extracts in different solvents on the content of DPPH’, O, ~, NO°, and OH" radicals
(Table 3).

The obtained results could point to strong quenching activities of flavonoids
present in the leaves of laurel against DPPH radicals, and a high degree of correla-
tion is observed between total phenol content and the ability of EtOAc extract to
neutralize DPPH radicals. This is indicated by the fact that phenolic compounds

Extract Et,0 CHCI; EtOAc n-BuOH H,0

DPPH radical 127.38 139.42 83.24 181.35 161.83

0,"" radical 327.60 429.43 163.57 288.64 486.32

NO radical 168.77 322.84 158.63 386.80 618.42

OH radical 442.84 241.18 121.84 213.36 187.65
Table 3.

ICs50 values (ug/mL) of L. nobilis for different antioxidant assays.
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play a key role in neutralizing free radical species which occurs by the mechanism of
electron transfer. But, it can be supposed that such antiradical activity is also
caused, besides flavonoids, by terpenoids, since nonpolar solvents also exhibited
high antiradical potential. When investigating neutralization of O, and NO radi-
cals, ethyl acetate extract has also exhibited the greatest ability of their scavenging.
These results can be attributed to the presence of sesquiterpene lactones isolated
from the plant that possess certain biological and pharmacological activity [60, 61].
Matsuda et al. [62] have also established that the methanolic extract from the leaves
of L. nobilis was found to inhibit nitric oxide (NO) production in lipopolysaccharide
(LPS)-activated mouse peritoneal macrophages. It was concluded that seven ses-
quiterpene lactones (costunolide, dehydrocostus lactone, eremanthine, zaluzanin C,
magnolialide, santamarine, and spirafolide) potently inhibited LPS-induced NO
production. Inhibition of NO radicals with laurel extracts is very significant, having
in mind the ability to neutralize the superoxide anion radicals as well. The common
reaction between superoxide anion radical and nitrogen oxide radical yields a very
reactive peroxynitrite anion (ONOO™) which is very active in reaction of nitrifica-
tion of phenols—e.g., nitrification of thyroxine causes enzyme dysfunctions, and
increased amounts of 3-nitrothyrozine were found in various pathological states
[63]. If formation of nitroderivatives of thyroxine is prevented, the occurrence of
these diseases due to oxidative stress is reduced. Ethyl acetate extract of laurel
leaves is especially suited in this process since it neutralizes both superoxide anion
radical and NO radical. Obtained results can be related to the experiments in which
the total amount of phenols and flavonoids were determined (Table 1), which show
that ethyl acetate extract of laurel leaf contains the largest amounts of total phenolic
content and total flavonoid content. The cellular damage resulting from hydroxyl
radical is strongest among free radicals. Hydroxyl radical can be generated by
biochemical reaction. Superoxide radical is converted by superoxide dismutase
(SOD) to H,0,, which can subsequently produce extremely reactive OH" radicals in
the presence of transition metal ions such as iron and cooper [64, 65]. A good
antioxidant potential of neutralization OH radical was shown by the EtOAc

(ICsp = 121.84 pg/mL) and H,0 (ICso = 187.65 pg/mL) extracts. Such a good anti-
oxidant activity of H,O and EtOAc extracts is expected, because it is known that the
antioxidant activity of phenols is primarily a result of the ability of these com-
pounds to act as donors of hydrogen atoms removing free radicals with the forma-
tion of less reactive phenoxyl radicals [66]. The increased stability of the formed
phenoxyl radicals primarily attributed to electron delocalization and the existence
of multiple resonant forms. Researching dependence of activity on the structure
was found to have three structural features as important factors of radical removal
potential and/or antioxidant potential of flavonoids: (1) o-dihydroxy function of
ring B, which serves as the target of radicals; (2) 2,3-double bond in conjugation
with 4-oxo function, which is responsible for electron delocalization of the ring B;
and (3) the additional presence of 3- and 5-hydroxyl groups for the maximum
radical scavenging potential [67]. The positive relationship between increased
hydroxylation and increased antioxidant activity of flavonoids was found in differ-
ent lipid systems, such as oil and liposome systems. Also, for phenolic acids and
coumarins, it has been shown that vicinal diol groups are important for radical
scavenging capacity and that methoxylation or glycosylation of o-hydroxy group in
the coumarins and esterification of phenolic acids reduce the antioxidant activity of
these compounds [68]. For example, it was determined that rosmarinic acid has
stronger antioxidant effect than vitamin E. Rosmarinic acid prevents cell damage
caused by free radicals and reduces the risk of cancer and atherosclerosis. In con-
trast to the histamines, rosmarinic acid prevents activation of the immune system
cells that cause swelling and fluid collection [27, 69]. Furthermore, the action of
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some flavonoids is based on their ability to chelate transition metal ions, thereby
preventing the formation of radicals (initiators of LP), catching radical initiators of
LP (ROS), scavenging lipid alkoxyl and lipid peroxyl radicals, and regenerating
a-tocopherol by reduction of a-tocopherol radicals. Different metals have different
binding affinities of the flavonoids. Thus, for example, iron has the highest binding
affinity for 3-OH group of ring C, then catechol group ring B, and at the end of
5-OH group of ring A, while the copper ions bind to the first ring catechol group B
[70]. Also, in the previous investigation, on L. nobilis, different groups of chemicals
were isolated (luteolin, apigenin, alkaloids, monoterpene, and germacrane

alcohols) [71].

5. Conclusions

One of the paradoxes of life on Earth is that, on the one hand, oxygen is
necessary for the life of aerobic organisms. On the other hand, increased concen-
trations of oxygen and especially its reactive metabolites (reactive oxygen species)
may lead to the development of numerous diseases. A major source of free radicals
in biological systems is molecular oxygen (O,). The results of our in vitro assays
of examined five different extracts of Laurus nobilis leaves expressed significant
protective effects on ROS (DPPH, O, ", NO, and OH radicals), which was found to
be correlated to different compounds. HPLC-DAD analysis indicates a significant
presence of flavonoids and phenolic in the EtOAc and n-BuOH extracts. Quercetin
glycosides and flavonoids (e.g., kaempferol-3-O-Glc) were detected in EtOAc
extract. In addition, the presence of phenolic acids (such as caffeic acid) and
flavonoids (rutin and kaempferol) was proven in the H,O extract. The amount of
flavonoids in extracts plays a significant role in their antioxidant capacity, and it can
be concluded that ethyl acetate proved to be the best solvent for extraction of plant
material. Furthermore, it can be concluded that these extracts can be used in the
preparation of various herbal medicines.
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Abstract

The pathogenesis of rheumatoid arthritis is poorly understood; however, ele-
vated oxidative stress has been described to be involved. In this chapter, we present
experiments with endogenous molecules bearing antioxidative properties. In our
studies, we used male Lewis rats, and the arthritis was induced with Mycobacterium
butyricum. In the first experiment, we tested coenzyme Q 19 (CoQ 1) in the oral
daily dose of 100 mg/kg bw. Markers of inflammation and total antioxidant status
were corrected in the group supplemented. CoQ y treatment significantly improved
concentrations of the investigated endogenous antioxidants. Further as an impor-
tant fact, we consider a good bioavailability of used CoQ ;o formulation which was
confirmed by increased CoQ concentrations in plasma, tissue, and mitochondria
from skeletal muscles. In the second study, we describe the results with hyaluronic
acid (HA) administered in oral daily doses of 0.5 mg and 5 mg/kg bw. and of
different molecular weights (0.43, 0.99, and 1.73 MDa). A notable antioxidative
effect of HA was assessed: its administration increased the activities of antioxidant
enzymes (superoxide dismutase and glutathione peroxidase) in erythrocytes and
total antioxidant capacity of plasma and reduced the marker of oxidative damage
to lipids—plasmatic lipid hydroperoxides. HA with the highest molecular weight
showed the most significant effect.

Keywords: oxidative stress, antioxidants, coenzyme Qy, hyaluronan, arthritis

1. Introduction
1.1 Involvement of oxidative stress in rheumatoid arthritis

Rheumatoid arthritis (RA) is the most common inflammatory rheumatic
disease, affecting almost 1-2% of the world’s population. Most of patients pres-
ent rheumatoid factors, which are autoantibodies directed to the Fc fraction of
immunoglobulin G and antibodies reacting with citrullinated peptides [1, 2]. The
pathogenesis of RA is understood incompletely. Until now, there is a lack of opti-
mal therapy against this disease. The disease is characterized by immunological
dysfunction and chronic inflammation which results in synovial joint deformity
and destruction. In the course of RA, the synovial membrane of diarthrodial
joints is inflamed, and articular tissue is damaged which leads to severe functional
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disarrangement of the entire joint. The initial stages of RA synovitis are character-
ized by proliferation of the microvasculature and secondary edema. Eventually, this
process matures into a progressive infiltration of immune cells, including B cells,
T cells, and monocytes from the bloodstream. These immune cells are activated in
the joint and differentiate and acquire mature phenotypes. The influx of immune
cells is also associated with phenotypic changes in synoviocytes, the typical resident
cells. Both fibroblast- and monocyte-derived synoviocytes proliferate extensively
and participate in inflammatory process. Synovial proliferation, neovasculariza-
tion, and leukocyte extravasation transform the normal synovium into an invasive
tumor-like “pannus.” The architecture of the microvasculature is highly dysregu-
lated, and thus efficiency of oxygen supply to the synovium is poor [3]. This, along-
side with increased metabolic turnover of the expanding synovial pannus, leads to
oxidative stress (OS), altered cellular bioenergetics, and a hypoxic microenviron-
ment, which further promotes synovial invasiveness and abnormal cell function
within the joint [4]. Free radicals such as reactive oxygen species (ROS) and reactive
nitrogen species (RNS) have distinct contribution to the destructive, proliferative
synovitis of RA and play a prominent role in cell-signaling events (Figure1).
However, few studies had clarified the role of free radicals in the etiopatho-
genesis of RA. Significant higher serum levels of ROS and RNS in RA patients in
comparison with healthy subjects were described. Furthermore, strong positive
correlation between ROS, RNS, and the clinical and biochemical markers of RA was
observed [5]. In another study glycated, oxidized, and nitrated proteins and amino
acids were detected in synovial fluid (SF) and plasma of arthritic patients with
characteristic patterns found in early and advanced RA, with respect to healthy
control [6]. Combination of estimates of oxidized, nitrated, and glycated amino
acids with hydroxyproline and anti-cyclic citrullinated peptide antibody status in
plasma provided a biochemical test of relatively high sensitivity and specificity for
early-stage diagnosis and typing of arthritic disease. Advanced oxidation protein
products (AOPPs) have been confirmed to accumulate in RA patients. A study of
Ye et al. [7] demonstrated that AOPPs induce apoptosis of human chondrocyte
via ROS-related mitochondrial dysfunction and endoplasmic reticulum stress
pathways. These data implicate that AOPPs may represent a novel pathogenic factor
that contributes to RA progression. Further it seems that an accurate redox balance
is necessary to sustain an immune state that both prevents the development of
overt autoimmunity and minimizes collateral tissue damage [8]. The inflamed joint
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Figure 1.
Pathological changes in arthritic joint induced by oxidative stress.
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is profoundly hypoxic, with evidence of oxidative damage and impaired mito-
chondrial dysfunction, as a result of abnormal angiogenesis and increased energy
demands of the expanding synovial pannus [9]. In this hypoxic-inflammatory
microenvironment, synovial cells adapt in order to survive through altering their
cellular metabolism, which activates complex cross talk of key signaling pathways
in the inflamed joint which further exacerbates inflammation. Thus, understand-
ing the underlying mechanisms mediating hypoxia-induced pathways, OS, and
subsequent cellular inflammation may provide a basis for novel therapies. It is
well documented that ROS can activate different signaling pathways having a vital
importance in the pathophysiology of RA [10].

Our chapter is focused on two main aims:

1. To verify the hypothesis that per oral supplementation of CoQ 4 could affect
inflammation in arthritic rats by regulating endogenous antioxidants and OS
with detailed analysis performed in plasma and skeletal muscles.

2.To verify the hypothesis that hyaluronan per oral administration can restore
the redox balance under the conditions of experimental arthritis. OS has been
monitored in erythrocytes and in plasma. The effect of three different molecu-
lar weights of polysaccharides has been evaluated.

1.2 Role of antioxidant systems and endogenous antioxidants in remission of
rheumatoid arthritis

Epidemiological studies have shown that RA occurs in previously healthy sub-
jects who had low levels of circulating antioxidants [11], implying a pathogenic role
of increased OS in the development of RA. Patients with RA have been reported to
have lower serum levels of a variety of antioxidants, including vitamin E, vitamin
C, B-carotene, selenium, and zinc, in comparison with healthy individuals [12]. In
order to prevent the damaging effect of prooxidants, the body has an antioxidant
defense system that protects cellular systems from oxidative damage [13]. Some
common enzymes that are involved in the neutralization of free radicals are endo-
genous enzymatic antioxidants such as superoxide dismutase (SOD), glutathione
peroxidase (GPx), catalase (CAT), glutathione reductase (GR), and peroxiredoxins.
These enzymes neutralize hydrogen peroxide, yielding water (CAT, GPx) and oxy-
gen (CAT) molecules. The nonenzymatic endogenous antioxidants taking part in
the first line of defense belong to preventive antioxidants, and in blood plasma they
are represented by metal-binding proteins as ceruloplasmin, ferritin, lactoferrin,
transferrin, and albumin. These proteins inhibit the formation of ROS by binding
with transition metal ions (e.g., iron and copper). Also, metallothionein plays an
essential role in the prevention against ROS. The second line of defense against
ROS involves nonenzymatic antioxidants that are represented by molecules chara-
cterized by the ability to rapidly inactivate radicals and oxidants. The third line
of defense consists of repair mechanisms against damage caused by free radicals.
This form of protection is provided by enzymatic antioxidants, which can repair
damaged DNA and proteins, fight against oxidized lipids, stop chain propagation
of peroxyl lipid radicals, and repair damaged cell membranes and molecules [14].
Dietary antioxidants (vitamins C and E, carotenoids, polyphenols, and biogenic
elements) can affect the activity of endogenous antioxidants. Endo- and exogenous
antioxidants may act synergistically to maintain or re-establish redox homeostasis.
The major endogenous nonenzymatic low-molecular-mass antioxidants include
glutathione, uric acid, melatonin, coenzyme Q, bilirubin, and polyamines.
Considering the mechanism of antioxidant protection, the endogenous substances
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can be divided into true scavengers, metal-buffering proteins, and chelators of
redox-stable metals [13]. This chapter is focused on evaluating coenzyme Qo and
hyaluronan of different molecular weight in experimental arthritis induced in rats.

2. Coenzyme Qo supplementation and its contribution to therapy of
arthritis

2.1 The protective properties of coenzyme Q

Chronic inflammation, systemic OS, and mitochondrial dysfunction are the
main factors which participate in etiopathogenesis of arthritis. Mitochondria play a
central role in ATP formation in the respiratory chain (Figure 2) and in maintain-
ing redox homeostasis. OS processes are activated under pathological conditions.
Oxidative damage of mitochondria may lead to the dysfunction of the respiratory
chain which further increases ROS formation. Thus, mitochondrial dysfunction can
contribute to the development of inflammatory human diseases [16].

The therapy of RA is an actual problem in clinical rheumatology due to the
toxicity and side effects of antirheumatic drugs; therefore, new treatment options
are being sought. Methotrexate (MTX), used in the treatment of RA, can induce
hepatocellular injury. In combination with coenzyme Q 19, anti-arthritic effect of
MTX was potentiated, and hepatotoxicity was suppressed [17]. Preservation of
mitochondrial function could reduce OS and may represent a novel therapeutic
approach in patients with inflammatory diseases. Progressive muscle atrophy and
inflammatory myopathy in RA have been proposed to be mediated by disturbances
of myofibrils and mitochondria [18]. Due to the unique properties, coenzyme
Q10 (CoQp) can serve as a useful adjuvant in the management of arthritis. CoQ 9
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Figure 2.
Function of coenzyme Q in mitochondrial respivatory chain. With permission of [15].
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is irreplaceable in mitochondrial bioenergetics; it participates as a cofactor of
dehydrogenases in the transport of electrons and protons as well as in ATP produc-
tion [19]. The respiratory chain located in the inner mitochondrial membrane is
organized into five complexes (I, II, III, IV, and V). The transport of electrons from
NADH and FADH, and production of electrochemical potential and proton gradi-
ents are necessary for the synthesis of ATP [20, 21]. Electrons are carried out from
complexes I and II to complex III by coenzyme Q (CoQ). It has been demonstrated
that lipoperoxidation is accompanied by reduced mitochondrial CoQ concentra-
tions concomitantly with the decreased activities of respiratory chain enzymes,
such as NADH- and succinate oxidases [22-24]. Increased levels of antioxidants
have also been reported including CoQ in tissues as well as activities of antioxidant
enzymes in experimental models of diseases associated with increased free radicals’
generation such as diabetes mellitus [25-27]. The term “redox signaling” has been
introduced to describe a regulatory process in which protective responses against
oxidative damage are induced to reset the oxidant-antioxidant balance [28]. CoQ
(ubiquinone) is the only lipophilic antioxidant to be biosynthesized; the main form
in humans is CoQ 49, in rats’ coenzyme Qg (CoQo) (Figure 3).

CoQ exerts its antioxidant function either directly on superoxide radicals or
indirectly on lipid radicals, both singly and in cooperation with vitamin E [29].
Beneficial antioxidant and anti-inflammatory properties of CoQ 1o were proved in
RA patients [30]. Tocopherols are the subgroup of vitamin E, occurring in isomers
a, B, v, and 8. All tocopherols are potent antioxidants with lipoperoxyl radical-
scavenging activities [31]. The main forms of tocopherols in humans are alpha-
tocopherol (aT) and gamma-tocopherol (yT) (Figure 4).

The most significant difference in metabolism of oT and yT is preferential
binding of oT by a-TTP (a-tocopherol transfer protein). The yT is metabolized
mainly through cytochrome P450, and formed hydrophilic metabolites are excreted
in urine [32]. Isoforms of vitamin E differentially regulate inflammation [33]. In
contrast to T, YT reacts with nitrogen radicals which are formed extensively in
inflammatory diseases such as RA. Vitamin E has a potential role in skeletal muscle
health, in regulation of OS and inflammation [34]. Low levels of vitamin E and

O

Figure 3.
Chemical structure of coenzyme Q.
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Figure 4.
Chemical structure of tocopherols. a-tocopherol: R1 = CHy; R2 = CH; y-tocopherol: R1 = H; R2 = CH,,
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other endogenous antioxidants have been considered as a risk factor for the devel-
opment of RA [35]. We hypothesized that administration of CoQ 1 could affect
inflammation in arthritic rats by regulating the endogenous antioxidants and OS.

2.2 Experimental design of adjuvant arthritis with administration
of coenzyme Q9

Adjuvant arthritis (AA) was induced by intradermal injection of Mycobacterium
butyricum in incomplete Freund’s adjuvant to male Lewis rats [36, 37]. The experi-
ment included healthy control animals (HC), arthritic animals (AA), and arthritic
animals with administration of CoQ 4 (liquid liposomal CoQ0—LiQSorb®) in
the oral daily dose of 100 mg/kg bw. (AA-CoQ ) by the use of gavage. The analyses
were performed 28 days after the arthritis induction and in the beginning of CoQ 1
supplementation. Concentrations of CoQg, CoQ 19, aT, and yT were determined by
HPLC method with spectrophotometric detection at 275 nm (CoQ ) and 295 nm
(tocopherols), using external standards [38, 39]. Total CoQq and CoQ 4 (oxidized
and reduced forms) in plasma was measured after oxidation with 1,4-benzoquinone
[40]. Mitochondria from hind paw skeletal muscle tissue were isolated by means
of differential centrifugation according to slightly modified methods [41, 42].
Mitochondrial proteins were estimated spectrophotometrically [43]. Data were
collected and processed using CSW 32 chromatographic station (DataApex Ltd).
Concentrations were calculated: in the plasma in pmol/l, in the tissue in nmol/g
of wet weight, and in the mitochondria in nmol/mg of proteins. Total antioxidant
status (TAS) in plasma was determined using the Randox Total Antioxidant Status
kit with colorimetric detection at 600 nm. Markers of inflammation, C-reactive
protein (CRP), and monocyte chemotactic protein-1 (MCP-1) were measured by
ELISA. Data are expressed as mean + SEM. Statistical significance between experi-
mental groups was evaluated using Student’s t-test, p < 0.05, which was considered
as a significant result.

2.3 Evaluation of results of administration of coenzyme Q;, in experimental
arthritis

AA for a period of 28 days significantly increased markers of inflammation—CRP
and MCP-1—and decreased TAS (Table 1). Concentrations of total CoQg (oxidized
and reduced) and yT in plasma of AA rats increased significantly (Table 2).

In skeletal muscle tissue and mitochondria of AA rats, concentrations of oxidized
form of coenzyme Qg (CoQq.ox) and aT decreased significantly and CoQ19.ox only
slightly. Tissue yT increased compared to controls; in mitochondria the increase was
marginally significant (p = 0.077), (Tables 3 and 4). Treatment of arthritic rats
with CoQ 4o (AA-CoQ) for 28 days partially suppressed inflammatory markers and
increased TAS, but not statistically significant (Table 1). Elevated concentrations
of total CoQg and yT in plasma were corrected to control values. Concentration
of CoQ in plasma increased extremely, demonstrating a good bioavailability of
CoQ g administered (Table 2). In tissue and mitochondria, concentrations of CoQg
and CoQ g increased in comparison with AA rats and were comparable to controls.
Concentrations of oT in tissue and mitochondpria also increased, in the tissue at the
limit of significance (p = 0.071) and in mitochondria without statistical significance
(Tables 3 and 4).

Bioenergetic and antioxidant properties of CoQ o are sufficiently described
[44]. However, new research findings suggest that CoQ o supplementation has
also lowering effects on circulating inflammatory mediators, including CRP,
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Plasma CRP MCP-1 TAS
pg/ml pg/ml mmol/l
HC 4574 +21.3 1462 +159.2 0.673 + 0.037
AA 6022 +10.7** 2925 + 389.1** 0.529 + 0028*
AA-CoQ 563.3 +14.5 2539 + 144.1 0.562 + 0.033
*p < 0.05.

**p < 0.01vs. HC.

Table 1.
Markers of inflammation: C-reactive protein (CRP), monocyte chemotactic protein (MCP-1),
and total antioxidant status (TAS) in plasma.

Plasma CoQoror CoQioror oT YT
pmol/1 pmol/1 pmol/1 pmol/1

HC 0.328 + 0.023 0.031+ 0.004 199 +1.13 0.643 £ 0.051
AA 0.468 + 0.044** 0.027 + 0.003 21.6 +0.72 0.834 + 0.060*
AA-CoQ 0.237 + 0.016" 0.804 + 0.069* 196 + 1.07 0.678 + 0.043"

*p < 0.05.

**p < 0.01vs. HC.

'p < 0.05.

'p <0.01vs. AA.

Table 2.
Concentrations of total coenzgyme Q4 (CoQ.ror), total coenzgyme Qqo (CoQ.101), a-tocopherol (aT),
and y-tocopherol (yT) in plasma.

Tissue CoQy.ox CoQ 10-0x oT yT
nmol/gww nmol/gww nmol/gww nmol/gww
HC 431+3.01 1.90 + 0.160 23.0 £1.23 0.98 + 0.042
AA 327 £2.49* 1.63+0.187 18.7 + 0.829* 1.39 + 0.155*
AA-CoQ 409 £ 4.07 243 +2.52° 22.2+142 1.07 + 0.084

"p < 0.05vs. HC.
p < 0.05vs. AA.

Table 3.
Concentrations of oxidized forms of coenzyme Q, (CoQ,.ox), coenzyme Q o (CoQ 1.0x), a-tocopherol (aT),
and y-tocopherol (yT) in the skeletal muscle tissue.

interleukin 6 (IL-6), and tumor necrosis factor o (TNF-a). Meta-analysis of clini-
cal randomized controlled trials evaluated the effects of CoQ 19 in some inflam-
matory diseases but with inconsistent results due to heterogeneity and limited
number of studies [45].

In an experimental study, an antiarthritic effect of CoQ 4o against induced gouty
arthritis in rats was found [46]. CoQ o treatment at the dosage 10 mg/kg/body
weight for 3 days reduced paw edema, minimized lysosomal enzyme release,
boosted antioxidant system, and suppressed lipid peroxidation. Protective mecha-
nism of CoQ ¢ against cartilage degeneration induced by interleukin-1f was studied
on isolated rat chondrocytes [47]. The study demonstrated the anticatabolic and
cartilage protective potentials of CoQ 1o by inhibition of overexpression of matrix
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Mitochondria CoQ g.0x CoQ 10-0x oT yT
nmol/mg prt nmol/mg prt nmol/mg prt nmol/mg prt

HC 328 +0.14 0.144 £ 0.01 0.305+0.02 0.042 £+ 0.01
AA 2,67 +0.13* 0.126 + 0.01 0.216 + 0.02* 0.058 + 0.01
AA-CoQ 316 + 0.08"* 0.149 + 0.01* 0.289 + 0.03 0.052 + 0.01

*p < 0.05.

**p < 0.01vs. HC.

'p < 0.05.

“'p <0.01vs. AA.

Table 4.
Concentrations of oxidized forms of coenzyme Q, (CoQ,.ox), coenzyme Qq (CoQ 1.0x)> a-tocopherol (aT),
and y-tocopherol (yT) in skeletal muscle mitochondria.

metalloproteinases which may represent a new approach in the treatment of
patients with osteoarthritis. Administration of CoQ 19 in the dose 100 mg/kg for
28 days suppressed cartilage degeneration by inhibiting inflammatory mediators
and OS in an experimental model of rat osteoarthritis [48]. Beneficial effects of
CoQ o supplementation on inflammatory cytokines and OS in RA patients were
proved. In the double-blind, randomized controlled clinical trial in patients with
RA, CoQ 1 supplementation with 100 mg/day for 2 months led to a significant
decrease of malondialdehyde (MDA) formation and a nonsignificant increase of
total antioxidant capacity, indicating beneficial effects on OS. CoQ 4 also sup-
pressed overexpression of inflammatory cytokines TNF-a significantly and IL-6
nonsignificantly [30].

Our results show that administration of CoQ 19 to rats with induced adjuvant
arthritis in the oral daily dose of 100 mg/kg b.w. for 28 days partially corrected
inflammatory markers and TAS but without statistical significance (Table 1).
CoQ yp treatment corrected concentration of CoQ in plasma to control value
(Table 2). In the skeletal muscle tissue and isolated mitochondria, concen-
trations of CoQg and CoQ 1o increased in comparison with AA rats and were
comparable to controls. Concentrations of oT in tissue and mitochondria were
also improved, in the tissue marginally significant and in mitochondria without
statistical significance (Tables 3 and 4). Sufficient concentrations of CoQ
together with aT, the main form of vitamin E, may be important in skeletal
muscle function, in regulation of OS and inflammation. The role of vitamin
E in regulation of diseases has been extensively studied in humans, animal
models, and cell systems. It has been reported that isoforms of vitamin E may
have opposing regulatory functions during inflammation, when supplementa-
tion with oT was anti-inflammatory and yT pro-inflammatory [33]. Different
effects of vitamin E isoforms may result from differences in their metabolism,
as oT is preferentially bound o-TTP (a-tocopherol transfer protein), while yT is
metabolized mainly through cytochrome P450 and its concentrations in plasma
and tissues are dependent on cytochrome P450 metabolism in the liver [49]. Our
results show elevated concentrations of yT in plasma and skeletal muscle tissue
of arthritic rats together with increased markers of inflammation and decreased
TAS (Tables 1-3). This confirms the previous findings that inflammation and
inhibition of the cytochrome P450 can increase yT concentration [50]. Treatment
of arthritic animals with CoQ 1 corrected elevated levels of yT to control values
and showed beneficial effect on concentrations of oT, CoQ o, and CoQ 1o in the
skeletal muscle tissue and mitochondria. This can help improve bioenergetic
function of the skeletal muscle that is impaired by arthritic inflammatory
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process. Elevated concentrations of endogenous antioxidants can contribute to
regulation of oxidative stress.

3. Hyaluronan in arthritis: regulation of inflammation through
antioxidative effects

3.1 The protective properties of hyaluronan

OS is important in the pathogenesis of autoimmune diseases such as RA and in
its experimental model-adjuvant arthritis. The control of inflammation and OS in
arthritic patients by hyaluronic acid (HA) is one of the approaches to the treatment
of RA, concentration of which is reduced in the synovial fluid of patients suffering
from arthritis. The most important aspect from a treatment perspective is the fact
that HA has been found to be safe and well tolerable. The widespread use of HA
also leads to lower use of nonsteroidal anti-inflammatory drugs, which may be an
advantage for patients. HA is a high-molecular-weight, ubiquitous glycosamino-
glycan (GAG) that naturally occurs within the cartilage and synovial fluid [51]. Itis
an anionic linear polysaccharide composed of alternating N-acetyl D-glucosamine
and D-glucuronic acid residues attached by p(1-4) and p(1-3) glycosidic bonds
(Figure 5) with molecular mass ranging from 6.5 to 10.9 MDa [52]. It is structurally
the simplest compound among GAGs. HA has hydrophilic groups which not only
form hydrogen bonds with each other but also interact with water molecules.

In physiological solutions hyaluronan manifests very unusual rheological
properties and has exceedingly lubricious and very hydrophilic properties. This
is the reason why HA occurs in the salt form, hyaluronate, and is present in every
connective tissue and organ such as the skin, synovial fluid, blood vessels, serum,
brain, cartilage, heart valves, and the umbilical cord. Synovial fluid in particular
has the highest concentration of HA (3—4 mg/ml) compared to anywhere else in the
body [53]. HA plays important physiological roles in living organisms which makes
it an attractive biomaterial for various medical applications [54, 55]. HA has several
diverse physiological functions. Because of its hygroscopic properties, hyaluronan
significantly influences hydration and the physical properties of the extracellular
matrix. In addition to its function as a passive structural molecule, hyaluronan also
acts as a signaling molecule by interacting with cell surface receptors resulting in
the activation and modulation of signaling cascades that influence inflammatory
processes, including the antioxidant scavenging of the ROS and/or RNS arising
from polymorphonuclear nucleosides’ respiratory bursts as well as cell migration,

COOH CH, OH
O O
O —
OH HO 5
0 %
OH HN =—C
NCH,

D-glucuronic acid N-acetylglncosamine

Figures.
Chemical structure of hyaluronan.
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Biological effects of hyaluronan oligosaccharides depend on their molecular weight.

proliferation, and gene expression [55]. Moreover, there is a brisk metabolism of HA
in humans, with approximately one-third (around 5 g) of total HA were degraded
and replaced daily predominantly by the reticuloendothelial system [56].

Many physiological effects of HA may be functions of its molecular weight. Already
in the year 2000, Camenisch and McDonald [57] published an overview of the
effects of HA, dependent on its molecular weight. HA of an average mass of 0.2 MDa
prolonged survival of peripheral blood eosinophils in vitro but HA of the mass of
3-6 MDa had a much lower effect. This observation follows from several previous
reports suggesting distinct angiogenic and pro-inflammatory biological activities

of lower molecular weight HA or HA oligomers. Lower molecular weight HA, but
not high-molecular-weight HA, stimulates the production of metalloelastase and
expression of inducible nitric oxide synthase in rat liver endothelial and Kupffer cells.
In addition, it has been reported that low-molecular-weight degradation products of
HA elicit pro-inflammatory responses by modulating the toll-like receptor-4 or by
activating the nuclear factor kappa B (NF-kB). In contrast, high-molecular-weight
HA manifests an anti-inflammatory effect via CD receptors and by inhibiting NF-kB
activation [58] (Figure 6). During progression of inflammation and OS in the joints,
HA depolymerizes into lower molecular weight compounds (2.7-4.5 MDa) which
consequently diminish the mechanical and viscoelastic properties of the synovial
fluid [51] as well as activate different signaling pathways. Randomized, double-
blinded, placebo-controlled trials have proven the effectiveness of HA (administered
by the intra-articular injection or in the form of dietary supplements 48-240 mg/day)
for the treatment of symptoms associated with synovitis [53].

Kogan et al. [59] suggest mechanisms, by which HA could exert its therapeutic
effect: (i) restoration of elastic and viscous properties of the synovial fluid; (ii)
induction of the endogenous synthesis of HA by synovial cells by the effect of
exogenous HA, stimulation of chondrocyte proliferation, and inhibition of cartilage
degradation; (iii) anti-inflammatory action of HA, since the therapy is associated
with decreased inflammatory cell count in synovial fluid, modulation of cytokine
expression, and reduction of ROS content; and (iv) analgesic effect. An important
feature of HA is its antioxidant properties. The direct radical-scavenging proper-
ties of HA have been demonstrated in various experimental models. These results
are in accord with the concept that hyaluronic acid mainly acts as a chemical ROS
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Figure 7.

Hyaluronan increases engymatic antioxidant defense through Nrf2 upregulation. HA, hyaluronan; AKT, serine/
threonine protein kinase; Nrf2, factor erythroid 2-related factor 2; CAT, catalase; SOD-1, superoxide dismutase-1;
GPx-1, glutathione peroxidase; HO-1, hemeoxygenase-1; NQO-1, NAD(P)H (quinone)dehydrogenase 1.

and/or RNS scavenger in extracellular space [55]. In favor of a direct antiradical
activity, there is also the ability of hyaluronic acid (biopolymer) to form a viscous,
pericellular meshwork that restricts ROS movement in close proximity to cells and
thus interferes with the oxidative cascade [55]. The presence of CD44 hyaluronate
receptors on the plasma membrane of granulocytes, which mediate the internaliza-
tion of the biopolymer via endocytosis, offers another key to interpretation of the
HA antioxidant mechanism of action, that is, the reduction in ROS and/or RNS is
caused by hyaluronic acid internalization and the intracellular neutralization of the
radicals [60]. One important pharmacological function of HA is the reduction of
cellular superoxide generation and accumulation through nuclear factor erythroid
2-related factor 2 (Nrf2) regulation, which is a master transcription factor in cellu-
lar redox reactions. Antioxidants and phase II detoxifying enzymes such as catalase
(CAT), superoxide dismutase (SOD), heme oxygenase-1, glutathione S-transferase,
glutathione peroxidase (GPx), and thioredoxin are coordinated at transcription
level by Nrf2, so the hyaluronic acid could affect the activity and quantity of these
antioxidant enzymes (Figure 7) [61].

The aim of this study was to compare the effect of different molecular weights of
hyaluronic acid (0.43, 0.99, and 1.73 MDa) applied in two different doses (0.5 and 5 mg/
kg bw.), on the rat hind paw volume and parameters of OS: activity of antioxidant
enzymes in erythrocytes (SOD, GPx, CAT), total antioxidant capacity, and concentra-
tion of lipid hydroperoxides (LPx, marker of oxidative damage to lipids) in plasma.

3.2 Experimental design of adjuvant arthritis with administration of hyaluronan

Male Lewis rats were randomly divided into groups according to the treatment
they received:

(1) Not treated control groups (HC)
(2) Arthritic animals not treated with HA (AA)
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(3) Arthritic animals treated with hyaluronic acid (HA) during 28 days:

(a) Group NHA (M,,(HA) = 0.43 MDa, in an oral daily dose of
0.5 mg/kg bw.)

(b) Group SNHA (M,,(HA) = 0.43 MDa, in an oral daily dose of 5 mg/kg bw.)

(c) Group SHA (My(HA) = 0.99 MDa, in an oral daily dose of
0.5 mg/kg bw.)

(d) Group 5SHA (M,,(HA) = 0.99 MDa, in an oral daily dose of 5 mg/kg bw.)
(e) Group VHA (M (HA) = 1.79 MDa, in an oral daily dose of 0.5 mg/kg bw.)

(f) Group 5VHA (M (HA) = 1.79 MDa, in an oral daily dose of
5 mg/kg bw.).

Adjuvant arthritis was induced by a single intradermal injection of heat-inacti-
vated Mycobacterium butyricum [36, 37]. Blood was collected to obtain plasma and
erythrocytes. Total antioxidant capacity and concentration of LPx were determined
in plasma. Isolated erythrocytes were washed three times with 0.15 mol/l NaCl
solution. After centrifugation (900 x g, 5 min, 4°C), erythrocytes were hemolyzed
by adding a triple volume of cold distilled water and stored at —20°C until further
analyses. Activities of Cu/Zn-superoxide dismutase (SOD), glutathione peroxidase
(GPx) and catalase (CAT), and the concentration of hemoglobin (Hb) were deter-
mined in the hemolysate of erythrocytes. From clinical parameters hind paw volume
(HPV) was evaluated [62]. The activity of SOD was determined using a commercial
kit. The results are expressed in U of SOD per mg Hb. The activity of GPx was also
determined by a commercial kit. The results are expressed in pkat per g Hb. CAT
activity was determined by a modified method according to [63], and the results are
expressed in pkat per g Hb. The total antioxidant capacity of plasma was measured
using the Trolox equivalent antioxidant capacity (TEAC) assay [64]. Quantification
was performed using the dose-response curve for the reference of antioxidant Trolox,
a water-soluble form of vitamin E. The results are presented as mmol of Trolox per
ml of plasma. The level of LPx in plasma was measured using the method previously
described by [64], and the results are presented in nmol per ml of plasma. The experi-
mental data were expressed as the mean + SEM. Statistical analysis was performed
using Student’s t-test. The limit for statistical significance was set at p < 0.05.

3.3 Evaluation of results of administration of hyaluronans in experimental
arthritis

The onset of AA confirmed the increased hind paw volume in arthritic groups
(data not shown). HA administration did not cause a significant reduction of HPV
in any molecular weight and at any doses used. Parameters of OS are summarized in
Table 5. Rats with AA had significantly higher activity of SOD and CAT in erythro-
cytes as well as higher concentration of LPx in comparison to HC group. Activity of
GPx was marginally increased (p = 0.054) and TEAC was not changed.

The effect of hyaluronic acid on antioxidant enzyme activities, the total anti-
oxidant capacity of plasma, and the effect on LPx concentration are summarized
in Table 6. We have found significantly higher erythrocyte SOD activity after
administration of HA in all molecular forms and doses, whereas GPx activity was
significantly higher only after HA administration at the higher dose. At a lower
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Parameter HC AA P
SOD (U/mg Hb) 422.65 £ 1593 546.48 +14.25 0.0001
GPx (pkat/g Hb) 51.10 + 1.45 56.86 + 2.26 0.054
CAT (pkat/g Hb) 261+0.18 3.06 + 0.09 0.044
TEAC (mmol/l) 4.01+0.07 4.04 +0.09 n.s.
LPx (nmol/ml) 20.76 + 3.55 53.34 £ 5.83 0.003

Control group (HC), arthritis group (AA), statistical significance (P).
Activities of superoxide dismutase (SOD), glutathione peroxidase (GPx) and catalase (CAT) in erythrocytes, total
antioxidant capacity (TEAC), and concentration of lipoperoxides (LPx) in plasma were measured on the 28th day.

Table 5.

Ocxidative stress markers in rats with adjuvant arthritis.

dose, we observed a significantly elevated GPx activity only in the SHA group
(My(HA) = 0.99 MDa). For both enzymes, we have also noticed a significant dif-
ference between the effects of the same molecular forms of HA but administered at
different doses. The higher HA dose (5 mg/kg bw.) significantly increased the GPx
activity compared to the lower dose (0.5 mg/kg bw.).

Subanalysis based on the molecular weight of the administered HA revealed the
higher SOD activity in the VHA group compared to NHA (p = 0.0013), in the 5SHA
and 5VHA groups compared to SNHA (p = 0.0025, respectively, p = 0.0308), and
VHA compared to SHA (p = 0.0107). The higher GPx activity was found in SHA
group in comparison to NHA (p = 0.0425), in 5SHA, respectively, 5VHA in com-
parison to SNHA (p = 0.0217 respectively p = 0. 0058), and lower activity in VHA
group in comparison to SHA (p = 0.0069). A similar trend was observed in the
effect of HA on the total antioxidant capacity of plasma. The values of this param-
eter were increased in all groups but significantly only when HA was administered
at a higher concentration.

Also, the higher HA dose significantly increased the total antioxidant capacity
compared to the lower dose. Differences in the effect of HA with different molecu-
lar weights were seen only in the 5VHA group, whereas TEAC was significantly
increased when compared to the SNHA group (p = 0.0212). On the other hand, HA
in all molecular weights and at both monitored doses significantly reduced CAT
activity. The effect of different doses was found only in SHA and VHA groups, where
the higher dose significantly reduced activity in SHA (p = 0.0004) and significantly
increased activity in VHA (p = 0.0192). At higher doses, we found significant
reductions of CAT activity in VHA compared to both NHA and SHA (p = 0.0018 and
p = 0.0001) and in 5SHA compared to SNHA (p = 0.0194). Concentration of LPx
was significantly reduced in all monitored groups, with no differences in the effect
of different molecular weights of HA or in the effect of doses.

Our study, for the first time, evaluated the ability of the HA to affect the activity
of erythrocyte antioxidant enzymes, as well as total antioxidant capacity and LPx
of rats with AA. We have found increased activities of antioxidant enzymes (SOD,
GPx and CAT) in erythrocytes of AA rats with increased plasma LPx concentration.
Administration of different molecular weights of HA (0.43, 0.99, and 1.73 MDa)
applied in two different doses (0.5 and 5 mg/kg bw.) resulted in a further increase in
activities of these enzymes, but we observed a decreased concentration of plasma LPx.

Inflammatory diseases, including RA, are characterized by sustained overpro-
duction of ROS, accompanied by disruption of the antioxidant defense system
resulting in local and systemic OS development in the affected joint-synovial fluid
[65], and in addition to the joints, plasma and some organs are affected [66]. The
results of the present work showed that in spite of the increased antioxidant enzyme
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activities found in erythrocytes of rats with AA, lipid peroxidation in plasma is
increased in comparison to control group. Lipid peroxides are generated at the site
of tissue injury due to increased ROS production during chronic inflammation and
diffuse into blood where they can be estimated [67]. Studies have reported raised
levels of MDA, 4-hydroxynonenal, and other markers of oxidative lipid damage in
the serum, plasma, and erythrocytes of RA patients [65, 68]. Kumar et al. [68] also
found increased plasma SOD activity in patients with RA, similarly to Mazzetti
etal. [69]. Similar results were found in early type 2 diabetes patients [70], where
increased antioxidant defense in plasma and erythrocytes is explained as a potential
mechanism that can overcome oxidative damage induced by ROS overproduction.
There are some reports on erythrocyte SOD, CAT, and GPx activities in patients
with RA or in rats with AA, but the results are controversial [71, 72]. It is possible
that differences between different investigators’ results, regarding antioxidant
status, are due to differences in the stage of the disease. Chronic inflammation may
deplete antioxidant defenses, whereas acute inflammation can upgrade them [73].

In our study, we did not notice a change in total plasma antioxidant capacity in
the group of arthritic rats, similarly to Bracht et al. [66] in the mono-arthritic rats.
Vijayakumar et al. [74] confirmed susceptibility of erythrocytes to peroxide stress.
They have found not only elevated plasma lipid peroxidation but also the excessive
lipid peroxidation in erythrocytes and erythrocyte membranes. In addition, they
found decreased glutathione levels and GPx activity in plasma but increase in eryth-
rocytes of RA patients as compared to healthy subjects. Superoxide radicals play an
important role as a chemical mediator on the inflammatory response to RA. The
increased activity of plasma SOD observed in the abovementioned studies as well as
increased activity of SOD in erythrocytes observed in our study could therefore be
found due to their function in dismutation of superoxide radicals excess. Thus, the
activities of antioxidant enzymes in blood cells including erythrocytes could reflect
the rate of OS in the affected cells. This could be a suitable approach for assessing
the effect of therapy aimed to reduce inflammation and OS.

Our study demonstrated that HA (in all molecular weights and in both doses),
orally administrated in a rat model of AA, affected all measured markers of
OS. Furthermore, erythrocyte antioxidant markers including SOD and GPx, and
total antioxidant capacity of plasma, increased significantly during 28 days of
supplementation. On the other hand, we have found decreased erythrocyte CAT
activity and plasma concentration of LPx. Based on our results, we cannot give a
clear explanation how the HA can affect all observed parameters. Numerous studies
have confirmed the effect of HA on the activity of these enzymes but in other cells
and tissues and not in erythrocytes [75, 76]. It was confirmed that HA can reduce
cellular superoxide generation and its accumulation through Nrf2 regulation which
can induce transcription of antioxidant enzymes such as SOD, GPx, CAT, and oth-
ers [61]. Supplementary to its primary role in cytoprotection, Nrf2 is also linked to
differentiation, proliferation, growth, and apoptosis, and it is thought that Nrf2 has
evolved from an original role in hematopoiesis and the regulation of cell differentia-
tion from early lineages [77].

Based on this, we could assume that during proliferation and differentiation of
hematopoietic stem cells, expression of antioxidant enzymes can be induced. In the
induction of expression, the CD44 receptor, which binds HA and mediates its role
as a signal molecule, could have importance. We could just speculate if the activities
of antioxidant enzymes in erythrocytes reflect the effect of administered HA on the
activities of these enzymes in other tissues as well. As we observed an increase in
both SOD and GPx activities in erythrocytes of AA rats under HA supplementation,
we anticipate a similar mechanism of HA action in other cells, e.g., in chondrocytes,
where the increase in antioxidant potential could provide antioxidant protection

163



Antioxidants

of synovial fluid and reduction of lipoperoxidation not only in the synovium but
also in the plasma as what we have found in our study. Also, the direct antioxidant
ability of HA, which has been described, could contribute to the reduction of
lipoperoxidation [55]. However, further studies need to be made to confirm these
assumptions.

4, Conclusion

New treatment strategies based on blockade of cytokine pathways in late stages
of RA are progressing. In spite of their benefits, long-time utilization of these
blocking agents has indicated side effects. The antioxidant defense system includes
endogenous (enzymatic and nonenzymatic) and exogenous (dietary) antioxidants
that interact in establishing redox homeostasis in the body. Therapeutic benefits
from antioxidant treatment are primarily bound to reduction of systemic OS.

CoQ y9 treatment significantly improved concentrations of the investigated
endogenous antioxidants (CoQ-total, CoQ yo-total, and gamma tocopherol in
plasma). CoQ for its bioenergetic, antioxidant, and anti-inflammatory properties
might be therapeutically useful for a long-term supplementary administration to
patients with inflammatory diseases such as RA.

In our study, we have shown the ability of per orally administered HA to improve
the antioxidant defense (SOD, GPx, and total antioxidant capacity of plasma).
This therapeutic effect of HA could be a result of direct (intestinal absorption) and
indirect (intestinal cell immunomodulatory) anti-inflammatory activities. Recent
results have shown that dietary high-molecular-weight HA can be distributed to
connective tissues. Dietary HA could be beneficial for joints, knee pain, relief of
synovial effusion, or inflammation and improvement of muscular knee strength.
HA also binds to toll-like receptor-4 (TLR4) in the luminal surface of the large
intestine resulting in the downregulation of systemic proinflammatory cytokines.

However, further research is needed with endogenous antioxidants, mainly
human studies, in order to establish an antioxidative treatment approach in inflam-
matory-based diseases such as RA.
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Abstract

Antioxidant compounds are thought to prevent and treat diseases, especially
cancer, under any circumstances. For this purpose, nature-based antioxidants
nowadays are being commonly used to prevent and treat diseases. Indeed, phenolic
compounds found in medicinal plants have opened a new horizon to prevent and
treat diseases because of having antioxidant properties. However, some recent
studies have reported that antioxidants are not absolute anticancer compounds
and certain drugs have been reported to reduce levels of reactive oxygen species
(ROS) in the cancer cells, i.e., their main action mechanism. It has been argued that
increasing levels of ROS cause an increase in apoptosis rate and therefore can be
considered an approach to treat fatal and hard-to-treat cancers. This chapter seeks
to partly explain the role of ROS in progression or inhibition of cancer growth in
addition to the role of antioxidants in preventing and treating this disease.

Keywords: reactive oxygen species, antioxidant, cancer, apoptosis

1. Introduction

Cancer kills many people worldwide every year. Even in developed countries
such as the United States, the rate of mortalities of cancer is high yet [1]. Although
nowadays cancer therapy has improved, since complete recovery of cancer patients
following a single treatment is quite difficult, a multidisciplinary approach com-
bined with surgery, chemotherapy, radiotherapy, and immunotherapy is usually
utilized [2, 3]. However, some of these approaches cause several severe side effects
in patients. Moreover, for many patients, current therapeutic approaches are
successful only in delaying the time to disease progression rather than affecting
long-term survival rates [4].

Many previous studies have shown that antioxidant supplementations are
useful in cancer treatment [5]. An antioxidant substance in the cell is present at low
concentrations and significantly reduces or prevents oxidation of the oxidizable
substrates [6]. The researchers have evaluated highly complex antioxidant to protect
the cells of the body against free radical damages [4]. However, some recent studies
have reported that decreasing levels of cells’ oxidants, as reactive oxygen species
(ROS) increase, causes increase in apoptosis rate and therefore can be considered an
approach to treat fatal and hard-to-treat cancers.
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This chapter seeks to partly explain the role of ROS in progression or inhibition
of cancer growth in addition to the role of antioxidants in preventing and treating
this disease.

2. Oxidative stress in cancer

Among many factors that cause cancer, oxidative stress is one of the most
principal and well-studied events that gives elevation to the conditions leading to
tumor onset and progression [7, 8]. The oxidative stress and chronic inflammation
processes are tightly coupled, and the failure to block these processes could result in
genetic/epigenetic changes that drive the initiation of carcinogenesis [9]. Oxidative
stress as an imbalance between the production and elimination of ROS causes
excessive oxidative damage to macromolecules, cells, and tissues [10]. Oxidative/
nitrosative stress-induced peroxidation of membrane lipids can be very damaging
because it leads to alterations in the biological properties of the membrane, such as
the degree of fluidity, and can lead to inactivation of membrane-bound receptors or
enzymes, which in turn may disable normal cellular function and increment tissue
permeability [11]. The main outcome of oxidative/nitrosative stress is damage to
lipids, nucleic acids, and proteins that can induce a variety of cellular responses
through generation of reactive species or can compromise cell health and viability,
finally causing cell death via apoptosis or necrosis [5, 12].

3. Reactive oxygen species (ROS)

Free radicals are known as “any chemical species capable of independent
existence that contains one or more unpaired electrons” [13]. Reactive oxygen
species (ROS) are free radicals which are correlated with the oxygen atom (O) or
their equivalents and have stronger reactivity with other molecules, rather than
with O, [14]. When an imbalance between free radical and reactive metabolite
production occurred, ROS are formed and can potentially exhibit a negative effect
on the organism [15]. ROS is a collective term that includes the superoxide anion
(0,7), hydrogen peroxide (H,0,), and hydroxyl radical (HO") [14]. Radical
formation in the body occurs via several mechanisms, involving both endogenous
and environmental factors [11].

4. ROS in cancer

Cancer is a multistage process defined by initiation, promotion, and progres-
sion [16, 17], and oxidative stress interacts with all three stages. A little increase in
the ROS level may cause a transient alteration in the cellular level, while a severe
increase in ROS may result to irreversible oxidative damage and lead to cell death
[18]. ROS can also promote carcinogenesis by inducing pro-oncogenic signaling
pathways and DNA mutations. For instance, ROS may stimulate the phosphoryla-
tion of mitogen-activated protein kinase (MAPK), JUN N-terminal kinase (JNK)
activation, cyclin D1 expression, and extracellular signal-regulated kinase (ERK),
all of which are related to growth of tumor cells and survival [19].

Cancer cells generate ROS more abundantly than normal cells and cause
elevated oxidative stress [20]. ROS can induce tumorigenicity and promote tumor
progression via inducing DNA damage [21]. ROS induces gene mutations and
structural changes in the DNA and results in DNA damage during the early stage
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Figure 1.

Relation between ROS actions with promoting and fighting cancer [23].

of tumorigenicity. In addition to, ROS can increase cell proliferation and decrease
apoptosis via modifying second-messenger systems, causing abnormal gene expres-
sion, and blocking cell communications. Finally, oxidative stress can add DNA
alterations to initiate cell population and promote cancer progression [22].

ROS might function as a double-edged sword (Figure 1). A moderate increase
of ROS may promote cell proliferation and survival. However, when the increase of
ROS reaches a certain level (the toxic threshold), it can overwhelm the antioxidant
capacity of the cells and result in cell death [23]. It is long thought that antioxidants
can remove the ROS that is produced in normal cellular processes and can protect
cells from oxidative damage.

Reactive oxygen species (ROS) can promote cellular processes to cancer. In addi-
tion, they can induce apoptosis. Actually, ROS might function as a double-edged
sword.

5. Antioxidants as a double-edged sword in cancer

Antioxidants as chemicals that interact with neutralized free radicals can
prevent them from causing damages. Antioxidants divide to two main subgroups
including enzymatic and nonenzymatic antioxidants. Catalase, superoxide dis-
mutase, and glutathione peroxidases are some of the most important enzymatic
antioxidants [11]. Catalase (EC 1.11.1.6) as the first antioxidant enzyme was to be
characterized and catalyzes conversion of hydrogen peroxide to water and oxygen.
Superoxide dismutase (EC 1.15.1.1) is one of the most potent intracellular enzymatic
antioxidants that catalyzes the conversion of superoxide anions to dioxygen and
hydrogen peroxide. Glutathione peroxidases catalyze the oxidation of glutathione
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at the direction of a hydroperoxide, which may be hydrogen peroxide or another
species such as a lipid hydroperoxide.

Also, flavonoids, alkaloids, coumarins, carotenoids, and vitamins such asE, A, C
(ascorbic acid), and D3 are some of the most important nonenzymatic antioxidants
that are usually available in many natural products [24].

Antioxidants are known as free radical scavengers. Examples of dietary
antioxidants include beta-carotene, lycopene, and vitamins A, C, and E (alpha-
tocopherol). Also, the mineral element selenium is often thought to be a dietary
antioxidant. Moreover, natural compounds such as flavonoids, in particular ECGC
and resveratrol, were shown to have a promising future as antioxidants and anticar-
cinogenic agents. These compounds can be consumed through fruits and vegetables
[25]. In recent years, potential chemotherapeutic properties of antioxidants have
been evaluated as a primary agent or in combination with an already established
chemotherapeutic agent for different types of cancers. There is friction among
researchers about the efficacy and safety of these complimentary treatments and
their substantial role in protecting tumor cells from conventional therapy. The
antioxidants can be endogenous or obtained exogenously as a part of a diet or as
dietary supplements [11].

However, many natural compounds such as natural antioxidants display oppos-
ing properties in cancer cells, depending on their concentration (Figure 2). Some
recent studies imply that much of late-stage cancer’s incurability may be due to its
possession of too many antioxidants [14]. Actually, antioxidants may also cause
direct damage to DNA and the cell. Watson recently wrote that time has come to
seriously ask whether antioxidant use predominately causes rather than prevents
cancer [26].

Natural
antioxidants

Figure 2.
Natural antioxidants act as a double-edged sword in cancer [28].
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Some of these studies proposed that in some cases high-dose supplements of
antioxidants may be related to health hazards. For example, high doses of beta-
carotene may enhance the risk of lung cancer in smokers. Prostate cancer can occur
in dealing with high doses of vitamin E [27]. Antioxidant supplements may also
interact with some medications. Based on these new concepts, the continuous use
of certain antioxidants such as glutathione, superoxide dismutase, catalase, and
thioredoxin may serve as a barrier to apoptosis, the main anticancer mechanism,
through excessively reducing ROS [11].

The excessive damages via ROS can be associated with changes in mitochondrial
membrane permeability, which result in cytochrome C release and apoptotic death.
Against, cancer cells boost their anti-apoptotic mechanisms like a nuclear factor
kappa-light-chain-enhancer of activated B cell (NFkB) pathway to escape cell
death [9]. Disruption of redox balance in cells causes activation of the transcription
factors like nuclear factor erythroid 2-related factor 2 (Nrf2), NFxB, and activator
protein 1 (AP-1) as redox-sensitive transcription factors [28]. Nrf2 transcription
factor is the major driver of antioxidant expression that leads to protection against
DNA damage, endogenous and exogenous hazards, and consequent cancer initia-
tion [29, 30]. Nrf2 overexpresses in some types of human cancers including skin,
head, and neck, squamous cell carcinoma, esophagus, pancreatic, gallbladder, pros-
tate, colorectal, breast, lung, and ovary. The cytoprotective properties of the Nrf2
indicate that this pathway can be exploited by tumor cells to promote their survival
[31, 32]. In the ROS-sensitive cancer cells, natural product-derived inhibitors of
Nrf2 pathway can induce ROS that may result in cell death [28]. Many antioxidants
such as polyphenols are significant groups of Nrf2 inhibitors.

Particularly in the case of cancer, the Nrf2 pathway has opposing properties:
activating the pathway is vital for chemoprevention, but when the control is lost,
it provides big consequences, so cancer cells result in fast proliferation, the escape
of senescence and apoptosis, and resistance to chemotherapy and radiotherapy.
Therefore, both activation and inhibition of Nrf2 activities can be beneficial [33].
As said above, natural products with antioxidant agents target Nrf2 pathway as an
anticancer approach [28]. Several antioxidants may interact with other antioxidants
that regenerate their primary properties; this mechanism is known as the “antioxi-
dant network.”

Opposing activities of natural products such as antioxidants in prevention and
treatment of cancer depend on their concentration. At lower amounts, they often
promote cells’ antioxidant capacity via activating Nrf2-dependent signaling and
enhancing expression of ROS scavengers. However, higher concentrations can
inhibit antioxidant defense and induce oxidative stress.

6. Antioxidants and tumorigenesis

Genetic alterations that promote tumor cause to produce endogenous antioxi-
dants [14]. In this process, Nrf2 is the main factor for the transactivation of involved
genes in the maintenance of redox homeostasis [34]. As constitutive upregulation
of Nrf2 factor has been reported for a variety of human cancer types, Nrf2 activity
has been indicated to be necessary for proliferation of cancer cells [35-37], repro-
gramming of metabolism [38], chemoresistance [39], serine biosynthesis [36], as
well as mRNA translation [37] in part through maintenance of redox homeostasis.
Hi-activated pathway of Nrf2 increases the amount of cellular ROS scavengers. On
the other hand, lowering stress burden via enhancing detoxifying force can affect
the pathways that promote proliferation and growth [40, 41]. Blocking antioxidant
activity in cancer cells decreases their ability to balance oxidative insult and might
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result in cell death [42]. In addition to Nrf2, the transcription factor p53 has also
been shown to suppress ROS accumulation via directly regulating the expression
of a variety of antioxidant genes including SOD2, GPX1, and CAT [14, 39] and
through the induction of the metabolic TIGAR gene (TP53-inducible glycolysis and
apoptosis regulator) [14].

Oxidative stress can happen due to reduction in enzymatic antioxidant activities.
Moreover, it can occur due to ionizing, radiation, chemotherapy, aging, shear stress,
cytokines, and growth factor receptor interactions [14]. Antioxidants and oxida-
tive stress interact with the initiation, promotion, and progression of cancer [41].
Actually, the cell-damaging effects of free radicals can be balanced by antioxidants.
Furthermore, as the fruits and vegetables are good sources of antioxidants, people
who eat them more than others have a lower risk for various diseases such as heart
and neurological diseases, and there is evidence that some types of vegetables and
fruits in general protect against a number of cancers [43].

7. Advantages of using antioxidants as an anticancer approach

In addition to the standard anticancer treatment options such as chemotherapy,
radiotherapy, and surgery, several natural products due to their antioxidant activi-
ties have been identified to have a potential for cancer prevention [44] and treat-
ment [45].

In radiotherapy and chemotherapy, ROS and free radicals partly cause various
adverse effects [46]. ROS generation causes various tissue or organ injuries; for
example, doxorubicin and other anthracycline antibiotics are known to lead to car-
diotoxicity [47]; cisplatin and other platinums lead to nephrotoxicity, ototoxicity,
and peripheral neuropathy [48]; bleomycin leads to lung injury [49]; and alkylating
agents cause DNA damage of drug-treated cells [50]. Tissue or organ injuries may
also induce carcinogenesis [51]. Many previous studies reported that using antioxi-
dants with these gold standard methods can significantly decrease these cellular
damages. For instance, in one study that is reported by Askua et al., among the 49
studies, 46 examined the reduction of adverse effects by antioxidant supplementa-
tion; in 34 trials, possible reductions in chemotoxicities or radiotoxicities using
antioxidant supplementation were reported; and only 1 RCT, using vitamin A,
reported that supplementation possibly increased chemoinduced toxicities. The
remaining 11 studies reported no significantly difference in toxicities between
control and supplementation groups [51]. Further, the results of the Shanghai
Breast Cancer Survival Study showed that consumption of multivitamins or vita-
mins such as C and E within 6 months of breast cancer diagnosis correlated with
18% decreased mortality and 22% decreased recurrence rate [52]. In addition, the
Life After Cancer Epidemiology (LACE) cohort study results on effects of vitamins
E and C and combination of carotenoid supplementation in breast cancer showed
that vitamins E and C intake before and after breast cancer diagnosis was related to
22% reduced risk of all-cause mortality, 32% decreased breast cancer mortality, and
20% decreased recurrence risk [53].

8. Future therapeutic perspectives
We are approaching a new era wherein ROS biology and their effects in the
physiopathology of cancer may be dissected with unprecedented detail, bringing

potential therapeutic benefits derived from selective manipulations of cancer redox
balance to be uncovered, paving the way to novel and exciting investigations in the
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fight against cancer [6]. Owing to the crucial roles of cancer stem cells in tumor
initiation, disease recurrence, and drug resistance, the potential of using a redox-
modulating strategy to eliminate this subpopulation of malignant cells could have
major implications in cancer treatment. Redox adaptation is an important concept
that, to a large degree, explains the mechanisms by which cancer cells survive under
persistent endogenous ROS stress and become resistant to certain anticancer agents.
Targeting these biochemical properties of cancer cells with redox-modulating
strategies is a feasible therapeutic approach that may enable therapeutic selectivity
and overcome drug resistance. Also, Nrf2 is arguably the most important regulator
of the expression of molecules that have antioxidant functions within the cell [13].
Nrf2 controls the expression of these enzymes and is considered to be a master
regulator of intracellular antioxidant responses. An increased Nrf2 activity in
normal cells is protective and beneficial against oxidative stress, but cancer cells
harness the ability of Nrf2 to survive under stress conditions [14]. Nrf2 activators,
such as bardoxolone methyl CDDO-Me, have shown anticancer activity preclini-
cally and are currently being tested in clinical trials [15]. Moreover, glutathione
(GSH) metabolism seems to be the main target of currently used anticancer drugs.
Combinations of GSH inhibitors (or other antioxidant inhibitors) with radiother-
apy or chemotherapeutic drugs that cause cell death induced by oxidative stress may
prove to be useful for more effectively killing cancer cells.

9. Conclusion

ROS/RNS protection in cancer is an important issue that attracts many scientists
in recent years to discover the mechanism of action of various antioxidants. The
idea that fruit and vegetable consumption alone is associated with a decreased risk
of cancer is yet to be determined. This chapter shows that antioxidants, as previ-
ously reported, contribute to prevent and treat many types of cancer, but their
anticancer effects are not absolute and depend on the time, amount, and conditions
of their administration to treat different cancers. It is important that physicians
make an integrated decision, based on the following consideration: (1) the back-
ground and state of the patient, (2) the antioxidant dosage and types, and (3) type
of cancer and antitumor therapy. In addition, it is necessary to examine the safety
and viability of antioxidants in pathological conditions and cancer therapy and
that trials be performed with a single regimen, single type of cancer, and single
antioxidant.
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Chapter 10
Antioxidants at Newborns

Melinda Matyas and Gabriela Zaharie

Abstract

Humans possess defense mechanisms against free radicals: enzymatic and non-
enzymatic antioxidants. Antioxidant defense is deficient in newborns and can be
enhanced by the action of reactive oxygen species, generated by perinatal diseases
such as respiratory distress or asphyxia. Prematurity itself will be associated with
deficient antioxidant mechanisms, which are primarily enzymatic, but also non-
enzymatic. Under oxidative stress conditions, antioxidant defense is overcome and
thus, low-molecular weight free iron is released, which is not bound to transferrin
and will play a role in Fenton’s reaction, catalyzing lipid peroxidation. The gener-
ated ROS will in turn influence antioxidant defense mechanisms, stimulating their
synthesis, as an adaptation mechanism of the body in response to the presence of
increased ROS levels.

Keywords: antioxidants, newborn, oxidative stress

1. Aim

The aim of the current chapter is to review the antioxidant status particularities
newborn, to present the antioxidant evaluation and current opinions on antioxidant
treatment in newborns.

2. Introduction

The human body possesses defense mechanisms against free radicals, consisting
of enzymatic and non-enzymatic antioxidants. Antioxidant defense is deficient
in newborns and can be enhanced by the action of reactive oxygen species, gener-
ated by perinatal diseases such as neonatal respiratory distress or birth asphyxia.
Prematurity itself will be associated with deficient antioxidant mechanisms, which
are primarily enzymatic, but also non-enzymatic. Antioxidant defenses, especially
enzymatic ones, develop during the last trimester of pregnancy. Consequently,
premature newborns will not have sufficient antioxidant defense. Under oxida-
tive stress conditions, antioxidant defense is overcome and thus, low-molecular
weight free iron is released, which is not bound to transferrin and will play a role
in Fenton’s reaction, catalyzing lipid peroxidation [1, 9]. Reactive oxygen species
(ROS) production occurs through various mechanisms, of which the most com-
mon are hyperoxia, reperfusion, and inflammation. The generated ROS will in
turn influence antioxidant defense mechanisms, stimulating their synthesis, as an
adaptation mechanism in response to the presence of increased ROS levels. In neo-
natology, a “free radical disease” is described, which includes a number of disorders:
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bronchopulmonary dysplasia, retinopathy of prematurity, necrotizing enterocolitis,
and periventricular leukomalacia [1, 8, 17].

In the case of perinatal asphyxia, ROS will exert a considerable harmful effect on
the brain because antioxidant levels are low and there is an increased oxygen con-
sumption during transition from fetal life to neonatal life [14, 15, 25]. Randomized
studies on relatively large numbers of term newborns with asphyxia have demon-
strated the importance of resuscitation with atmospheric air in limiting injury and
improving the survival rate [13, 26].

3. Antioxidants classification

Antioxidants are most commonly classified into enzymatic and non-enzymatic
systems. Depending on their solubility, non-enzymatic antioxidants are divided
into water-soluble and lipid-soluble antioxidants.

The main enzymatic antioxidant systems are:

* superoxide dismutase (SOD)—an enzyme that detoxifies the superoxide anion;

* catalase (CAT)—detoxifies oxygenated water and has a protective antitumor
role;

* peroxidases—myeloperoxidase (MPO), lipid peroxidase, glutathione peroxi-
dase (GSH-Px)—mainly protect the liver;

* glutathione peroxidase (GPx) intracellular selen-protein that veduces hydrogen
peroxide to glutathione disulfide and water;

* the system of cytochrome oxidases, which reduce oxygen; they play a role in
reducing the amount of oxidant or potentially oxidant substances; they can be
released into the blood and extracellular fluid.

The main non-enzymatic antioxidant systems are represented by:

* the reduced-oxidized glutathione redox cycle;

¢ vitamin E—which intercepts the peroxyl radical;

e vitamin C;

* carotenoids—alpha-carotene, a precursor of vitamin A, is 10 times more effec-
tive than beta-carotene;

 selenium;

e uric acid and urates;

e bilirubin;

* cysteine-rich metallothioneins;

* metal-binding proteins: albumin, transferrin, ferritin, lactoferrin, and
ceruloplasmin;
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* amino acids such as histidine, taurine, cysteine which ensures protection
against toxic aldehydes present in cigarette smoke, methionine which protects
the colon;

* Heme proteins and heme-binding proteins—hemopexin, haptoglobin, porphy-
rin, carnosine, estrogens, coenzyme Q10, polyamines, saturated fatty acids,
flavonoids which stabilize the cell membrane and are used in eye diseases,
phenols, and polyphenols. Ceruloplasmin is an extracellular copper-transport
protein.

3.1 Antioxidant enzymes

The most important antioxidant enzymes in newborns are: superoxide dis-
mutase, catalase, and glutathione peroxidase.

Superoxide dismutase has three forms: MnSOD located in mitochondria,
copper-zinc superoxide dismutase (Cu/ZnSOD) in the cytoplasm, and extracellular
superoxide dismutase (EC-SOD). In newborns, the last one is located intracellularly
in the cytoplasm, unlike in adults, where it is located extracellularly, as indicated by
its name [23, 27].

Superoxide dismutase has the role of converting the highly toxic superoxide
radical to hydrogen peroxide and water. Catalase and glutathione peroxidase
convert hydrogen peroxide to water.

In the absence of catalase, a cascade reaction is triggered with the formation of
hydroxyl radicals, which requires the presence of iron metal ions (Fe*") and copper
Cu?*, known as the Haber-Weiss reaction:

H,0, + Fe’* > OH" + OH™ + Fe** 1)

The hydroxyl radical resulting from this reaction will attack the structures of the
cell, causing its destruction.

In the intrauterine period, there is an interaction between the fetus, placenta,
and uterus, which requires a redox signal with a role in maintaining the balance of
this interaction and allowing the development of antioxidant systems in the fetal
period.

The decrease in lipid peroxidation in the placenta with the evolution of preg-
nancy is an indirect marker of the development of antioxidant mechanisms with the
increase of gestational age [18].

Normal vascular development is conditioned by the activity of nitric oxide con-
trolled by nitric oxide synthase. Nitric oxide plays a role in regulating the activity of
antioxidant enzymes.

The protective role of SOD was demonstrated in experimental groups of
animals—rats—at the Physiology Department of the University of Medicine,
Cluj-Napoca, Romania [16]. The authors studied lipid peroxides as oxidative stress
parameters by measuring malondialdehyde (MDA) and ceruloplasmin using the
Ravin test [16].

The animals exposed to hypobaric hypoxia had, immediately after SOD
administration, significantly increased malondialdehyde (MDA) values,
which were close to the values found in unprotected animals exposed to hypo-
baric hypoxia. At 24 hours after SOD administration, in animals exposed to
hypoxia, the values of MDA as a marker of lipid peroxidation were significantly
decreased, being lower than those of the control group. In the case of cerulo-
plasmin, values were significantly lower in protected compared to unprotected
animals [16].
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The preterm neonate is born before the antioxidant systems capable of neutral-
izing ROS are formed. Birth itself is an oxidative stress-inducing factor, which
will cause, in conjunction with other factors mentioned before such as hypoxia,
hyperoxia, reperfusion, or inflammation, the rapid exhaustion of impaired defense
mechanisms in the premature newborn. Transplacental nutrient supply has an
important role in the formation of antioxidant defense mechanisms. However,
this supply is limited in the case of preterm neonates. Chorioamnionitis present
in a relatively great number of premature births is an induction factor for MnSOD
mRNA in fetal membranes. Antenatal corticosteroids, in addition to their role in
early lung, brain, and intestinal maturation, influence stimulation of the activity of
antioxidant enzymes: SOD, catalase, and glutathione transferase [25, 29].

The endogenous surfactant has SOD and catalase in its composition. Their
antioxidant role in the surfactant is to prevent surfactant lipid peroxidation and
inactivation following the oxidative attack of ROS. These enzymes with antioxidant
effects are not found in similar amounts in the exogenous surfactant used for the
treatment of respiratory distress [30].

It is important to identify newborns at risk for oxidative stress in order to initiate
early antioxidant therapy with a view to limiting oxidative stress progression. Since
oxidative stress can frequently start during the intrauterine period, finding antioxi-
dant therapies for the mother with an impact on the newborn is essential.

3.2 Non-enzymatic antioxidants

Vitamins have an antioxidant role. Among water-soluble vitamins, vitamin C is
the most studied. The most extensively studied lipid-soluble vitamins in neonates
are vitamins A and E.

Vitamin A acts on retinol-binding proteins and on retinoic acid receptors.

The main actions of retinol consist of maintaining epithelial integrity, regulating
growth and proliferation, and modulating the levels of ceruloplasmin, a protein
with antioxidant effects [2, 21]. Vitamin A levels are decreased in preterm new-
borns, proportionally to the degree of prematurity. The benefits of vitamin A in
limiting the incidence of bronchopulmonary dysplasia have been described in
many studies. Its beneficial effect in reducing the incidence of the disease could not
be demonstrated. Also, the fact that it requires intramuscular administration and
relatively high doses to exert its antioxidant effects is a major disadvantage [15, 22].

Regarding vitamins E and C, their beneficial effect in preventing the teratogenic
effect of maternal diabetes has been studied by a number of authors [19].

In the category of water-soluble vitamins, other vitamins besides vitamin C have
an antioxidant role: riboflavin, pyridoxine, and niacin, which maintain GSH activity.

Vitamin E is the antioxidant that is present in the highest amount in the human
body. It is a lipophilic vitamin, which accumulates in lipid-rich cell membranes. It is
an important lipid peroxyl scavenger [15].

Carotenoids are also lipid-soluble and have a characteristic color. Lutein plays
arole in ROS elimination. In umbilical cord blood, studies have evidenced higher
lutein levels in preterm compared to term newborns [29].

Ceruloplasmin is an extracellular antioxidant that acts like a ferroxidase enzyme,
catalyzing the oxidation reaction of Fe** to Fe’", thus limiting Haber-Weiss and
Fenton reaction.

LOH + Fe** - L=0" +OH" + Fe** ()

Uric acid is a non-enzymatic antioxidant resulting from purine metabolism. It
is a scavenger of many ROS, but in certain situations, in excessive amounts, it has a
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cytokine-mediated pro-inflammatory effect, playing a role in the pathogenesis of
diseases such as diabetes [15, 30].

4, Evaluation of antioxidants in neonates

Antioxidant defense in neonates can be evaluated by measuring enzymatic and
non-enzymatic systems. Among enzymatic systems, glutathione reductase, peroxi-
dase, transferase, the oxidized/reduced glutathione ratio, superoxide dismutase,
as well as other antioxidants such as ceruloplasmin, transferring are the most
frequently measured.

The non-enzymatic antioxidant systems that can be measured in newborns are
vitamins A, E, and C. Vitamin A and E values measured in newborns are presented
in many studies. Shah et al. describe a correlation between hepatic vitamin A
reserves and gestational age, as well as between nutritional status and maternal
vitamin A levels. Vitamin A has an important role in the development of visual
acuity, and also in lung development and surfactant synthesis [1]. Vitamin A levels
are significantly lower in preterm compared to term neonates. Antenatal corticoid
administration has a beneficial effect on vitamin A levels in premature babies. Thus,
in preterm newborns benefiting from antenatal corticosteroids, the levels of these
vitamins with antioxidant effect are higher than in preterm babies without antena-
tal treatment. The mechanism of corticosteroids in increasing vitamin synthesis is
unknown. It seems that these act by increasing the plasma levels of retinol-binding
proteins, stimulating the hepatic synthesis of these proteins [2].

Vitamin E, another important non-enzymatic antioxidant, with a role in stabi-
lizing cell membranes, also has lower values in preterm compared to term neonates.
Vitamin E has been used in many studies for its antioxidant effect in preventing
retinopathy and bronchopulmonary dysplasia. However, in a 2003 Cochrane analy-
sis, Brion et al. demonstrated that vitamin E plays a role in reducing the incidence
of ROP and IVH, but increases the incidence of neonatal sepsis [3]. Allopurinol,
melatonin, and acetylcysteine have been used in studies for their antioxidant
effect, mainly as neuroprotective agents. Melatonin and acetylcysteine were used
in the studies of Gitto, and subsequently Barceld, to reduce the incidence of NEC in
premature neonates [4, 5]. However, there is no consensus regarding their use for
the treatment of NEC in neonates or for the treatment of other conditions associ-
ated with hypoxia-ischemia. Nevertheless, it should be taken into consideration that
exogenous antioxidant therapy with high doses of vitamin C and beta-carotene in
particular will have a pro-oxidant effect.

For the evaluation of antioxidant defense in newborns, the levels of ceruloplas-
min were measured in our service. This non-enzymatic antioxidant defense marker
proved to be deficient in preterm compared to term neonates. Ceruloplasmin is a
peroxyl radical scavenger. Free oxygen radical excess caused by certain oxidative
stress-inducing situations will put a strain on the impaired defense mechanisms of
the premature newborn. Antioxidant values will be lower compared to those of full-
term newborns. Ceruloplasmin determined by spectrophotometry had lower values
in preterm neonates with respiratory distress. Also, ceruloplasmin levels decreased
with the decrease in gestational age. Determinations evidenced lower ceruloplasmin
values on the first day compared to the third day of life (Table1).

Exposure to asphyxia at birth results in decreased ceruloplasmin levels. Under
these oxidative stress-inducing conditions, the measurements performed evidenced
lower ceruloplasmin values in preterm newborns with asphyxia compared to term
newborns with asphyxia. Asphyxia is followed by a diminution of antioxidant levels
and an increase in transferrin saturation. Current data confirm the fact that in
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N T Z p-Level
FiO,—DOL, & Fi0,—DOL; 59 52,5000 6,149,591 0.000000
pH—DOL; & pH—DOL; 60 175,5000 4,346,968 0.000014
pCO,—DOL,; & pCO,—DOL3 60 412,5000 3,429,860 0.000604
p0O,—DOL,; & pO,—DOL3 60 573,0000 2,014,110 0.043999
Sa0,—DOL; & Sa0,—DOL; 60 208,5000 3,761,957 0.000169
CP—DOL,; & CP—DOL; 60 492,0000 2,814,343 0.004888

FiO5-oxygen concentration; pH-value.
pCO,-CO; partial pressure; pOz-oxygen partial pressure.

SaO,-oxygen saturation; CP-ceruloplasmin.
p-test significance; Z = test parameter.

Table 1.
Evolution of ceruloplasmin on 1st vs 3rd day of life (DOL).

neonatal asphyxia and in the post-asphyxic period, ROS are generated particularly
during the re-oxygenation phase after perinatal asphyxia [10]. The brain is the most
susceptible to oxidative injury, for the following reasons:

* Neuronal membranes are rich in polyunsaturated fatty acids, an important
source of free oxygen radicals.

* The activity of antioxidant enzymes (catalase and SOD) is significantly
diminished in the brain.

e Some brain areas are rich in iron [10]. The increase in CP in mild and severe
asphyxia cases can represent a form of adaptation of the organism to the action
of oxidative stress [15].

Ceruloplasmin was measured by Lindeman [23], who evidenced the fact that
in premature newborns, its levels are constantly low until the age of 3-6 weeks.

Its deficiency in premature newborns increases the risk of oxidative stress under
conditions of exposure to the oxidative attack of ROS.

Another marker of antioxidant defense is represented by hydrogen donors. Like
total antioxidant activity, these assess several natural non-enzymatic antioxidants:
cysteine, glutathione, ascorbic acid, tocopherol, polyphenols, aromatic amines, and
sulfthydryl protein groups. In the case of measurements performed with 1,1-diphe-
nyl-picrylhydrazyl in neonates admitted to our service, we found a correlation of
hydrogen donor values with the severity of respiratory distress. The presence of
respiratory distress was a triggering factor for hydrogen donors, stimulating their
antioxidant activity in a group of patients with impaired enzymatic antioxidant
defense (Table 2).

Hydrogen donor levels in healthy, late preterm newborns are higher compared to
those of preterm newborns with oxidative stress-inducing conditions such as respi-
ratory distress or asphyxia at birth. Non-enzymatic antioxidant defense assessed
by hydrogen donor values improves with time; our determinations showed signifi-
cantly higher values on the third day compared to the first day (p < 0.05) (Table 3).

The enzymatic antioxidants studied in neonates are: catalase (CAT), superoxide
dismutase (SOD), and glutathione peroxidase (GSH-Px). These are endogenous
antioxidants and have the following antioxidant action mechanisms: superoxide
dismutase catalyzes superoxide radical dismutation, resulting in hydrogen peroxide.
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1" day

3" day

Stat (p-value)

Mild Stat (p-value)'b

42.20 (39.80-45.30)
—3.11 (0.0019)

46.65 (41.53-52.05)
—2.09 (0.0369)

242 (0.0157)

Moderate Stat (p-vaLlue)'b

62.70 (59.40-64.20)
1.55 (0.1218)

61.50 (60.43-64.35)
1.68 (0.0926)

0.00 (0.9999)

Severe Stat (p-value)vb

48.30 (46.48-51.31)
-1.02 (0.3082)

49.60 (45.30-54.00)
—0.91 (0.3650)

0.0 (0.9999)

}:median (Q1-Q3), Q = quartile, Wilcoxon Matched Test
as compared to control

Table 2.
Hydrogen donors by severity of vespivatory distress and comparisons with the controls.

Group n Mean:Stdev Std. Error Mean t-value (p-value)
HD1 Case 24 45.82 +10.36 212 —2.64 (0.0124)
Control 13 54.38 +7.33 2.03
HD2 Case 24 49.03 + 11.97 244 —1.47 (0.1514)
Control 13 54.38 +7.33 2.03
Table 3.

Hydrogen donors (HD) by groups.

Glutathione peroxidase and catalase catalyze hydrogen peroxide reduction to water
and oxygen. Thus, they exert a protective effect against oxidative injury (Figure 1).

The levels of these enzymes decrease with the decrease in gestational age.
Another factor that influences enzymatic antioxidant mechanisms is neonatal devel-
opment. In neonates with intrauterine growth restriction, the antioxidant enzymes
SOD, CAT, and GSH-Px have lower values than in term AGA neonates [12, 13].

In our study, for the assessment of enzymatic antioxidant defense capacity,
erythrocyte SOD was measured using the Winterbourn method. Hemoglobin
concentration was determined in K3 EDTA samples by the Drabkin method.
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Figure 1.
Enzymatic antioxidant mechanism.
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Determinations in the study group of preterm neonates compared to the values
of the control group including full-term newborns evidenced a statistically sig-
nificant difference, SOD values being higher in term newborns compared to the
group of premature babies [6]. The same results were obtained in the case of SOD
measurement using Ransod kits (Cat. No. SD 125, Randox Labs, UK). SOD activity
was expressed as the amount of proteins leading to inhibition of 90% formazan
(505 nm) using xanthine oxidase to generate superoxide radicals [7].

Other studies, as well as our findings show the fact that antioxidant defense is
impaired in neonates. This impairment increases with the decrease in gestational
age, but is also influenced by the association of oxidative stress-inducing factors
that put a strain on the defective defense mechanisms of the newborn.

5. Antioxidant treatment
5.1 Enzymatic therapies

Animal studies have demonstrated the beneficial effects of SOD on ROS. SOD
administration as aerosols in animals improved alveolar development in the case of
bronchopulmonary dysplasia induced by the common action of multiple factors:
prematurity, hyperoxia, and mechanical ventilation.

Cysteine, which has glutathione stimulating effects, was studied in premature
babies. Glutathione is an important antioxidant and a cofactor for GPx. However,
studies failed to demonstrate its beneficial effect in reducing oxidative stress,
since the harmful effects of ROS could not be prevented by cysteine administra-
tion. Glutathione levels were significantly higher after cysteine administration.
Administration of recombinant CuZnSOD to preterm babies during the intubation
period led to a decrease in the incidence of wheezing episodes, but did not reduce
the incidence of BPD compared to preterm babies who received placebo during the
same period [20]. The incidence of ROP in preterm babies receiving this treatment
also decreased [11].

5.2 Non-enzymatic therapies

The beneficial effects of vitamin E have been studied by different authors.
Randomized controlled trials could not demonstrate the effect of vitamin E in
preventing BPD. There are studies that evidence the beneficial effects of vitamin
E in reducing the incidence of cerebral hemorrhage, while increasing the risk of
neonatal sepsis; consequently, the risk exceeds the benefits provided by the antioxi-
dant effect.

A Cochrane analysis of vitamin A describes its role in preventing BPD, but
neurological and respiratory development at 18-22 months is not superior in babies
receiving vitamin A [15, 21].

Regarding vitamin C, studies have demonstrated that in addition to its antioxi-
dant effect, in certain situations, after a significant oxidative attack, vitamin C can
act as a pro-oxidant and will cause additional injuries [13, 15].

High vitamin C concentrations will inhibit ceruloplasmin and will induce oxida-
tion of Fe**, which will have a catalytic action in lipid peroxidation and thus will
generate new free radicals [23].

Excess of protein-unbound iron has a pro-oxidant effect, resulting in the pro-
duction of free radicals with harmful effects. Lactoferrin has a key role in limiting
the pro-oxidant action of free iron, its presence in milk formulas being particularly
important [22, 28].
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5.3 Other antioxidant therapies

Resveratrol is known for its antioxidant effect in astrocytes. Its role is important
after asphyxia episodes. It acts by stimulating glutamate synthase activity and
increases GSH levels in hippocampal astrocytes. The increase in glutamate synthase
activity counters the toxic effect of glutamate.

Melatonin is a substance studied for its antioxidant effect. It has a role in repairing
leukomalacia lesions, but its beneficial action has been described when it is admin-
istered early, in the first 2 hours after injury. Animal studies have demonstrated
beneficial effects of enteral arginine and glutamine in preventing NEC [4, 5, 28].

Human milk feeding has a number of benefits over formulas. Studies demon-
strate the antioxidant effect of breast milk, which contributes to ROS elimination.
Higher amounts of oxidative stress metabolites are eliminated in the urine of
preterm babies fed with formula compared to those fed with breast milk. Oxidative
stress is increased in premature neonates fed with formula. The antioxidant capac-
ity of breast milk is higher than that of neonatal blood [24].
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Chapter11

Prevention of Oxidative Injury
Associated with Thrombolysis for
Ischemic Stroke

Darryl R. Peterson and Ernest ]. Sukowski

Abstract

Although treatment of ischemic stroke focuses on re-establishing blood flow to
the brain (e.g., thrombolysis), delayed reperfusion may be associated with oxida-
tive damage to brain capillary endothelial cells, resulting in cerebral bleeding and
death (hemorrhagic transformation). The goal of this study was to define cellular
mechanisms responsible for reperfusion injury to brain capillaries, and to provide
arationale for more effective treatment of stroke. Mechanisms of oxidative injury
to cerebral capillary endothelial cells were measured in the presence and absence of
experimental inhibitors to define the roles of transport and metabolic pathways. In
vitro experiments provided evidence that: (1) intracellular calcium is elevated in brain
capillary endothelial cells following simulated transient ischemia and reperfusion,
due to reverse movement of Na/Ca exchange; (2) a simultaneous increase of calcium
and reactive oxygen species (ROS) during re-oxygenation causes mitochondrial dys-
function, thus initiating apoptosis and loss of brain capillary integrity. In vivo studies
showed that y-glutamylcysteine (an antioxidant precursor of glutathione) and the
experimental compound KB-R7943 (inhibits reverse movement of Na/Ca exchange)
protect brain capillary endothelial cells when co-administered just before reperfusion
following transient ischemia. The data indicate that these agents may be useful in
preventing oxidative injury associated with thrombolysis for ischemic stroke.

Keywords: glutathione, gamma-glutamylcysteine, antioxidant, stroke, thrombolysis,
hemorrhagic transformation

1. Introduction

Cerebrovascular stroke is a leading cause of death and disability in the world
[1, 2]. Strokes may be ischemic or hemorrhagic, but most (ca. 85%) are due to inter-
rupted blood flow to the brain, resulting in hypoxia [2]. Thus, the treatment for
cerebral ischemia accompanying stroke includes therapies to re-establish blood flow
using a thrombolytic agent [3-8]. Delayed reperfusion following cerebral ischemia
(>3-4.5 hours) may cause damage to brain capillary endothelial cells [9-11] that
can lead to cerebral bleeding and death [12, 13], a process called reperfusion injury
leading to hemorrhagic transformation [14, 15]. Recent evidence has verified that
using tissue plasminogen activator (tPA) to dissolve clots is an effective treatment
for ischemic stroke, if administered prior to the 3-4.5 hour interval [11, 16, 17].
However, only about 5% of patients with cerebral ischemia arrive at the hospital in
time to be treated without causing vascular damage and cerebral hemorrhage, and
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a significant number of eligible patients bleed anyway [18]. Thus, preventing injury
to the cerebral vasculature when using a thrombolytic agent to induce reperfusion
is of great importance. In this study, we provide evidence that reperfusion injury is
associated with oxidative damage to brain capillary endothelial cells in the presence
of elevated calcium. Furthermore, we show that the antioxidant y-glutamylcysteine
[19, 20] (a precursor of glutathione) together with an agent to prevent calcium
sequestration inhibit oxidative injury to brain capillaries when co-administered
immediately prior to inducing reperfusion for ischemic stroke.

2. Materials and methods

To understand the mechanisms responsible for reperfusion injury to cerebral
blood vessels, pertinent transport properties were first defined in isolated plasma
membranes derived from brain capillary endothelial cells (i.e., the blood-brain
barrier). This was followed by examining the effects of simulated ischemia and
reperfusion on cultured blood-brain barrier endothelial cells, and testing the utility
of experimental drugs in preventing cellular damage. Finally, the experimental
therapeutic approach was tested iz vivo, using the middle cerebral artery occlusion
technique in rats to simulate ischemic stroke.

2.11In vitro studies
2.1.1 Preparation of brain capillary endothelial membrane vesicles

Brain capillary endothelial cells are polarized and possess tight junctions
(i.e., zonula occludens) [21]. Luminal (blood-facing) and abluminal (brain-
facing) membrane vesicles were isolated from bovine brain capillary endothelial
cells by methods that we have described in detail [10-12, 22, 23]. Briefly, cere-
bral capillaries were isolated from cow brains by homogenization, differential
centrifugation, and separation on a column of glass beads. Following mild
treatment with collagenase, the capillaries were further homogenized, and the
endothelial membranes were separated in a discontinuous Ficoll gradient.

2.1.2 Transport measurements in membrane vesicles

The methods for quantifying transport measurements using membrane vesicles
from brain capillary endothelial cells have been published by us [8, 9, 24-26]. Rates
of substrate uptake by luminal and abluminal membrane vesicles were determined
using radiolabeled tracers and a rapid filtration technique [27, 28].

2.1.3 Western blot analysis of membrane vesicles

NHE1 (Na/H antiporter, isoform 1) and NCX1 (Na/Ca exchanger, isoform 1)
were identified in isolated plasma membranes from bovine brain capillary endo-
thelial cells using immunoblotting with mouse monoclonal antibodies (Chemicon)
and horseradish peroxidase-conjugated goat anti-mouse antibody, as previously
described [29, 30]. The bands were analyzed by laser scanning densitometry.

2.1.4 Polymerase chain veaction analysis of cerebral capillaries

After mRNA was isolated from bovine cerebral capillaries [31], first-strand
cDNA was synthesized using oligo-dT and AMV reverse transcriptase (Promega or
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Invitrogen), and sense and antisense primers (Sigma) were used to generate PCR
products for NHE1, Na/K ATPase a2, and Na/K ATPase a3, as previously described
[31, 32]. Sequencing was performed on both strands, using a commercial service.
Quantitative Western blotting was done as previously described [30]. The bands
were scanned and quantified using NIH Image software.

2.1.5 Culturing cerebral capillary endothelial cells

Cultured cerebral capillary endothelial cells were used as an iz vitro model to
measure the effects of simulated ischemia and reperfusion on blood-brain bar-
rier function [33-37]. The capillary endothelial cells were isolated from bovine
brain using the method of Meresse et al. [33], or purchased from Cell Systems
Corporation (Kirkland, Washington). Cells were grown, maintained, seeded, and
incubated in the presence of an astrocyte conditioned medium supplemented with
cAMBP, as previously described [33-37].

2.1.6 Simulating ischemia and veperfusion using cultured cells

Cultured brain capillary endothelial cells were exposed to conditions simulat-
ing ischemia and reperfusion by incubating first at 37°C in an ischemic medium
(without glucose, pH 6.8) equilibrated with an atmosphere of 95% N, and 5% CO,,
followed by simulated reperfusion in a control medium (5.6 mM glucose, pH 7.4)
equilibrated with room air and 5% CO; [38, 39]. To provide a constant environ-
ment, the cells were maintained in sealed chambers (Billups-Rothenberg, CA)
pre-equilibrated to the desired atmospheric conditions [39].

2.1.7 Measuring intracellular calcium and sodium concentrations

Intracellular calcium was quantified in cultured cerebral capillary endothelial
cells by using a fluorescent probe and confocal laser microscopy, as previously
described by us [39]. Cells were preloaded with 5 uM Fluo-4 [39] and treated under
conditions of ischemia and reperfusion as described above. Calcium concentra-
tion was quantified by measuring emitted fluorescence [39, 40] at a wavelength
of 494 nm in 50 randomly chosen (computer-assisted) cells, representing each
treatment.

Intracellular sodium in cultured cerebral capillary endothelial cells was mea-
sured as previously described by us [39]. Cells were pre-treated with Sodium Green
(5 M), and the fluorescent signal was quantified by fluorescence microscopy.
Measurements were made from 50 randomly chosen cells representing each
treatment.

2.1.8 Measuring actin stress fibers in cultured cells

Cerebral capillary endothelial cells were grown on coverslips and exposed to
conditions simulating normoxia, ischemia, and reperfusion as described above.
Following treatment, the monolayers were washed in phosphate buffered saline
(pH 7.4), fixed for 5 minutes in 3.7% buffered formaldehyde at room temperature,
and rinsed again with the buffer [41]. A mixture of phalloidin (0.05 mg/ml buffer)
and 1% dimethyl sulfoxide was added to the cells for 40 minutes at room tempera-
ture, in a humidified chamber. Following staining, the coverslips were washed
with buffer and mounted in a mixture of 30% glycerol in 70% buffer (vol/vol). To
determine the effects of calcium-mediated cytoskeletal activation, the cells were
incubated in the presence of a myosin light chain kinase inhibitor (0.1 pM, Sigma).
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The tissue was observed and evaluated using laser confocal microscopy, at a thick-
ness of 4 microns.

2.1.9 Measuring permeability of cultured cells

To quantify functional injury to brain capillaries, “C-sucrose permeability was
measured across a monolayer of cerebral capillary endothelial cells [42], under
conditions simulating ischemia and reperfusion as described above. Cyclosporin
A (1 uM) was used as an inhibitor of the mitochondrial permeability transition
[43, 44], to determine if this process is associated with reperfusion injury to the
endothelium.

2.1.10 Measuring caspase activity of cultured cells

Caspase 3 activity was measured fluorometrically using an oncogene caspase-3
activity kit, as previously described [39]. Cultured blood-brain barrier cells were
lysed, and the lysate was added to the caspase substrate: L-aspartyl-L-glutamyl-
L-valyl-L-aspartic acid amide (DEVD) tagged with the fluorescent molecule
7-amino-4-trifluoromethyl coumarin (AFC). Cleaved AFC was fluorescent, and
was quantified at an excitation wavelength of 390 nm, and an emission wavelength
of 510 nm.

2.1.11 Measuring lysis/death of cultured cells

Lactate dehydrogenase (LDH) release was used to determine cell lysis, and
was measured colorimetrically at a wave-length of 490 nm with a commercial kit
(Promega). The effectiveness of various antioxidants [19, 20, 45] in preventing
cell death was tested by incubating the cells in the presence (1 mM) and absence
of glutathione (GSH), N-acetylcysteine (NAC), and gamma-glutamylcysteine
(yGlu-Cys).

2.2 In vivo studies
2.2.1 Middle cerebral artery occlusion

Ischemia and reperfusion were simulated in rats using the middle cerebral artery
occlusion (MCAO) technique [46], by placing a thread in the left cerebral artery to
reduce blood flow in the left hemisphere, and withdrawing it to re-establish circula-
tion. Briefly, adult female Long-Evans rats (250-300 g) were anesthetized with
isoflurane (5% induction and 2% for maintenance). The pterygopalatine artery
and branches of the carotid artery were cauterized on the left side, after whicha 3
centimeter length of 3.0 Dermalon suture (blunt tip) was introduced in a retrograde
direction into the external carotid artery. It was advanced cranially in the internal
carotid artery for 23 mm, as measured from the bifurcation of the common carotid
artery. This model reduced cerebral blood flow to about 10% of control in the core
of the ischemic area. Reperfusion was achieved by withdrawing the thread into the
external carotid artery.

2.2.2 Measuring brain capillary mitochondrial morphology
Mitochondrial damage indicative of reperfusion injury was measured in cerebral

capillary endothelial cells of rats exposed for 1 hour to cerebral ischemia, followed
by 24 hours of reperfusion. Cerebral ischemia and reperfusion was accomplished
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using the MCAO model of ischemic stroke. Stroked animals not treated with drugs
were infused intravascularly (IV, femoral vein) with 1 ml of physiological saline
approximately 1 minute prior to initiating reperfusion. Treated animals were
co-administered yGlu-Cys (400 mg/kg) and KB-R7943 (10 mg/kg) IV in 1 ml of
physiological saline 1 minute before reperfusion. The mitochondrial permeability
transition was assessed by measuring a typical change in ultrastructural morphol-
ogy characterized by swelling [47]. Following 60 minutes of transient ischemia and
24 hours of reperfusion, the animals were killed, and brain cortical tissue adjacent
to the putamen was sampled and treated with a fixative and prepared for electron
microscopy. Fixation involved 2% paraformaldehyde and 2.5% glutaraldehyde

in phosphate buffer, and tissue blocks were osmicated, dehydrated in an ethanol
series, cleared in propylene oxide, and embedded in Epon. Ultra-thin sections were
stained with uranyl acetate and lead citrate, and examined on a Jeol JEM-1230 (HC)
electron microscope. Measurements of mitochondrial cross sectional area in cere-
bral capillary endothelial cells were determined by examining electron micrographs
and using computer-assisted morphometry. Briefly, random samples including
blood-vessels from the outer cerebral cortical zones of the ipsilateral and contra-
lateral sides were photographed for each animal. Five random samples included

3 blood vessels, 9 endothelial cells, and 45 mitochondria from each of 4 animals
per treatment. These samples were measured by outlining the mitochondria with
an electronic pen, and compiling the data with commercial stereological software
(Neurolucida).

2.2.3 Measuring brain apoptosis

Evidence of apoptosis in the cerebral cortex of the above animals exposed to
ischemia/reperfusion (1 hour/24 hours) was determined by using the Apop-Tag Kit
(Oncor). Tissue sections were randomly sampled from the cortex, and prepared for
immunocytochemistry using the Tunnel assay [48]. The number of stained nuclei
were quantified per unit area, as determined with the Neurolucida program.

2.2.4 Measuring neurological behavior

After 1 hour of ischemia and 24 hours of reperfusion, the above animals
were observed for obvious neurological deficits indicated by behavioral changes.
Attention was focused on motor deficits, torticollis, and obvious paresis.

2.3 Analysis of the data

For the measurements collectively described in this study, values were expressed
as an average + SD or SE. Means were compared by Student’s t test, a paired t test, or
an ANOVA, depending upon the conditions. Mean values were considered signifi-
cantly different if the probability of their being the same was 0.05 or less.

2.4 Vertebrate animals

Plasma membrane vesicles derived from cerebral capillary endothelial cells
were isolated from cow brains obtained at a local slaughterhouse immediately after
death. The cows were killed for food according to Federal and State laws, and not
for the purposes of these experiments. Cultured cerebral capillary endothelial cells
originated either from the fresh cow brains described above, or were purchased
commercially (Cell Systems Corporation). The middle cerebral artery occlusion
procedure iz vivo was done using rats in the Blood-Brain Barrier Lab at Oregon
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Health and Science University (OHSU), Portland, OR. OHSU is in full compliance
with Federal and State statutes regarding the use and care of vertebrate animals in
research. The animal care facility is AAALAC accredited, and all rat maintenance,
treatment, recovery, and euthanasia procedures were approved for the reported
middle cerebral artery occlusion studies.

To achieve middle cerebral artery occlusion, female Long Evans rats (250-300
grams) were anesthetized with isoflurane inhalant (5% induction, 2% mainte-
nance). Analgesia was provided by administering butorphanol (0.05-2.0 mg/kg
SQ) as needed, and seizures were controlled with diazepam (5 mg/kg) if necessary.
Animals were monitored daily by staff veterinarians. Upon completion of the
experiments, the rats were euthanized after inhalant anesthetic induction with an
intracardiac overdose of sodium pentobarbital, or if symptoms necessitated earlier
sacrifice. This method of euthanasia is consistent with requirements of the Panel of
Euthanasia of the American Veterinary Medical Association.

3. Results
3.1 Evidence for the presence of NHE1, NCX1, and Na/K ATPase
3.1.1 Sodium flux studies

*’Na uptake was measured in membrane vesicles from brain capillary endothelial
cells, and revealed both saturable and unsaturable components (Figure 1). In the
presence of specific inhibitors, three transport pathways were found, includ-
ing: (a) alow affinity (Km = 52 mM), high capacity, dimethyl amiloride (DMA,

100 pM) sensitive sodium carrier, indicative of Na/H antiport; (b) a high affinity
(Km = 4.6 mM), low capacity, DMA resistant carrier; and (c) a non-specific phena-
mil inhibitable cationic channel (Kd = 1.7 pl/mg/min).

3.1.2 Immunoblotting
Immunoblotting using specific antibodies (Chemicon) to NHE1 (Na/H anti-

porter, isoform 1) and NCX1 (Na/Ca exchanger, isoform 1) revealed that both
proteins are present in isolated luminal and abluminal membranes derived from
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Figure 1.

Both saturable and unsaturable **Na uptake was measuved in plasma membrane vesicles derived from bovine
brain capillary endothelial cells. A saturable component (Km = 52 mM) was dimethyl amiloride (DMA)
sensitive (100 uM), indicative of a sodium-hydrogen ion exchanger.
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brain capillary endothelial cells. NHE1 appeared as a single band with a molecular
weight of 106 kD. NCX1 displayed the usual two bands at 43 kD and 150 kD.

3.1.3 PCR studies

Messenger RNA was prepared from isolated bovine brain capillaries, and
RT-PCR was performed with specific primers identifying NHE1, Na/K ATPase a,,
and Na/K ATPase oz. The expected PCR products were found for NHE1 (Figure 2)
and Na/K ATPase o3, and sequencing demonstrated a high level of homology to the
human transporters (>90%). Na/K ATPase activity was previously measured by us
in luminal and abluminal membrane vesicles derived from endothelial cells forming
the blood-brain barrier [25]. Activity was found to be present predominantly at the
abluminal membrane domain, and was characterized by a ouabain binding con-
stant (Kd = 25 + 3 nM) typical of either the o, or a3 isoform [49]. The PCR studies
reported in the current study confirmed that it is the oz isoform.

3.2 Evidence that Na/H exchange elevates intracellular sodium

Intracellular sodium concentration was measured in cultured bovine brain
capillary endothelial cells exposed to conditions simulating ischemia and reperfu-
sion. Figure 3A shows that intracellular sodium was elevated (P < 0.05) during
ischemia (120 minutes), and remained elevated during ischemia followed by
reperfusion (90/30 minutes). Inhibiting the Na/H antiporter with 100 pM dimethyl
amiloride (DMA) completely prevented the elevation of intracellular sodium
observed during ischemia/reperfusion (90/30 minutes), indicating that its activity
was responsible for the sustained increase in intracellular sodium observed during
ischemia and reperfusion.

3.3 Evidence that Na/Ca exchange elevates intracellular calcium

Intracellular calcium was measured in cultured bovine blood-brain barrier
cells exposed to conditions simulating ischemia and reperfusion. Figure 3B shows
that calcium was significantly (P < 0.05) elevated during ischemia (120 minutes),
and remained elevated during ischemia followed by reperfusion (90/30 minutes).
Inhibition of the reverse mode of Na/Ca exchange (20 pM KB-R7943) reduced
(P < 0.05) the level of intracellular calcium observed following reperfusion.
Calcium uptake was also significantly inhibited with DMA (100 pM, not shown),
indicating that both activation of Na/H antiport and reverse movement of Na/Ca
exchange contributed to the sustained elevation of calcium.

NHE-1
SLPAERILPALSKDKEEEIRKILRHNLOKTRO (Cow)
SLFPSERILFALSKDKEEEIRKILRNNLQKTRO [Hurnan)

RLRS¥YNRHTLVADPYEEAWNQMLLRROKARGL {Cow)
RLREYHRHTLVADPYEEAWNQMLLRROKARQI (Human)]

EQKISNYLTVPAHKLDSPTMERARIGSDPLAYEP [Cow)
EQKINNYLTVYPANKLDSFTMSRARIGSDFLAYER [Hurman)

KADLPVITIDFASPRQSFESYDLVMEELKG [Cow)
KEDLPVITIDPASPQEPESVOLVNEELKG (Human]
9E6.5% Homologous

Figure 2.
The RT-PCR product for NHE1 was derived from bovine brain capillary endothelial cells, with a high
homology (96.8%) for the respective isoform in human tissue.

203



Antioxidants

A B
" -
Al =
&
= e 20 7 "
= + 7
L - =
= —— 3 100 A +
& 40 o [
E B ——
£ ED 4 T
£ 30 2
g :
[= 1) b0
L =
: 3
o . |
o0 g
[~ v il =
n
— 0 . .
|'_:m-t~d h“—mm ﬁ:wmlm M[‘ﬂmu‘ Conrn lammama Reramizen e M Sann
+ DA +KBR
Figure 3.

Simulating ischemia-veperfusion in cultured brain capillary endothelial cells resulted in a significant increase in
intracellular sodium (panel a) during ischemia (120 minutes), that was maintained during ischemia followed by
reperfusion (90/30 minutes). The rise observed during ischemia/veperfusion was prevented by inhibiting Na/H
exchange (100 uM DMA). The same vesults were observed when measuring intracellular calcium (panel B).

The vise in calcium during ischemia/veperfusion was significantly reduced with a specific inhibitor of the reverse
movement of Na/Ca exchange (20 uM KB-R 7943). Intracellular calcium was also significantly veduced by
DMA (100 uM (not shown). *P < 0.05, different from control; + P < 0.05, different from ischemia/reperfusion.
Values are mean + SD. Measuvements are made from 50 cells randomly chosen to vepresent each treatment.

3.4 Evidence for calcium-mediated alteration of the cytoskeleton

Cultured blood-brain barrier endothelial cells were exposed to conditions simulat-
ing ischemia and reperfusion, as described above. Following treatment, the cytoskel-
etal component actin was stained with phalloidin (0.05 mg/ml) [41] and examined
using confocal laser microscopy. Incubating cells for 120 minutes under control con-
ditions revealed the usual configuration of actin, which forms an organized ring of
fibrils just inside the plasma membrane. Incubating under ischemic conditions either
did not alter this configuration at all, or had a relatively minor effect on cytoskeletal
arrangement. However, exposing the cells to ischemic conditions for 90 minutes, fol-
lowed by 30 minutes of control treatment (reperfusion) caused a remarkable reorga-
nization of the actin (Figure 4), which assumed the usual stress fiber configuration
associated with damage and increased permeability characteristics [44]. An inhibitor
of calcium activated myosin light chain kinase [50] (Sigma, 0.1 uM) prevented the
appearance of stress fibers observed during reperfusion (Figure 4).

3.5 Evidence for alterations of permeability characteristics

Cultured cerebral capillary endothelial cells were incubated in transwells under
conditions simulating ischemia (90 minutes) and reperfusion (30 minutes), and per-
meability properties of the endothelial barrier were measured by quantifying unidi-
rectional flux of *C-sucrose across the endothelium [42]. Figure 5 shows that selective
inhibition of Na/H exchange, a brain capillary endothelial carrier shown earlier to
contribute to calcium uptake (Figure 3) and structural damage (Figure 4) during
reperfusion, caused a significant reduction in the observed permeability to sucrose.

3.6 Evidence for mitochondrial dysfunction

Figure 6 shows that 1 pM Cyclosporin A (CsA), an inhibitor of mitochondrial
damage and apoptosis [42, 43, 51], significantly reduced sucrose permeability across
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Reperfusion without inhibitor Reperfusion with inhibitor

Figure 4.

Cugltured blood-brain barrier cells were stained for actin with phalloidin following incubation under conditions
of ischemia and reperfusion. Normally the actin forms a concentrated ribbon inside the plasma membrane,
and ischemia alone causes only minor changes, if any. Simulated reperfusion (30 minutes) following ischemia
(90 minutes), however, causes a random and diffuse rearrangement of actin, termed stress fibers (reperfusion
without inhibitor). This pattern is typical of cell damage and enhanced permeability of passive solute

markers through tight junctions. An inhibitor of calcium-activated myosin light chain kinase (sigma, 0.1 pM)
completely prevented the appearance of stress fibers (reperfusion with inhibitor). These ave representative fields
from 4 sets of monolayers for each treatment.
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Figures.

An inhibitor of Na/H antiport (100 uM DMA, R + DMA) significantly reduced the permeability (%
of control) to **C-sucrose across cultured brain capillary endothelial cells observed during 90 minutes
ischemia/30 minutes reperfusion (veperfusion). *P = 0.05. Values are mean + SD, n = 4 observations.

brain capillary endothelial cell monolayers associated with simulated ischemia

(90 minutes) and reperfusion (30 minutes). In addition, Figure 7 confirms that
ischemia (30 minutes) followed by reperfusion (24 hours) greatly increased caspase
3 activity that is typically associated with apoptosis [51], and that this was signifi-
cantly reduced with DMA (100 pM), an inhibitor of Na/H antiport and calcium
loading (Figure 3). A specific inhibitor of caspase 3 activity (z-VAD-FMK, 10 pM)
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Figure 6.

Inhibiting the mitochondrial permeability transition with Cyclosporin A (1 uM, R + CsA) significantly
inhibited the sucrose permeability (% of control) observed during 30 minutes of reperfusion (R control),
following 90 minutes of ischemia. *P < 0.05. Values are mean + SD, n = 3 observations.
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Figure7.

Caspase 3 activity was expressed in cultured blood-brain barrier cells exposed to conditions simulating
ischemia-veperfusion. Twenty-four hours of veperfusion following 30 minutes of ischemia vesulted in a large
increase in caspase 3 activity that was inhibited with DMA (100 uM). *P < 0.05 from control; +P < 0.05 from I/
rep. 1/vep is ischemia plus reperfusion; I/R Na inh is ischemia-veperfusion with DMA inhibition; I/R Cp inh is
ischemia-reperfusion with a specific caspase inhibitor. Values are mean + SD, n = 3 observations.

served as an internal control. The non-mitochondrial caspase 8 pathway for apopto-
sis showed no significant response in these cells.

3.7 Evidence for the protective role of antioxidants

We have previously shown that the antioxidant y-glutamylcysteine reduces
injury to cultured brain capillary endothelial cells [58] under conditions of simu-
lated ischemia/reperfusion. Cells were incubated for 1.5 hours under ischemic
conditions, followed by 3 hours of simulated reperfusion. The presence of 1 mM
y-glutamylcysteine significantly inhibited release of lactate dehydrogenase (LDH)
into the incubation medium, thus reducing cell lysis. Additional new studies in
our laboratory confirm that the antioxidants glutathione and N-acetylcysteine
significantly (P<0.05) inhibit LDH release from cultured brain capillary endothelial
cells under the same circumstances. Compared to cultured cells incubated under
conditions simulating ischemia (1.5 hours) and reperfusion (3 hours) in the absence
of these antioxidants, 1 mM glutathione and 1 mM N-acetylcysteine inhibited
mean LDH release by factors of 0.51 and 0.45, respectively. Collectively, the data
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indicate that injury to cultured brain capillary endothelial cells exposed to isch-
emia/reperfusion is significantly reduced in the presence of known antioxidants
[19, 20, 45] including native glutathione, and its precursors N-acetylcysteine, and
y-glutamylcysteine.

3.8 In vivo evidence for a strategy to prevent reperfusion injury

The purpose of the following experiments was to confirm that the mechanisms
revealed by our cellular and molecular studies could be used to design a therapeutic
approach in whole animals for the treatment of reperfusion injury to the brain capil-
laries, following transient ischemic stroke. The iz vitro data suggested that two key
factors are responsible for cellular injury and disruption of brain capillaries: (1) a
rise in intracellular calcium due to reverse movement of the Na/Ca exchanger during
reperfusion, and (2) depletion of endogenous antioxidant activity during the pro-
longed ischemia, resulting in an elevation of reactive oxygen species upon reperfusion.
This led to our conclusion that a reasonable treatment for damage to brain capillary
endothelial cells following transient ischemia would be to administer an inhibitor of
reverse movement of Na/Ca exchange to prevent the rise in intracellular calcium, and
to buffer reactive oxygen species by restoring antioxidant activity within the cells.

To test this hypothesis, middle cerebral artery occlusion (MCAO) was per-
formed on Long-Evans female rats, involving 1 hour of ischemia to the left cerebral
hemisphere, and 24 hours of reperfusion. One group of animals received KB-R7943
(10 mg/kg) and y-glutamylcysteine (400 mg/kg) in 1 ml of isotonic saline solu-
tion 1 minute prior to reperfusion (IV, femoral vein), while the other group was
administered a placebo (isotonic saline). Following treatment, tissue from the
lateral cortex was prepared for electron microscopy, and the cross-sectional area of
mitochondria in blood-brain barrier endothelial cells was quantified using mor-
phometric techniques. The contralateral (right) hemisphere served as an internal
control for non-ischemic tissue. The data is represented by electron micrographs
in Figure 8 from 2 of 4 animals in each group. As observed in the left panels of
Figure 8 depicting tissue exposed to ischemia/reperfusion without the drugs,
mitochondria of blood-brain barrier endothelial cells (solid arrows) are noticeably
swollen and abnormal in appearance, indicative of the mitochondrial permeability
transition associated with apoptosis [43, 51]. In some instances, mitochondria have
actually been extruded into the lumen (dashed arrows) of the capillary, indicat-
ing extensive cell damage. In the right panels showing tissue from 2 of 4 stroked
animals administered the drugs, the mitochondria are normal, and the blood-brain
barrier endothelial cells look healthy. When comparing the groups of animals,
morphometric measurements of endothelial mitochondrial size revealed a highly
significant (P = 0.0015) increase in swelling in stroked animals without the drugs
vs. those with the drugs, expressed as a percent change in cross-sectional area from
the control contralateral hemisphere (67 + 15 vs. 13 + 12, mean + SD, n = 4 animals

per group).
3.9 In vivo evidence for inhibition of apoptosis

Cerebral cortical tissue was randomly sampled from the animals above (1 hour
ischemia/24 hours reperfusion), and the TUNEL assay was performed to determine
if apoptosis was occurring. Representative tissue from 2 of 4 animals in each group
is shown in Figure 9. The left panels show cerebral tissue from stroked animals
without the drugs. Comparable regions are shown in the right panels, representing
tissue from stroked animals that also received the drugs just prior to reperfusion.
The cerebral tissue from stroked animals without the drugs showed prominent
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Stroke without drugs Stroke with drugs

Figure 8.

Ragts were subjected to conditions of transient ischemic stroke using middle cevebral artery occlusion for1 hour,
followed by 24 hours of reperfusion. One group of stroked animals received cytoprotective drugs (i.e., KB-R
7943 [10 mg/kg] and y-glutamylcysteine [400 mg/kg]) 1 minute prior to reperfusion, and a second group

of stroked animals were administered a placebo. Lateral cevebral cortical tissue was prepared for electron
microscopy, and the cross-sectional area of mitochondria in cevebral capillary endothelial cells was measured
morphometrically. Two of four stroked animals without the drugs aveshown in the left panels of the figure, and
two of four stroked animals receiving the drugs are shown in the right panels. It is apparent that mitochondria
are swollen in cerebral capillary endothelial cells of stroked animals without the drugs (left panels, solid
arrows), suggesting the mitochondrial permeability transition [43] associated with apoptosis [51]. In some
cases, damaged mitochondria have been extruded into the capillary lumen (left panels, dashed arrows). By
contrast, the mitochondria of stroked animals given the drugs appear normal (right panels). When compared
to mitochondria of the unstroked contralateral hemisphere (internal control), the percent increase in cross-
sectional area was significantly (P = 0.0015) greater for the stroked animals not given the drugs (67 + 15 vs. 13 +
12, mean + SD, n = 4 animals per group).

nuclear staining indicative of apoptosis, both in cerebral capillaries (arrows) and
neural tissue. A morphometric analysis of the number of stained nuclei per unit area
for 4 animals in each group (without drugs vs. with drugs) showed a significant dif-
ference (3.16 + 2.00 grains/mm” vs. 0.39 + 0.47 grains/mm”, P = 0.036). No staining
was observed in tissue from the contralateral, unstroked cerebral hemispheres.

3.10 In vivo evidence for inhibition of neurological dysfunction

To examine the effects of the drugs on neurological behavior following isch-
emic stroke, the animals for each group above were observed following 1 hour of
ischemia and 24 hours of reperfusion. Table 1 indicates that all 4 of the stroked
animals without the drugs showed neurological deficits. Two additional stroked
animals not receiving the drugs died. By contrast, 3 of 4 stroked animals that were
given the drugs at the time of reperfusion showed no signs of neurological deficit.
Furthermore, none of the animals receiving the drugs died.
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Stroke without drugs Stroke with drugs

Figure 9.

Brgin tissue from the above rats subjected to transient ischemic stroke (1 hour ischemia/24 hours reperfusion)
was probed for evidence of apoptosis, using the TUNEL assay. Two of four stroke animals without and with
the cytoprotective drugs (left and right panels, respectively) are depicted. In this figure, immunocytochemical
nuclear reactions indicative of apoptosis ave clearly visible in the animals without the drugs (left panels), but
are not observed in the animals that were given the drugs (vight panels). All four stroked animals without the
drugs demonstrated apoptosis in blood-brain barrier endothelial cells (arrows) and neural tissue. Quantifying
the number of stained nuclei per unit avea showed a significant difference between animals without and with
the drugs (3.1 6 + 2.00 grains/mm’ vs. 0.39 + 0.47 grains/mm’, mean + SD, n = 4 animals per group, P = 0.036).

Stroked animals without drugs: Stroked animals with drugs:
1. Right front paw deficit 1. No observable deficits
2. Slow moving, with some torticolis 2. Mo observable deficits
3. Obvious paresis 3. No observable deficits
4. Obvious paresis 4. Displays some motor deficits

Two additional animals died following stroke. Mo deaths following stroke.

Table 1.
Neurological behavior following transient ischemic stroke.

4. Discussion

The purpose of this study was to define cellular mechanisms that contribute
to reperfusion injury of blood vessels within the brain following thrombolysis for
ischemic stroke, and to identify pharmacological agents that may be used to prevent
cerebral bleeding associated with thrombolytic treatment for stroke. It is known
that administering the thrombolytic agent tPA after approximately 3-4.5 hours of
ischemia may cause reperfusion injury to brain capillaries [9-11] that can result in
cerebral hemorrhage and death [12, 13]. Since approximately 95% of patients with
ischemic strokes do not reach the hospital in time to be properly evaluated and
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safely administered a thrombolytic agent [18], the possibility of cerebral hemor-
rhage severely limits the treatment of stroke with tPA.

Cerebral capillary endothelial cells represent the fundamental structure of
the blood-brain barrier [52]. These cells are polarized, containing both luminal
(blood-facing) and abluminal (brain-facing) plasma membranes with distinct
properties [21-23, 25, 26, 53-56]. The cells are held together by tight junctions that
effectively inhibit paracellular transport [21], implying that the properties of the
respective luminal and abluminal plasma membranes regulate transport across
the blood-brain barrier. Based upon observations in other tissues [40, 57], we
hypothesized that ischemia-reperfusion injury to cerebral capillary endothelial cells
is due to oxidative injury associated with the formation of reactive oxygen species
in the presence of elevated intracellular calcium during reperfusion [58-62]. This
would require loss of intracellular antioxidant (e.g., glutathione) during prolonged
ischemia, formation of free reactive oxygen species and uptake of calcium dur-
ing re-oxygenation, and damage to mitochondria causing programmed cell death
(apoptosis).

To test this hypothesis, we began by determining if the cellular processes
required for these mechanisms are functional in blood-brain barrier endothelial
cells. We reasoned that intracellular glutathione, an endogenous antioxidant, would
diffuse out of the cells during ischemia, utilizing passive carriers we had previously
described on both plasma membranes [58]. We next provided evidence that both
Na/H (NHE1) and Na/Ca (NCX 1) exchangers are present on the plasma membrane
domains of these cells, and that conditions simulating ischemia and reperfusion
result in elevated intracellular calcium due to activation of sodium-hydrogen ion
antiport and reverse movement of sodium-calcium exchange (Figure 3). Cellular
lysis following these events was significantly inhibited by adding the antioxidant
yGlu-Cys [19, 20, 58], which is consistent with the formation of reactive oxygen
species expected upon re-oxygenation in glutathione depleted cells. These findings
reinforced our interpretation that a combination of elevated intracellular calcium
and reactive oxygen species are involved in injury to cerebral capillary endothelial
cells, under conditions of ischemia and reperfusion.

Our studies further indicated that injury to brain capillaries involves two phases.
An early increase in permeability to sucrose (Figure 5), a marker of paracellular
transport, was associated with the formation of actin stress fibers inside the endo-
thelial cells (Figure 4). This was, in turn, accompanied by the appearance of large
intercellular holes (Figure 4), apparently due to the opening of tight junctions
[63]. We reasoned that such a change could be due to activation of myosin light
chain kinase in the presence of the elevated intracellular calcium that we previously
observed (Figure 3). Since it has been shown that ischemia causes actin filaments to
conjugate with ZO-1 [64], a tight junctional protein, force generated by contraction
of the cytoskeleton could weaken the tight junctions and result in the formation of
stress fibers. Indeed, treatment with a myosin light chain kinase inhibitor effectively
reversed the effects of simulated ischemia and reperfusion on the formation of actin
stress fibers, and the appearance of large intercellular holes (Figure 4). These mor-
phological and functional changes in cerebral capillary endothelial cells occurred
within a few hours of exposure to conditions simulating ischemia and reperfusion,
and generally correlated with an early and reversible phase of altered permeability
to the cerebral vasculature when exposed to conditions of ischemia and reperfusion
in vivo [64].

A second phase of injury to cerebral capillaries following transient ischemia
and reperfusion involved apoptosis and endothelial cell death. In an initial set of
experiments, sucrose permeability was measured across monolayers of cultured
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blood-brain barrier endothelial cells exposed to conditions simulating ischemia
and reperfusion. Permeability was significantly reduced by co-incubating with
cyclosporin A (Figure 6), an inhibitor of the mitochondrial permeability transition
associated with the early stages of apoptosis [42, 43, 51]. Under similar conditions,
cultured blood-brain barrier endothelial cells expressed a large increase in caspase
3 activity after 24 hours of simulated reperfusion following ischemia (Figure7),
indicating activation of the apoptotic pathway [51].

These in vitro findings were consistent with our working hypothesis which
predicted that elevated intracellular calcium and reactive oxygen species would
activate apoptosis in cerebral capillary endothelial cells exposed to conditions of
ischemia and reperfusion. Furthermore, the results suggested that: (1) inhibiting
reverse movement of Na/Ca exchange with KB-R7943 [65], and (2) replenishing
lost antioxidant with yGlu-Cys [19, 20] would prevent reperfusion (oxidative)
injury to brain capillaries. Since yGlu-Cys is a precursor of the antioxidant glutathi-
one [59] lost during ischemia, and yGlu-Cys itself possesses antioxidant properties
[19, 20], it represents a reasonable antioxidant therapeutic in this setting.

The next logical step was to determine if drugs that prevent increased levels
of intracellular calcium and reactive oxygen species in brain capillary endothelial
cells would inhibit damage to cerebral capillaries in vivo. Thus, rats were exposed
to middle cerebral artery occlusion to simulate ischemic stroke, after which the
animals were either treated with a placebo (isotonic saline), or administered a com-
bination of yGlu-Cys (400 mg/kg) and KB-R7943 (10 mg/kg) in isotonic saline that
was infused intravenously approximately 1 minute prior to initiating reperfusion of
cerebral blood flow. The rationale was that administering the combination of drugs
immediately before re-establishing cerebral blood flow would protect the endothe-
lial cells of cerebral capillaries from oxidative injury upon reperfusion. Figure 8
indeed illustrates that such a therapeutic approach significantly inhibited mor-
phological damage to cerebral capillary endothelial cells, including swelling of the
mitochondria that is indicative of oxidative injury and the permeability transition
that precedes apoptosis [51, 61, 62]. Furthermore, the Tunnel assay revealed that
co-infusion of the drugs immediately before reperfusion inhibited the appearance
of apoptosis in representative cerebral cortical tissue 24 hours after re-establishing
blood flow to the brain (Figure 9). Finally, an assessment of neurological behavior
confirmed that use of the drugs inhibited functional damage due to ischemia and
reperfusion (Table1).

5. Conclusions

Together these studies support the interpretation that prolonged cerebral ischemia
followed by reperfusion of oxygenated blood may cause oxidative damage to cerebral
capillary endothelial cells consistent with loss of vascular integrity and hemorrhage.
The mechanisms involve mitochondrial injury and apoptosis due to the formation of
reactive oxygen species in the presence of elevated cellular calcium. This condition
may be treated by using the antioxidant yGlu-Cys to buffer reactive oxygen species,
and a Na/Ca inhibitor (reverse mode) to prevent calcium loading in cerebral capil-
lary endothelial cells. The iz vivo studies indicate that co-administering both drugs
intravascularly 1 minute prior to reperfusion provides cytoprotection that reduces
reperfusion injury to the cerebral vasculature. Thus, this may represent a means of
prolonging the window of opportunity to use a thrombolytic agent for treatment
of ischemic stroke, and reduce the occurrence of hemorrhagic transformation in a
clinical setting.
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Abstract

Prostate cancer is the second most common cancer and the fifth leading cause of
cancer death. The incidence of prostate cancer is rising due to increased screening
and awareness, and there is epidemiological evidence suggesting an interaction
among biological and environmental risk factors in the development and progres-
sion of prostate cancer. Vegetables and fruits provide a wide range of antioxidants
and phytochemicals that have been demonstrated to have a negative, positive, or
no association with prostate cancer risk. Therefore, it is evident that the effect of
dietary antioxidants on risk of prostate cancer remains undecided and inconclusive.
The main focus of this review was to examine recent and past literature of the
chemoprotective properties of five major groups of phytochemicals against prostate
cancer development including both iz vivo and in vitro findings.

Keywords: antioxidants, prostate, cancer, risk, association

1. Introduction

Among men worldwide, prostate cancer is the second most common cancer
and the fifth leading cause of cancer death, with an estimated recorded amount of
1.3 million cases and 359,000 deaths in 2018 [1]. The incidence of prostate cancer
is rising due to increased awareness and screening, and it is estimated that 42% of
prostate cancer cases occur in men over 50 years old [2]. There is epidemiological
proof that suggests an interaction among several known biological and environ-
mental risk factors in the development and progression of prostate cancer [3]. These
include age, race, family history, genetic risk, socioeconomic status, and modifiable
risk factors such as physical activity, obesity, and possibly dietary factors [4].
Oxidative stress defined as an imbalance between prooxidant and antioxidant
processes, and interference of the oxidation-reduction circuitry is one of the
many proposed underlying mechanisms of prostate carcinogenesis [5, 6]. There is
increasing epidemiological data that diet plays a key role in the biology and tumori-
genesis of prostate cancer, and higher intake of the main phytochemical-containing
diets lowers the risk of the disease [7]. Vegetables and fruits provide a wide range
of phytochemicals and antioxidants that have been demonstrated to have a positive
effect on decreasing the incidence or averting the occurrence of prostate cancer [8].
Several of these antioxidants may attenuate prostate cancer development, given that
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oxidative stress from reactive oxygen species and loss of antioxidant enzymes may
contribute to genomic instability prior to prostate cancer [9].

This paper will review information in the literature on the relationship between
nutrients with antioxidant properties from the diet, and the risk of prostate cancer.

2. Method of article selection

A literature search was conducted for all English language literature published
before December 2018. The search was conducted using the electronic databases,
including PubMed, Embase, Web of Science, and Cochrane Library. The search
strategy included keywords such as prostate cancer, epidemiology, incidence, mor-
tality, risk factor, selenium, vitamin E, vitamin C, carotenoids, and polyphenols.

The authors include many interventional and observational studies that have
reported findings of dietary antioxidants, prostate cancer incidence, and progres-
sion. The majority of these studies focused on vitamins E and C, carotenoids,
specifically beta- and alpha-carotene and lycopene, phenols including tea and
coffee, and the flavonoids, as well as selenium.

3. Vitamin E and prostate cancer

Vitamin E is a potent lipid-soluble antioxidant, which is well recognized for
safeguarding the body against free radical-mediated peroxidative damage. It is
a naturally occurring essential vitamin mainly found in foods such as nuts, oils,
fruits, and vegetables and is available as a dietary supplement. Vitamin E scavenges
highly reactive free radical species such as hydroxyls, superoxides, lipid peroxyls,
hydroperoxyls, and nitrogen radicals; and prevents lipid peroxidation related to
carcinogen-induced DNA damage [10].

It is known that a deficient antioxidant defense system can result in oxidative
stress. As such, increased levels of reactive oxygen species over time may have an
etiological role in the development of malignancies such as prostate cancer [11].
Vitamin E may therefore be considered as adjuvant therapy for the prevention of
prostate cancer [12]. However, despite emerging evidence supporting vitamin E asa
powerful antioxidant, its effect on prostate cancer risk remains poorly understood.

Two categories of vitamin E compounds exist: tocopherols (a, B, y, and 8-Toc)
and tocotrienols (o, B, v, and 8-T3) [12]. Despite structural differences between
both categories, tocopherols and tocotrienols each have sufficient antioxidant
properties [12].

3.1 Alpha-, gamma-, and delta-tocopherols

Alpha-tocopherol accounts for the most abundant and active isoform of vitamin
E in human tissues and is the most widely used in dietary supplements [10]. Alpha-
tocopherol terminates free radical chain reactions by transferring hydrogen protons
to free radicals yielding nonradical products [13]. Fairly stable alpha-tocopheroxyl
radicals are generated, which do not react with polyunsaturated fatty acids but with
each other or couples with other free radicals to form nonradical products [13]. The
generation of nonradical products by vitamin E may therefore provide a protec-
tive effect against free radical-mediated cell membrane damage and consequently
reduces mutagenesis and carcinogenesis.

A number of studies have reported findings on vitamin E supplementation
(alpha-, gamma-, and delta-tocopherols) and risk of prostate cancer [14-18].
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Notably, in the Alpha-Tocopherol, Beta-Carotene Cancer Prevention Study (ATBC),
daily supplementation of alpha-tocopherol (50 mg) reduced the risk of prostate
cancer [17] and moderate dose decreased posttrial mortality [15]. However, a
follow-up of the Physicians Health Study II, a large-scale randomized trial, sug-
gested that vitamin E supplementation had no immediate or long-term effect on the
incidence of prostate cancer (HR 0.99; 95% CI: 0.89-1.10) [14]. Conversely, find-
ings from the large-scale selenium and vitamin E cancer prevention trial (SELECT)
demonstrated that the risk of prostate cancer was significantly increased with
dietary vitamin E supplementation containing alpha-tocopherol [16]. However,

it was found that the incidence of prostate cancer did not increase in men who
received combination therapy of vitamin E and selenium [19]. As such, it can be
speculated that there may be a synergistic effect between both antioxidants which
attenuates prostate cancer risk [19]. The increased risk of the disease associated
with vitamin E therapy could be attributed to the disturbance of the normal physi-
ological balance of vitamin E isomers by the high dosage of alpha-tocopherol, which
may result in depletion of other important isomers such as gamma-tocopherol [20].

Studies have supported that gamma-tocopherol may have more superior
chemopreventive effects than alpha-tocopherol, considering its stronger anti-
inflammatory and antinitrative effects [12]. However, it is important to note that
analysis of 15 prospective studies involving data for prostate cancer cases and
controls and using risk estimation by multivariable-adjusted conditional logistic
regression found that gamma-tocopherol was not associated with risk of aggressive
prostate cancer, and the latter was inversely associated with alpha-tocopherol [21].
As such, it was suggested that the protective effect against prostate cancer may be
lost with impaired balance of vitamin E isomers [20]. Findings from the SELECT
trial were later recapitulated, as alpha-tocopherol was found to upregulate prostate
cancer cell proliferation in the early stages of the disease [22]. It was found that
premalignant rather than benign or malignant prostate cells had increased prolif-
eration in response to vitamin E [22]. These data indicate that the effect of vitamin
E antioxidant activity may be dependent on the stage of the prostate cells in the
tumor development process [22]. Conversely, it was later found that combination
therapy of delta-tocotrienol and gamma-tocopherol was efficacious in inhibiting
the proliferation of prostate cancer cells by apoptosis and cell cycle arrest in the G1
and G2/M phases of the cell cycle [12].

A recent study conducted on mice revealed that delta-tocopherol and not alpha-
tocopherol blocks the activation of the Akt pathway which drives tumorigenesis,
inhibiting the survival of prostate cancer cells [23]. Another study which supports
the chemopreventative activity of delta-tocopherol is that of Wang et al. which
reported a novel mechanism by which this antioxidant inhibits prostate cancer cell
growth by the attenuation of EGF/IGF-induced activation of Akt on T308 [24].

In examining the efficacy of other tocopherol, gamma-tocopherol (0.3% in diet)
supplementation was found to significantly reduce the development of mouse
prostatic intraepithelial neoplasia lesions and 2-amino-1-methyl-6-phenylimidazo
[4,5-b] pyridine-induced elevation of nitrotyrosine, 8-oxo-deoxyguanosine, p-Akt,
Ki-67 and COX-2, and the loss of Nrf2 and PTEN [25].

There is supporting evidence that gamma-tocopherol significantly inhibits the
growth of human prostate PC-3 tumor cell line by decreasing progression into the
S-phase, upregulation of transglutaminase 2 and downregulation of (TG2), and
downregulation of cyclin D1 and cyclin E levels [26]. These findings suggest that dif-
ferent isoforms of vitamin E may differ in their influence on prostate cancer risk and
that alpha-tocopherol supplementation alone may increase the risk of the disease.

It was reported that the association between vitamin E and prostate cancer risk
may be linked to genetic variation in genes that regulate antioxidant and vitamin E
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metabolism [18, 27]. Furthermore, it was found that genetic variation in SOD genes
responsible for detoxifying superoxide free radicals and protecting cells from oxida-
tive stress may be associated with an increased risk of high-grade prostate cancer
and disease recurrence [18]. Similarly, it was shown that single nucleotide polymor-
phisms (SNPS) in genes associated with vitamin E metabolism such as SEC14L2,
SOD1, and TTPA may influence an individual’s response to vitamin E supplementa-
tion and associated prostate cancer risk [28]. As such, inherited genotypes may
confer prostate cancer risk.

It is therefore anticipated that clinical trials will be undertaken with vitamin E
isomers combination therapy for further assessment of prostate cancer risk. It may
be useful to conduct more studies including isomers other than alpha-tocopherol.
Men with a strong family history of prostate cancer should undergo genetic
testing, to identify antioxidant gene mutations that may be implicated in prostate
cancer.

4. Carotenoids and prostate cancer

Fruits and vegetables supply dietary carotenoids, which are potent antioxidants
as they modify cell growth and induce apoptosis [8]. Epidemiological studies
indicate that consuming more fruits and vegetables containing plant carotenoids
such as beta-carotene and lycopene may decrease the risk of prostate cancer as
indicated by an inverse association [21, 29-31]. In addition to these two carotenoids,
alpha-carotene, beta-cryptoxanthin, zeaxanthin, and lutein are commonly studied
because of their potential protective benefit, although lycopene and, to some
extent, beta-carotene have demonstrated so far the strongest evidence while that of
the others have proven inconclusive [32, 33].

Carotenoids possess distinctive antioxidative properties including the protection
of important biomolecules such as DNA from free radicals [34]. Peto et al. in 1981
hypothesized that f-carotene from vegetables and fruits could possibly decrease
incidence rates of human cancers [35], and subsequently, there have been a number
of epidemiological studies addressing this topic [7, 36, 37]. For many years, caro-
tenes such as alpha-carotene and beta-carotene